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The hallucinogens are compounds of differing structures which are capable of
producing profound and qualitatively similar effects on the subjective mental
functioning of human subjects. Structurally, there are two major classes: those
resembling tryptamine, such as d-lysergic acid diethylamide (LSD), and those
related to phenylethylamine, such as mescaline. Since the presumed brain neuro-
humors, norepinephrine and serotonin, are structurally similar to phenylethylamine
and tryptamine, respectively, it has been thought that hallucinogens might affect
synaptic transmission in the brain. One theory postulates that hallucinogens may
act in the brain as antimetabolites of serotonin,1 and is based on the finding that
LSD in low concentrations antagonizes the contractile effect of serotonin on smooth
muscle.2 However, 2-bromn-LSD, which has 50 per cent more antiserotonin ac-
tivity than LSD on smooth muscle and which readily enters the brain, has no
hallucinogenic activity.3 Mescaline, an effective hallucinogen, is devoid of anti-
serotonin activity on the rat uterus.4
An electronic, or "submolecular," hypothesis for the psychotropic actions of drug

has been proposed by Karreman, Isenberg, and Szent-Gy6rgyi.5 They performed
molecular orbital calculation's for chlorpromazine, LSD, and serotonin and con-
cluded that these drugs were potent electron donors. They suggested that the
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efficacy of chlorpromazine as a tranquilizer may be related to aii electron donating
action.

In the present study, molecular orbital calculations have been made for several
series of hallucinogenic drugs and their nonhallucinogenic structural analogues.
The relationship between electronic configuration and hallucinogenic potency has
been examined for a variety of phenylethylamine, amphetamine, and tryptamine
derivatives, and for LSD.
Methods.-Molecular orbital calculations were made by the semiempirical Huckel method,6

using a Honeywell 800 digital computer with a program designed by Howard de Voe. (We wish
to express our appreciation to Dr. de Voe for the use of his program and for assisting us in its
modification.) The simple Huckel molecular orbital calculations deal only with pi bonded systems
and cannot take into account sigma bonds. Since all of the compounds in this study contain
sigma bonded side chains, an approximation was made for the side chains, by treating them as a
methyl heteroatom bonded to the pi system.7 Comparison of reactivity indices were made be-
tween compounds with similar side chains. Parameter values for all heteroatoms were those sug-
gested by Streitweiser.7

Electronic configurations were compared among structurally similar compounds. This was
done to reduce possible errors due to choosing a poor parameter value. Thus, any particular
parameter value would have a similar effect on calculations performed for all compounds in the
series. The absolute values of the indices calculated might vary, but the relative differences be-
tween the compounds would not be affected.
The following reactivity indices were determined: pi charge, free valence, frontier electron

density, superdelocalizability, and the energies of the highest occupied and lowest empty molecular
orbitals. Pi charge represents the net positive or negative electrical charge measured at each
atom of a molecule. This index provides a relative indication of the capacity to participate in
electrostatic interactions. Free valences measures the residual pi bonding which is available to
form a weak pi bond linkage with an attacking reagent. The energy of the highest occupied
molecular orbital (HOMO) is a relative measure of the ability of an electron in the highest
occupied molecular orbital of a compound to be transferred to an acceptor molecule. The greater
the HOMO energy, the greater will be the propensity of a molecule to donate electrons. In this
study, molecular orbital energies are represented in ,8-units. Since j3 is a negative energy term,
more energetic HOMO's are indicated by smaller values in 0 units. The energy of the lowest
empty orbital indicates the ease with which an electron can be accepted from a potential donor.
Frontier electron density is the spatial distribution of the electrons in the HOMO. Thus an
atom with a high frontier electron density would have a greater density of HOMO electrons
than an atom with a low frontier electron density.9' 10 Superdelocalizability" is a measure of the
ability of each atom in a molecule to form a weak pi bond with an incoming attacking reagent
when the pi system remains unperturbed. In the present study, superdelocalizability was
calculated for all atoms in each molecule, but is reported only for the atom with the highest
frontier electron density.

Results and Discussion.-Molecular orbital calculations were made for series of
mono-, di-, and trihydroxylated and methoxylated phenylethylamines (Fig. 1;
Table 1). Progressive methoxylation was found to correlate with an increase in
HOMO energy. With monophenolic amines, such as tyramine and metatyramine,
and the diphenolic amine dopamine, the methoxy derivatives had more energetic
HOMO's than the corresponding hydroxylated derivatives. Moreover, additional
hydroxy groups also increased the HOMO energy. Thus, 3,4-dihydroxyphenyl-
ethylamine had a more energetic HOMO than the monophenolic derivatives, and
3,4,5-trihydroxyphenylethylamine had the highest HOMO energy of the phenolic
amines. Highest HOMO energy levels occurred in compounds with the most
methoxy substituents. Mescaline, a molecule in which all three hydroxy groups
are methylated, had the most energetic HOMO of the series. The second highest
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FIG. 1. FIG. 2.

value was considerably less energetic and occurred in 2,3,4-trimethoxyphenyl-
ethylamine. Progressive methoxylation also correlated with superdelocalizability,
which is a function of the HOMO energy related to each atom.
There was a negative correlation between the number of methoxy groups and the

energy of the lowest empty molecular orbital (LEMO). This would indicate that
progressive methoxylation decreases the capacity of these compounds to function
as electron acceptors. No clear-cut correlation was obtained between the number
of methoxy substituents and frontier electron density, free valence, or pi charge.

Mescaline (3,4,5-trimethoxyphenylethylamine) is well known as an effective
hallucinogen. Transposition of one methoxy group from the #5 position to the #2
position (to form 2,3,4-trimethoxyphenylethylamine) results in a molecule which
is devoid of hallucinogenic activity.'2 Data on the effects of 3,4-dimethoxyphenyl-
ethylamine in humans are lacking. Direct information regarding central effects
of phenolic amines, such as dopamine and tyramine, is difficult to obtain, since
these compounds do not cross the blood-brain barrier. However, the concentra-
tions of both dopamine and tyramine in the brain can be markedly elevated in
animals following treatment with monoamine oxidase inhibitors."' 14 Brain dop-
amine concentration can also be increased by the administration of its amino acid
precursor, dihydroxyphenylalanine.'5 Neither monoamine oxidase inhibition nor
dihydroxyphenylalanine treatment produces effects comparable to those of mescal-
ine. Yet, the characteristic effects of mescaline on mental functioning presumably
occur when brain levels of the drug are less than 1 gg/gram,'6 and thus lower than
brain levels of dopamine obtained after monoamine oxidase inhibition or dihydroxy-
phenylalanine treatment.
There would therefore appear to be a possible relationship between the hallucino-

genic activity of phenylethylamines and the ability of these compounds to donate
electrons, as indicated by the energy of the HOMO's. To test this correlation in
another series, calculations were performed for a group of trimethoxyamphetamines
(Fig. 2; Table 2) of widely varying hallucinogenic activity. TMA-2 (2,4,5-
trimethoxyamphetamine) and TMA (3,4,5-trimethoxyamphetamine) are, re-
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spectively, about 17 times and 2 times more potent than mescaline as hallucinogens,
whereas Ti\[A-3 (4,5,6-trimethoxyamphetamine) appears to be inactive. 17 The
three drugs differ structurally only in the location of their methoxy substituents.
The presence of both ring and side chain methyl groups should enable all three to
enter the brain readily and to a similar extent. Calculations revealed marked
differences in the HOMAIO energies of these three compounds which correlated with
the differences in their hallucinogenic potency. Thus, TMIA-2 had the most ener-
getic HOiA10, TAIA-3, the least, and TMIA was intermediate. Hallucinogenic po-
tency did not correlate with frontier electron density, pi charge, free valence, super-
delocalizability, or energy of the LEMO.

Since the Huckel determinations employed here do not take into account sigma
bond alterations in the side chains, the calculated electronic configurations for
TMA and TA\A-3, respectively, are the same as for mescaline and 2,3,4-trimethoxy-
)henylethylamine. It is, therefore, interesting that hallucinogenic potency parallels
HO:\ [0 energy in the same way for these four molecules.

Several Ni-alkylated tryptamine derivatives produce hallucinogenic effects in
human subjects which are qualitatively similar to those associated with mescaline
and LSD.18 Calculations were performed on a series of these compounds (Fig. 3;
Table 3). The energy of the HOM\JO was greatest for psilocin (4-hydroxy-N,N-
dimethyl tryptamine) and next highest for 6-hydroxy-N,N-diethyl, or dimethyl-
tryptamine. (The molecular orbital calculations used in this study do not dis-
tinguish between N,N-dimethyl-, or N,N-diethyltryptamines.) Corresponding
values for bufotenine (5-hydroxy-N,N7-dimethyltryptamine) and N,N-dimethyl-
tryptamine (or N,N-diethyltryptamine) were considerably lower. Psilocin is the
most potent hallucinogen of these drugs,'9 and 6-hydroxy-N, N-diethyltryptamine is
next most effective.20 The administration of N,N-dimethyltryptamine or N,N-
diethyltryptamine does produce hallucinogenic effects,'8 but the available evidence
indicates that these compounds and bufotenine of themselves are weak or in-
effective as compared to psilocin and 6-hydroxy-N,N-diethyltryptamine.2'2'

There appears, therefore, to be an excellent correlation between hallucinogenicity
of the tryptamine derivatives and the energy of their HOMO. Superdelocaliz-

0
C - N (C2H5)2

R2 /~~~ ~~~CH38 7R2 >/4< CH2CH2N\C6C

62 11 4~~~~~~~~~~6 C
R3 at t;~3 CH3 N C 3

R3 N N~~H
3

DIMETHYLTRYPTAMINE DERIVATIVES

COMPOUND R1 R2 R3 13 2

Dimethyltryptomine H H H N\1 N/
Bufotenine H OH H H
6-Hydroxy-N-N-dimethyltryptamine H H OH
Psilocin (4-Hydroxy-N-N-dimethyltryptamine) OH H H LYSERGIC ACID DIETHYLAMIDE

FIG. 3. FIG. 4.
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ability, a function of the HOMIO energy, also correlated with hallucinogenic po-
tency. There was a negative correlation with the energy of the LEI\1O and no
correlation with pi charge, frontier electron density, or free valence.
The best known and most potent hallucinogen is LSD, which is highly effective

in humans at doses of 1 Aglkg. The LSD molecule (Fig. 4) contains an indole
nucleus linked to two other sigma bonded ring systems. Since the computer pro-
gram used in this study to determine electronic indices cannot take into account
sigma bonded systems, a detailed electronic configuration could not be determined
for LSD. Karreman et al.5 calculated the HOMO energy for the complete LSD
molecule and obtained a value of 0.218 A units, indicating an HOMIO far more ener-
getic than any of the compounds examined in this study.

It is possible that the very energetic HOMNIO value for LSD reported by Karre-
man et al.5 may have been due simply to the use of different parameter values than
those employed in the present study. To examine this possibility, HOMO and
LEM\O values for indole-acetic acid, catechol, the indole portion of reserpine, and
serotonin determined by our techniques were compared with values for these com-
pounds obtained by Karreman.26 There was a close agreement between values for
these compounds obtained by the two methods. The deviations between HOMO
values obtained by our calculations and by Karreman26 varied from 0.001 to 0.050
d units, whereas the HOMNIO energy reported by Karreman for LSD exceeds that of
psilocin, the best electron donor and most potent hallucinogen examined here, by
-0.242 $ units. Thus, it would appear that the extremely energetic HOMO for
LSD reported by Karreman et al.5 is not simply an artifact of parameter selection.
As with all the tryptamine derivatives examined, the region of highest frontier

electron density in LSD is at the #2 carbon atom. The position of the greatest
frontier electron density in a molecule is the probable active site for charge transfer
reactivity. If a charge transfer mechanism is involved in the hallucinogenic action
of LSD, the #2 carbon should be critical for this activity. It is, therefore, interest-
ing to note that 2-Brom-LSD3 and 2-oxy-LSD,28 which contain sterically obstruct-
ing substituents at the #2 carbon, are devoid of hallucinogenic effect, even though
they readily enter the brain.
The energy of a pi system of electrons is closely related to the extent of the

resonance within the system. A major factor in increasing the HOMO energy of
LSD over that of a simple indole structure, such as tryptamine, lies in the possibility
of resonance between the indole ring and the pi electrons of the double bond at
C9-C1o (Fig. 4). Although we cannot perform the appropriate calculations, it is
likely that reduction of the double bond at Cg-C10 would markedly decrease the
HOM'\O energy for the LSD molecule. It is important, therefore, to note that the
loss of the C9 Cl0 double bond by hydrogenation or hydration (as in dihydro-LSD)
and Lumi-LSD, respectively) abolishes the hallucinogenic properties.27
The correlations between electronic configuration and hallucinogenic properties

discussed above have been obtained within series of structurally related compounds.
It would be important if such correlations could be obtained between groups of
structurally dissimilar drugs. It is unlikely that such a relationship could be es-
tablished in detail. The action of a drug on its receptor in the brain is certainly
several steps removed from its administration. Intervening are such critical vari-
ables as relative metabolic degradation, penetration of the blood brain barrier, and
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concentration in presumed target areas within the brain. The amphetamine and
tryptamine analogues, for which hallucinogenic efficacy and electronic configura-
tion are reasonably well established, have a close correlation between hallucinogenic
potency and HOMO energy (Table 4).
The observed relationship between reactivity indices and psychotropic activity

suggests the possibility of predicting the structure of hallucinogens even more po-
tent than those presently available. Calculations for several hypothetical trypta-
mine derivatives (Table 5) indicate that methoxylation and disubstitution increase
the energy of the HOMO. Thus dimethoxylated derivatives, such as 4,6-dimethoxy-
N, N-dimethyl-tryptamine have the most energetic HOMO's.
The correlative data described here suggest a common mode of action for these

hallucinogens at a hypothetical receptor. To support this view are studies which
indicate that cross tolerance can develop between LSD, psilocybin, and mesca-
line.29' 0

In proposing a mechanism for drug action, one must consider a great number of
conceivable interactions between drug and receptor. The drug could sterically ap-
proximate the receptor, be bound by electrostatic interactions, form a weak covalent
linkage, or act as an electron donor or acceptor. While steric factors are certainly
important, they do not explain some structure-activity relationships, such as the
greater efficacy of 2,4,5-trimethoxyamphetamine as compared to 4,5,6- or 3,45-
trimethoxyamphetamines. The absence of correlation with pi charge distribution
would tend to be inconsistent with an electrostatic attraction. Furthermore, if an
electron transfer mechanism is involved, the negative correlation with energy of the
lowest empty orbital would indicate that the hallucinogens do not act via electron
acceptance. Thus, despite the crudeness of the theoretical and experimental
data discussed here, the close relationship between HOMJO energy, an index of
electron donation, and the hallucinogenic potency of drugs does favor an electron
donation model of drug-receptor interaction.

Summary.-MIlolecular orbital calculations have been made for a variety of hallu-
cinogenic and structurally similar nonhallucinogenic analogues in the phenyl-
ethylamine, amphetamine, and tryptamine series and for LSD. There is a close
correlation between the energy of the highest filled molecular orbital of compounds,
an index of electron donation, and their hallucinogenic potency. On the basis of
these correlations, predictions have been made of the structures of compounds that
might be more potent as hallucinogens than presently available drugs.
The authors gratefully acknowledge the helpful discussion with Dr. Dan Bradley.
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