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Abstract
Different interactions that define the alkylamino side chain conformation in phenylalkylamine hallucinogen compounds are
studied with HF/6-31G ⴱ ab initio calculations and natural bond orbital, NBO, analyses. These studies were performed on three
model compounds, namely, 2,3,4-trimethoxyphenethylamine (IM) I, 3,4,5-trimethoxy-phenethyl-amine (mescaline), II, and 2methyl-2,5-dimethoxy-amphe-tamine (DOM) III. It was found that the three of them present three alkylamino rotamers which
can be classified as gauche-1, gauche-2 and trans according to the C–NH2 orientation with respect to the Ca –Cb bond.
Although in all cases the gauche-1 conformer is the preferential one, its relative stability with respect to the trans one was
found to decrease when increasing the hallucinogen potency. A variety of interactions could be identified and their role played
in that behavior are discussed. 䉷 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Different properties of phenylalkylamine derivatives were being studied for a long time with different
approaches [1–9] and at present many of such
compounds are known to have hallucinogenic properties. When comparing their potency, one of the most
conspicuous features that is observed, is the broad
range of values that such property can take and that
in most cases the phenyl group bears one or several
methoxy groups as side-chains. The biological activity strongly depends on the phenyl substitution pattern
[2,7] of those methoxy groups. It is interesting to note
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that other compounds presenting different types of
biological activity such as antitumoral, antiviral or
antibacterial, have also methoxy groups as substituents on an aromatic ring, as, for instance, 2,4-diamino5(3 0 ,4 0 ,5 0 -trimethoxy-benzyl)pyrimidine (trimethoprim)
[10], 2,4-diamino-6-(2,5-dimethoxybenzyl)-5-methylpyrido[2,3-d]pyrimidine (piritrexim) [11] and (2,4diamino-methyl-6-[(3,4,5-trimethoxyanilino)methyl]quinazoline) (trimetrexate) [12] and also their
substitution pattern plays also an important role in
defining the potency of a given compound [13–15].
Such observation suggests that the interactions between
the methoxy groups and the aromatic ring are important
in defining the role played by the “pharmacophoric
moiety”. In phenylalkylamine hallucinogens it can be
expected that the role of “pharmacophoric moiety” is
played mainly by the alkylamine side-chain group.
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Scheme 1.

Interactions that define the methoxy group conformation in unsaturated methyl ethers were studied
extensively during the last two decades [16–28]. A
brief account of the main features of such interactions
is as follows. In anisole derivatives the OMe group
adopts a heavy atom planar conformation [29–33]
unless it is flanked by two ortho substituents
[34,35]. In some cases an unhindered methoxy
group adopts as preferential one of the two possible
planar conformations like, for instance, in 3-NO2-4NH2-anisole [36]. Similar behavior was also observed
in other aryl and heteroaryl compounds like 2-OMepyridine [37,38], 2-methoxy phenazyne [39,40] and 3fluoroanisole [41]. This seems to indicate that the

preferential OMe conformation is cis to the adjacent
bond with the larger p-mobile bond order [42–44].
However, there are two known cases which show that
such trend is not general, namely, o-dimethoxy
benzene which is known that in gas phase the preferential conformation is non-planar [45,46], and pdimethoxy benzene where the conformation with the
methoxy groups opposite to each other was calculated
to be more preferential than that with both groups cis
to the alternating aromatic bonds [47]. These observations suggest that in the last two cases, an OMe
conformation cis to the aromatic bond with larger
p-mobile bond order renders a destabilizing interaction. A good probe to detect the OMe conformation in
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Fig. 1. Barrier to inner rotation around the Ca –Cb bond for compounds I–III. In all three cases the energy, DE (in kcal/mol), is referenced to that
of the gauche-1 rotamer,. The torsion angle Cipso –Ca –Cb –N, g (in degrees), is referenced to the cis conformation between the Cipso and N atoms.

aryl methyl ethers is NMR spectroscopy. For instance,
in anisole derivatives the 13C substituent chemical
shifts, SCS, are different for the cis–ortho and
trans–ortho orientations, being the former a larger
shielding effect of about 7 ppm than the latter
[16,48]. The trans–ortho SCS, is not far from the
para-OMe SCS and this suggests that it is mainly
determined by the mesomeric interaction. Recently,
[49] all these observations were rationalized as
follows. The O–CH3 moiety is a highly polar group
and if there is one OMe group placed proximate to a
p-type bond, which is highly polarizable, an opposite
dipole is induced in the latter, and both dipoles yield a
stabilizing interaction which was dubbed the “polar
bond-polarizable bond”, PB–PzB, interaction [50,51],
and an idea of its strength can be obtained measuring
the difference in 13C SCSs of the cis– and trans–ortho
carbon atoms. The known deshielding effect of the
OMe 13C chemical shift for an out-of-plane conformation [52] was interpreted on similar grounds [53], i.e.
as an inhibition of the PB–PzB interaction.
From the above rationalization in terms of the PB–
PzB interaction it can be expected that the p aromatic
system around the aryl carbon placed cis–ortho to a
planar OMe group, should be notably polarized and it
should have the capability of interacting with other
side-chain groups attached to the same aryl ring. In
the case under consideration a polarized p aromatic

system could be important in defining the alkylamine
side-chain conformation in phenylalkyl hallucinogens. In order to study such possibility, in this work
the alkylamine preferential conformations are studied
in three model compounds, 2,3,4-trimethoxyphenethylamine (IM) I, 3,4,5-trimethoxy-phenethylamine (mescaline), II, and 2-methyl-2,5-dimethoxyamphetamine (DOM) III. The first one is known to be
inactive [2], the second one is taken as reference for
comparing hallocinogenic potency [2,7], and the third
one has a potency much larger than II [2,7]. In order
to acquire an insight into the interactions that define
the alkylamino group conformation, NBO, Natural
Bond Orbital, [54] analysis were performed for the
three lowest energy conformations.

2. Computational details
In I–III the alkylamine side-chain stable conformations were sought studying the respective barriers to
inner rotation around the Ca –Cb bond. In all three
compounds, three stable conformers were thus found
which are hereafter dubbed as gauche-1, gauche-2
and trans rotamers (see Scheme 1 for Gauche-1 and
trans rotamers for compounds I–III); the first one
corresponds to the gauche conformation with the
NH2 moiety close to ring position 6, while the second
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Table 1
Cipso –Ca –Cb –N torsion angles for gauche-1; gauche-2 and trans
rotamers referenced to the cis conformation between the Cipso and
N atoms; their respective differences (in degrees); and their relative
energies respect to that of the gauche-1 rotamer (in kcal/mol) in
compounds I–III
Compound

I

II

III

g-gauche-1
g-gauche-2
g-trans
Dg-1
Dg-2
DEtrans
DEgauche-2

64.53
⫺55.90
179.45
114.92
124.65
0.77
1.90

65.08
⫺75.62
181.76
116.68
102.62
0.40
1.63

61.97
⫺57.00
186.06
124.09
116.94
0.23
1.06

one corresponds to that with the NH2 moiety close to
ring position 2. Natural Bond Orbitals [55], NBO,
analysis were performed for those three rotamers of
each compound. All calculations were carried out at
the HF/6-31G ⴱ level, using the Gaussian 94 package
of programs [56].

3. Results and discussion
The comparison of several parameters of the full
optimized geometries in the gauche and trans conformations of the amino group for compounds I–III
show several peculiarities which are worth noting.
In all of them the most stable rotamer is the gauche1 one, and the next two energy minima correspond to
the trans and gauche-2 rotamers, respectively. The
barriers to inner rotation around the Ca –Cb bond for
I and III are shown in Fig.1 while the relative energy
to that of the gauche-1 rotamers for the trans and
gauche-2 ones are displayed in Table 1 where it is
observed both of them decrease from I–III. This
observation suggests that the alkylamine side chain
conformation could be an important factor in defining
the potency of the hallucinogenic effect in these
compounds. Therefore, it seems interesting to analyze
which interactions define the alkylamine group
conformation. Some of them seem to depend on the
atomic charges placed at the aromatic 1, 2 and 6 ring
positions; the respective NBO values are displayed in
Fig. 2. A brief account of the most evident interactions
defining the alkylamine group conformation is as
follows.

3.1. Conspicuous interactions present in the gauche-1
rotamers
Four main interactions are recognized for this
conformer:

1. An N–H···p hydrogen bond interaction with the
aromatic electronic system, as gauged by an
amino H proton to the C6 carbon atom distance.
Such interatomic distances for compounds I to
III are displayed in Table 2 where a shortening
of the N–H·· ·p distance along the series I to III
is observed which seems to indicate that this interaction increases accordingly. According to the
NBO analyses carried out on these three
compounds, no charge transfer either of type (N–
H) ! p ⴱ or p ! (N–H) ⴱ takes place (the respective second order perturbation energies [54] are
smaller than 0.50 kcal/mol). This indicates that its
origin is mainly electrostatic and, according to
Hobza et al. [57] they can be called “anti-hydrogen
bonds”. As studied in previous papers [58–60], in
hydrogen bonds dominated by an electrostatic
interaction the X–H bond of the proton donor is
slightly shortened. In the present case, it is difficult
to identify a bond length shortening of this type
owing to the N–H delocalization interactions
involving a vicinal bond (or antibond) belonging
to the same alkylamino moiety.
2. The strengths of the (Cipso –Ca) ! (Cb –Hb1) ⴱ and
(Cb –Hb1) ! (Cipso –Ca) ⴱ interactions (s conjugation) [61] are shown in Table 3. While in
compounds I and II the sum of these two interactions is practically the same, in III the sum of these
two interactions is somewhat larger than in the
former two, in accordance with the well known
trends given by the simple PMO theory (Perturbed
Molecular Orbitals) [62,63] since in III a methyl
group is bonded to the Cb atom.
3. There is also a destabilizing interaction which is
present in all three compounds, although their
strengths could be quite different, i.e. there is a
large and negative charge at the N atom and it is
close to the C6 atom which bears also an important
negative charge, as shown in Table 2.
4. In I and III there are close contacts of type C–
H···O between an alkylamino C–H bond and the
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Fig. 2. C1; C2 and C6 NBO atomic charges for the gauche-1, gauche-2 and trans rotamers of compounds I–III (in a.u.).

O atom of the methoxy group attached to the
ring position 2. Close contacts of this type are
now well known to be important enough to
define preferential conformations in many
organic and biological compounds [62,63]. In
I there is a Cb –Hb2· · ·O contact where the
Hb2·· ·O distance is only 2.8179 Å, and in III,
there is a methyl C–H·· ·O contact where the corresponding H···O distance is 2.9602 Å. In both cases

such proximate interactions favor the gauche-1
conformation.
3.2. Conspicuous interactions present in the gauche-2
rotamers
The main interaction that defines the gauche-2
conformation in all three compound seems to be the
(Cipso –Ca) ! (Cb –X) ⴱ and (Cb –X) ! (Cipso –Ca) ⴱ
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Table 2
Selected electron delocalization DE (2) energies [52] (in kcal/mol);
non-bonded interatomic distances, d (in Å); and net atomic charges
as calculated with the NBO approach, q (in a.u.) for gauche-1 rotamers of I–III

(Cipso –Ca) ! (Cb –Hb1)
(Cb –Hb1) ! (Cipso –Ca)
d(N–H···C1)
d(N–H···C6)
d(N···C6)
q(N)
q(C6)

I

II

III

1.68
4.66
2.7696
2.9317
3.4049
⫺0.9251
⫺0.1954

1.70
4.57
2.7753
2.8596
3.3469
⫺0.9240
⫺0.3620

1.43
5.10
2.8175
2.7886
3.2194
⫺0.9253
⫺0.2901

(X  H in I and II and CMe in III) electron delocalizations that causes the Cb –X bond to adopt a trans
configuration with respect to the Cipso –Ca bond,
Table 3. These two interactions are more stabilizing
in I than in III. This interpretation is reinforced by
noticing that for these last two compounds there are
interactions that arise from the close proximity
between the NH2 moiety and the oxygen atom of the
OMe(2) group; some relevant interatomic distances
are also shown in Table 3, which are absent in
compound II. In spite of this, all the three compounds
display the practically identical configuration for the
trans rotamers.
3.3. Conspicuous interactions present in the trans
rotamers
The main interactions within the alkylamine group
Table 3
Selected electron delocalization DE (2) energies [52] (in kcal/mol);
non-bonded interatomic distances, d (in Å); and net atomic charge
as calculated with the NBO approach, q (in a.u.) for gauche-2 rotamers of I–III

(Cipso –Ca) ! (Cb –X) a
(Cb –X) ! (Cipso –Ca) a
d(N–H···O)
d(N···O)
d(N···C1)
q(C1)

I

II

III

1.67
4.66
2.6973
3.1845
2.9760
⫺0.0967

1.49
4.08
–b
–b
3.1828
⫹0.0115

2.15
2.96
2.7067
3.1982
2.9561
⫺0.0541

X  H in I and II, and X  CMe in III.
There is no OMe substituent ortho to the ehtylamino group in
compound II.
a

b

Table 4
Selected electron delocalization DE (2) energies [52] (in kcal/mol);
non-bonded interatomic distances, d (in Å); and net atomic charges
as calculated with the NBO approach, q (in a.u.) for trans rotamers
of I–III

(Cipso –Ca) ! (Cb –N)
(Cb –N) ! (Cipso –Ca)
p ! (Cb –N)
d(N···C6)
q(N)
q(C6)

I

II

III

2.44
2.35
0.61
3.4049
⫺0.9251
⫺0.1954

2.46
2.29
0.63
3.3469
⫺0.9240
⫺0.3620

2.16
2.63
0.58
3.2194
⫺0.9253
⫺0.2901

that seem to determine its trans conformation are the
(Cipso –Ca) ! (Cb –N) ⴱ and (Cb –N) ! (Cipso –Ca) ⴱ
electron delocalizations, as expected from the simple
PMO theory [59]. They are compared in Table 4 for
compounds I–III, where it is observed that their sum
differ only slightly from one compound to the other.
A survey of all interactions quoted above shows
that for the trans rotamers there are only very slight
differences among the three compounds. Therefore,
their differences in DE t⫺g1  Etrans ⫺ Egauche⫺1 seem
to arise mainly from differences in interactions operating in the gauche-1 rotamers. Their comparison
shows that, interactions of types (1) and (2) have
almost the same strength in all three compounds,
and whence they cannot account for the DEt–g1 differences shown in Table 1. It seems that such differences
arise from interactions of type 3, which destabilize the
gauche-1 conformation in compounds II and III. Why
interaction (3) seems to be so different in these model
compounds? Apparently, they originate in the large
polarization of the aromatic p electronic system.
This polarization can be assessed comparing the
NBO atomic charges at the ring position 6 for the
different compounds, Table 2. According to previous
studies [49,51] this polarization arises from the
conformation of the OMe placed at ring position 5,
i.e. the C6 atom is placed ortho–cis to the methyl
moiety. There is a further destabilizing effect due to
such polarization of the p electronic system for the
gauche-1 rotamers; in fact, since the C–N bond is a
single one and therefore a rapid rotation of the NH2
around such bond can be expected. Such a rotation
would cause the N lone pair to face the negatively
charged C6 carbon atom, and therefore it would
increase their repulsion. This destabilizing effect is
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expected to be stronger in II and III than in I owing to
the different charge at the C6 carbon atom (see
Table 4).
The smaller DEt–g1 value in III than in II can be
rationalized on similar grounds, since there is a close
contact between an N methyl C–H bond and the
OMe(2) oxygen atom. This interaction, although at
first sight stabilizing, becomes destabilizing as soon
as that methyl group rotates away from its equilibrium
position.

4. Conclusions
In the three model compounds studied in this paper,
it was found that the DEt–g1 energy is smaller the
larger is the hallucinogen activity. The DEt–g1 trend
can be expressed by saying that in II and III their
trans rotamers are more favored than in compound
I. Since the former two compounds are known to
have hallucinogen properties, in a somewhat speculative way, it can be thought that an alkylamino group in
a trans conformation favors an N–H hydrogen bond
interaction with the receptor. Therefore, the dependence of the potency of a phenylalkylamine hallucinogen compound upon the substitution pattern on the
aromatic ring seems to originate in side-chain
interactions that cause a destabilizing effect on the
gauche-1 alkylamine conformation. Such side-chain
interactions are found to work in two different ways,
namely, a direct one like the close C–H contacts with
an electronegative group, and an indirect one through
the polarization of the aromatic p electronic system.
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Contreras, J.J. Dannenberg, A. Masunov, J. Chem. Soc., Faraday Trans. 92 (1996) 3029.
[59] A.V. Afonin, C. Vizioli, M.C. Ruiz de Azúa, R.H. Contreras,
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