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MO Molecular Orbital
CNDO Complete Neglect of DifTerential Overlap
SO Standard Deviation
PAA Phenylalkylamines
IAA Indolealkylamines
ESO Electrophilic Superdelocalizability
NSD Nucleophilic Superdelocalizability

Abstraet

A QSAR study was carried out seeking a relationship
between the receptor binding affinities and the molecular
electronic structures of a group of 7-substituted tryptamines.
Tbe results suggest that these molecules interact with the
rat stomach fundus serotonergic receptor by charge transfer
from the aromatic nucleus and that there are pockets in the
receptor whiCh place limits on the sizes of acceptable N-and
cx.-carbon substituents. AIso, the charge density available at
carbon atom 7 and the size of the C-7 substituent 'as esti

mated by a calculated steric factor seem to make important
contributions to an optimal interaction between the IAA
and the receptor molecules.
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1 Introduetion

One of the approaches leading towards a complete un
derstanding of the pharmacology of any type of drug is the
obtainment of significant relationships between the molec
ular structures of these substances, and parameters in volved
in the pharmaceutical, pharmacokinetic and pharmacodyn
amic phases of their actions. Among the parameters regu
lating the pharmacodynamic phase, the affinity for appro
priate receptors is of paramount importance. Glennon et al.
[1- 9] have measured the affinities of a fairly large sample
ofIAA and PAA hallucinogens for the ratstomach fundus
serotonergic receptor, and have also obtained a set of cor
relations between these receptor affinities (PA2) and various
reactivity in dices [1]. Gupta, Singh and Bindal, in a recent
critical review of QSAR studies on these molecules [10],
concluded that none of the equations arrived at were highly
significant, either because the data had been obtained using
methods involving many approximations, or because onIy
small numbers of data points had been employed. We may
add that previous studies have usually examined a few in
dividual parameters through the use of totally empirical ap
proaches.

We have recently presented a general formal quantum
and statistical-mechanical method which relates receptor af
finity to certain reactivity indices [11]. Tbis procedure leads
to so-called model-based equations which are more easily
interpreted than those arising from empirical methods [12].
When applied to the study of the relationships between pA2
and electronic structure in groups of PAA [13] and IAA
[14], it has given excellent results.

Nevertheless, excessive diversity in the structures of the
molecules subjected to these analyses, as in references 1 and
14, makes it difficult to obtain a good equation accounting
for the variation ofpA2• For this reason, we selected a group
of 5-substituted tryptamines to carry out a QSAR study
[15], including for the first time a non-empirical parameter
to account for the steric efTect of the substituents [16]. Tbe
results obtained in this way were the best until then (cf
reference [10]).
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2 Mcthods, Models and Calculations

where AEhis the differencebetween the ground state energy·
of D¡R and the energies of the ground states of Di and R:

(6)

x

+ L L {rp¡(m')Dp;(m')+ tp;(m')S: (m')}
Pi m'=y

AE¡= a + ~ {ep¡Qp¡+ fp;S~+ gp;S~}

+ ~ m~%{hp¡(m)Dp;(m)+ jp¡(m)s~(m)}

where p¡ and r refer, respectively, to atoms belonging to the
drug and to the receptor. The summations on m(n) and
m'(n') are, respectively, over the occupied and virtual mo
lecular orbitals of the drug (receptor). We must note here
that we have assumed that the resonance integral is de
pendent only on the atoms participating in the interaction;
therefore, it is constant for a given group of compounds
sharing a common skeleton.

The first term on the right hand side of Eq. (5) may be
interpreted as an approximation to the electro static inter
action energy of the unperturbed charge distributions of
both molecules. The last two terms of Eq. (5) correspond to
the polarisation energy of the interacting systems [20].

The problem at hand is related to the lack of knowledge
of the occupied and virtual MO's of tbe receptor. Some
authors have circumvented this difficulty by replacing the
receptor' s MO energies by average values [20, 21]. This pro
cedure is not formalIy justified, however, and may shed some
doubt on tbe formalism itself. We choose to avoid this ap
proximation by considering a series expansion of the energy

denominators of Eq. (5), as we bave done before wben de- ..:1"termining polarizabilities using Perturbation Theory [22]. 1\"

It can be sbown [23] tbat tbis procedure leads to the fol- • Ilowing expression for AE;: V{}..}--
...::--

(2)

(1)

(3)

where D is the drug molecule, R is the receptor, and DR is
the complex (i stands for the i-th drug species) [11]. The
equilibrium constant is

The formalism employed here has been presented and
discussed elsewhere [11, 13, 16]. Its basic assumptions are
a state of thermodynamic equilibrium and a 1: 1 stoichi
ometry in the formation of the drug-receptor complex:

As a further test of our method, and because of the interest
'ihat these compounds present, we have chosen a set oftrypt
amines bearing a substituent at position 7 of the benzene
ring to study the relationships between the variation of pA2
and the variation of the atomic reactivity indices and steric
factors (seeFig. 1).In this way, alI the changes in the electron
distribution in the indole nucleus can be ascribed to the
group located at C-7. We should point out that, for the
present purposes, we consider the hydrogen atom as a sub
stituent, and include several analogues with a substituted
amine nitrogen atom.

(7)

where the summation on t is over the different substituents
and the summation on j is over the atoms belonging to tbe
t-th substituent, m and R being, respectively, the mass of
the atom and its distance to tbe origin of tbe chosen coor
dinate system. Eq. (7)alIows, therefore, the separate analysis
of the geometrical features of tbe substituent which may be
important in the drug-receptor interaction. This steric factor

subs atolDl subs

10g(ABC)= L ~ mtjR~= L It
t jet t

where a, e, f, g, h, j, r, and t are constants, S~(m), S:(m'),
and Dp;(m)are respectively, tbe orbital ESD of MO m at
atom p¡ of the drug molecule, the orbital NSD of MO m',
and the orbital electron density of MO m at tbe same atom.
~, S: and Qp; are, respectively,the atomic total ESD, tbe
atomic total NSD, and tbe net cbarge of atom p in molecule
i. The summation on m ineludes a group of MO's elose to
tbe HOMO, and the HOMO itself. The summation on m'
ineludes the LEMO and a group of low-lying virtual MO's.
These groups are determined with tbe help of statistical mul

(4) . tiple regression analysis. Eq. (6) ineludes an approximate
representation of the dispersion energy, which was not con
sidered in the older treatments [18-21,24].

The atoms p¡ are tbose belonging to a skeleton whicb is
common to alI the drug molecules under consideration. For
the physical meaning of the indices in Eq. (6), see reference
[13].

It can be shown tbat, if we cboose an appropriate coor
dinate system, tbe term related to the moments of inertia
can be rewritten approximately as [16]:

(5)

+ L L C~.p¡C~ (Em·- Ea)

and the Q's are the total partition functions measured from
the ground state in solution.

Considering that the mass of the receptor molecule is very
much larger than the mass of the drug molecule, that the
BoItzmann factors of the excited electronic states are neg
ligible compared to those of the ground state, that the ro
tational and vibrational motions may be treated in a first
approach as independent and uncoupled, and that at 37°C
the vibrational partition function is close to one, we can
approximate Eq. (2) as [11]:

where a, b, c and d are constants, cr is the drug molecule's
symmetry number and 111213is the product of its three mo
ments of inertia around the three principal axes of rotation
[11].

In general, the direct quantum-mechanical determination
of AE¡ is not possible, either rlue to the size of the receptor
or to the lack of knowledge of its structure. Nevertheless, in
the case of a mechanism implying that the two molecules
are sufficientIy far apart (i.e. that there is molecular attrac
tion rather than covalent bonding), we can employ the
standard Rayleigh-Schródinger perturbation theory up to
the second order to evaluate AE¡ [17]. In this way, for a
system involving pairs of interacting atoms, we obtain
[18, 19]

AE¡= L L {Qp¡Qr/Rp¡r+ L L C~p¡C~'r/(Em- En'])PiED¡ reR . m n'
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3 Results

Figure l. The 7-su~stituted tryptamines.

Table 1. Experimental determined and calculated pA2-values for
7-substituted tryptamines

(9)

Variable t valuep

D8(H-2)

-3.78<0.005
S~

-8.04<0.0005

1,

-4.65<0.0005
1",

-4.56<0.0005

pA2 = -9.27 + 3.03(0.662)S::(HOMO)

- 3.60(0.446)S~- 0.00084(0.00016)1",

- 0.00015(0.00005)IN

where S~ (HOMO) and IN are, respectively, tbe HOMO
orbital ESD of atom 8 and the steric factor (see Eq. (4»)
corresponding to the N substituent. Eq. (9) has R = 0.945,
R2 = 0.894 and a mean SD ofO.l72. The analysis ofvariance
gave F(10,4) = 21.05 (p < 0.0005).The results of Student's
t test for tbe variables appearing in Eq. (9) are presented in
Table 3. The squared correlation coefficient matrix for the
variables appearing in Eqs. (8) and (9) is displayed in Table
4; it shows clearly that tbere is no significant internal cor
relation between the variables considered. The variables em
ployed in the statistical arlalysis are presented in Table 5.
The calculated' pA2 values, together with the experimental
ones, are sbown in Table 1.

Table 2. Results of the Student ttest for the significance of the
variables appearing in Eq. (8).

pA2 = 7.78 - 2.92(0.173)Dg(H-2) - 3.291(0.4092)S~ (8)

+ 0.00136(0.00029)1,- 0.00076(0.00017)1",

The best one we found, considering all aspects of statistical
analysis, is (see Figure 1 for the numbering of the atoms):

with R = 0.939, R2 = 0.882, mean SD = 0.181 and n
15. The standard deviations of the coefficients are included
in the formula in parentheses. The analysis of tbe variance
of Eq. (8) gives F(10,4) = 18.75 (p < 0.005), showing that
this equation is bighly significant. The result of Student's
test for the significance of the variables appearing in Eq. (8)
are presented in Table 2.

The second best equation we obtained is:

a. Considering that an analysis of the electronic structure
of these molecules strongly suggests that they can transfer
charge from the aromatic ring to receptor, we did not
use the NSD's or the virtual densities of the rings. We
also neglected the ESD's corresponding to the side chain.

b. To rule out errors resulting from the above simplification,
we carried out a statistical analysis with all the variables.
More than 250 equations were obtained and analysed.

Calculated

pA2 pA2

Eq. (8) Eq. (9)

Experi
mental

pA2a

ROlR'Mole
cule

1 HHH 6.275.916.22
2

HHCH] 6.006.146.14
3

CH]HCH] 6.296.056.19
4

OCH]HCH] 5.335.365.20
5

OHHCH] 4.885.025.12
6b

HHCH] 6.046.225.83
7<

HHCH] 6.026.196.31
8d

HHCH] 6.035.935.88
9

HHH and CH]5.976.026.01
10

BrHCH3 6.516.496.37
U·

HHCH] 5.685.555.64
12r

HCH]H 5.495.495.49
131

HCH]H 6.466.446.55
14

HHC2Hs 5.795.885.84
15

C2HsHCH] 6.316.336.24

a Ref. [1-9].

b With a CH] group at position 2.< With a CH] group on the indole N.d With a S atom instead of the indole NH.• With a CH2 group insteaq of the indole NH.r (S( +)isomer.I (RX - )isomer.

has already pro ven useful in another QSAR study on trypt
amines [15].

The molecules selected fo! this study are presented in
Table 1, together with their experimental pA2 values. The
geometry employed is the same as in previous studies
[14, 15]. The reactivity indices were obtained using Molec
ular Orbital Theory at the CNDO/2 level [25]. The steric
factor was calculated with reference to the point X =
- 5.5 A, y = 1.2 A, Z = 0.0 A, of the coordinate system
shown in Figure 1. .

The statistical fitting of Eq. (6) was performed by means
of a stepwise regression technique with pA2 as the inde
pendent variable. To select the common skeleton for all the
IAA we analysed two possibilities:

a. The atoms of the two aroma tic rings plus the side chain
atoms.

b. The atoms of the benzene ring plus tbe side chain atoms,
considering that IAA and PAA interact witb tbe same
receptor [14, 15].

The choice of the variables to be used in tbe statistical
analysis was carried out in the following way:

Table 3. Results of the Student t test for the significance of the
variables appearing in Eq. (9).

Variable t valuep

Si(HOMO)

-4.57<0.0005

~
-8.07<0.0005

1",

-5.17<0.0005
IN

-2.92<0.0005
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Table 4. Squared correlation coefficient matrix for the variables
appcaring in Eqs. (8) and (9).

Sr
SE

Ds(H-2)
17lex

(HOr.lO) IN

Ds(H-2)

1.0
Sf

4 X 10-41.0
17

0.130.161.0

lex

0.160.030.021.0
Sf(HOMO)

0.040.380.466 x 10-41.0

IN

0.250.030.050.16 9 x 10-31.0

Before discussing the results, it must be mentioned that
using these variables the probability of finding a chance
correlation with R2 > 0.9 is 1% or less [26].

4 DiscussioD

From Eq. (9) it can be appreciated that the pA2 value
diminishes if the steric factor of the N substituent in creases.

This is in perfect agreement with the experimentalist's ob
servations [3] and with our previous QSAR study on
5-substituted IAA [15], indicating that an unsubstitued
amine nitrogen atom is conducive to high receptor affinity.

On the other hand, from Eqs. (8) and (9) it can be seen
that if the steric factor of the (X-carbon substituent grows,
the pA2 value faUs. This resuIt must be interpreted with
caution because we have considered only one enantiomeric
pair. Table 1 shows that the experimental pA2 value for the
(R)( - )isomer is greater than the value for the molecule with
no (X-substituent, while the pAi value fór its enantiomer is
lower. Before a firm opinion can be given it is necessary to
wait for more receptor affinity measurements on individual
optical isomers. Nevertheless, we may conjecture that tbe
pA2 value increases in one case as a consequence of tbe
substituent fitting into a bydrophobic pocket in tbe receptor,
and decreases in the other due to tbe existence of steric
repulsion with a neigbbouring region ofthe receptor surface.
As there are no data available for (X-substituents larger tban
CH3, nothing can be said about tbe maximal size of tbis
group.

Tbe electron density of tbe (H-2) MO at C-8 and tbe
atomic ESD at tbis position afTect the pA2 value, as seen in
Eqs. (8) and (9), respectively. In botb cases, pA2 diminishes
if these parameters increase, as Dp(m) is always positive and
S~ is always negative. These resuIts suggest that, for an op
timal interaction, tbe electro n density at C-8 should be low.
Considering that this atom is part of an aromatic ring, the
associated electro n density wilI depend on the nature of the
substituents attached to the neighbouring atoms, especialIy
C-7.

The two equations show that pA2 values increase when
the atomic ESD at C-7 increases. This fact may be explained
by assuming that the receptor possesses an electrophilic
centre that interacts directIy with C-7.

The problem of the nature of the C-7 substituent seems
to be more complex. In l-phenyl-2-aminopropanes, where
C-4 can be considered to be congruous witb C-7 of the IAA,
it has been suggested that the 4-substituent interacts directIy
with the receptor [6]. AIso, in the case of a methyl group
at this position, a hydrophobic interaction has been men
tioned [2]. On the other hand, it is welI known that the

substitution of a methyl or ethyl group or a bromine atom
at the 4-position of halIucinogenic PAA enhances activity
[4], and the aminopropanes bearing these substituents in
addition to the 2,5-dimethoxy pattern are very potent hal
lucinogens.

Other researchers have found a parabolic dependence of
potency on the net total atomic charge on C-7, such that
an optimal charge can be caIculated for this position [27].
According to these authors, the charge must be close to zero
for high potency to be observed, a suggestion which con
tradicts the involvement of the atomic ESD at C-7 in our
correlations. They postulated that the C-7 regio n may come
into contact with a hydrophobic region of the receptor; and
that a charge of either sign at C-7 would resuIt in decreased
hydrophobicity. FinalIy, they noted that this effect could not
be quantitatively accounted for by including a term to es
timate substituent volume (molar volume, polarisability, or
Taft's steric coefficient). It is also pointed out that if a specific
hydrophobic site exists, the introduction of a polar substi
tuent at C-7 of an IAA should be expected to have a det
rimen tal effect on the pA2 value. This is found to be the case,
as 7-hydroxy-N,N-dimethyItryptamine (5 in Table 1) pos
sesses the lowest affinity of any congener examined thus far
[2, 3].

In a QSAR study based excIusively on electronic param
eters [1], two of the statistical regression equations were
found to improve when 7-methoxy-N,N-dimethyItryptamine
(4 in Table 1, the only 7-substituted compound in Ref. [1])
was deleted. This immediately suggests that electronic prop
erties alone are unable to account for the variation of pA2•

In fact, and older paper relating the contraction of rat stom
ach fundus strips to MO parameters and Hansch hydro
phobicity coefficients [27] had already shown that incIusion
of this constant for the C-7 substituent raises the significance
level of half a dozen different equations.

To analyse the influence of the steric factor for the C-7
substituent appearing in Eq. (8), we sbalI order molecules 2,
3, 4, 5, 10 and 15 in the folIowing way:

a. pA2 values: Br > C2Hs ~ CH3 > H > OCH3 > OH

b.17values: Br> OCH3 > C2Hs > OH > CH] > H

c. Shalues: H > Br

It can be seen immediately that the orders of the pA2, 17

and Sr values do not run paralIel to each other. Neverthe
less, if we neglectthe molecules substituted at C-7 witb
the hydrophilic OH or OCH] groups, an interesting faet

. emerges: the pA2 value paralIels the vahie of 17 and the value
of Sr, witb the exception of the H-substituted molecule, for
which Sr is highest. If we now consider only the deleted
molecules, alI three parameters are greater for the methoxy
than for the hydroxy compound. AII tbis clearIy indicates
that it is not the hydrophobicity that regulates pA2, but tbe
values of 17 and Sr taken together. The H-substituted mol
ecule (2 in Table 1) is tbe most representative case. It bas
the highest value for Sr but the lowést for 17, and its pA2
value lies between those of the molecules bearing hydro
phobic substituents and those with bydrophilic ones. The
OH and OCH] derivatives, baving fairIy high 17 values, pos
sess low receptor affinities beca use of their very low S~ val
ues.

From these results, a tentative picture emerges for the
serotonergic receptor, shown in Fig. (2). Now, from this
study and others [13 -15], the receptor appears to be a
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highly complex structure interacting with the phenyl ring
and the side chain, and with pockets that restrict the recog
nition of these moieties. AIso, our results support the con
tention that IAA interact with the receptor in such a way
that their aromatic ring always adopt the same orientation
in contrast with other suggestions [28, 29].

Figure 2. Some of the possible features of the rat stomach fundus
serotonergic receptor:
A) pockets controlling the size of substituents at thé amiDe N aDd

at C-7;
B) possible interaction area ror one of the ex-carbon substituents;
C) areas interacting by charge transfer.

Our QSAR equations for IAA [14, 15] and PAA [13] are
very similar for both kinds of compounds. Ir these different
groups of drugs interact with the receptor by analogous
mechanisms, then a P AA with a small hydrophilic group at
C-4 but with a high 14 value (i.e. with a large mass) must
have a high pA2 value if its si is high enough. If such a
compound is able to pass through the blood-brain barrier,
it may be hallucinogenic at low doses. These considerations
apply perfectly to 1-(2,5-dimethoxy-4-nitrophenyl)-2-ami
nopropane (DON), with a pA2 value of 7.07 for the racemic
mixture [6]. Our pharmacological studies,· which will be
published elsewhere, show that (±)-DON is a very potent
hallucinogen, comparable to DOB (its 4-bromo analogue)
and DOM (the 4-methyl analogue), which carry hydropho
bic substituents at C-4 [30]. The same argument may be
applied to 7-substituted IAA and, therefore, 7-nitrotrypt
amine would be expected to exhibit a high affinity foi the
rat stomach furidus serotonergic receptor.

The equations presented here can be refined in principIe
as more pA2 values become available. AIso, it seems neces
sary to improve the term describing the steric factors by
decomposing it into three terms accounting for the orien
tation of the substituent. Nevertheless, our correlations are
the most significant obtained so far for IAA (cf. Ref. [10]).

These results, together with other reported previously
[13 -15], are convincing evidence that so-called theoretical
equations [12] are much better than empirical ones (i.e.,
those derived by Hansch analysis and other similar tech
niques). Furthermore, they provide a deeper insight into the
mechanism by which these molecules interact with their re- •
ceptor.
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