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A novel, fairly potent dopamine transporter (DAT) inhibitor, 4-hydroxy-1-methyl-4-(4-meth-
ylphenyl)-3-piperidyl 4-methylphenyl ketone (3, K; values of 492 and 360 nM in binding affinity
and inhibition of dopamine reuptake, respectively), with significant functional antagonism
against cocaine and a different in vitro pharmacological profile from cocaine at the three
transporter sites (dopamine, serotonin, and norepinephrine) was discovered through 3D-
database pharmacophore searching. Through structure—activity relationships and molecular
modeling studies, we found that hydrophobicity and conformational preference are two
additional important parameters that determine affinity at the DAT site. Chemical modifica-
tions of the lead compound (3) led to a high affinity analogue (6, K; values of 11 and 55 nM in
binding affinity and inhibition of dopamine reuptake, respectively). In behavioral pharmacologi-
cal testing, 6 mimics partially the effect of cocaine in increasing locomotor activity in mice but
lacks cocaine-like discriminative stimulus effect in rats. Taken together, these data suggest
that 6 represents a promising lead for further evaluations as potential therapy for the treatment

of cocaine abuse.

Introduction

Cocaine abuse is one of the greatest concerns of the
American public today, and has therefore become a focus
of medical, social, and political leaders. Cocaine is one
of the most addictive substances known, and addicts
may lose their ability to function at work or in inter-
personal situations. Although cocaine potently inhibits
the reuptake of both norepinephrine (NE) and serotonin
(5-HT), many lines of evidence indicate that its ability
to act as a reinforcer stems from its ability to inhibit
the reuptake of dopamine (DA) into dopaminergic
neurons.’~8 Cocaine exerts this effect via specific inter-
action with DA transporter (DAT) proteins (cocaine
receptor) located on DA nerve terminals.!=® This in-
crease of dopaminergic transmission in the reward
mediating brain mesolimbic system is the essence of the
dopamine hypothesis of reinforcement advanced by
Wise® and later elaborated for cocaine by Kuhar.3

* To whom correspondence and request of reprints should be sent.
Phone: (202) 687-2028. Fax: (202) 687-0617. E-mail: wangs@
giccs.georgetown.edu.

T Georgetown Institute for Cognitive and Computational Science,
Georgetown University Medical Center.

* Department of Pharmacology, Georgetown University Medical
Center.

8 University of Texas Medical Branch.

In pursuit of the discovery of a cocaine antagonist as
a potential therapy for the treatment of cocaine abuse,
substantial effort has been focused on modifications of
cocaine itself; this has led to a wealth of information
about the structure—activity relationships (SARs) of
cocaine analogues.21024 Despite intense research efforts
in this area, very few compounds with significant
cocaine antagonist activity have been reported and no
effective therapy for the treatment of cocaine abuse is
currently available clinically. Therefore, we believe that
the discovery of novel lead compounds capable of
antagonizing all or some of cocaine’s actions represents
a critical step.

Recent advances in molecular biology have identified
the amino acid sequences of the DAT,%2% put no
experimental 3D structures have been obtained for the
DAT. The lack of the experimental structures makes it
difficult to employ a structure-based design strategy for
the discovery of novel DAT inhibitors as cocaine an-
tagonists. Alternatively, a wealth of SAR data on cocaine
analogues and other classes of dopamine transporter
inhibitors makes it feasible to derive “putative 3D
pharmacophore models”, defined as the representation
of crucial chemical structural features and their 3D
geometric relationships that are important for the
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biological activity of interest. With the pharmacophore
models, one can search large chemical databases to
discover compounds whose 3D structures meet the
pharmacophore requirements. In recent years, it has
been shown that 3D-database pharmacophore searching
is a very effective approach to discover novel lead
compounds for drug discovery.27—31

Using this approach, we have discovered a large
number of novel DA inhibitors, some of which display
promising cocaine antagonism in our functional assay.
In this paper, we report the discovery of one such lead
compound, its structure—activity relationships and our
molecular modeling studies, as well as behavioral
pharmacological studies in mice and rats of the most
potent compound in this class (Ki = 11 nM in binding
affinity at the DAT site).

Results and Discussion

Previous extensive structure—activity relationship
(SAR) studies on cocaine and its analogues?1°-24 showed
that three binding elements play important roles in the
binding and reuptake activities of cocaine and its
analogues: (1) the aromatic system at the 33-position
of the tropane ring; (2) the 23 ester group or a small
hydrophobic group at this position; and (3) the nitrogen
at position 8, although recent studies showed that this
basic nitrogen may be replaced by an oxygen.3232 |n the
past, a number of molecular modeling studies were
performed in an attempt to define 3D pharmacophores
for DAT inhibitors or to seek quantitative structure—
activity relationships (QSAR) for DAT inhibitors.34-38
For example, Froimowitz et al. have elegantly shown
that a common pharmacophore model exists between
2p-carbomethoxyl-35-(4-flurophenyl)trophane (CFT) and
methylphenidate,3® demonstrating that despite the dif-
ferent 3D chemical structures, these DAT inhibitors
may indeed share one or more common 3D pharma-
cophore models.

It is essential to determine the 3D geometric relation-
ships of these crucial binding elements in cocaine and
its analogues for the development of pharmacophore
models. For this purpose, conformational analysis was
performed on cocaine (1) and 2 (WIN-35065-2), starting
from the X-ray crystal structure of cocaine.®® The initial
structure of 2 was built by replacing the benzoyloxy
group with a phenyl group using the QUANTA molec-

1 (cocaine) 2 (WIN-35065-2)

ular modeling package.*? The structures of both com-
pounds were minimized, and a systematic conforma-
tional search was performed, using the QUANTA
program.*? The crucial binding components that were
included in the first pharmacophore model (Figure 1)
are the nitrogen atom, the carbonyl group, and the
aromatic ring center, which represents the aromatic ring
in cocaine and its analogues. Three distance parameters
(Figure 1) were used to define the 3D geometric rela-
tionships of these three crucial binding elements, which
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Figure 1. A 3D pharmacophore model derived from cocaine
and its analogues used in 3D-database pharmacophore search.

were derived through examining the 3D geometric
relationships between these three binding elements in
both 1 and 2 in their low energy conformations, as well
as distance ranges in all possible conformations. It
should be emphasized that more than one common
pharmacophore may exist between the different classes
of DAT inhibitors such as between cocaine analogues
and GBR compounds*! and different pharmacophore
models may need to be developed for DAT inhibitors
that do not share a single common pharmacophore. As
can be seen from Figure 1, the distance between the
nitrogen and the carbonyl oxygen (d1) was chosen to be
from 2.2 to 4.5 A. This essentially covers the possible
distance span between these atoms in 1 and 2. Some
margin was allowed for both the lowest distance value
(2.6 A) and largest distance value (4.2 A). The distance
between the nitrogen atom and the aromatic ring (d2)
is set from 5.0 to 7.0 A, assuming the value of 5.6 A in
2 is probably the optimum for effective binding to the
DAT since 2 is a high affinity DAT inhibitor.2 The
distance between the carbonyl oxygen and the aromatic
ring center (d3) was set to be from 3.4 to 6.1 A. It is of
note that we have used fairly large distance tolerances
in this pharmacophore model, for our purpose is to
discover truly novel DAT inhibitors with broad struc-
tural diversity.

Using the pharmacophore model shown in Figure 1,
we searched the NCI 3D-database of 206 876 “open”
compounds,*2 whose structures can be accessed by the
public, with the program Chem-X.42 During the search
process, a compound was first examined for the required
chemical groups, i.e., a secondary or a tertiary nitrogen,
a carbonyl group, and an aromatic ring system. If the
chemical structural requirements were met, the pro-
gram then investigated whether the compound had a
conformation that meets the 3D geometric parameters
of the pharmacophore model. If the program found that
the compound indeed had at least one conformation that
met the 3D geometric requirements, the compound
would be considered as a “hit”. Up to 3 000 000 confor-
mations were examined for each compound. Using the
pharmacophore model shown in Figure 1, a total of 4094
compounds, i.e., 2% of 206 876, were identified as “hits”.

In selecting compounds for testing in [*H]mazindol
binding and [?H]DA reuptake assays, we considered a
number of additional criteria. Since our primary goal
is to discover novel lead compounds, it is desirable that
compounds have simple chemical structures and low
molecular weight (MW), which would greatly facilitate
subsequent chemical modifications. We therefore elimi-
nated all compounds with MW greater than 1000. We
also found among the 4094 “hits” that the pharmacoph-
ore nitrogen atom in a number of compounds was not
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Table 1. Chemical Structures of DAT Inhibitors and Their Activities at Three Transporter Sites

K (nM)
Binding Uptake
(FH)-Mazindol) | (CHI-DA) (CHI-5-HT) | (CH]-NE)
1 231+22° 27420 155+04 [108+4
(cocaine)
Lead *,
Compound a, on
3 492 +34 360+ 25 1630+ 150 | 3860+ 70
‘o
4420 + 620 2590 + 230
4 (
o
5 ) 5700 + 360 4200 + 70
‘ ‘o
6 DO 109+ 14 51+8 2380+140 | 177449
7 " | 36504170 5850 + 1080
‘ou,
H,
G OH
8 10650 + 650 15800 £ 650
° ‘o,
9 DO 4140 £ 60 4220 £20
o 4350 £ 80 7520+ 90
10 .
° ‘o
11 8190+ 30 9480 + 740

a Standard deviation was obtained by three experiments.

capable of functioning as a hydrogen bond acceptor, due
to its local chemical environment, and these compounds
were therefore eliminated from further consideration.
Structural diversity was another important criterion,
i.e., we sought to discover a large number of structurally
diverse DAT inhibitors. However, in case one compound
showed interesting pharmacological properties, we often
identified its analogues by 2D-structure searching and
subsequently tested these compounds to establish initial
structure—activity relationships. A total of 385 com-
pounds were finally selected for testing in [*H]mazindol
and [3H]DA reuptake assays.

In the first batch of screening, 70 compounds out of
the 385 selected candidates were evaluated in the [3H]-
mazindol binding assay. Thirteen compounds displayed
more than 50% inhibition at 10 M in the [3H]mazindol
binding assay (ICso less than 10 uM). An additional 23
compounds showed an inhibitory activity of 30% to 50%

at 10 uM and eight more compounds had an inhibitory
activity of 20% to 30% at 10 «M in the [*H]mazindol
binding assay. Overall, 63% of 70 (44/70) compounds
showed good activity at 10 M in the [3H]mazindol
assay. These results suggested that the pharmacophore
model used in our 3D pharmacophore search is effective
in identifying compounds with diverse chemical struc-
tures that can effectively compete with [3H]mazindol
binding to the cocaine site on the DAT.

These 13 novel DAT inhibitors with an ICsg less than
10 uM were further evaluated for their ability to
antagonize cocaine’s inhibition of [BH]DA uptake. Four
classes of compounds were found to display significant
functional antagonism. One such compound (3) was
found to have good potency in DAT binding and uptake
assays with K; values of 492 nM and 360 nM, respec-
tively, slightly less potent than cocaine. Importantly,
this compound has a simple chemical structure, which
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Table 2. Functional Antagonism of 3 against Cocaine

Wang et al.

Drugs IC,, (nM) IC,, (nM)
['H)-Dopamine Uptake [’H]-Dopamine Uptake
(Experimental) (Theoretical, assuming one binding
site for cocaine and the drug)
Cocaine alone 297 +22°
Cocaine + 3 (50 nM) 470+ 25 33111
Cocaine + 3 (200 nM) 717+49 438 £22
Cocaine + 3 (500 nM) 1161 £ 100 652+24

a Standard error was based on three experiments.
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Figure 2. Effect of cocaine on [®H]-dopamine uptake in the
presence of lead compound 3 (solid circles, cocaine alone; open
squares, 50 nM of 3 + cocaine; solid triangles, 200 nM of 3 +
cocaine; open circles, 500 nM of 3 + cocaine).

greatly facilitates our subsequent chemical modifica-
tions and structure—activity relationship studies. It is
of note that a class of structurally related compounds,
piperidine-based analogues of cocaine, were found to be
potent PAT inhibitors.5*

We have evaluated the functional antagonism of 3 in
terms of its effects on the inhibition of [*H]dopamine
uptake by cocaine (Table 2 and Figure 2). The ICsg
values of cocaine in the presence of 3 were determined
and compared to the ICso value of cocaine alone. If
significant differences in ICso values were found, they
were then compared to theoretical 1Cso values expected
from models of “same site” antagonism.*3=45 As can be
seen from Table 2 and Figure 2, at each of the three

CH;

CH}@ @
CH;

Lead Compound (3)

concentrations of 3 used in our test (50, 200, and 500
nM), the 1Csp value obtained for cocaine in the presence
of 3 was significantly greater than that expected from
“same site” antagonism. Therefore, 3 was considered to
have significant functional antagonism against cocaine,
though it is important to point out that at these
concentrations 3 significantly inhibited the DA reuptake
alone and that the data are normalized to 100% for the
analysis.

Since cocaine is a potent inhibitor not only of DA
uptake but also of serotonin (5-HT) and norepinephrine
(NE) uptake (Table 1), we have further evaluated 3 as
inhibitor of these transporters. The results are shown
in Table 1. As can be seen, 3 is more selective for DAT
than is cocaine. The selectivity of 3 is 4.5-fold between
DA and 5-HT transporter sites and is 10.7-fold between
DA and NE transporter sites. Furthermore, we have
evaluated 3 for its ability to stimulate the locomotor
activity in mice and found that 3 failed to stimulate the
locomotor activity at concentrations from 1.0 mg/kg to
30 mg/kg.

Taken together, on the basis of its fairly potent
activities in binding and uptake, its simple chemical
structure, its different pharmacological profile from
cocaine at the three different transporter sites, its
functional antagonism, and its inability to stimulate the
locomotor activity in mice, 3 appears to represent a
promising lead compound for further development and
evaluations.

On the basis of the lead compound, we have synthe-
sized and tested a series of analogues to investigate its
structure—activity relationships. The results are sum-
marized in Table 1.

The general synthesis of the analogues is illustrated
in Scheme 1. Briefly, reaction of methylamine hydro-
chloride with an excess of aryl methyl ketone and
paraformaldehyde in the presence of a catalytic amount
of acid led to compounds 3, 6, and 7.46 The 1,3-dihydroxy
compounds (8, 9, and 10) were synthesized by reducing
the appropriate ketones with DIBAL-H in tetrahydro-
furan (THF) at —78 °C.%” Under these conditions, the
reduction led to the cis-stereocisomers 8, 9, and 10. The
cyclic carbonate 11 was prepared by the treatment
ofcompound 8 with triphosgene in dichloromethane
(DCM). Compounds 4 and 5 were purchased from
commercial suppliers.

As can be seen, analogue 4 without the methyl group
on each aromatic ring has binding and uptake activities
reduced by 9- and 7-fold, respectively, as compared to
the lead compound 3. Replacement of the methyl group
on each aromatic ring by a fluorine atom (5) reduces
the binding and uptake activities each by 12-fold. Our
molecular modeling studies showed that 4, 5, and the
lead compound (3) have essentially the same conforma-
tional profiles. This suggests that the activity difference
between these two compounds may be primarily due to
the difference in their hydrophobicity. Accordingly,
compounds 6 and 7 were synthesized. As expected,
analogue 6 bearing 3,4-dichloro substitutions has a
much-improved activity in both binding and uptake. Its
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Scheme 1
CH3NH,*HCI, paraformaldehyde
R" R3 T
R2 cat. acid, CH3CN, reflux

3 R'=CHy, R=H R®=H
6 R'=C|,R?=Cl,R®=H
7 R'=Cl,R?=H,R®=Cl

12 R'=CHs R2=H,R%=H
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11 R'=CHs, R2=H,R%=H

binding affinity to the DAT was increased by 45-fold,
and its uptake activity at the DA site was increased by
7-fold. It is of note that 6 is more selective for the DA
site relative to the 5-HT and NE sites. While 6 has a
relatively potent activity at the NE site, it has a very
weak activity at the 5-HT site.

In sharp contrast, analogue 7 with 2,4-dicholoro
substitutions has a much-reduced activity in binding
and uptake. Its binding affinity to the DAT was reduced
by 7-fold, while its uptake activity at the DA site was
reduced by 16-fold. Thus, despite the similar hydropho-
bicity of 6 and 7, their binding affinities to the DAT
differ by 335-fold and their uptake activities at the DA
site differ by 115-fold. These data showed that, in
addition to hydrophobicity, other factors, such as the
conformational differences between 6 and 7 may play a
role in their binding and uptake activities.

On the basis of pharmacophore model (Figure 1), the
carbonyl group in this class of compounds mimics the
carbonyl group of the ester group in cocaine and WIN
compounds. To investigate the importance of this car-
bonyl group, we have reduced this group to a hydroxyl
group in the lead compound (3), 6, and 7, which resulted
in compounds 8, 9, 10. As compared to the lead
compound 3, the binding affinity for 8 was reduced by
22-fold and the uptake activity was reduced by 44-fold,
highlighting the importance of the carbonyl group. The
binding and uptake activities for 9 were reduced even
more, by 380- and 83-fold, respectively, as compared to
the corresponding compound 6. There is only a slight
reduction of the activities for 10 as compared to 7,
probably because both compounds have only weak
activities. Our data therefore suggest that the carbonyl
group in this class of compounds is important for their
activity. Because both carbonyl and hydroxyl groups can
function as hydrogen bonding acceptor, the diminished
activity in the corresponding hydroxyl compounds (8,
9, and 10) may be primarily due to the change in
conformational profiles of these compounds. Constrained
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compound 11 was synthesized to investigate further the
active conformation for this class of compounds. In
comparison to the lead compound (3), the binding
affinity and the inhibition of DA reuptake of 11 were
reduced by 17-fold and 26-fold, respectively.

Each of these compounds in Table 1 contains the
pharmacophore as shown in Figure 1, yet they display
significantly different activities. The most potent com-
pound 6 has a binding affinity of 11 nM, while the least
potent compound 8 has a binding affinity of 11 uM, 3
orders of magnitude difference. Therefore, it is clear that
in addition to the pharmacophore, other factors also play
a role in the binding and uptake activities to the DAT
for this class of compounds. To gain a better under-
standing on the binding of this class of compounds to
the DAT, we have carried out extensive conformational
analysis.

Comparison of the low energy conformational clusters
of lead compound (3), 4, 5, and 6 showed that these
compounds have virtually identical conformational pro-
files (Figure 3A), suggesting that the differences in their
binding and uptake activity are not due to their con-
formational difference. In fact, their binding and uptake
activities have a good correlation with their hydropho-
bicity, i.e., the most hydrophobic compound 6 has the
most potent binding and uptake activities while the
least hydrophobic compound 4 is the least potent.
However, it is clear that the hydrophobicity is not the
only factor important for the binding and uptake activi-
ties of this class of compounds. Compound 7 is more
than 300-fold less potent than 6 in their binding affinity,
despite their similar hydrophobicity. Conformational
analysis showed that 7 has a different conformational
profile as compared to the lead compound 3 and
analogue 6. Although the piperidinyl ring and the
phenyl ring at position 4 adopt identical orientation in
the lowest energy conformations and other low energy
conformations of 3, 6, and 7, the phenyl ring connected
to the carbonyl group in the lowest energy conformation
of 7 deviates by 39° from the phenyl ring in the lowest
energy conformations of 3, 4, and 6 (Figure 3B). To
achieve the same orientation, 7 would have to pay an
energy penalty of 6 kcal/mol. These data suggest that
in addition to their hydrophobicity, conformational
preference of these compounds plays a role for their
binding and uptake activities. The importance of the
conformational preference is highlighted by 9. Despite
its similar hydrophobicity to 6, 9 is 380-fold less potent
than 6 in its binding affinity. Indeed, conformational
analysis showed that the lowest energy conformation
of 9 is significantly different from that of 3 and 6 (Figure
3C). To adopt the same conformation as the lowest
energy conformation of 6, 9 would have to pay an energy
penalty of as much as 8 kcal/mol. Rigid analogue 11 is
751-fold less potent than 6 upon comparison of their
binding affinities. Conformational analysis showed that
the lowest energy conformation of 11 is significantly
different from that of 6. In fact, the corresponding
phenyl rings at position 3 deviate as much as 94°
(Figure 3D) and no low energy conformations of 11 are
similar to the lowest energy conformation of 6. In
summary, our molecular modeling studies showed that
hydrophobicity and conformational preference of these
compounds play a role in determining their binding and
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Figure 3. Superposition of the lowest energy conformations: (A) lead compound 3 (yellow) on analogue 6 (gray); (B) lead compound
3 (yellow) on analogue 7 (gray); (C) lead compound 3 (yellow) on analogue 9 (gray); (D) lead compound 3 (yellow) on analogue 11

(gray).

uptake activities and suggested that the lowest energy
conformation of 3, 4, 5, and 6 may represent the
biologically active conformation for this class of com-
pounds in binding to the DAT.

Our chemical modifications of the lead compound led
to a very potent DAT inhibitor (6, K; values of 11 nM
and 51 nM in binding and reuptake, respectively). To
further assess the therapeutic potential of this class of
compounds, we have evaluated the antagonism effect
of 6 against cocaine in our functional assay and more
importantly its behavioral pharmacological profile in
mice and rats. It was found that despite its much higher
affinities in binding and uptake than the lead compound
(3), 6 only showed a marginal functional antagonism,
significantly less than that of the lead compound 3 (data
not shown). But the reason for its diminished functional
antagonism of 6 is not clear. Locomotor activity studies
in mice showed both cocaine (3—30 mg/kg) and 6 (10—
156 mg/kg) produced dose-dependent enhancements in
the distance traveled and stereotypic movements (Fig-
ure 4A and 4B). Further increase in the doses of both
cocaine and 6 produced convulsions and death, suggest-
ing that both cocaine and 6 enter the brain. However,
cocaine is about 11.8- (95% confidence limits: 8.8—16.3)
and 17.3- (95% confidence limits: 10.5—35.1) fold more
potent (by parallel lines bioassay test) than 6 in increas-
ing the distance traveled and the stereotypic move-
ments, respectively. Cocaine (30 mg/kg) is also signifi-
cantly more efficacious than 6 (156 mg/kg) in increasing
the distance traveled (P = 0.016) and the stereotypic
movements (P = 0.001) at the maximal tolerated doses.
In drug discrimination testing in rats trained to dis-

criminate 10 mg/kg ip cocaine from saline, cocaine (3—
10 mg/kg) produced dose-dependent and full substitu-
tion, while 6 (1.56—30 mg/kg) produced little or no
substitution for cocaine (Figure 4C). Furthermore, 6 did
not alter the response rates (Figure 4D). Higher doses
of 6 were not tested in a drug discrimination test due
to our observation of delayed toxicity in mice treated
with higher doses (100 and 156 mg/kg) of this drug.
Taken together, our behavioral data indicate that
although 6 is less potent and efficacious than cocaine
in increasing the locomotor activity in mice, it does
partially mimic the effect of cocaine. However, 6 lacks
the cocaine-like discriminative stimulus effect in rats
trained to discriminate cocaine from saline in the dose
range tested. It has been suggested that one potential
therapeutic approach for the treatment of cocaine abuse
is to have a compound that has some of the behavioral
effects of cocaine but is not self-administered.!® The fact
that 6, a high affinity DAT inhibitor (21- and 5-times
more potent than cocaine in DAT binding affinity and
inhibition of reuptake of dopamine, respectively), mim-
ics partially the effect of cocaine in increasing locomotor
activity in mice but lacks cocaine-like discriminative
stimulus effect in rats warrants further investigation
of this compound or other analogues as a potential
therapy for the treatment of cocaine abuse.

Experimental Section

Molecular Modeling. Conformational analysis was per-
formed using the conformational analysis module in the
QUANTA program.*® Generally, if a compound has fewer than
five rotatable single bonds, the grid scan conformational search
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Figure 4. Behavioral effects of cocaine (circles) and compound
6 (squares). Both compound 6 (Fsg; = 11.29, P < 0.001) and
cocaine (Fs74 = 30.5, P < 0.001) produced significant and dose-
dependent increases in the distance traveled (A) in male
Swiss—Webster mice. Similarly, compound 6 (Fsg; = 6.89, P
< 0.001) and cocaine (Fs72 = 8.31, P < 0.001) significantly
increased stereotypic movements (B). The distance traveled
and the stereotypic movement responses in the saline control
group were 3517 + 325.6 cm and 1299 + 71, respectively. The
corresponding numbers for 10% DMSO vehicle control group
were 3402 + 363 cm and 1159 + 80. *P < 0.05; **P < 0.01;
***p < 0.001 as compared to the responses in the correspond-
ing vehicle control group by Tukey’s post hoc test. The results
of the discriminative stimulus testing in rats (n = 5—7) are
shown in panels C and D. The data points in the figure
represent the mean £ SEM.

protocol was employed. In this protocol, each rotatable bond
was systematically rotated to generate a starting conformation,
which was subsequently minimized using the CHARMM
program within QUANTA. If a compound has more than five
rotatable bonds, a random sampling protocol was used to
generate conformations. Up to 5000 conformations were gener-
ated and minimized. Energy minimization of each conforma-
tion was computed with 5000 iterations or until convergence,
defined as an energy gradient of 0.001 kcal mol~* A~ or less.
An adopted basis Newton—Raphson algorithm, implemented
in the CHARMmM program, was used for energy minimization.
A constant dielectric constant (equal to 1) was used throughout
all the calculations. Upon the completion of conformation
generation and energy minimization, the most stable confor-
mation was identified (the global minimum in a vacuum). It
is noted, however, that the lowest energy conformation may
not be the bioactive conformation, as was shown previously.*
For this reason, other low energy conformations, typically
within 5 kcal/mol of the global minimum, were identified.
Cluster analysis was performed to determine the number of
truly unique conformations (clusters), using the cluster analy-
sis module available in the QUANTA program. These low
energy conformational clusters together are likely to include
the bioactive conformations for a compound.

3D-Database Search. The Chem-X program (version July
96),%? running on a Silicon Graphics Indigo2 R10000, was used
to carry out 3D-database pharmacophore searching. This
program has been used to build the NCI-3D database*? and
was successfully used to carry out 3D-database pharmacophore
searching in a number of other studies.®°3! The primary reason
for choosing this program was its ability to generate and search
multiple conformations for flexible compounds in the database.
The problem of multiple conformations for flexible compounds
was found to be important in building and searching a 3D-
database because flexible compounds may be able to adopt a
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number of different conformations depending on their environ-
ment. It is often difficult to know precisely which conformation
is the biologically active one if a compound can adopt multiple
conformations with little energy difference. The biologically
active conformations may be different for the same compound
when it binds to different receptors. Therefore, it was decided*?
that the best way to handle this is to generate and search
multiple conformations for flexible compounds. The ability of
the Chem-X program to generate and search a large number
of conformations for flexible compounds was found to be one
key factor for our success in identifying a large number of
structurally novel, diverse lead compounds in several projects
carried out so far. We have found that if only single conforma-
tions for flexible compounds are searched, many identified lead
compounds would be missed. Therefore, multiple conforma-
tions for flexible compounds are necessary. However, for a
flexible compound with more than 10 single bonds, using a
step size of 60° in generating conformations, the total number
of possible conformations will exceed 60 million. In practice,
we set 3 million conformations as the maximum number to
be examined for any single compound.

The current version of the NCI 3D database was built using
the July 94 version of the Chem-X program. It consists of
206 876 “open” compounds, whose structures and related
biological data can be accessed by the public.“> Employing the
Chem-X program, it is straightforward to search the NCI 3D-
database of 206 876 “open” compounds for structures that meet
the requirements specified in the pharmacophore models. The
defined pharmacophore model was built into a query, which
included all the specifications as described in the pharma-
cophore models, such as substructural requirements, distance,
and distance ranges between these crucial pharmacophore
components. The Chem-X program first checks if the com-
pound has a carbonyl group, an aromatic ring, and a nitrogen
attached to at least two carbon atoms and one more carbon or
hydrogen. After a compound passed this substructural check,
it was subjected to a conformational analysis. In this step,
conformations were generated and evaluated with regard to
geometric requirements specified in the pharmacophore query.
Compounds, which have at least one conformation satisfying
the geometric requirements, were considered as “hits”. It is of
note that no conformational energy calculation was performed
during the search. “Hits” are only considered as potential
candidates for biological testing. A number of additional
criteria were used in the selection of compounds for biological
evaluation in order to achieve maximum efficiency in the
discovery of lead compounds. These criteria include simple
chemical structure, small molecule, nonpeptidic, and chemical
structure diversity.

Chemistry. General Methods. THF was freshly distilled
under nitrogen from sodium benzophenone. H NMR and 3C
NMR spectra were obtained with a Varian Unity Inova
instrument at 300 and 75.46 MHz, respectively. 'H chemical
shifts (0) are reported in ppm downfield from internal TMS.
13C chemical shifts are referenced to CDClI; (central peak, 6 =
77.0 ppm).

Melting points were determined in Pyrex capillaries with a
Thomas-Hoover Unimelt apparatus and are uncorrected. Mass
spectra were measured in the EI mode at an ionization
potential of 70 eV. TLC was performed on Merck silica gel
60F2s4 glass plates; column chromatography was performed
using Merck silica gel (60—200 mesh). The following abbrevia-
tions are used throughout the Chemistry Experimental Sec-
tion: THF = tetrahydrofuran; DCM = dichloromethane;
CH3sCN = acetonitrile; ether = diethyl ether.

General Procedure for the Synthesis of Compounds
3, 6, and 7. To an equimolar mixture of aryl methyl ketone
and paraformaldehyde in acetonitrile (15 mL/g of ketone) was
added methylamine hydrochloride (0.25 equiv), and the mix-
ture was refluxed for 20 h in the presence of a catalytic amount
of hydrochloric acid (37% wi/v, 0.02 mL/1 g of ketone). The
reaction mixture was cooled to room temperature, and volatiles
were removed under reduced pressure. The resulting mass was
dissolved in DCM, washed with aqueous NaHCOj; solution,
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water, and brine, dried (Na;SO,), and concentrated under
reduced pressure. The crude compounds were purified by
column chromatography using triethylamine/diethyl ether as
eluent to afford the following compounds:

4-Hydroxy-1-methyl-4-(4-methylphenyl)-3-piperidyl
4-Methylphenyl Ketone (3). White solid; yield 70%; mp 143—
145 °C; 'H NMR (300 MHz, CDCl;) 6 1.78—1.88 (1H, m), 1.98—
2.15 (1H, m), 2.25 (3H, s), 2.40 (6H, s), 2.60—2.85 (3H, m), 2.95
(1H, dd, 3 = 10.5 Hz, 2.9 Hz), 4.20 (1H, dd, J = 11.5 Hz, 3.7
Hz), 5.22 (1H, d, J = 2.5 Hz), 7.07 (2H, d, J = 8.1 Hz), 7.25
(2H, d, 3 = 8.1 Hz), 7.40 (2H, d, J = 8.3 Hz), 7.82 (2H, d, J =
8.1 Hz); *C NMR (CDCls3) 6 20.8, 21.7, 40.2, 45.9, 50.3, 51.5,
54.8,72.4,124.4,128.5,128.9, 129.5, 133.4, 136.2, 144.3, 144.9,
203.8. Anal. (C21H2sNO,) C, H, N.

3,4-Dichlorophenyl 4-(3,4-Dichlorophenyl)-4-hydroxy-
1-methyl-3-piperidyl Ketone (6). White solid; yield 71%; mp
120 °C; 'H NMR (300 MHz, CDCl3) 6 1.80 (1H, br d, J = 13.9
Hz), 1.95-2.06 (1H, m), 2.42 (3H, s), 2.63—2.72 (2H, m), 2.80
(1H, brd, 3=9.1 Hz), 2.90 (1H, dd, J = 11.2 Hz, 8.0 Hz), 4.22
(1H, dd, J = 11.5 Hz, 7.8 Hz), 4.98 (1H, d, J = 2.4 Hz), 7.24
(1H, dd, J = 8.5 Hz, 6.6 Hz), 7.32 (2H, t, J = 8.2 Hz), 7.55
(1H, d, 3 =8.3 Hz), 7.64 (1H, d, J = 1.7 Hz), 7.72 (1H, dd, J
= 8.3 Hz, 6.5 Hz), 7.96 (1H, d, J = 1.4 Hz); *C NMR (CDCls)
0 39.6, 45.7, 50.5, 50.9, 54.2, 72.1, 123.6, 127.1, 130.0, 130.1,
130.8, 130.9, 132.5, 133.6, 134.9, 138.8, 147.3, 201.2. Anal.
(C19H17CI4NO>) C, H, N.

2,4-Dichlorophenyl 4-(2,4-Dichlorophenyl)-4-hydroxy-
1-methyl-3-piperidyl Ketone (7). Yellow solid; yield 51%;
mp 101—103 °C; *H NMR (300 MHz, CDCls) ¢ 1.55 (1H, br d,
J =13.7 Hz), 2.42 (3H, s), 2.68—2.84 (4H, m), 3.00 (1H, dd, J
=11.2 Hz, 7.8 Hz), 4.55 (1H, s), 5.14 (1H,dd, J =11.5Hz, 7.6
Hz), 7.00 (1H, d, 3 = 8.3 Hz), 7.15 (1H, d, J = 1.8 Hz), 7.18
(1H, d, J =2.0 Hz), 7.25 (1H, d, J = 2.0 Hz), 7.40 (1H, d, J =
2.0 Hz) 7.89 (1H, d, J = 2.5 Hz); 13C NMR (CDClIs) 6 34.0, 46.1,
50.8, 51.4, 53.2, 73.1, 127.1, 127.3, 129.9, 130.1, 130.5, 130.8,
132.8, 133.9, 136.3, 138.3, 140.9, 205.7. Anal. (C19H17CIsNO,)
C, H, N.

General Procedure for the Synthesis of Compounds
8, 9, and 10. To a solution of the appropriate ketone in THF
(10 mL/g) was added dropwise 1 M DIBAL-H in hexane (2.5
equiv) at —78 °C under nitrogen. After being stirred for 2.5 h
at the same temperature, the reaction mixture was quenched
with aqueous NH,Cl and extracted with DCM, and the organic
phase was washed with saturated NaCl solution, dried over
Na,SO,4, and evaporated under reduced pressure. The resulting
crude compound was purified by column chromatography
using EtsN/ether as eluent to afford the following com-
pounds:

3-[Hydroxy(4-methylphenyl)methyl]-1-methyl-4-(4-me-
thylphenyl)piperidin-4-ol (8). White solid; yield 64%; mp
178-180 °C; 'H NMR (300 MHz, CDCl3) 6 1.60 (1H, brd, J =
14.2 Hz), 1.94—2.06 (1H, m), 2.19—2.43 (11H, m), 2.59-2.71
(3H, m), 4.64 (1H, d, J = 4.8 Hz), 6.91 (2H, d, J = 8.0 Hz),
6.96 (2H, d, J =8.2 Hz), 7.03 (2H, d, J = 8.1 Hz), 7.24 (2H, d,
J = 9.3 Hz); 3C NMR (CDClg) 6 20.9, 21.0, 41.8, 46.2, 50.3,
51.5,55.1, 73.3, 74.9, 124.6, 126.1, 128.7, 128.8, 135.9, 136.7,
139.7, 144.5. Anal. (C,1H27NOy) C, H, N.

4-(3,4-Dichlorophenyl)-3-[(3,4-dichlorophenyl)hy-
droxymethyl]-1-methylpiperidin-4-ol (9). Light yellow solid;
yield 79%; mp >220 °C; *H NMR (300 MHz, CDCl3) 6 1.50
(1H, brd, 3 =13.9 Hz), 1.87—1.98 (1H, m), 2.45 (3H, s), 2.54—
2.61 (2H, m), 2.74—2.92 (3H, m), 4.75 (1H, brs), 6.96 (1H, br
d, J = 85 Hz), 7.05 (1H, s), 7.19-7.28 (4H, m); 3C NMR
(CDCl3) 6 39.9, 44.5, 48.0, 48.3, 51.5, 56.0, 73.5, 74.7, 126.3,
126.6, 128.8, 128.9, 130.8, 130.9, 131.5, 131.9, 132.9, 133.1,
144.8, 147.5. Anal. (C19H19CIsNO>) C, H, N.

4-(2,4-Dichlorophenyl)-3-[(2,4-dichlorophenyl)hy-
droxymethyl]-1-methylpiperidin-4-ol (10). White solid;
yield 76%; mp 215—217 °C; *H NMR (300 MHz, CDCls) 6 1.30
(1H, d, 3 = 7.3 Hz), 2.43 (3H, s), 2.67—2.78 (3H, m), 2.93—
3.05 (2H, m), 3.33—3.40 (1H, m), 3.68—3.73 (1H, m), 6.71 (2H,
s), 6.85 (1H, s), 7.29 (2H, d, J = 11.2 Hz), 7.95 (1H, t, J = 8.5
Hz); 13C NMR (CDCls) 6 37.1, 41.9, 46.4, 51.8, 57.8, 75.1, 75.9,

Wang et al.

127.0, 128.1, 129.4, 130.0, 131.4, 131.5, 133.0, 133.7, 134.4,
140.3, 144.3. Anal. (C19H19CIsNO,) C, H, N.

8-Aza-1,5-bis(4-methylphenyl)-8-methyl-2,4-dioxa-
bicyclo[4.4.0]decan-3-one (11). To a mixture of compound
8 (75 mg, 0.23 mmol) and EtzN (0.035 mL, 25 mmol) in dry
DCM (3 mL) at 0 °C was added triphosgene (82 mg, 28 mmol).
The reaction mixture was stirred for 2 h, during which time
it was allowed to return to room temperature, then diluted
with DCM (10 mL). The solution was washed with agueous
NaHCO; and brine, dried over Na,SO,, and evaporated under
reduced pressure. The resulting crude compound was purified
by column chromatography using EtsN/ether as eluent to give
the title compound as a white solid (35 mg, 44%); mp 195—
197 °C; *H NMR (300 MHz, CDClg) 6 2.16—2.37 (11H, m),
2.44—-2.53 (2H, m), 2.62—2.70 (2H, m), 2.88—2.94 (1H, m), 5.55
(AH,d, 3 =4.9Hz),6.92 (2H,d, I =8.1Hz),6.99 (4H,d, J =
8.6 Hz), 7.12 (2H, d, J = 8.2 Hz); 3C NMR (CDCl3) ¢ 20.8,
21.0, 30.3, 37.5, 42.8, 45.7, 52.0, 55.2, 81.5, 82.8, 125.0, 125.2,
128.7, 128.9, 134.8, 137.4, 137.6, 137.8, 149.2. Anal. (Cz2Hzs-
NOs) C, H, N.

Pharmacology. [*H]Mazindol Binding. For binding as-
says, caudate nuclei were homogenized using a polytron in 0.32
M sucrose and centrifuged for 10 min at 1000g. The superna-
tant was resuspended in cold sucrose and centrifuged at
17 500g for 20 min. The pellet was resuspended in Krebs-
Ringer-HEPES (KRH) buffer consisting of (in mM): NaCl
(125), KCI (4.8), MgSO4 (1.2), CaCl, (1.3), KH2PO4 (1.2), glucose
(5.6), nialamide (0.01), and HEPES (25) (pH 7.4)% and
centrifuged again. Finally, the pellet was resuspended in 30
volumes of buffer, pelleted at 15 000g and frozen at —80 °C
until used. The striatal homogenates were thawed by resus-
pension in the buffer described above at 75—125 ug protein/
mL and incubated with [*H]mazindol, with or without com-
peting drugs, for 60 min in a 4 °C cold room. Nonspecific
binding was determined with 30 xM cocaine. The bound and
free [*H]mazindol were separated by rapid vacuum filtration
over Whatman GF/C filters, using a Brandel M24R cell
harvester, followed by two washes with 5 mL of cold buffer.
Radioactivity on the filters was then extracted by allowing to
sit overnight with 5 mL of scintillant. The vials were vortexed
and counted. 1Cso values were determined using the computer
program LIGAND.

Synaptosomal Uptake of [*H]Dopamine. The effect of
candidate compounds in antagonizing dopamine high affinity
uptake was determined using a method previously employed.*®
For [*H]DA uptake, dissected rat striata were homogenized
with a Teflon-glass pestle in ice-cold 0.32 M sucrose and
centrifuged for 10 min at 1000g. The supernatant was centri-
fuged at 17 5009 for 20 min. This P, synaptosomal pellet was
resuspended in 30 volumes of ice-cold modified KRH buffer.
An aliquot of the synaptosomal suspension was preincubated
with the buffer and drug for 30 min at 37 °C, and uptake was
initiated by the addition of [*H]dopamine (5 nM, final concen-
tration). After 5 min, uptake was terminated by adding 5 mL
of cold buffer containing glucosamine as a substitute for NaCl
and then finally by rapid vacuum filtration over GF-C glass
fiber filters, followed by washing with two 5 mL volumes of
ice-cold, sodium-free buffer. Radioactivity retained on the
filters was determined by liquid scintillation spectrometry.
Specific uptake is defined as that which is sensitive to
inhibition by 30 uM cocaine. It is identical to that calculated
by subtracting the mean of identical tubes incubated at 0 °C.
[®H]5-HT and [*H]NE uptake were measured in an entirely
analogous fashion using synaptosomes prepared from rat
midbrain and parietal/occipital cortex, respectively. Also,
specific uptake of [*H]5-HT and [*H]NE were defined in the
presence of 10 uM fluoxetine and 1 uM desipramine, respec-
tively.

Functional Antagonism. First, the effects of approximate
IC1o to 1Cso concentrations of candidate compounds on the
inhibition of [*H]dopamine uptake by cocaine were determined.
The ICsp value of cocaine in the presence of antagonist was
then compared to the ICso value of cocaine alone. Significant
differences in 1Cso values will be compared to theoretical 1Cso
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values expected from models of “same site” antagonism.5152
ICso values greater than those expected for “same site”
antagonism will be taken as evidence of functional antagonism.
Compounds demonstrating antagonism were tested at lower
concentrations to determine their minimum effective concen-
tration. This test was performed under the preincubation
conditions described above to allow slowly equilibrating com-
pounds to reach equilibrium. Further, any artifactual differ-
ences in K; due to differences in temperature, buffer, etc. were
negated in this assay as binding of cocaine and the putative
antagonists to both the cocaine binding site and the trans-
porter occurred under identical conditions. This ensures that
a right shift in the cocaine inhibition curve beyond what is
expected for two drugs acting at the same site is a true
measure of functional antagonism.

Behavioral Pharmacology. Locomotor Activity. Loco-
motor activity of male Swiss—Webster mice was recorded using
Truscan activity monitors (Coulbourn Instruments, Allentown,
PA) and a computer. The activity monitors consist of acrylic
chambers, which are placed inside the sensor ring. The sensor
ring is equipped with light-sensitive detectors and the infrared
light beams. The X—Y coordinates of the body center of the
subject are sampled by scanning the beams, and then the
successive locations of coordinates are compared. The sum of
distances between successive coordinates is measured as the
distance traveled, while the total number of coordinate changes
are recorded as the stereotypic movements. Following 1 h of
habituation to test arenas, several groups of mice were injected
intraperitoneally (ip) with different doses of cocaine, compound
6, or its corresponding vehicles, saline and 10% DMSO, in a
volume of 10 mL/kg. Locomotor activity was recorded in 10
min bins for the next 2 h. The raw data was converted to 30
min totals. The maximal 30 min activity that occurred within
the 2 h session following a given test drug injection, was
determined for each dose level, and was expressed as the
percent of its corresponding vehicle control response for
plotting the dose—response curves.

Drug Discrimination. The drug discrimination study was
conducted using male Sprague—Dawley rats according to the
procedure described elsewhere.>® Rats were trained to dis-
criminate 10 mg/kg ip cocaine from saline. All drugs were
administered ip in a volume of 1 mL/kg 10 min prior to the
testing. The response rate on both keys and the percent cocaine
lever-appropriate responding were calculated for each rat. The
response rates following a given test drug injection were
presented as the percent of its corresponding vehicle control
response rates.
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