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A general model of the opiate pharmacophore
1. Regions of the opiate pharmacophore responsible for nonselective

aff inity for the opiate receptor
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By superposition of the molecules of opiate receptor ligands of various structural classes,
three regions responsible for the nonselective ligand affinity were distinguished in the opiate
pharmacophore. Spatial arrangement features, electronic properties, the capability of H�bond�
ing and hydrophobic and electrostatic interactions of these regions were determined. The set of
geometric parameters found can be used as a criterion for estimation of the opiate activity in
simulation of new types of ligands.
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Successful prediction of the "structure—biological ac�
tivity" relationships should rely on comprehensive infor�
mation about the pharmacophore, including the set of
spatial and electronic features that ensure the supra�
molecular interactions with the structure of a specific
biological target and actuate its biological response.
Numerous studies devoted to the structures of opiate
pharmacophore (OP) have been carried out. Most often,
a set of definite functional groups or typical structural
fragments that are distinguished by superposition of opi�
ate�active molecules is proposed as an OP model. The
proposed OP models are applicable to either particular
structural classes of ligands of opiate receptors (OR)1—4

or to ligands exhibiting a certain selectivity with respect to
OR (see Ref. 5). No general model of OP applicable to all
types of OR ligands irrespective of the structural class of
the ligand, selectivity of its action on receptors, or the
ratio of agonistic/antagonistic properties has been re�
ported.

This study continues the systematic investigation into
the structure of OP aimed at the development of a general
model of OP not as a set of particular functional groups
but a set of some abstractive molecular regions arranged
in space in a particular manner and having particular
electronic properties. This model will be described by a
set of pharmacophore descriptors determining the spatial
arrangement of the binding sites of the ligand with the OR,
the tendency for H�bonding, hydrophobic and electro�
static interactions, etc.

Previously, we have demonstrated that OR ligands
can exist as two bioactive conformations (I and II) differ�

ing in the mutual orientations of the key structural frag�
ments of OR ligand molecules, namely, the protonated
amino group and the phenyl ring.6 These structural frag�
ments are responsible for the ligand affinity for OR (elec�
trostatic interaction of the protonated nitrogen atom with
the anionic group of the complementary OR region
supplemented by hydrogen bonding7—10 and π—π�inter�
action of the phenyl fragment with a particular comple�
mentary section of OR as the electron density donor11).
The existence of conformations of I and II does not de�
pend on the structural class of the ligand, the selectivity of
its action on receptors, or the ratio of agonistic/antago�
nistic properties. Each conformation is described by its
own set of geometric parameters, which vary over very
narrow ranges on going from one structural class of ligands
to another. The presence of two bioactive conformations
indicates that OP includes two regions able to accommo�
date phenyl fragments. Using the method of superposi�
tion of molecules having different bioactive conforma�
tions, one can reveal other structural fragments that oc�
cupy the same areas in space as the phenyl rings in two
bioactive conformations. We introduced the following des�
ignations: A is the region occupied by the protonated
nitrogen atom, B is the region of the phenyl fragment in
bioactive conformation I, and C is the region of the phe�
nyl fragment in bioactive conformation II. The centers of
gravity of the phenyl fragments in conformations I and II
were taken as the centers of regions B and C. Figure 1
illustrates the shape, the size, and the mutual positions of
regions B and C with respect to the "cationic head" (the
protonated nitrogen atom and its nearest environment)
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using the molecules of cyclorphan (bioactive conforma�
tion I) and β�prodine (bioactive conformation II) as ex�
amples.

Cyclorphan β�Prodine

Molecules of various structural classes of OR ligands
were used as the investigation objects: 4,5�epoxymor�
phinans, morphinans, morphinan�6�ketones, benzo�
morphans, 5�arylmorphans, dihydromorphone deriva�
tives, oripavine, buprenorphine, propoxyphene de�
rivatives, 4�phenylpiperidines, diphenylpropylamines,
anilidopiperidines, arylcyclohexanolamines, trans�4а�
phenyldecahydroisoquinolines, arylacetamides, and
opioid peptides (Table 1). More than 100 compounds
were studied.*

The molecules were subjected to superposition in their
bioactive conformations. For conformationally rigid mol�
ecules, the bioactive conformation was identified with the
existing conformation (X�ray diffraction data for these
compounds or their close structural analogs were used).
For conformationally flexible molecules, the conformers
having the same sets of geometric parameters describing
the mutual orientations of the key structural fragments of
OP as in "rigid" molecules were considered as bioactive

conformers.6 Superposition of the three�dimensional
structures of various molecules was performed by spatial
matching the "cationic head" atoms (Figs 2—4).

Fig. 1. Bioactive conformations I (cyclorphan molecule, a) and II
(β�prodine molecule, b).
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I

C

B

* The list of compounds studied (apart from those discussed in
the paper): anileridine, allylnormetazocine, allylprodine, azido�
morphine, alletorphine, butorphanol, bremazocine, bupre�
norphine, benzethidine, bemidone, codeine, cyclazocine, cyano�
ethylnormetazocine, cyanopropylnormetazocine, cyanobutyl�
normetazocine, cyprenorfin, cyprodim, dihydromorphine, di�
prenorphine, dezocine, dextromoramide, dipipanone, diampro�
mide, diamorphine, etorphine, etoxyridin, ethylketocyclazocine,
hydrocodone, hydrocodeine, 3�hydroxy�6�ketomorphinan, iso�
morphine, ketocyclazocine, ketobemidone, ketamine, levalorfan,
levorfanol, lofentanil, morphine, methorphan, metazocine,
metopon, meptazinol, methadone, metofoline, methohexital,
3�methylfentanil, 4�methylfentanil, normorphine, nalorphine,
nalbuphine, nalbuphone, nalmefene, naloxone, naltrexone,
nalmexon, normepyridine, β�naltrexamine, naltrindole,
N�cyclopropylmethylnoretorphine, oxymorphone, oxycodone,
OH�methylfentanil, phenopyridine, phenapromid, phenazocine,
proxidol, α�prodine, α�promedol, β�promedol, γ�promedol, pen�
tazocine, piminodine, profadol, propiophenone, picenadrol,
prodilidine, petidin, remifentanil, trifluadom, tramadol, thio�
pental, furanylate, β�CNA, COA, β�FNA, FOA, MCL 101,
LY255582, Ly246736, Mr2266, U50,488, ICI204448,
SB�205588, SB�235863, PD�117302, 2,9β�dimethyl�5�(3�hydr�
oxyphenyl)�2�azabicyclo[3.3.1]nonane, 2�(1�methyl�2�phen�
ethyl)�5�(3�hydroxyphenyl)�2�azabicyclo[3.3.1]nonane.

Fig. 2. Different degrees of filling of region B: superposition of
cyclorphan and fentanil molecules (a), cyclorphan and lofentanil
molecules (b).
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4,5�Epoxymorphinans Dihydromorphone Oripavine Buprenorphine
derivatives derivatives derivatives

Morphinans Morphinan�6�ketones Benzomorphans 5�Arylmorphans

4�Phenylpiperidines Anilidopiperidines Propoxyphene Diphenylpropylamines

trans�4a�Phenyldeca� Arylacetamides Dynorphin A
hydroisoquinolines

Fig. 3. Different degrees of filling of region B: superposition of
cyclorphan and 5�(3�hydroxyphenyl)�2�methylmorphan mol�
ecules (a), cyclorphan and N�[4β�methyl�5�(3�hydroxyphenyl)�
2�(3´�phenylpropyl)�2�azabicyclo[3.3.1]non�7�yl]�3�(1�piperi�
dinyl)propanamide molecules (b).

B

C

B

C

a b
Table 1 presents the compounds whose structural frag�

ments coincide with the phenolic fragment of morphine�
like molecules (region B) and with the phenyl fragment of
a 4�phenylpiperidine molecule (region C). It can be seen
that, apart from the phenolic fragment of cage molecules,
region B contains also the carboxy group in propoxyphene
derivatives, the carbonyl group in arylacetamides, the
amide group in peptides, and the aryl fragment in di�
phenylpropylamines and trans�4a�phenyldecahydroiso�
quinolines. In these structural classes of OR ligands, the
centers of gravity of these fragments coincide with the
center of region B.

For most 4�phenylpiperidine molecules in which the
phenyl fragment occupies an equatorial position in the
piperidine ring, the 4�substituent in the piperidine rings
gets in region B, in particular, the carboxy group in
meperidine and prodine, the carbonyl group in keto�
bemidone, the hydroxy group in β� and γ�promedol, and
the alkyl substituent in 4�alkyl�4�phenylpiperidines. Note
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that upon superposition of morphine�like molecules and
4�phenylpiperidine molecules, the carboxy group of the
propionyloxy substituent in prodine derivatives is better
matched to the phenyl ring of morphine�like molecules

than the carboxy group of the ethoxycarbonyl substituent
in meperidine derivatives: the distances "center of gravity
of the carboxy group—nitrogen atom" in meperidine and
prodine derivatives are 4.03 and 4.30 Å, respectively,
whereas the distance "center of gravity of the phenyl
group—nitrogen atom" in the morphine molecule is 4.5 Å.
Apparently, this is responsible for the higher opiate activ�
ity of compounds of the prodine family compared with
the meperidine analogs.

Meperidine

In those cases where the phenyl fragment in 4�phe�
nylpiperidine molecules is oriented axially with respect to
the piperidine ring (for example, in the α�promedol mol�
ecule), it is this fragment that gets into region B.

It is noteworthy that region B is not always fully occu�
pied. For example, in the molecules of 4�anilidopiperidine
derivatives, the carbonyl group of the 4�N�phenylpropan�
amide substituent is located in the peripheral part of re�
gion B (see Fig. 2, a). If the molecule contains one more
substituent in position 4 of the piperidine ring, region B
becomes more fully occupied and, as a consequence, the
opiate activity of compounds markedly increases. For ex�
ample, the introduction of a methoxycarbonyl group to
position 4 of the piperidine ring in lofentanil (see Fig. 2, b)
and carfentanil molecules or a methoxymethyl group in
the sufentanil molecule induces a 10—30�fold increase in
the agonistic activity with respect to that of fentanil.3

Fentanil

Lofentanil

Carfentanil

Table 1. Structural fragments that occupy regions B and C in
various classes of opiate receptor ligands

Ligand class Region В Region С

4,5�Epoxy� Ph—OR1 OC(5)C(6)O,
morphinans OC(5)C(6)N

(O, N—α�atom R2)
Oripavine Ph—OR1 OC(5)C(6)O

derivatives
Morphinans Ph—OR1 C(5)C(6)
Benzomorphans Ph—R1 R3

(α, β�atoms)
4�Phenyl� Ph, R2 Ph, R2 (OH)

piperidines (OCO, COO,
CO, OH, Alk)

Propoxyphene OCO Ph1

trans�4a�Phenyl� Ph—OH C(5)C(6)R3

decahydroiso� (α�atom)
quinolines

Dynorphin A СON Ph—OMe
Dihydromorphone Ph—OR1 OC(5)C(6)O

derivatives
Buprenorphine Ph—OR1 OC(5)C(6)O

derivatives
Morphinan�6�ketones Ph—OR1 C(5)C(6)O
5�Arylmorphans C(6)C(7)R2 Ph—OR1

(α, β, γ�atoms)
Diphenylpropyl� Ph Ph

amines
Anilidopiperidines R2 (α, β�atoms) + Ph

+ CO
Arylacetamides CO R3

B

C

B

C

a b

Fig. 4. Different degrees of filling of region C: superposition of
meperidine and cyclorphan molecules (a), meperidine and
3�hydroxy�6�ketomorphinan molecules (b).



General model of opiate pharmacophore Russ.Chem.Bull., Int.Ed., Vol. 55, No. 9, September, 2006 1527

Sufentanil

A similar situation is observed for the molecules of
5�arylmorphan derivatives.

5�(3�Hydroxyphenyl)�2,4β�dimethylmorphan

N�[4β�Methyl�5�(3�hydroxyphenyl)�
2�(3´�phenylpropyl)�2�azabicyclo[3.3.1]non�7�yl]�

3�piperidinopropanamide

The C(6) and C(7) atoms of the morphan nucleus (see
Fig. 3, a) get into region B (its peripheral part). The
introduction of a substituent containing an amide group
in position 7 of the nucleus increases the ligand affinity
for OR (see Ref. 12). The increase in the affinity is appar�
ently due to more complete filling of region B. The center
of gravity of the combined C(6)C(7)+NCO fragment co�
incides with the center of region B (see Fig. 3, b).

Analysis of the structural fragments that get into re�
gion C indicates that in many classes of OR ligands (4�phe�
nylpiperidines, diphenylpropylamines, 4�anilidopiperi�
dines, 5�arylmorphans, peptides, and propoxyphene), this
region contains an aryl fragment. In the molecules of
morphine, dihydromorphone, oripavine, and bupre�
norphine derivatives, region C accommodates the
OC(5)C(6)O or OC(5)C(6)N fragment. In the molecules
of benzomorphan derivatives, region C contains the α� and
β�atoms of the 6�substituent, while in molecules of the
arylacetamide class, this is the R3 substituent (for ex�
ample, the phenyl ring in the ICI199,441 and asimadilin
molecules or the phenolic ring in DuP747).

It is noteworthy that the aryl ring of the arylacetamide
fragment in arylacetamides occurs outside regions B and C
and probably serves as an additional binding site, ensuring
the selectivity of interaction with к�OR. This conclusion
is in good agreement with the results of investigation of
the "docking" of arylacetamide and benzomorphan mol�

ecules on the 3D model of к�OR (see Ref. 13). The cen�
ters of gravity of these fragments coincide with the center
of region C.

Similarly to region B, region C can be occupied only
partially. For example, in morphan type molecules, the
C(5) and C(6) atoms get into the peripheral part of re�
gion C (see Fig. 4, a). The introduction of a carbonyl
group into position 6 of the morphinan ring increases the
degree of filling of region C (see Fig. 4, b). As a conse�
quence, morphinan�6�ketones are several times more ac�
tive than morphinans14 (see Fig. 3).

Table 2 presents the geometric parameters describing
the mutual arrangement of regions A, B and C in space:

(1) the distance "center of region B—the nitrogen atom
of the protonated amine" (RBN);

(2) the distance "center of region B—the ammonium
hydrogen atom" (RBH);

(3) the distance "center of region C—the nitrogen atom
of the protonated amine" (RCN);

(4) the distance "center of region C—the ammonium
hydrogen atom" (RCH);

(5) the distance "center of region B—center of re�
gion C" (RBC)

(6) the angle "center of region B—nitrogen
atom—center of region C" (B—N—C);

(7) the torsional angle "center of region B—center
of region C—the N atom—the ammonium H atom"
(B—C—N—H).

The data of Table 2 indicate that the geometric pa�
rameters within the same structural class are similar. The
scatter of geometric parameters is somewhat increased on
going from one structural class to another; however, it
does not exceed 1 Å for distances and 20° for angles. The
scatter of geometric parameters can characterize the di�
mensions of regions B and C.

Analysis of the structural fragments that occupy re�
gions B and C in various classes of OR ligands shows their
similar features. Most of these fragments are either conju�



Kuz´mina et al.1528 Russ.Chem.Bull., Int.Ed., Vol. 55, No. 9, September, 2006

gated systems, or systems with a multiple bond, or sys�
tems containing heteroatoms. Hence, regions B and C are
capable of π—π or ρ—π interactions with the receptor
binding sites.

The electronic properties of the structural fragments
that occupy regions B and C were estimated by two meth�
ods. The donor�acceptor properties in orbitally controlled
reactions were estimated using normalized contributions
of atoms of the structural fragments to the highest occu�
pied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively).15 It is generally accepted that
the HOMO correlates with the ionization potential and
measures the electron�donor properties of the molecule
and the LUMO correlates with the electron affinity and
measures the electron�withdrawing properties of the
molecule15.

The contributions were normalized to the energy of
the opposite frontier orbital:16

F HOMOC(i) = Σ(CHOMO(n))
2/|ELUMO|,

FLUMOC(i) = Σ(CLUMO(n))
2/|EHOMO|,

where CHOMO(n) is the coefficient for atomic orbital n of
atom C(i) in the HOMO, CLUMO(n) is the coefficient in
the LUMO.

The donor�acceptor properties for charge�controlled
reactions were estimated on the basis of charge distribu�
tion on the atoms. In most cases, structural fragments
that occupy regions B and C exhibit electron�donor prop�
erties. The atoms of these fragments either give the highest
contribution to the HOMO (the aryl fragment (FAr

HOMO =
0.096—0.139 eV) and the furan O atom (FO

HOMO =
0.103—0.135 eV)) or bear a substantial negative charge
(the O atom of the carboxy and carbonyl groups, hetero�

atoms of the amide group, or the N atom of the amino
group (Table 3)).

Unlike regions B and C, region A has electron�with�
drawing properties. The atoms of the "cationic head" make
the greatest contribution to the LUMO (Fcat

LUMO =
0.056—0.104 eV) and the H atom bears a substantial posi�
tive charge (+0.230—+0.253).

The problem of hydrophobicity of regions B and C
deserves special attention. According to a hypothesis re�
ported in the literature, the phenyl fragment of morphine�
like molecules interacts with the hydrophilic reception
site, and the phenyl fragment of the 4�phenylpiperidine
molecules interacts with the hydrophobic site.17 This
hypothesis was substantiated by the fact that the phenolic
prodines and allylprodines are inactive. However, it was
found experimentally that in meperidine, 4�alkyl�4�
arylpiperidine, and 5�arylmorphan derivatives, the intro�
duction of a hydroxy group into the phenyl ring increases
the opiate activity.14 Thus, the change in the opiate activ�
ity caused by the replacement of a phenyl by a phenolic
fragment depends on the nature of 4�substituent in the
piperidine ring rather than on the hydrophobicity of re�
gion C. In the case of 4�propionoxy group, an intramo�
lecular hydrogen bond may be formed between the m�OH
group of the phenyl ring and the carbonyl oxygen atom of

Table 2. Geometric parameters of the spatial arrangement of regions A—C

OR ligand class RBN RBH RCN RCH RBC B—N—C B—C—N—H

Morphines 4.4—5.0 5.1—5.7 5.1—5.3 5.2—5.4 3.7—3.8 43—46 173—175
Dihydromorphones 4.4—4.5 5.2—5.4 5.1—5.3 5.5—5.6 3.6—3.7 42—45 177—180
Oripavines 4.5—4.6 5.2—5.3 5.1—5.4 5.2—5.3 3.9—4.0 45—47 178—180
Buprenorphines 4.5—4.7 5.1—5.2 5.1—5.3 5.2—5.3  3.9—4.1 46—50 176—178
Morphinans 4.4—4.5 5.1—5.3 5.2—5.3 5.3—5.4 4.1—4.3 50—52 170—173
Pyrrolomorphinans 4.4—4.5 5.2—5.3 5.2—5.3 5.3—5.4 3.7—3.8 43—44 178—180
Morphinan�6�ketones 4.3—4.4 5.2—5.3 5.4—5.5 5.5—5.6 4.0—4.1 48—49 171—175
Benzomorphans 4.4—5.0 5.1—5.7 5.3—5.6 5.2—5.6 4.0—4.8 50—51 175—179
4�Phenylpiperidines 4.0—4.3 4.8—4.9 5.5—5.7 5.4—5.7 4.0—4.3 44—46 178—180
5�Arylmorphans 4.4—4.5 5.1—5.2 5.5—5.8 5.6—5.7 4.9—5.1 53—55 170—176
Diphenylpropylamines 4.6—5.0 5.2—5.8 5.7—5.9 5.6—5.9 4.8—5.1 54—56 173—176
Anilidopiperidines 4.5—4.6 5.1—5.4 5.6—5.7 5.4—5.6 3.9—4.1 53—55 170—175
trans�4a�Aryldecahydro� 4.6—4.7 5.4—5.5 5.4—5.5 5.6—5.7 4.1—4.2 48—50 166—170

isoquinolines
Arylacetamides 4.3—4.4 5.3—5.5 5.2—5.3 5.7—5.8 4.7—4.8 57—59 170—180
Peptides 4.5—4.7 5.2—5.4 5.3—5.5 5.6—5.7 4.8—4.9 56—57 176—178

Table 3. Charges (in fractions of the electron charge) on the
atoms of structural fragments getting into regions B and C

Group Charge Group Charge

O—C=O –0.260—–0.265 NH—C=O –0.313—–0.344
O—C=O –0.350—–0.354 NH—C=O –0.358—–0.321
OH –0.286—–0.292 NH2 –0.320—–0.323
OMe –0.260—–0.263 NAlk2 –0.275—–0.278
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the 4�substituent. This H�bond secures the phenyl ring in
a strictly defined position in which the intermolecular
π—π interaction with the reception site becomes impos�
sible. In meperidines, no intramolecular H�bond is
formed, because the carbonyl group of the 4�ethoxy�
carbonyl substituent is remote from the m�OH group in
the phenyl ring.

Analysis of the structural fragments that fall into re�
gions B and C indicates that most of them contain polar
groups capable of hydrogen bonding with the receptor,
and, hence, they are hydrophilic.

Thus, in all types of OR ligand molecules, one can
distinguish three OP regions responsible for nonselective
affinity for OR: the hydrophilic electron�withdrawing re�
gion capable of H�bonding with OR as the proton do�
nor (A) and two hydrophilic electron�donor regions ca�
pable of π—π or π—ρ interactions and H�bonding with
the OR (B and C).

The spatial arrangement of the regions A, B, and C is
described by a particular set of geometric parameters:
RBN = 4.0—5.0 Å, RBH = 4.8—5.8 Å, RCN = 4.7—5.7 Å,
RCH = 5.2—5.9 Å, RBC = 3.6—5.1 Å; B—N—C = 42—56°,
and B—C—N—H = 166—180°. The geometric param�
eters depend only slightly on the structural class of the
ligand and do not depend on the selectivity of ligand
action on the receptors or the relationship between the
aginistic and antagonistic properties. The established set
of geometric parameters can be used as a criterion for
evaluation of the opiate activity in the modeling of new
types of OR ligands.

Experimental

The calculations were carried out using the Accelrys pro�
gram package.18 The geometric parameters were optimized in
two stages: first, by molecular mechanics (MM+ parametriza�
tion)19 and then by a semiempirical method using PM3 param�
etrization (see Ref. 20). The geometry optimization was con�
sidered complete when the gradient norm of less than
0.01 kcal (mol Å)–1 was attained. The electronic characteristics
were calculated using AM1 parametrization (see Ref. 21).
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