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Conformational Analysis of Dopamine D-2 Receptor Antagonists of the Benzamide
Series in Relation to a Recently Proposed D-2 Receptor-Interaction Model

Ingrid Pettersson* and Tommy Liljefors

Organic Chemistry 3, Chemical Center, University of Lund, P.O. Box 124, S-221 00 Lund, Sweden. Received October 22, 1991

Conformational analysis using molecular mechanics calculations (MM2(87)) has been performed for four different
types of benzamides which display high affinity for the dopamine D-2 receptor. In order to elucidate the conformation
of the receptor-bound molecules, a previously described dopamine D-2 receptor-interaction model has been employed.
We conclude that all four types of benzamides accommodated in the proposed receptor-interaction model are in
low-energy conformations. An acyclic amide side chain is concluded to adopt an extended conformation in the
receptor-bound benzamide. A phenylpyrrole analogue of the benzamides could similarily be fitted to the model.
Using the receptor-interaction model, the enantioselectivity of benzamides with an N-ethyl-2-pyrrolidinylmethyl
side chain could be rationalized in terms of different conformational energies of the receptor-bound enantiomers.
Two different receptor sites for N-alkyl substituents are suggested.

Introduction

Selective antagonists are known for the dopamine (DA)
D-1 and D-2 subtypes of receptors.! Among those, several
types of substituted benzamides have been shown to be
selective and potent DA D-2 receptor antagonists.2® Four
different types of benzamides which display high affinity
for the DA D-2 receptor are shown in Chart I (1-4) as the
parent molecules unsubstituted in the phenyl ring. Chart
I also includes a phenylpyrrole analogue (5) of benzamide
type 3. Specific examples of each of the four types of
benzamides and the phenylpyrrole analogue are shown in
Chart II, and their biological data are given in Table I.

In structure—activity and molecular modeling studies on
benzamides, coplanarity between the phenyl ring and the
amide group is generally assumed for the biologically active
conformation of benzamides with respect to DA D-2 re-
ceptor affinity.”1! However, different conformations of
the amide side chain in the receptor bound molecule have
been proposed. Testa et al., employing PCILO calcula-
tions, have suggested that for benzamides of types 2 and

(1) Kebabian, J. W.; Calne, D. B. Multiple receptors for dopamine.
Nature 1979, 277, 93-96. For a review see Kaiser, C.; Jain, T.
Dopamine Receptors: Functions, Subtypes and Emerging
Concepts. Med. Rev. 1985, 5, 145-229.
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tors. Mol. Pharmacol. 1986, 30, 226-234.

(3) Hyttel, J. Dopamine D-1 and D-2 receptors. Characterization
and Differential Effects of Neuroleptics., VIIIth International
Symposium on Medicinal Chemistry. In Dopamine D-1 and
D-2 receptors; Dahlbom, R., Nilsson, J. L. G., Eds.; Swedish
Pharmaceutical Press: Stockholm, 1985; 426-439.
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tagonists. J. Med. Chem. 1988, 31, 1708-1712.
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and Some Related New Substituted Salicylamides on Rat
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(6) van Wijngaarden, L.; Kruse, C. G.; van Hes, R.; van der Hey-
den, J. A, M,; Tulp, M. Th. M. 2-Phenylpyrroles as Confor-
mationally Restricted Benzamide Analogues. A New Class of
Potential Antipsychotics. 1. J. Med. Chem. 1987, 30,
2099-2104. )

(7) Hogberg, T.; Ramsby, S.; Ogren, S.-O.; Norinder, U. New Se-
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3 (Chart I) an extended conformation of the amide ni-
trogen alkyl substituent is the most probable one for the
receptor-bound molecule.®!? In contrast to this, a half-

(9) van de Waterbeemd, H.; Testa, B. Theoretical Conformational
Studies of Some Dopamine Antagonistic Benzamide Drugs:
3-Pyrrolidyl- and 4-Piperidyl Derivatives. . Med. Chem. 1988,
26, 203-207.
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Table I. Biological Data for Compounds 6-12

K, (nM) 1C (nM)
compd  config [*H]SPI [PH]SPI EDj; (mg/kg)
6 2.2 £ (.49 170 0.037¢
7 - - 0.024¢
g 104 £ 2.1° 820t 0.75°
2352
9 S 9.5 £ 1.5° 324/ -
R 2920/
10 S 39.0 £ 7.0¢ 1708 -
S 233¢
11 rac 29.0 £ 3.0¢ - -
12 cis 0.12 £ 0.04° 0.49°

®Reference 2. !Reference 3. ¢Reference 4. ¢Reference 5.
¢ Reference 6. /Reference 7.

folded conformation of the side chain in benzamides of
type 3 has been proposed by Hogberg et al.” This con-
clusion was based on molecular mechanics calculations and
superimposition studies using piquindone as a template.
Rognan et al. recently proposed an extended conformation
for receptor-bound benzamides of types 3 and 4.1! Also
in the work of Rognan et al., superimpositions with pi-
quindone and molecular mechanics calculations were em-
ployed. Furthermore, in their work three different sites
for N-alkyl substituents are proposed.

A DA D-2 receptor-interaction model defining the spatial
relationships between pharmacophore elements required
for DA D-2 receptor affinity has been proposed by Liljefors
and Bogess.!? This model is based on extensive confor-
mational analysis and molecular superimposition studies
of 1R,3S5-4-[3-(4-fluorophenyl)-6-(trifluoromethyl)-indan-
1-yl]-1-piperazineethanol (tefludazine) and (S)-octo-
clothepin. The model has successfully been used by
Froimowitz in studies on tetracyclic spiroamines and cy-
proheptadine derivatives.!'* It has also recently been
employed to rationalize the enantioselectivity of (S)- and
(R)-octoclothepin.'®

The present work was undertaken to investigate if the
four different types of benzamides 1-4 and the analogous
phenylpyrrole 5 shown in Chart I can be accommodated
in the DA D-2 receptor-interaction model proposed by
Liljefors and Begese and thus give information on the
conformation of the side chain in the biologically active
conformation of benzamides and analogous compounds.
Since the subject of the present study is the conformational

(10) Testa, B.; van de Waterbeemd, H.; Carrupt, P.-A. Conforma-
tion, Electrostatic Potential and Pharmacophoric Pattern of
Orthopramides and Other Dopamine Receptor Antagonists. oJ.
Mol. Struct. 1986, 143, 351-366.

(11) Rognan, D.; Sokoloff, P.; Mann, A.; Martres, M.-P.; Schwartz,
J.-C.; Costentin, J.; Wermuth, C.-G. Optically Active Benz-
amides as Predictive Tools for Mapping the Dopamine D2
Receptor. Eur. J. Pharmacol. 1990, 189, 59-70.

(12) Liljefors, T.; Bogese, K. P. Conformational Analysis and
Structural Comparisons of (1R,3S)-(+)- and (1S,3R)-(-)-Te-
fludazine, (S)-(+)- and (R)-(-)-Octoclothepin, and (+)-Dex-
clamol in Relation to Dopamine Receptor Antagonism and
Amine-Uptake Inhibition. J. Med. Chem. 1988, 31, 306-312.

(13) Froimowitz, M. The Development of Computer Simulations of
the Geometries and Thermodynamics of Biological Molecules.
BioTechniques 1990, 8, 640-652.

(14) Froimowitz, M.; Ramsby, S. Conformational Properties of
Semirigid Antipsychotic Drugs. The Pharmacophore for Do-
pamine D-2 Antagonist Activity. J. Med. Chem. 1991, 34,
1707-1714.

(15) Bogese, K. P.; Liljefors, T.; Arnt, J.; Hyttel, J.; Pedersen, H.
Octoclothepin Enantiomers. A Reinvestigation of Their Bio-
chemical and Pharmacological Activity in Relation to a New
Receptor-Interaction Model for Dopamine D-2 Receptor An-
tagonists. J. Med. Chem. 1991, 34, 2023-2030.
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Figure 1. (S)-Octoclothepin in the biological active conformation
suggested by Liljefors and Begese.!?

properties of the amide side chain and the overall accom-
modation of the different types of DA D-2 antagonistic
benzamides in the Liljefors—Bogeso receptor-interaction
model, the study is restricted to the parent molecules 1-5.
Structure-activity relationships with respect to the sub-
stitution pattern of the phenyl ring have been extensively
studied by Hogberg et al.”® and will not be discussed in
this paper.

In order to find low-energy conformations for the parent
molecules 1-5, conformational analyses based on molecular
mechanics calculations (MM2(87)) have been performed.
Low-energy conformations of the compounds have then
been least-squares fitted to the DA D-2 model proposed
by Liljefors and Bogese. The spatial relationships defined
by this model are represented by the deduced biologically
active conformation of the potent DA D-2 receptor an-
tagonist (S)-octoclothepin shown in Figure 1.12

Computational Methods

Conformational energies and energy-minimized molec-
ular geometries were calculated using the molecular me-
chanics program MM2(87) developed by Allinger and co-
workers.1®1° Electrostatic interactions involving a phenyl
ring were calculated using a C(sp?)-H bond dipole of 0.7
D with the negative end at the carbon atom and a C-
(sp?)—-C(sp®) bond dipole of 1.0 D with the negative end
at the sp>hybridized carbon atom.??' The torsional force
constants for the Ng,5~Cieps~Cepsy~Nigpz torsional angle
have been set to V1 = 0.0, V2 = 0.0, R(S = 0.0, for the
torsional angle Cy,5—C(=0)-N,»—H torsional angle V1
= 0.0, V2 = 5.0, V3 = 0.0, and for the C(=
0)—Cep2~Ciepr~Ojspy torsional angle V1 = 0.0, V2 = 15.0,
V3 = 0.0. Tﬁese parameters were chosen in analogy with

(16) Burkert, U.; Allinger, N. L. Molecular Mechanics; American
Chemical Society: Washington, DC, 1982. (The MM2/MMP2
programs are available from the Quantum Chemistry Program
Exchange, University of Indiana, Bloomington, IN 47405 and
from Molecular Design Ltd., 2132 Farallon Drive, San Lean-
dro, CA 94577.)

(17) Sprague, J. T.; Tai, J. C.; Yuh, Y.; Allinger, N. L. The MMP2
Calculational Method. J. Comput. Chem. 1987, &, 581-603.

(18) Liljefors, T.; Tai, J. C.; Li, S.; Allinger, N. L. On the Out-of-
Plane Deformation of Aromatic Rings, and Its Representation
by Molecular Mechanics. J. Comput. Chem, 1987, 8,
1051-1056.

(19) Allinger, N. L.; Kok, R. A.; Imam, M. R. Hydrogen Bonding
in MM2. J. Comput. Chem. 1988, 9, 591-595.

(20) Pettersson, I; Liljefors, T. Benzene-Benzene (Phenyl-Phenyl)
Interactions in MM2/MMP2 Molecular Mechanics Calcula-
tions. J. Comput. Chem. 1987, 8, 1139-1145.

(21} Allinger, N. L.; Lii, J.-H. Benzene, Aromatic Rings, Van der
Waals Molecules, and Crystals of Aromatic Molecules in Mo-
lecular Mechanics (MM3). J. Comput. Chem. 1987, 8,
1146-1153.
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Figure 2. Calculated potential energy curve for rotation about
the C(=0)-N-C-H torsional angle in 1a.

parameters for similar combinations of atoms in the
MM2(87) force-field parameter list.

As in our previous work, the calculations were performed
for the unprotonated amines (with the unshared electron
pair represented by a pseudoatom).!? In the calculations
on the conformational properties of the amide side chains,
the phenyl ring and the amide group has been kept co-
planar (using the driver option in MM2(87)) while the
flexible side chains have been considered in different
conformations. Input structures for the MM2(87) calcu-
lations were constructed by using the molecular modeling
program MacMimic.2?

To investigate the energetic consequences of small de-
viations from coplanarity of the phenyl ring and the amide
moiety we have performed ab initio STO-3G calculations
using GAUSSIAN 80 UCSF.2® In these calculations o-meth-
oxy-N-methylbenzamide with MM2(87) geometry has been
employed as a model compound. MM2(87) is not suited
for these calculations due to its less well developed hy-
drogen bonding potentials.

The benzamides and the phenylpyrrole have been
least-squares fitted to the D-2 receptor-interaction model
described by Liljefors and Bogesa'? by using (S)-octo-
clothepin, in its proposed biologically active conformation
(Figure 1), as a template. Three different atoms or points
in each of the molecules were used in the molecular
least-squares fitting: (1) the center of the phenyl ring; in
(S)-octoclothepin the phenyl ring to the right in Figure 1
has been employed; (2) the amine nitrogen atom; in
(S)-octoclothepin the distal nitrogen atom has been used,;
and (3) a point 2.8 A from the amine nitrogen atoms and
in the same direction as the nitrogen lone-pair bond as
indicated in Figure 1. This point simulates a hydrogen
bonding site of the receptor. The superimpositions were
performed with the MacMimic program.?

Results and Discussion

Benzamides of Type 1. The chair conformation of the
piperidine ring with equatorial substituents is calculated
to be significantly lower in energy than other alternative
conformations. Since we are searching for low-energy
conformations, the conformational analysis of 1a was thus
restricted to the rotation about the bond between the

(22) MacMimic, version 1.0, InStar Software, IDEON Research
Park, S-223 70 Lund, Sweden.

(23) Singh, U. C.; Kollmann, P. Gaussian 80 UCSF. Quantum
Chemistry Program Exchange Bull. 1982, 2, 17.
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amide nitrogen and the piperidine ring in a chair confor-
mation with equatorial substituents.

The calculated potential energy curve is shown in Figure
2. The lowest energy minimum is found for a C(==0)-
N-C-H dihedral angle (a—b—c-d in Figure 2) close to 0°
which corresponds to a conformation in which the C(c)-
H(d) bond is eclipsing the amide bond. This is the only
conformer of la which is significantly populated. Three
local energy minima are found for a-b—c—d torsional angles
about £120 and 180°. However, these local energy minima
are higher in energy by ca. 3 kcal/mol.

Since the distance between the center of the phenyl ring
and the amine nitrogen in la cannot be significantly al-
tered by low-energy conformational rearrangements, this
compound may be used to identify the phenyl ring in the
(S)-octoclothepin template to be employed in the super-
imposition studies. Only by using the phenyl ring of
(S)-octoclothepin not substituted by the chlorine atom (the
right phenyl ring in Figure 1) could a good superimposition
between la and the template molecule be achieved. The
same phenyl ring of (S)-octoclothepin was used in all su-
perimpositions in this study.

Compound la displays an exceedingly good structural
fit to the deduced biologically active conformation of
(S)-octoclothepin, using the fitting points described above,
provided that the torsional angle C(=0)-N-C-H is
changed by -35° from the angle found in the lowest energy
minimum. The calculated energy penalty for the rotation
about the N-C (b—c) bond required for an optimal fit is
only 0.4 kcal/mol (Figure 2). In this ... 50 (10t shown)
the superimposed phenyl ring planes deviate by ca. 20°
from coplanarity. It is not clear if strict coplanarity of the
phenyl rings in the superimposition is required for an
optimal binding of the benzamide to the receptor. How-
ever, coplanarity of the phenyl rings may be achieved by
a 20° rotation about the bond connecting the carbonyl
group and the phenyl ring in the benzamide. The energy
penalty for this conformational change in an o-methoxy-
substituted phenyl ring as is present in 6 and 7 is calcu-
lated by ab initio STO-3G calculations (see Computational
Methods) to be small, 0.4 kcal/mol. In the case of a re-
quirement for coplanarity of the phenyl rings in the su-
perimposition, this energy should be added to the con-
formational energy of the amide side chain given above.
The fit after reorientation of the phenyl ring in 1a is shown
igl Figure 3a. The rms value for this fit is very low, 0.08

Compound 1a as well as the other benzamides in this
study may be least-squares fitted to the template in two
different orientations: with the amide carbonyl group
pointing away from the sulfur atom of (S)-octoclothepin
as in Figure 3a or towards the sulfur atom as shown in
Figure 3b. In the superimposition shown in Figure 3b, the
C(=0)-N-C-H torsional angle is 150°. The energy pen-
alty for this conformational change is 3.0 kcal/mol and the
rms value of the fit, 0.35 A, is higher than for the fit shown
in Figure 3a. In order to achieve coplanarity of the phenyl
rings in this superimposition the phenyl ring in 1a was
rotated by 30°. The energy cost of such a reorientation
of the phenyl ring in an o-methoxybenzamide is calculated,
as described above, to be 0.8 kcal/mol.

If the carbonyl group of benzamides of type 1 is not
involved in specific interactions with the receptor, the
conformation in the superimposition in Figure 3a is the
most probable biologically active conformation, due to the
smaller energy penalty for this conformation.

In order to obtain a high affinity for the DA D-2 re-
ceptor, the nitrogen atom in the 4-piperidyl ring in com-
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Figure 3. Least-squares superimpositions of la (filled atoms) and (S)-octoclothepin illustrating the two alternative orientations of
la. In (a) the C(=0)-N-C-H torsional angle of la is -35°. The rms value is 0.08 A, in (b) the C(=0)-N-C-H torsional angle of

la is 150°. The rms value is 0.26 A.

Figure 4. Molecular least-squares superimposition of 7 (filled atoms) and (S)-octoclothepin. The rms value is 0.24 A.

pounds of type 1 has to be substituted with a benzyl group
as in compound 6, Chart 1. The analogous compound
7, which is a potent D-2 antagonist, has restricted flexibility
with respect to the orientation of the phenyl ring. Thus,
the inclusion of compound 7 in this study may give in-
formation about the biologically active conformation of the
phenyl ring in the N-benzyl group. The conformational
properties of compound 7 with respect to rotation about
the C(=0)-N-C-H dihedral is virtually identical to those
of 1la. The global energy minimum for compound 7 is
found for a C(=0)-N-C-H angle of -5°. As for compound
1a the C(=0)-N-C-H dihedral angle of 7 has to be re-
arranged by —35° in order to obtain an optimal fit to
(S)-octoclothepin (Figure 4). The energy penalty for this
conformational change is 0.4 kcal/mol. An additional 0.6
kcal/mol is calculated to be required for coplanarity of the

(24) De Paulis, T.; Hall, H.; Kumar, Y.; Ramsby, S.; Ogren, S. O.;
Hégberg, T. Potential Antipsychotic Agents. 6. Synthesis and
Antidopaminergic Properties of Substituted N-(1-Benzyl-4-
piperidyl)salicylamides and Related Compounds. QSAR
Based Design of More Active Members. Eur. J. Med. Chem.
1990, 25, 507-517.

phenyl rings in the superimposition.

An N-benzyl group in benzamides of type 1 (1b) can
adopt three different staggered conformations. The 1p-
N-C-C dihedral angle can be gauche+, gauche—, and anti.
The energy differences between these conformers are
calculated to be small, less than 0.5 kcal/mol. Superim-
position studies of each these three conformations with
compound 7 show that the conformation with a 1p-N-C-C
dihedral angle in 1b in a gauche+ arrangement is the only
one which has the phenyl ring in the same area as that of
compound 7 as shown in Figure 5.

Benzamides of Type 2. In order to find the low-energy
minima for compound 2 various conformations were used
as input trial structures for the energy minimization pro-
gram. A primary alkyl group attached to a planar
framework generally adopts a conformation in which the
alkyl group is approximately perpendicular to the frame-
work.” For this season the torsional angle a—b—c—d (Table

(25) Berg, U,; Liljefors, T.; Roussel, C.; Sandstrém, J. Steric In-
terplay between Alkyl Groups Bonded to Planar Frameworks.
Acc. Chem. Res. 1985, 18, 80-86.
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Figure 5. Least-squares superimposition of 1b (filled atoms) with the N-benzyl group in gauche+ conformation and 7. The rms value

of this fit is 0.19 A.

Figure 6. Molecular least-squares superimposition of 2 (filled atoms) in conformation 3 (Table II) and (S)-octoclothepin. The rms

value is 0.39 A.

II) was initially set to 90°. Rotations about the ¢c-d and
d-e bonds generate nine different staggered conformations.
The results from the energy minimizations of these nine
trial structures are shown in Table II. The lowest energy
minimum is found to be a folded conformation, confor-
mation 1 in Table II. For this conformation the N-C-C-N
(b—c—d-e) torsional angle is —48°. Conformation 2 with a
conformational energy of 0.7 kcal/mol is also a folded
structure. Conformations 3 and 4 are 1.0 and 1.4 kcal/mol
higher in energy than 1, respectively. These two confor-
mations correspond to extended arrangements of the am-
ide side chain. The results of these calculations are in good
agreement with the results from a 'H-NMR study in CDCl,
solution.?® This study indicates that the gauche confor-
mation with respect to the N-C-C-N dihedral angle is the
most stable one and that the trans (extended) conforma-
tion is 0.5 kcal/mol higher in energy.

Benzamides of type 2 can be well fitted to the active
conformation of (S)-octoclothepin provided that the amide
side chain adopts an extended (anti) conformation as in
conformations 3, 4 and 7 in Table II. However, only
conformations 3 and 7 have lone-pair directions which are
compatible with that in (S)-octoclothepin. The least-
squares superimposition of conformation 3 and (S)-octo-

(26) Anker, L.; Lauterwein, J.; van de Waterbeemd, H.; Testa, B.
NMR Conformational Study of Aminoalkylbenzamides, Ami-
no-o-anisamides, and Metoclopramide, a Dopamine Receptor
Antagonist. Helv. Chim. Acta 1984, 67, 706-716.

Table II. Molecular Mechanics Calculations on Compound 2
o Ip

c |
A
H

SoliTariaa. torsional angle (deg) confg;ﬁag!;onal
tion a-b-c-d b-cd-e cd-e-lp (kcal /mol)
1 -145 -48 56 0.0
2 -137 49 -58 0.7
3 -93 -170 57 1.0
4 -99 172 -58 14
5 -91 -81 -58 1.6
6 -139 83 59 1.9
7 -98 179 178 2.2
8 =127 70 175 2.4
9 -89 -68 -178 2.9

clothepin, with the carbonyl group in the benzamide
pointing away from the sulfur atom in (S)-octoclothepin,
is shown in Figure 6. The conformational energy for the
benzamide side chain in this fit is 1.0 kcal/mol (Table II).
In the superimposition shown, the phenyl ring has been
rotated by 35° at a calculated additional energy cost for
an o-methoxybenzamide (as 8) of 1.0 kcal/mol. The al-
ternative superimposition between compound 2 in con-
formation 7 and (S)-octoclothepin (not shown) gives a fit
with the carbonyl group of the benzamide pointing towards
the sulfur atom. The conformational energy for the ben-



2360 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 13

Pettersson and Liljefors

Figure 7. Least-squares superimpositions between (a) the S-enantiomer (rms = 0.41 A) and (b) the R-enantiomer (rms = 0.45 A)

of 3 (filled atoms) and (S)-octoclothepin.

zamide side chain in this alternative fit is significantly
higher, 2.2 kcal/mol. The additional energy penalty for
coplanarity of the phenyl rings in the fit is calculated to
be 1.0 kecal/mol.

The identification of an extended amide side chain
conformation as the biologically active one in benzamides
of type 2 is in agreement with the conclusion drawn by
Testa et al.*!1?

Benzamides of Type 3. For 3, six different trial con-
formations were energy minimized. In these conformations
the five-membered ring has its preferred conformation,
which is an envelope conformation with the nitrogen atom
out of the plane of the ring carbon atoms and with the
N-alkyl substituent in an equatorial position. The C(=
0)-N-C-C (a~b—c—d in Table III) torsional angle was set
to £100° in the trial structures, and the three staggered
arrangements ahout the c—d bond were generated.” The
results from the energy minimizations of the input struc-
tures are shown in Table III. As for 2, the lowest energy
minimum is found to be a folded conformation with a
N-C—C-N torsional angle of -47°, conformation 1 in Table
ITI. The second most stable conformation is an extended
conformation with a N-C-C-N dihedral angle of -173°.
Conformation 4 with a N-C-C-N torsional angle of 77°
corresponds to a half-folded structure. This is calculated
to be of 1.2 keal /mol higher energy than the lowest energy
one. Quantum chemistry calculations, using the PCILO
method, on compound 3 with an o-methoxy group has been
performed by Testa et al.'® They find a folded confor-
mation to be the most stable one with two extended con-
formations a few kcal/mol higher in energy. This is in
reasonable agreement with our results. In contrast to these
results, molecular mechanics calculations (MM2PI) on a
substituted derivative of compound 3 performed by

Table ITI. Molecular Mechanics Calculations on Compound 3

o c
b e, d
Lofe2
H H |
CH,

torsional angle (deg)

conformational energy

conformation a-b-c—d b-c—d-e (keal /mol)
1 -119 -47 0.0
2 =91 =173 0.8
3 113 -b4 1.0
4 87 Ty 1.2
5 105 -176 1.2
6 -164 76 1.8

Hogberg et al. give a half-folded conformation as the most
stable one and a folded conformation less than 0.5 kcal/
mol higher in energy.” An X-ray analysis of the tartrate
of 9 shows that the N-C-C-N torsional angle adopts an
extended arrangement.”” However, the X-ray structure of
an analogue, FLA 797 (compound 10), has a gauche N-C-
C-N torsional angle, giving the molecule a half-folded
conformation.?

For benzamides of type 3 the S-enantiomer is the most
potent DA D-2 receptor antagonist (Table I). The best
fit of (S)-3 to (S)-octoclothepin is obtained for an extended
conformation (conformation 2) of (S)-3. In this fit, shown
in Figure 7a, the carbonyl group is pointing away from the
sulfur atom in (S)-octoclothepin. The conformational
energy for the benzamide side chain in this superimposi-
tion is 0.8 kcal/mol. In the fit shown, the phenyl ring has
been rotated by 30°, which is calculated to require an
additional 0.8 kcal/mol for an o-methoxy-substituted
benzamide. Thus, as was the case for benzamides of type
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Figure 8. Calculated potential energy curve for rotation about
the C(=0)-N-C-C(CH;) dihedral angle in 4a.

1 and 2 discussed above, an extended conformation of (S)-3
is the most likely biologically active conformation of this
type of benzamides. The optimal orientation of the ben-
zamide in the superimposition with (S)-octoclothepin is,
as for 1 and 2, the one in which the amide carbonyl group
is pointing away from the sulfur atom. The active con-
formation of (S)-3 deduced above is in agreement with
Testa et al.!® and Rognan et al.!* but in disagreement with
Hégberg et al.” who suggested a half-folded conformation
to be responsible for the biological activity.

In order to accommodate the R-enantiomer of 3 in the
model with the amide carbonyl group pointing away from
the sulfur atom in (S)-octoclothepin, an extended con-
formation with the N-alkyl substituent in an axial position
has to be used as shown in Figure 7b. The conformational
energy penalty of this conformation is calculated to be 3.3
keal/mol. An additional 1.0 kcal/mol is calculated to be
required to achieve the approximate coplanarity of the
phenyl rings in this fit.

In order to fit the R-enantiomer of 3 to (S)-octoclothepin
in the alternative orientation, a half-folded conformation
with the N-alkyl substituent in an axial position must be
employed (not shown). The energy penalty for such a
conformation is calculated to be 4.7 kcal/mol. In order
to achieve coplanarity of the phenyl rings in the fit an
additional 0.6 kcal/mol is calculated to be required.

For the enantiomers of 3, the relative affinity for the DA
D-2 receptor is approximately 100 (Table I). As a con-
formational free-energy increase of 1.4 keal/mol at 300 K
corresponds to a decrease of the affinity by a factor of 10,
the calculated energy difference between the enantiomers
of 3 in their deduced biologically active conformations
(Figures 7a and 7b) corresponds well to their observed
relative affinity. Thus, the DA D-2 receptor interaction
employed in this study is also to rationalize the enan-
tioselectivity of benzamides of type 3 in terms of the
conformational energy difference of the deduced recep-
tor-bound conformations.

Benzamides of Type 4. The calculated potential en-
ergy curve for rotation about the C(=0)-N-C-C(CHj)
(a—b-c-d) in 4a is displayed in Figure 8. As for benz-
amides of type 3, the five-membered heterocyclic ring is
calculated to prefer an envelope conformation with the
nitrogen atom out of the plane of the other ring atoms and
with the N-alkyl substituent in an pseudoequatorial pos-
ition. The lowest energy minimum for 4a is found for a
torsional angle of 207°. This conformation is virtually
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identical to the one found by X-ray crystallography of
compound 12 (Chart II).%

The N-C-C-N torsional angle in the calculated lowest
energy structure of 4a is -74°. In order to obtain an op-
timal structural fit between 4a and (S)-octoclothepin the
N-C—-C-N torsional angle has to be changed to ca. -120°
giving the five-membered ring an envelope conformation
with the unsubstituted methylene group in an « position
to the nitrogen atom out of the plane of the remaining ring
atoms. The calculated energy penalty for this conforma-
tional rearrangement is 2.2 kcal/mol. The superimposition
is shown in Figure 9. The alternative superimposition with
the amide carbonyl group pointing towards the sulfur atom
in (S)-octoclothepin may be achieved with a conformation
of the five-membered ring in 4a in which the N-C-C-N
torsional angle is -164°. The rms value for this fit (not
shown) is similar to that in Figure 9, but the energy penalty
is somewhat higher, 3.3 kcal/mol. In this alternative su-
perimposition an additional 0.8 kcal/mol is calculated to
be required for coplanarity of the phenyl rings.

In the least-squares superimposition in Figure 9 the
(S,S)-enantiomer of 4a has been employed. The (R,R)-
enantiomer may also be fitted to the template molecule
with a similar rms value (0.40 A) as for the fit in Figure
9 (0.45 A). However, in the fit involving (R,R)-4a the
calculated conformational energy for the benzamide is
high, 5.1 kcal/mol. There are to our knowledge no reports
on the D-2 receptor affinity of the pure enantiomers of
benzamides of type 4.

As was the case for compound 1, the nitrogen atom in
benzamides of type 4 has to be substituted with a benzyl
group in order to obtain a high affinity for the DA D-2
receptor. If a benzyl group is substituted at the nitrogen
atom (compound 4b), this group can adopt three different
staggered conformations with respect to the 1p—-N-C-C
torsional angle: gauche+, gauche—, and anti. The energy
differences between the three staggered conformations with
respect to the N-CH,Ph bond in 4b are calculated to be
less than 0.7 kcal/mol. A structural comparison with
compound 7 show that the conformation of 4b in which
the 1p—-N-C-C torsional angle is in an anti conformation
have the phenyl ring in the same area as compound 7.

Phenylpyrrole 5. Compound 5 has strong structural
similarities to benzamides of type 8. The molecular me-
chanics calculations were performed with the pyrrolidine
ring in the lowest energy envelope conformation. The
potential energy curve for rotation about the N-C-C-N
bond is shown in Figure 10. The N-C-C-N torsional
angle is calculated to be 130° in the lowest energy mini-
mum and about 330° in a shallow local energy minimum.
The energy difference between the two minima is small,
0.1 kcal/mol.

As for the benzamides 1-4 the superimposition of 5 with
the template molecule can be done with two different

(27) Hogberg, T.; Norinder, U.; Ramsby, S.; Stensland, B. Crys-
tallographic, Theoretical and Molecular Modelling Studies on
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787-796.

(28) Hogberg, T.; Ramsby, S.; de Paulis, T.; Stensland, B.; Cséregh,
1.; Wagner, A. Solid State Conformations and Antidopami-
nergic Effects of Remoxipride Hydrochloride and a Closely
Related Salicylamide, FLA 797, in Relation to Dopamine Re-
ceptor Models. Mol. Pharmacol. 1986, 30, 345-351.

(29) Furuya, T.; Iwanami, S.; Takenaka, A.; Sasada, Y. New Potent
Neuroleptic Drugs of Benzamide Derivatives. I. Crystal and
Molecular Structure of N-[(2RS,3RS)-1-Benzyl-2-methyl-3-
pyrrolidinyl]-5-chloro-2-methoxy-4-methylaminobenzamide.
Bull. Chem. Soc. Jpn. 1982, 55, 2321-2326.
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Figure 9. Least-squares superimposition of 4a (filled atoms) and (S)-octoclothepin. The rms value of this fit is 0.74 A.
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Figure 10. Calculated potential energy curve for rotation about
the N-C—-C-N dihedral angle in 5.

orientations of 5. The methoxy group of 5 may be directed
toward or away from the sulfur atom in (S)-octoclothepin.
If the superimposition is done with the methoxy group
pointing towards the sulfur atom, the N-C—C-N torsional
angle has to adopt a value of about 270°. The confor-
mational energy penalty for such a conformation is 0.5
kcal/mol. The least squares fit is shown in Figure 11. In
this fit the phenyl ring of 5 has been rotated by 10° to
achieve an optimal coplanarity of the phenyl rings. The
energy cost for this in an o-methoxy-substituted case is
calculated to be only 0.2 kcal/mol. This fit corresponds
to the one with the carbonyl group in the benzamides

pointing away from the sulfur atom in the template
molecule. The alternative superimposition (not shown)
requires a conformation in which the N-C-C-N torsional
angle is about 70°. The energy penalty for this confor-
mation is 0.9 kcal/mol. Also in this case an additional 0.2
kcal/mol is required for an optimal coplanarity of the
phenyl rings in the fit.

The molecular superimposition in Figure 11 was ob-
tained by using the S-enantiomer of 5. As for the analo-
gous compound 3, this enantiomer gives a better least
squares fit to the template molecule and a lower confor-
mational energy than the R-enantiomer,

The N-Alkyl Substituent. For the compounds dis-
cussed in this work, it can be seen in the molecular su-
perimpositions in Figures 3, 7, 9, and 11 that the N-alkyl
substituents are pointing in two different directions. These
directions are denoted A and B and are schematically
shown in Figure 12 in relation to the template molecule
(S)-octoclothepin. Compounds 1 (Figure 3) and 4 (Figure
9) have their N-alkyl substituent pointing in direction B,
while compounds 3 (Figure 7) and 5 (Figure 11) have their
N-alkyl substituents pointing in direction A. Thus, it may
be speculated that the N-alkyl substituent of different
types of benzamides interacts with different receptor sites,
rationalizing the requirement of a benzyl substituent in
benzamides of types 1 and 4 for a high receptor affinity
but not in benzamides of type 3. This supports the con-
clusions drawn by Rognan et al.l!

Conclusions

Low-energy conformations of the four different types
of benzamides and a phenylpyrrole analogue shown in
Chart I can be well accommodated in the DA D-2 receptor

Figure 11. A least-squares superimposition of 5 (filled atoms) and (S)-octoclothepin. The rms value of this fit 0.76 A.
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Figure 12. Schematic illustration showing the proposed N-alkyl
interaction sites, A and B in relation to the structure of the
template molecule (S)-octoclothepin. A is the site proposed to

be used by the alkyl group in compounds with an N-ethyl sub-
stituent, while B is the proposed site for an N-benzyl substituent.

interaction model proposed by Liljefors and Bogeso, ex-
tending this model to include the important benzamide
class of DA D-2 receptor antagonists. For benzamides with
an acyclic amide side chain, the most probable receptor-
bound conformation is the one with an extended alkyl

substituent. The enantioselectivity of the chiral benzamide
of type 3 may be rationalized in terms of conformational
energy differences for the receptor bound enantiomers.
The N-alkyl substituent of the benzamides is proposed to
be able to interact with two different sites for the N-alkyl
substituent. For the benzamides studied in this work, the
N-benzyl groups of compounds 6 and 12 are proposed to
interact with one receptor site, while the alkyl group in
benzamides with a N-ethyl group (compounds 9, 10, and
11) may interact with the other site.
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2-Alkynyl Derivatives of Adenosine and Adenosine-5'-N-ethyluronamide as
Selective Agonists at A, Adenosine Receptors!

Gloria Cristalli,* Alessandra Eleuteri, Sauro Vittori, Rosaria Volpini, Martin J. Lohse,! and Karl-Norbert Klotz"

Dipartimento di Scienze Chimiche, Universita di Camerino, 62032 Camerino, Italy, and Pharmakologisches Institut,
Universitat Heidelberg, Im Neuenheimer Feld 366, 6900 Heidelberg, FRG. Received August 6, 1991

In the search for more selective A,-receptor agonists and on the basis that appropriate substitution at C2 is known
to impart selectivity for A, receptors, 2-alkynyladenosines 2a-d were resynthesized and evaluated in radioligand
binding, adenylate cyclase, and platelet aggregation studies. Binding of [P(H]NECA to A, receptors of rat striatal
membranes was inhibited by compounds 2a-d with K; values ranging from 2.8 to 16.4 nM. 2-Alkynyladenosines
also exhibited high-affinity binding at solubilized A, receptors from human platelet membranes. Competition of
2-alkynyladenosines 2a—d for the antagonist radioligand [*H]DPCPX and for the agonist [FH]CCPA gave K; values
in the nanomolar range, and the compounds showed moderate A, selectivity. In order to improve this selectivity,
the corresponding 2-alkynyl derivatives of adenosine-5'-N-ethyluronamide 8a—d were synthesized and tested. As
expected, the 5’-N-ethyluronamide derivatives retained the A, affinity whereas the A, affinity was attenuated, resulting
in an up to 10-fold increase in A, selectivity. A similar pattern was observed in adenylate cyclase assays and in
platelet aggregation studies. A 30- to 45-fold selectivity for platelet A, receptors compared to A, receptors was found

for compounds 8a-c in adenylate cyclase studies.

Adenosine appears to mediate a wide variety of physi-
ological functions including vasodilatation, vasoconstriction
in the kidney, cardiac depression, inhibition of lipolysis,
inhibition of platelet aggregation, inhibition of lymphocyte
functions, inhibition of insulin release and potentiation of
glucagon release in the pancreas, inhibition of neurotran-
smitter release from nerve endings, stimulation of ster-
oidogenesis, and potentiation of histamine release from
mast cells.2 Many of its effects can be attributed to the
action at receptors located on the cell surface, which are
mediated by at least two extracellular receptors divided
into two major subtypes, called A, and A,.°

At A, receptors the most active analogues are N-sub-
stituted adenosines, whereas at A, receptors the most ac-
tive compounds are adenosine-5-N-alkyluronamides. We
recently reported the synthesis of Né-substituted 1-de-
azaadenosines,* and of 2-chloro-N®-cyclopentyladenosine
(CCPA) which proved to be an agonist with high affinity

t Universitat Heidelberg.
1 Present address: Dept. of Chemistry, Montana State Univ-
ersity, Bozeman, MT 59717.

and approximately 10 000-fold selectivity for A, adenosine
receptors.56
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