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Geometric parameters as a criterion for assessment
of the bioactive conformations of opiate receptor ligands
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The mutual positions of the phenyl fragment and the protonated amino group in the
molecules of opiate receptor ligands of various structural classes were studied. It was concluded
that two bioactive ligand conformations exist and their implementation does not depend on the
structural class of the ligand, selectivity of its action on receptors, or relationship between the
agonistic and antagonistic properties. A set of geometric parameters describing the three�
dimensional arrangement of the phenyl fragment and the protonated amino group in bioactive
conformations was proposed; this can be used as a criterion for the geometric assessment of the
opiate activity.
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mation.

The interaction of ligand molecules with receptors
depends on the structural compatibility of the ligand and
the receptor binding site; therefore, the biological activity
of the ligands is largely due to their molecular geometry.1

It is generally accepted that, during interaction, the ligand
and the receptor mutually stimulate changes in their spa�
tial structures that are required for their optimum interac�
tion. These spatial changes are called the "induced fitting"
effect.2 The ligand conformation in which interactions
with the receptor are maximized is called bioactive. The
transition from an inactive conformation of the "free"
ligand to the bioactive conformation formed in a complex
with the receptor is usually accompanied by energy ex�
penditure, which is equal, on average, to 3—5 kcal mol–1

but may reach tens of kcal per mol if the ligand molecule
has a large number of rotational degrees of freedom. If
these energy expenditure is made up for by the free energy
benefit due to hydrophobic, electrostatic, or other type of
ligand—receptor interactions, ligand binding to the re�
ceptor sites does occur.

In the bioactive conformation, the structural fragments
of the ligand molecule that interact with the receptor are
oriented in a definite manner with respect to each other.
The knowledge of the topology of ligand structural frag�
ments, together with the understanding of the nature of
their interaction with the receptor are highly important
for elucidation of the reasons for the origin of the ligand
affinity for the receptor and the specificity of the ligand
action.

This study is concerned with the geometric param�
eters that describe the mutual arrangement of the key

structural fragments of molecules of opiate receptor (OR)
ligands in their bioactive conformations. These geometric
parameters can be used subsequently as a criterion for
assessment of the opiate activity in the targeted search for
new opiate�active compounds, while minimizing expen�
sive and labor�consuming experiments.

It was shown in the 1960s that the interaction of nar�
cotic analgesics with receptors involves the protonated
form of the ligand,3,4 the protonated nitrogen atom, like
the phenyl group, being the key structural fragment of OR
ligands (see Refs 5—7).

It was shown experimentally that the interactions of
the protonated N atom and the phenyl group are involved
in ligand binding to any type of opiate receptors.5,8—10

The protonated nitrogen atom is responsible for the ionic
interaction with the anionic group of the complementary
OR site, which is supplemented by hydrogen binding.9—12

The phenyl fragment forms a charge�transfer complex
with a particular complementary OR site (see Ref. 13).

Numerous studies have been focused on the mutual
arrangement of the protonated amino group and the phe�
nyl fragment in the molecules of the OR ligands. The
main emphasis was placed on the investigation of the
distance "N atom—center of the phenyl ring" and the
mutual orientation of the phenyl and piperidine rings in
various structural classes of the OR ligands. It was postu�
lated that the distance between the nitrogen atom and the
aromatic ring in the opiate pharmacophore does not de�
pend on the structural class of the ligand being equal
to 4.5 Å (see Refs 7 and 14), while the mutual orientation
of the rings does depend on the ligand class.15 In mor�
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phine analogs, the phenyl substituent is located in the
axial position with respect to the piperidine ring, while in
the molecules of 4�phenylpiperidine derivatives, it occu�

pies the equatorial position. The dihedral angles between
the mean planes of the rings in the molecules of these
structural classes have opposite signs.16 Thus, studies on

Table 1. Subjects of investigation

Compound Receptor Type of Ref.
type activity

Morphine (1) µ Agonist 18
Normorphine (2) µ Agonist 18
Nalorphine (3) µ, κ Mixed 18

agonist�
antagonist

Dihydromorphine (4) µ Agonist 19
Nalbuphine (5) µ, κ Mixed 18

agonist�
antagonist

Nalmefene (6) µ Antagonist 20
Etorphine (7) µ Agonist 18
Diprenorphine (8) µ, δ, κ Antagonist 14
Buprenorphine (9) µ, κ Mixed 18

agonist�
antagonist

Naloxone (10) µ, κ Antagonist 20
Naltrexone (11) µ, δ, κ Antagonist 20
Nalmexone (12) —a Antagonist b

Dihydromorphone (13) µ Agonist 18
Metopon (14) µ Agonist b

Hydrocodone (15) µ Agonist b

Nalbuphone (16) Antagonist 21
Oxymorphone (17) µ Agonist b

Cyclorphan (18) µ, δ, κ Mixed 22
agonist�
antagonist

MCL 101 (19) µ, δ, κ Mixed 22
agonist�
antagonist

Levalorphan (20) —a Mixed 15
agonist�
antagonist

Butorphanol (21) µ, κ Mixed 7
agonist�
antagonist

Levorphanol (22) µ Agonist 18
Methorphan (23) —a Agonist 15
Metazocine (24) µ, κ Mixed 7

agonist�
antagonist

Cyclazocine (25) µ, δ, κ Mixed 22
agonist�
antagonist

Bremazocine (26) µ, κ Mixed 23
agonist�
antagonist

Compound Receptor Type of Ref.
type activity

Pentazocine (27) µ, δ, κ Agonist 22
Allylnor� µ, κ Antagonist 24

metazocine (28)
Cyanoethylnor� µ, κ Agonist 24

metazocine (29)
Ketocyclazocine (30) κ Agonist 15
Ethylketo� µ Agonist 15

cyclazocine (31)
Normeperidine (32) —a Agonist 15
Meperidine (33) µ Agonist 18
Propiophenone� —a Agonist 25

normeperidine (34)
Aceperone (35) —a Agonist 25
Benzethidine (36) —a Agonist 25
Furanylate (37) —a Agonist 25
Aniliridine (38) —a Agonist 25
Ethoxyridine (39) —a Agonist 25
Proxidol (40) —a Agonist 25
Phenopyridine (41) —a Agonist 25
α�Prodine (42) —a Agonist 25
β�Prodine (43) —a Agonist 25
α�Promedol (44) —a Agonist 25
γ�Promedol (45) —a Agonist 25
β�Promedol (46) —a Agonist 25
47c µ Mixed 26

agonist�
antagonist

48d µ Mixed 27
agonist�
antagonist

49e κ Agonist 28
Metadone (50) µ Agonist 18
Acetylmetadol (51) µ Agonist 18
Dipipanone (52) —a Agonist 26
Phenadoxone (53) —a Agonist 26
Fentanyl (54) µ Agonist 18
Sufentanyl (55) µ Agonist 18
Dezocine (56) µ, δ Mixed 18

agonist�
antagonist

Tramadol (57) µ Agonist 18
Propoxyphene (58) µ Agonist 18

a No data on the selectivity of ligand action on opiate receptors was found.
b http://www.drugs.com.
c 2,9β�Dimethyl�5�(3�hydroxyphenyl)�2�azabicyclo[3.3.1]nonane (47).
d 2�(1�Methyl�2�phenetyl)�5�(3�hydroxyphenyl)�2�azabicyclo[3.3.1]nonane (48).
e N�[4β�Methyl�5�(3�hydroxyphenyl)�2�(3�phenylpropyl)�2�azabicyclo[3.3.1]non�7�yl]�3�(piperidino)propanamide (49).
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the structures and pharmacological activities of morphine�
like compounds and 4�phenylpiperidine derivatives pro�
vided the following conclusion: the phenyl fragments in
these two classes of molecules are bound to different re�
ceptor sites.16,17 This conclusion implies the existence of
at least two bioactive conformations in which the proto�
nated N atom and the phenyl fragment interacting with
the OR are oriented differently with respect to each other.
It would be pertinent to compare the bioactive conforma�
tions of the OR ligand molecules of various structural
classes including open�chain compounds containing no
piperidine fragment: 4,5�epoxymorphinans, dihydro�
morphones, morphinans, benzomorphans, oripavines,
arylmorphans, 4�phenylpiperidines, 4�anilidopiperidines,
diphenylpropylamines, aminotetralins, and arylcyclo�
hexanolamines (Table 1).

In our opinion, the geometric parameters used in the
literature (the distance "N—the center of the phenyl ring,"
the torsion angle describing the position of the substituent
with respect to the piperidine ring, the dihedral angle
between the planes of the phenyl and piperidine rings) do
not suffice for describing the mutual arrangement of the
phenyl fragment and the protonated amino group. The

opiate activity is known to depend on the orientation of
the N—H bond, i.e., only one of the two diastereomers of
the protonated ligand molecule is active.29 It was proven
experimentally that bioactivity is manifested for the dia�
stereomer with the axial N—H bond. The introduction of
a hydroxy group into position 11β of benzomorphans or
into position 3 of the piperidine ring in phenylpiperidines
hampers the inversion of nitrogen and decreases the frac�
tion of the diastereomer with equatorial N—H bond; as a
result, the analgesic activity sharply increases.30 In addi�
tion, X�ray diffraction data indicate that the N—H bonds
in all bioactive molecules of the opiate receptor ligands
are axial.15,25

When choosing the geometric parameters that would
describe unambiguously the bioactive conformation of
the protonated ligand, we were guided by the method of
description of the mutual positions of points in the three�
dimensional space by means of intrinsic coordinates
(Z�matrix). We considered the following geometric pa�
rameters: (i) the distance "center of gravity of the phenyl
ring—nitrogen atom" (RCent—N); (ii) the distance "center
of gravity of the phenyl ring—ammonium hydrogen atom"
(RCent—H); (iii) the angle "nitrogen atom—center of grav�
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Com� R1 R2 R3 R4 Com� R1 R2 R3 R4

pound pound

4 Me H OH — 28 CH2CH=CH2 Me — —
5 cyclo�C4H7СH2 OH OH — 29 (CH2)2CN Me — —
6 cyclo�C3H5СH2 OH =СH2 — 32 H COOEt — —
8 cyclo�C3H5СH2 Me — — 33 Me СOOEt — —
9 cyclo�C3H5СH2 But — — 34 (CH2)2C(O)Ph COOEt — —
10 CH2CH=CH2 OH H OH 35 (CH2)3C(O)PhF�p CH2NHCOMe — —
11 cyclo�C3H5СH2 OH H OH 36 (CH2)2OCH2Ph COOEt — —
12 CH2CH=CMe2 OH H OH 37 (CH2)4Ph СOOEt — —
13 Me H H OH 38 (CH2)2Ph�NH2�p СOOEt — —
14 Me H Me OH 39 (CH2)2O(CH2)2OH CОOEt — —
15 Me H H OMe 40 (CH2)2OEt OCOEt — —
16 cyclo�C4H7СH2 OH H OH 41 (CH2)2CH(OH)Ph COOEt — —
17 Me OH H OH 42 H Me — —
18 cyclo�C3H5СH2 OH H — 43 Me H — —
19 cyclo�C4H7СH2 OH H — 47 Me m�OH�C6H4 Me H
20 CH2CH=CH2 OH H — 48 CH(Me)CH2Ph m�OH�C6H4 H H

21 cyclo�C4H7СH2 OH OH — 49 (CH2)3Ph m�OH�C6H4 Me

22 Me OH H — 50 N+HMe2 COEt — —
23 Me OMe H — 51 N+HMe2 CH(Et)OCOMe — —

24 Me Me — — 52 COEt — —

25 cyclo�C3H5СH2 Me — — 53 COEt — —

26 cyclo�C3H4(OH)СH2 CH2Me — — 54 (CH2)2Ph H — —

27 CH2CH=C(Me)2 Me — — 55 CH2OMe — —

ity of the phenyl ring—ammonium hydrogen atom"
(N—Cent—H); (iv) the torsion angle "center of gravity of
the phenyl ring—phenyl carbon atom linked to the nitro�
gen atom through the alkyl bridge—nitrogen atom—am�
monium hydrogen atom" (Cent—CPh—N—H). The alkyl
bridge is three single C—C bonds long. An exception is
provided by anilidopiperidine molecules in which the
chain connecting the phenyl fragment and the protonated
nitrogen contains additionally a nitrogen atom.

For cage compounds, one more geometric parameter
was measured, namely, the dihedral angle between the
plane of the phenyl ring and the plane through three
nonhydrogen atoms of the substituent at nitrogen in the
cationic "head" (Ph/CCC). This parameter character�
izes the mutual orientation of the N—H bond and the
π—π interaction. For molecules in which the phenyl frag�
ment freely rotates around the C—C bond (the rotation
energy does not exceed 5 kcal mol–1), this parameter was
not considered.

X�Ray diffraction data for compounds under consid�
eration or for their close analogs were used as the starting
models in the calculation of geometric parameters of the
protonated molecules.31 First, conformationally rigid

molecules were considered, in particular, cage molecules
and 4�phenylpiperidine molecules with fixed configura�
tions of the chiral centers. We proceeded from the fact
that the mutual arrangement of the phenyl ring and the
protonated nitrogen atom in conformationally rigid mol�
ecules is the same as in the bioactive conformation, be�
cause the "conformational adjustment" of such ligands to
the receptor is exceptionally limited due to the lack of the
rotational degrees of freedom in the molecular core of the
ligand. In the case of 4�phenylpiperidine derivatives, the
expression "molecular core" was used to mean the piperi�
dine ring with a fixed configuration of the chiral centers
and only bioactive diastereomers were considered. In these
diastereomers, the Ph group was oriented either axially
(as in α�promedol) or equatorially (as in β�promedol).
The orientation of the chiral centers in active diastere�
omers found experimentally (see references in Table 1) is
reflected in the structural formulas of the compounds.
The results of calculations are presented in Table 2.

The data of Table 2 indicate that protonated ligands of
opiate receptors can exist in two bioactive conformations
(I and II). Each conformation has its own set of geomet�
ric parameters, which vary over narrow ranges. Both con�
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Table 2. Geometric parameters of bioactive conformations of
the conformationally rigid opiate receptor ligands 1—49

Com� Confor� RCent—N RCent—H Angle/dega

pound mation
Å ϕ ψ ω

1 I 4.6 5.3 8 190 82
2 I 5.0 5.3 7 190 84
3 I 4.5 5.3 8 190 83
4 I 4.5 5.3 8 186 82
5 I 4.5 5.2 9 185 100
6 I 4.4 5.2 7 183 94
7 I 4.6 5.3 8 194 107
8 I 4.6 5.1 7 186 101
9 I 4.6 5.3 9 195 102
10 I 4.6 5.3 7 184 86
11 I 4.5 5.3 7 182 94
12 I 4.5 5.3 7 184 87
13 I 4.5 5.3 8 190 83
14 I 4.5 5.3 7 184 87
15 I 4.5 5.2 7 183 86
16 I 4.5 5.3 8 186 95
17 I 4.5 5.3 8 192 86
18 I 4.4 5.2 7 180 88
19 I 4.4 5.2 7 183 89
20 I 4.4 5.2 8 179 81
21 I 4.5 5.2 8 184 93
22 I 4.4 5.2 7 176 93
23 I 4.4 5.2 7 181 94
24 I 4.5 5.3 7 178 91
25 I 4.5 5.2 7 178 90
26 I 4.4 5.2 8 178 90
27 I 4.4 5.3 7 179 90
28 I 4.4 5.2 7 180 90
29 I 4.4 5.2 7 179 90
30 I 4.5 5.3 7 178 88
31 I 4.5 5.3 7 180 86
32 II 5.6 5.6 10 0 —b

33 II 5.6 5.4 10 9 —
34 II 5.6 5.6 10 7 —
35 II 5.7 5.5 10 3 —
36 II 5.6 5.5 10 9 —
37 II 5.6 5.5 10 6 —
38 II 5.6 5.6 10 7 —
39 II 5.7 5.6 10 2 —
40 II 5.6 5.5 10 11 —
41 II 5.6 5.5 10 11 —
42 II 5.6 5.6 10 –7 —
43 II 5.5 5.7 10 15 —
44 I 4.9 5.7 8 186 —
45 II 5.6 5.6 10 3 —
46 II 5.6 5.7 7 –8 —
47 II 5.7 5.6 7 —
48 II 5.6 5.5 9 13 —
49 II 5.7 5.6 9 9 —

a ϕ is the N—Cent—H bond angle, ψ is the Cent—CPh—N—H
torsion angle, ω is the Ph/CCC dihedral angle.
b The parameter was not calculated for molecules with free rota�
tion of the phenyl fragment about the CPh—CAlk bond.

Fig. 1. Bioactive conformations I (morphinan molecule (1)
and II (meperidine molecule (33)): RCent—N = 4.6 (1), 5.6 Å (33);
RCent—H = 5.3 (1), 5.4 Å (33); ϕ(N—Cent—H) = 8.0 (1),
10.0° (33); ψ(Cent—CPh—N—H) = 190 (1), 9° (33).

Cent CPh

N
H

Cent

CPh

N

H

II

I

formations have close RCent—H distances (5.1—5.7 Å (I)
and 5.4—5.7 Å (II)) and N—Cent—H angles (7—9° (I) и
7—10° (II)). The Cent—CPh—N—H torsion angle in both
conformations is close to 180° or to 0°, i.e., the N—H
bond is located nearly in the same plane as the center of
the phenyl ring and the phenyl carbon atom linked to
nitrogen through the alkyl bridge. Figure 1 shows the
three�dimensional structures of the morphinan and mep�
eridine molecules, which illustrate bioactive conforma�
tions I and II and the corresponding sets of geometric
parameters. In cage molecules, the Ph/CCC dihedral
angle is close to 90°, indicating that the π—π interaction
and the N—H bond are perpendicular to each other. Pre�
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sumably, the feature revealed is also valid for those
molecules in which the phenyl fragment freely rotates
about the C—C bond, because the energy required for
realization of a conformation with the dihedral angle
Ph/CCC = 90° does not exceed 5 kcal mol–1, i.e., in both
bioactive conformations, the N—H bond is directed at
right angle to the phenyl π�bond.

The key difference between conformations I and II is
the orientation of the N—H bond (the value of the
Cent—CPh—N—H torsion angle). In conformation I, the
hydrogen atom is directed away from the phenyl ring,
while in conformation II, it is directed toward the phenyl
ring, and the RCent—N distances differ by about 1 Å. Thus,
the distance "N—center of the phenyl ring" in the OR
ligand molecules is not invariable, as has previously been
postulated in the literature. Note that the geometric pa�
rameters of bioactive conformation I vary over a broader
range than those of conformation II. This is due to the
fact that conformation II is formed for a narrower range
of structural classes of conformationally rigid OR ligands
than conformation I. Presumably, on passing to confor�
mationally flexible ligands, the range of variation of geo�
metric parameters of bioactive conformation II would be
somewhat extended.

In the second stage, we verified whether the bioactive
conformations we identified can occur for conformation�

ally flexible molecules (4�anilidopiperidines, diphenyl�
propylamines, aminotetralins, arylcyclohexanolamines).
It is generally accepted that the energy expenditure for
realization of bioactive conformations does not exceed
20 kcal mol–1 (see Ref. 32). We compared the free ener�
gies of the molecules in the bioactive conformation and in
the conformation corresponding to the energy minimum.
Of the two bioactive conformations, we chose the one
requiring less energy expenditure. For example, in the
case of tramadol, the formation of bioactive conforma�
tion I requires 9.0 kcal mol–1, while conformation II,
40.6 kcal mol–1; therefore, conformation I was chosen as
the bioactive conformation for this molecule. Table 3
presents the free energies and the geometric parameters of
conformationally flexible OR ligands in their bioactive

Table 3. The feasibility of bioactive conformations I and II in
conformationally flexible opiate receptor ligands 50—58

Com� Confor� –∆G310 a RCent—NRCent—H Angle/degb

pound mation /kcal mol–1
Å ϕ ψ

50 minc 31.81 5.9 5.6 9 –25
II 29.91 5.5 5.6 10 11

51 min 36.01 6.2 7.0 4 141
II 35.50 5.5 5.7 9 –1

52 min 36.64 4.8 5.2 8 –59
I 33.24 4.9 5.5 7 195

53 min 33.82 5.6 6.2 8 43
I 33.01 4.9 5.7 7 184

54 min 35.37 4.9 5.8 5 –166
II 36.30 5.7 5.4 10 12

55 min 36.79 4.8 4.7 11 –24
II 35.49 5.7 5.4 10 –7

56 IId 26.50 5.2 5.6 10 –6
57 min 27.06 3.5 2.9 7 –30

I 17.96 5.0 5.7 7 185
58 min 33.82 5.2 5.7 9 –72

I 33.80 5.0 5.6 9 195

a ∆G310 is the free energy of the molecule at 37 °C.
b ϕ is the N—Cent—H angle, ψ is the Cent—CPh—N—H torsion
angle.
c Conformation of the molecule in the energy minimum (min).
d The dezocine molecule in the energy minimum corresponds to
the second bioactive conformation.

Fig. 2. Tramadol molecule (57) in the bioactive conformation (a)
(RCent—N = 5.0 Å, RCent—H = 5.7 Å, ϕ(N—Cent—H) = 7.0°,
ψ(Cent—CPh—N—H) = 185°) and in the conformation
corresponding to the energy minimum (b) (RCent—N =
3.5 Å, RCent—H = 2.9 Å, ϕ(N—Cent—H) = 7.0°,
ψ(Cent—CPh—N—H) = –30°).

Cent CPh

N
H

Cent
CPh

N

H

a

b
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conformations and in the conformations corresponding
to the energy minimum. The tramadol molecule is used as
an example to illustrate the difference between the ener�
getically stable and bioactive conformation (Fig. 2). The
data of Table 3 indicate that flexible molecules, being
adjusted to the receptor, acquire the conformations of
rigid structures without substantial energy expenditure.

Thus, study of the mutual arrangement of the phenyl
fragment and protonated amine in the OR ligand mol�
ecules of various structural classes shows the existence of
two bioactive conformations. The existence of a particu�
lar conformation does not depend on the structural class
of the ligand, the selectivity of its action on receptors, or
the ratio of agonistic and antagonistic properties. The
bioactive conformations have particular sets of geometric
parameters: RCent—N = 4.4—5.0 and 5.5—5.7 Å, RCent—H =
5.1—5.7 and 5.4—5.7 Å, ϕ(N—Cent—H) = 7—9° and
7—10°, and ψ(Cent—CPh—N—H) = 178—195° and
–7—15° for conformations I and II, respectively. A typi�
cal feature of the bioactive conformations is the per�
pendicular orientation of the π—π interaction and the
N—H bond. The identified geometric parameters can be
used as a criterion for geometric assessment of the opiate
activity.

Experimental

Calculations were carried out using the Accelrys program.33

The geometric parameters were optimized in two stages: first, by
molecular mechanics (MM+ parametrization)34 and then by
semiempirical calculations using PM3 parametrization (see
Ref. 35). The geometry optimization was considered to be com�
pleted when a gradient rate of less than 0.1 kcal (mol Å)–1 has
been reached. The electronic characteristics were calculated
using AM1 parametrization (see Ref. 36).
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