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Monoamine Transporter Binding, Locomotor Activity, and Drug Discrimination
Properties of 3-(4-Substituted-phenyl)tropane-2-carboxylic Acid Methyl Ester

Isomers

F. Ivy Carroll,*" Scott P. Runyon,’ Philip Abraham,” Hernan Navarro,” Michael J. Kuhar,*

Gerald T. Pollard,’ and James L. Howard$

Chemistry and Life Sciences, and Howard Associates, MCB/HLB Complex, Research Triangle Institute,
Research Triangle Park, North Carolina 27709, Yerkes National Primate Center of Emory University,

954 Gatewood Road NE, Atlanta, Georgia 30329

Received July 9, 2004

The monoamine transporter binding properties, gross behavior, and locomotor activity effects
in mice and drug discrimination results in cocaine-trained rats of the 2(,353-, 24,3a-, 20,30-,
and 2a,30-isomers of several 3-(4-substituted-phenyl)tropane carboxylic acid methyl esters were
compared (2a—f, 3a—f, 4a—f, and 5b,c). The 23,35-isomer showed the highest affinity for the
dopamine transporter (DAT), and the 2/3,3a-isomer showed the next highest affinity. The order
of potency for the 2(,33-isomer is 4'-chloro (2¢) = 4'-iodo (2e) > 4'-bromo (2d) = 4'-methyl (2f)
> 4'-fluoro (2b) > 4'-hydrogen (2a). In the case of the 25,3a-isomer, the order of affinity was
4'-bromo (3d) > 4'-iodo (3e) = 4'- chloro (3¢) > 4'-methyl (3f) > 4'-fluoro (83b) > 4'-hydrogen
(3a). The 4'-hydrogen, 4'-fluoro, and 4'-methyl 2a,35-isomers, 4a, 4b, and 4f, had the lowest
affinity for the DAT. While most of the compounds showed their highest affinity at the DAT,
none were selective relative to the other two monoamine transporters. In general, the 20,3a-
and 2a,33-isomers were more toxic (death and convulsions) than the 2(3,33- and 23,3a-isomers.
With the exception of the 2a,3a-isomers, all compounds produced the locomotor activity
stimulation typical of dopaminergic drugs. The EDj5¢ ranges for the 23,34- (2a—f), 23,3a- (3a—
f), and 2a,33-isomers (4a—f) in the locomotor assay were 0.1—1.2, 6.6—21.8, and 2.4—11.7 mg/
kg, respectively. With the exception of the 2a,3a-isomer, all compounds generalized to cocaine.
The 23,33-isomers were at least 10-fold more potent than cocaine and the other three sets of

isomers in this test.

Introduction

Cocaine (1) is a potent stimulant with strong reinforc-
ing effects. Cocaine blocks the reuptake of dopamine
(DA), serotonin (5-HT), and norepinephrine (NE). It also
exerts effects on the cholinergic, muscarinic, and o
receptors and sodium channels.}? It was hypothesized
that the dopamine transporter (DAT) was the key target
in cocaine’s reinforcing effects.® Over the last several
years, substantial animal data have accumulated that
support this hypothesis.14? Significant effort was also
directed toward defining structure—activity relationship
(SAR) studies to characterize the cocaine binding site
on the DAT and potentially lead to compounds useful
for the various animal behavioral studies.*™® Since
cocaine (1) was the drug of interest, we started our SAR
efforts by studying cocaine analogues. The cocaine
structure has four sites of asymmetry, although there
are only eight possible isomers. We found that only
natural cocaine has appreciable affinity for the DAT,
the other seven isomers were 60—600 times weaker.?
After completing these studies, we turned our attention
to the 3-phenyltropane class of monoamine uptake
inhibitors.1%11 This class was both more potent in in
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vitro and in vivo studies and more chemically and
metabolically stable.12 Our laboratory, as well as others,
have reported the syntheses and biological evaluations
of a number of analogues from this class (for recent
reviews see refs 6, 7, and 12).

Like cocaine, the 33-phenyltropane-23-carboxylic acid
methyl ester (WIN 35,065—2, 2a) has four sites of
asymmetry but only eight possible isomers. The other
diastereoisomers are the 25,30-, 2a,36-, and 2a,30-
isomers (3a, 4a, and 5a, respectively). By far the most
studied isomers have been the 23,33-compounds.56.12
Somewhat surprisingly, the only compound reported to
receive clinical evaluation from the 3-phenyltropane
class was the 2a,33-compound brasofensine (6).1314 This
compound was also reported to be less potent than its
2p,3p-isomer but was chosen for development due to its
better toxicological profile.1®> Since much effort from our
laboratory as well as others has been devoted to the
development of 2(3,33-phenyltropane analogues as po-
tential treatment pharmacotherapies for cocaine abuse,
it is important to gain information about the relative
potencies and animal behavioral profiles of the 3-phen-
yltropane class. To do this, the monoamine transporter
binding properties, gross effects, and behavioral phar-
macological profiles of WIN 35,065—2 and its 2a,30-,
24,30-, and 2a,3a-isomers as well as the similar isomers
of several 4-substituted analogues (see structures 2a—
f, 3a—f, 4a—f, and 5b,c) were compared.
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Chemistry

The synthesis of several compounds listed in Table 1
has been previously described. Compounds 2a,11:16 2b,11
2¢,16 24,16 2e,16 2f,16 3b 17 3¢,17 3e,17 3f,17 4a,!! 4b,1!
4c,'® 4e,19 and 4118 were prepared according to literature
methods. Conversion of (1R)-3a-(4-substituted phenyl)-
23-(3-methyl-[1,2,4]oxadiazole-5-yl)tropanes 7a and 7b?°
to the desired tropanes 3a and 3d was accomplished
using nickel boride in methanol (Scheme 1). Isomeriza-
tion of (1R)-33-(4-bromophenyl)tropane-23-carboxylic
acid methyl ester (2d) with sodium methoxide in
methanol at reflux provided 4d. The 2a,3a-tropanes 5b
and 5¢ were prepared by catalytic hydrogenation of
(1R)-3-(4-chlorophenyl)trop-2-ene-2-carboxylic acid meth-
yl ester (8a) and (1R)-3-(4-methylphenyl)trop-2-ene-2-
carboxylic acid methyl ester (8b)2! over Raney nickel
in methanol, respectively (Scheme 2).

Biology

The binding affinities of the target compounds 2a—f,
3a—f, 4a—f, and 5b,c along with reference compound
cocaine, at the DAT, serotonin transporter (5-HTT), and
norepinephrine transporter (NET) were determined via
competition binding assays using the previously re-
ported procedures.?’ The results are listed in Table 1.
Some of the data was taken from previous reports.?2 The
final concentration of radioligands in the assays was 0.5
nM [FH]WIN 35,428 for the DAT, 0.2 nM [*H]paroxetine
for the 5-HTT, and 1.0 nM [®H]nisoxetine for the NET.

The behavioral pharmacology was done with the
previously reported procedures.® Behaviorally relevant
doses for 2a—f, 3a—f, 4a—f, and 5b,c were determined
by observation of gross behavior in mice given 1, 10, and
100 mg/kg (Table 2). Stimulant and/or depressant effects
on locomotor activity were determined in mice (Table
3). Generalization with the cocaine cue was determined
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Scheme 1¢

¢ Reagents and Conditions: (a) Nickel boride, MeOH.

Scheme 2¢

CH CH
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_.CO,CH;

@ Reagents and Conditions: (a) Raney nickel, Hg, 50 psi, MeOH.

by lever choice in a drug discrimination task in rats.
Table 4 shows the percent of rats choosing the cocaine
lever at various doses of compounds, along with EDj5
values.

Results and Discussion

With the goal of separating the stimulant and local
anesthetic effects of cocaine from its toxicity and de-
pendence liability, Clarke and co-workers!01! synthe-
sized and determined the biological properties of a few
3-(substituted-phenyl)tropane-2-carboxylic acid methyl
esters. The 24,38-compounds WIN 35,065—2 (2a) and
WIN 35,428 (2b) were reported to be 5—60-fold more
potent than cocaine in behavioral studies, including
locomotor activity, and in preventing or reversing re-
serpine-induced eyelid ptosis in mice. The analogous
20,3p-isomer, 4b, was reported to be inactive in the
locomotor screen. Numerous subsequent studies from
our laboratory, as well as others, obtained similar
results for many other 3f-(4-substituted-phenyl)tro-
pane-2(-carboxylic acid methyl esters (see refs 6, 7, and
12 for reviews). In contrast, only a few studies on the
in vitro and in vivo activity of other isomers have been
reported. Reith et al.23 reported that the 20,38-isomer,
4a, was much less potent than the 2(,3(-isomer, 2a, in
DA and 5-HT uptake using striatum or rat cortex. Ritz
et al.2* reported that 4a had lower affinity than 2a at
the rat brain DAT, 5-HTT, and NET, and Madras et
al.? found that 4a was much less potent than 2a in DAT
binding using cynomologus monkey caudate putamem.
The 2(,33-isomer, 2e, was found to be more potent than
the 2a,3(-isomer, 4e, in binding to the DAT, 5-HTT, and
NET.1%26 In preliminary studies, we found that the
2f3,3a-isomer of 3-(substituted-phenyl)tropane-23-car-
boxylic acid methyl esters in some cases was more
selective for binding to the DAT relative to the 5-HTT
and NET with only slightly lower DAT affinity than the
203,3-isomer.1"-27 Others have reported similar find-
ings.28



Methyl 3-(4-Substituted-phenyl)tropane-2-carboxylates

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 25 6403

Table 1. Monoamine Transporter Binding Properties of 3-(4-Substituted-phenyl)tropane-2-carboxylic Acid Methyl Esters

CHax.

N,
CO,CH;,
X
IC50, nM (Ki, nM)
compd X isomer DAT¢ NET¢ 5-HTT¢
cocaine 89.1 3300 1050
(1990) (45)
2a® H 28,38 23+ 5 920 + 70 1960 + 61
(550 + 44) (178 + 5.5)
2b? F 28,35 13.9+2.0 835 + 45 692 + 27
(503 £+ 27) (63 +2.5)
2c¢¢ Cl 28,35 1.1+0.1 37+21 445+ 1.3
(22 +1.3) (4.0 £0.12)
2de Br 28,38 1.7+0.2 374+5.2 10.6 + 0.24
(23 +£3.1) (0.96 + 0.02)
2e I 28,38 1.3 £0.01 36 +2.7 4.21 +0.30
(22 +1.6) (0.38 + 0.03)
2f¢ CH3; 28,35 1.7+0.3 60 + 0.53 240 + 27
(36 +£0.32) (23 +2.5)
3a H 243,30 101 + 16 541 + 69 5700 + 720
(271 + 34) (518 4+ 66)
3bb F 2/,3a 21.0+ 0.5 1200 + 90 5060 + 490
(741 £ 55) (460 + 44)
3c Cl 2f,3a 3.1+0.6 5.14 + 1.08 53 +£3 (4.8 £ 0.26)
(3.1 £ 0.60)
3d Br 24,3a 1.7+ 04 32.4 + 3.5 84 + 135
(16.2 +1.7) (20.6 + 3.3)
3e I 25,3a 2.9+0.2 52.4+4.9 64.9 + 1.97
(32 £ 3.0) (5.9 +£0.18)
3f CHj; 25,3a 10.2+0.8 270 + 24 4250 + 420
(160 + 14) (390 + 38)
4a H 20,3 670 + 90 >10000 >10000
4b F 20,33 325 + 8 7200 + 810 >10000
(4340 + 480)
4c Cl 20,3 25.0+5 444 + 29 1450 + 160
(222 + 15) (356 + 40)
4d Br 20,33 15.7+ 0.9 272 + 25 570 + 80
(136 + 15) (140 + 20)
4e I 20,33 22.7+0.9 760 + 49 66.3 + 1.8
(458 + 30) (6.0 £0.16)
4f CH3; 20,3 207 + 21 2230 + 380 >10000)
(1120 £+ 190)
5b Cl 20,30 11.7+ 4.2 559 + 27 1800 + 210
(280 + 13) (441 4+ 52)
5¢ CHj; 20,30 234+4.2 3850 + 1270 >2000

(1930 £ 630)

@ Data taken from ref 16. ® Data taken from ref 17. ¢ DAT, [BH]WIN 35,428; NET, [*H]nisoxetine; 5-HTT, [3H]paroxetine.

Brasofensine (6), which has the 2a,35-stereochemis-
try, was reported to be less potent than its 2/3,33-isomers
in both DAT in vitro and in vivo binding assays.1%29
Nevertheless, brasofensine (6) is reported to show
excellent efficacy, with a favorable adverse effect profile
after oral administration in relevant animal models of
Parkinson’s disease.!’® In addition, a clinical study
designed to investigate the safety of brasofensine in
patients with Parkinson’s disease receiving levodopa/
carbidopa treatment indicated that no serious adverse
effects were experienced at doses of 0.5—4.0 mg/d.13:14

In this study, we compared the monoamine trans-
porter binding properties of the 2(,343-, 25,3a-, 20,3(-,
and 2a,30-isomers of several 3-(4-substituted-phenyl)-
tropane-2-carboxylic acid methyl esters. The results are
listed in Table 1. The 24,3(-isomers (2a—f) showed the
highest affinity (IC50 = 1.1—23 nM) for the DAT. The
4'-hydrogen, 4'-fluoro, and 4'-methyl 2a,35-isomers, 4a,
4b, and 4f, possessed the lowest affinity for the DAT.
None of the compounds evaluated showed selectivity for
one transporter over the other two transporters. The

order of potency at the DAT for the 2/,3(-isomers is 4'-
chloro (2¢) = 4'-iodo (2e) > 4'-bromo (2d) = 4'-methyl
(2f) > 4'-fluoro (2b), > 4'-hydrogen (2a). The 2(,3a-
isomer showed a somewhat different order of potency.
In this case, the 4'-bromo (8d) > 4'-iodo (3e) = 4'-chloro
(3c¢) > 4'-methyl (3f) > 4'-fluoro (3b) > 4'-hydrogen (3a).
The order of potency for the 2a,35-isomers at the DAT
was more like the 23,30-isomers. In this case, the order
of potency was 4'-bromo (4d) > 4'-iodo (4e) > 4'-chloro
(4c) > 4'-methyl (4f) > 4'-fluoro (4b) > 4'-hydrogen (4a).
In the case of the 2a,3a-isomer, the 4'-chloro (5b) was
more potent at the DAT than the 4'-methyl (5¢) ana-
logue.

With the exception of the 4'-bromo and 4'-iodo-2/,3-
isomers (2d—e) and the 4'-iodo 2a,35-isomer (4e), which
showed their highest K; values for the 5-HTT, all other
compounds showed their highest affinity at the DAT.
Only the 2a,33-isomers 4a, 4b, and 4f, which have a
4'-hydrogen, 4'-fluoro, and 4'-methyl group, respectively,
and the 4'-hydrogen 23,30-isomer 3a have lower affinity
than cocaine at the DAT.
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Table 2. Gross Signs® over 4 h for Compounds 2a—f, 3a—f,
4a—f, and 5b,c in Mice (ip)

compd 1 mg/kg 10 mg/kg 100 mg/kg
cocaine HA C,Sy,HA

2a Sy,HA Sy,HA,Cc C,Sy,ST

2b Sy(sl),HA(sl)  Sy,HA C,Sy,ST

2¢ Sy,HA,Cc Sy Sy, HL,ST

2d Sy,HA Sy,Cc Sy,Cc

2e Sy,HA,Cc Sy,HA(sD),Cc  D,Sy,HA(s]),HL
2f Sy Sy

3a Sy,HA(sD) Sy,HA,Cc

3b Sy.HA(sD),Cec  Sy,HA,Cc

3c HA Sy,Cc,Sn

3d Sn Sy,HA Sy,Cc

3e HA(s])

3f HA(s]D) Sy,HA,Cc

4a C,Cc,Sn,HL,T,A
4b Sy(s]) C,Sy,Ho,Cec,T
4c Sn D,C,Sy,Cc,T,A,ST
4d Sy,Ho,P D,C,Sy,Ho,Cc,P,ST
4e Sy(sD) D,C,Sy HL,T,ST
4f Sn(sl) C,Ho,Cc,HL,A
5b D,C,Ho,FBP

5¢ D,C,HL,P,FBP

@ A, ataxia; C, convulsions; Cc, circling; D, death; EG, excessive
grooming; FBP, flattened body posture; HA, hyperactivity; HL,
hind limb splay; Ho, hypoactivity; MR, muscle relaxation; P, ptosis;
(sD), slight or intermittent; Sn, stimulation; ST, Straub tail; Sy,
stereotypy; T, tremor.

The gross observation and locomotor activity results
in mice and the drug discrimination results in cocaine-
trained rats for compounds 2a—f, 3a—f, 4a—f, and 5b,c
and cocaine are shown in Tables 2—4. In addition to
providing dosing guidance for the locomotor activity
studies, gross observation (Table 2) allowed an overall
determination of the effects on mice at three doses, with
two mice per dose. At 1 mg/kg, the 24,33-isomers 2a—e
produced stereotypy and hyperactivity; 2c and 2e also
caused circling. The only non-2(,33-compound to cause
any effect at 1 mg/kg was the 23,3a-4'-bromo isomer 3d,
which produced signs of stimulation/agitation. At 10 mg/
kg, all 23,38-compounds (2a—f) caused stereotypy.
Stereotypy was also seen with compounds 3a, 3b, 3d,
4b, 4d, and 4e. Hyperactivity was seen with compounds
2a, 2b, 2e, 3a—d, 3f, and cocaine. The lack of hyper-
activity with the 2a,38-isomers 4c¢, 4d, and 4f was
probably due to the rapid onset of intense stereotypy.
Circling behavior was seen with 2a, 2d, 2e, and 3b.
Some stimulation was seen with compounds 4¢ and 4f.
Compound 4d caused hypoactivity and ptosis before the
onset of stereotypy. At 100 mg/kg, deaths occurred
following 2e, 4c—e, and 5b,c. Convulsions occurred
following cocaine, 2a, 2b, 4a—f, and 5b,c. Stereotypy
was seen with all compounds except 3e, 4a, 4f, 5b, and
5c. Cocaine, 2e, 3a, 3b, 3e, and 3f caused hyperactivity
and 4b, 4d, 4f, and 5b hypoactivity. Compound 2d and
all the 23,3a- and 2a,33-compounds caused circling
behavior except 3e and 4e, 2a—c. Compounds 4c—e
produced Straub tail. A variety of other gross signs such
as ptosis, hind limbs play, tremor, and ataxia were seen
almost exclusively with the 2a-compounds. The 2a,3a-
compounds caused a flattened body posture. In sum-
mary, the 26,38-compounds were potent stimulants (1
mg/kg) with at least a 100-fold spread between stimula-
tion and other symptoms. The 23,30-compounds were
stimulants at 10 mg/kg and only stimulation was seen
at a 10-fold higher dose. The 20,33-compounds were
stimulants at 10 mg/kg, but a host of other symptoms
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occurred at 100 mg/kg. The 2a,3a-compounds were not
stimulants and caused symptoms at 100 mg/kg.

Table 3 shows locomotor activity as percent change
from vehicle in mice in 1-h bins over 4 h. Cocaine
produced its greatest stimulation in hour 1; in hours 2
and 3 only the 100 mg/kg dose caused significant
stimulation. There were no significant effects in hour
4. Three of the six 24,33-compounds, 2a, 2b, and 2f,
caused their greatest stimulation in hour 1. Compound
2c¢ produced its greatest effect in hour 3 and 2d and 2e
in hour 4. All of the 24,38-compounds had a longer
duration of action than cocaine, with at least one dose
producing significant stimulation in hour 4. Four of the
six 2f,30-compounds, 3a—c and 3f, had their greatest
effect in hour 1 and the other two, 3d and 3e, in hour
3. In general, the duration of locomotor stimulation was
less than that produced by the 23,33-compounds. Three
of the six compounds, 3a, 3¢, and 3d, had significant
increases in hour 4; however, 3e and 3f, like cocaine,
had a significant increase in hour 3. Compound 3b
produced significant increases only through hour 2. Of
the 20a,36-compounds only 4a produced its greatest
effect in hour 1. Compounds 4b—e had their greatest
effect in hour 3. Compound 4f had its greatest effect in
hour 4, but no dose produced a significant increase. In
general, the 2a,35-compounds seemed to have a slower
onset (among the six compounds, only two, 4a and 4c,
had a significant effect in hour 1) and a short duration
of action (only two, 4c and 4e, had a significant effect
in hour 4). The 2a,3a-compounds did not cause signifi-
cant increases in activity at any time point.

The EDsps for the hour of peak effect show the 23,3/3-
compounds to be very potent with values ranging from
0.1 to 1.2 mg/kg. The EDj5ps for the 243,30-compounds
were 6.6—21.8 mg/kg, and for the 2a,33-compounds,
2.4—11.7 mg/kg (but 4f did not have an ED5¢); thus, they
were approximately equipotent and at least 10-fold
weaker than the 2(,33-compounds. The compounds can
also be examined for their effects during the first hour
after administration, where cocaine exerts its peak
effect. Five of the six 23,33-compounds produced greater
effects than cocaine during hour 1, with ratios ranging
from 1.6 to 4.4. Compound 2d actually produced less
activity stimulation than cocaine, with a ratio of 0.8;
however, the rapid onset of intense stereotypy probably
artificially lowered this ratio. The 24,3a-compounds
produced equivalent or greater activity than cocaine in
hour 1, with ratios ranging from 1 to 2.6. The 2a,33-
compounds 4a—f produced less stimulation in hour 1
than cocaine, with ratios ranging from 0.1 to 0.7. The
20,3a-compounds were almost without effect in hour 1,
with ratios of 0.0 and 0.2.

Table 4 shows effects in rats trained to discriminate
cocaine. All compounds produced greater than 80%
generalization to cocaine except the 2a,30-compounds
5b,c, which showed a complete lack of generalization.
Again the 24,38-compounds were potent, with EDsos
ranging from 0.13 to 0.34 mg/kg. The 2(,3a-compounds
were somewhat weaker than cocaine, with ED5os rang-
ing from 2.55 to 7.73 mg/kg. The 2a,35-compounds had
EDs5os ranging from 4.07 to 13.51 mg/kg. Thus, again
the 24,34-compounds were at least 10-fold more potent
than cocaine and their 24,3a-, 20,3(-, and 20,3a-tropane
isomers.



Methyl 3-(4-Substituted-phenyl)tropane-2-carboxylates Journal of Medicinal Chemistry, 2004, Vol. 47, No. 25 6405

Table 3. Locomotor Activity in Mice (ip) over 4 h for Compounds 2a—f, 3a—f, 4a—f, and 5b,c

dose, ED5¢ += SEM in ratio to cocaine
compd mg/kg hour 1 hour 2 hour 3 hour 4 peak hour, mg/kg for hour 1
cocaine 3 +27 +14 —-17 -9 10.0 + 3.0
10 +127¢ +24 +10 —21
30 +341¢ +100 -10 +16
100 +269¢ +391¢ +255¢ +91
2a 0.3 +44 +56 +24 +62 1.2+ 1.5 2.7
1 +253¢ +192 +102 +151
3 +660° +506¢ +276 +199
10 +904¢ +1080° +964¢ +190¢
2b 0.3 +5 -33 —66 —47 0.7+29 1.9
1 +333¢ +232¢ +28 —29
3 +633¢ +558¢ +199¢ +140
10 +330¢ +220¢ +594¢ +739¢
2¢ 0.1 —26 +53 +91 +17 0.2+4.6 1.9
0.3 +462¢ +1426¢ +1201¢ +235
1 +645¢ +958¢ +1892¢ +15079
3 +416° —36 +589 +1643
2d 0.03 -30 -39 +9 —43 0.1+24 0.8
0.1 -38 +29 +81 +116
0.3 +259¢ +598¢ +869¢ +834¢
1 +258¢ +35 +302 +656¢
2e 0.1 -12 +38 —25 +62 0.4 +3.9 4.4
0.3 +415 +1765% +1289¢ +900¢
1 +1489¢ +1721¢ +2099¢ +25462
3 +770 +145 +327 +794¢
2f 0.3 +19 -3 -61 —28 0.6 +2.9 1.6
1 +305¢ +298¢ +41 -4
3 +533¢ +460° +157 +30
10 +283¢ +476° +343¢ +273¢
3a 3 -30 -39 -35 +12 21.8+1.6 1.0
10 +43 +6 -13 +6
30 +161¢ +17 +47 +97
100 +338¢ +191¢ +234¢ +390¢
3b 3 +26 —23 +16 —41 156 +14 1.7
10 +137 +105 +146 +58
30 +362¢ +187¢ +215 +66
100 +575¢ +340¢ +194 +73
3c 3 +49 +64 +135 +38 9.1+26 2.6
10 +340¢ +322 +373 +11
30 +868¢ +1127¢ +1002¢ +158
100 +487¢ +217 +1065¢ +598¢
3d 1 +35 —26 —56 -12 6.6 £ 1.7 1.5
3 +60 +88 +100 +109
10 +353¢ +457¢ +686¢ +781¢
30 +518¢ +861¢ +1275¢ +883¢
3e 3 +14 =72 +64 —42 7.7+1.9 1.0
10 +210 +100 +457 +49
30 +308¢ +121 +391 +25
100 +328¢ +168 +692¢ +124
3f 3 +28 +29 -6 —41 147+ 14 2.5
10 +294¢ +149 +108 +22
30 +482¢ +147 +5 —66
100 +843¢ +436¢ +263¢ +18
4a 1 +9 +35 +12 -60 11.7+22 0.4
3 -14 —20 -9 —50
10 +35 +16 —16 —27
30 +138¢ +122 +69 +12
4b 1 —-10 +5 +52 +28 24+14 0.2
3 +15 +58 +120 +19
10 +58 +107 +260° +196
30 +24 +207¢ +298¢ +127
4c 1 +15 +50 +83 +62 43+25 0.7
3 +68 +188 +92 +15
10 +248 +1003¢ +1275¢ +667
30 +154 +493 +911¢ +794¢
4d 1 +9 +26 +56 -5 10.0 +1.9 0.1
3 +19 +123 +100 +29
10 +49 +268 +267 +74
30 -33 +640¢ +901¢ +373
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Table 3. Locomotor Activity in Mice (ip) over 4 h for Compounds 2a—f, 3a—f, 4a—f, and 5b,c

dose, ED5p = SEM in ratio to cocaine
compd mg/kg hour 1 hour 2 hour 3 hour 4 peak hour, mg/kg for hour 1
4e 1 0 +44 +99 +41 99+26 0.1
3 +19 +17 +96 +13
10 +17 +49 +85 +40
30 +7 +150¢ +268¢ +255¢
4f 1 —42 —76 +39 —68 no 0.1
3 +20 +10 -1 +39 significant
10 +24 -11 +6 +55 stimulation
30 —23 +7 +17 +42
5b 1 +6 +182 +154 +45 no 0.2
3 +16 +128 +107 +69 significant
10 +51 +169 +114 +41 stimulation
30 —46 —-27 +125 —27
5¢ 1 -15 +110 +118 —51 no 0.0
3 +6 +132 +47 +56 significant
10 +8 +96 +120 —36 stimulation
30 =57 —36 +178 -35

@ Different from vehicle by Newman—Kuels following one—way analysis of variance, p < 0.05. Boxes indicate hour of peak activity.

Table 4. Drug Discrimination Effects of Compounds 2a—f, 3a—f, 4a—f, and 5b,c in Rats (ip)

percent of rats choosing the cocaine lever at the dose (mg/kg) specified

compd 0.1 0.17 0.3 0.56 1 1.7 3 5.6 10 17 30 EDso, mg/kg
cocaine 21 32 59 82 97 2.44
2a 14 36 88 100 0.34
2b 0 57 86 100 0.29
2c 50 44 100 0.13
2d 14 50 100 0.17
2e 22 25 100 0.20
2f 0 25 57 71 86 0.31
3a 13 100 100 3.19
3b 0 29 38 86 5.66
3c 25 25 67 67 100 2.55
3d 13 13 50 88 2.98
3e 0 14 43 44 86 4.72
3f 0 14 29 43 43 75 100 7.73
4a 29 67 100 7.66
4b 0 33 57 100 8.01
4c 13 88 67¢ 4.07
4d 25 17 86 7.29
4e 0 14 80 13.51
4f 13 43 71 71 100« 7.11
5b 13 0 13 130

5¢ 13 0 13 0°

@ Because some of the rats in the group did not make a lever choice, the value represents the percent of rats that made a choice.
b Dose—effect curve terminated because of severe toxicity at higher doses.

In summary, with few exceptions (2d, 2e, and 4e) the
isomers had greater affinity at the DAT than at the
5-HTT and NET transporters. The potency of the 2(,3(-
isomers for the DAT was slightly greater than that of
the 24,3a-isomers, which were considerably more potent
than the 2a,35- and 20,30-isomers. The 23,33-isomers
were also much more potent in the locomotor activity
and cocaine discrimination assays than the 2/,3a- and
20,3p3-isomers. The 20,30-isomers did not show either
locomotor or cocaine discrimination activity. It is par-
ticularly important to note that 2a,33-4'-chloro, -bromo,
and -iodo isomers (4dc—e) and the 20,30-4'-chloro and
-methyl (5b,c) isomers produced death at 100 mg/kg.
In contrast, none of the 24,3a-isomers and only the 4'-
iodo isomer 2e produced death at 100 mg/kg.

Thus, the higher affinity for monoamine transporter
binding and greater potency and duration of action in
the locomotor activity and drug discrimination assays,
as well as lower toxicity as judged by observed gross

effects, suggest that the 23,36- and 23,3a-isomers are
more likely to be candidates for pharmacotherapies to
treat cocaine abuse, Parkinson’s disease, and other
central nervous system disorders than the 2a,343- and
2a,30-isomers.

Experimental Section

Nuclear magnetic resonance (‘*H NMR) and ¥C NMR
spectra were recorded on either a 250 MHz (Bruker AM-250)
or a 300 MHz (Bruker AVANCE 300) spectrometer. Chemical
shift data for the proton resonances were reported in parts
per million (6) relative to internal (CHs)4Si (6 0.0). Optical
rotations were measured on an AutoPol III polarimeter,
purchased from Rudolf Research. Elemental analyses were
performed by Atlantic Microlab, Norcross, GA. Analytical thin-
layer chromatography (TLC) was carried out on plates pre-
coated with silica gel GHLF (250 um thickness). TLC visual-
ization was accomplished with a UV lamp or in an iodine
chamber. All moisture sensitive reactions were performed
under a positive pressure of nitrogen maintained by a direct
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line from a nitrogen source. THF was distilled just prior to its
use (sodium benzophenone ketyl) or was purchased.

(1R)-30o-Phenyltropane-2f-carboxylic Acid Methyl Es-
ter Tosylate (3a). Sodium borohydride (2.55 g, 67.3 mmol)
in MeOH (75 mL) was added to a solution of nickel(II) acetate
(16.75 g, 67.3 mmol) in MeOH (75 mL) at room temperature.
(1R)-30-Phenyl-23-(3-methyl-[1,2,4]oxadiazole-5-yl)tropane (7a)%
(3.80 g, 13.46 mmol) in MeOH (50 mL) was then added to the
mixture followed by concentrated HCI (5.6 mL, 67 mmol). The
black suspension was heated at reflux for 4 h, cooled to room
temperature, filtered through Celite, and concentrated under
reduced pressure. Water and ammonium hydroxide were
added, and the green suspension was extracted with Et.O (3
x 100 mL). The Et;0 extracts were combined, dried (MgSO,),
and concentrated under reduced pressure to provide an oil.
The oil was purified using medium-pressure column chroma-
tography on silica, with 50% (Et;O/TEA, 9:1), 50% (hexane),
to provide an o0il (0.77 g, 22%). The oil was dissolved in EtOAc
and 1.1 equiv of p-toluenesulfonic acid was added. The solution
was heated until the solid dissolved, the solution cooled, and
the solid precipitate was collected to provide 3a as a white
solid. Mp: 172—173 °C. [a]?’p: —31.6° (¢ 1.16, EtOH). 'TH NMR
(DMSO-ds): 6 1.90 (m, 3H), 2.19, (m, 1H), 2.24 (s, 3H), 2.26
(m, 1H), 2.42 (m, 1H), 2.66 (s, 3H), 3.25 (m, 2H), 3.52 (s, 3H),
3.85 (m, 1H), 4.09 (m, 1H), 7.08 (m, 2H), 7.31 (m, 2H), 7.42
(m, 2H), 9.38 (brs, 1H). Anal. (C33H2NSO5): C, H, N.

(1R)-30-(4-Bromophenyl)-24-(3-methyl-[1,2,4]oxadi-
azole-5-yl)tropane (7b). A 2.5 M solution of n-butyllithium
(14 mL, 35 mmol) in hexane was added at —78 °C under Ns to
1-bromo-4-iodobenzene (9.65 g, 34 mmol) in THF (250 mL).
The solution was allowed to stir for 15 min and (1R)-2-(3-
methyl-[1,2,4]oxadiazole-5-yl)trop-2-ene?® (3.5 g, 17 mmol) in
THF (25 mL) was slowly added. The reaction was then allowed
to stir for 3 h at —78 °C and a solution of TFA (4.4 mL, 57
mmol) in Et;0 (10 mL) was added in a dropwise manner. The
slurry was concentrated under reduced pressure and am-
monium hydroxide (100 mL) was added. The mixture was
extracted with CH2Cl; (3 x 100 mL), and the organic layers
were combined, dried (MgSO,), and concentrated under re-
duced pressure to provide an orange oil. The oil was purified
using medium-pressure column chromatography on silica
(Et20/TEA, 9:1) to provide a mixture of the 3a,24- and 3a,3a-
isomers (2.12 g) which were used in the next step without
further purification.

(1R)-3a-(4-Bromophenyl)tropane-2f-carboxylic Acid
Methyl Ester Tosylate (3d). Sodium borohydride (1.0 g, 27.6
mmol) in MeOH (30 mL) was added to a solution of nickel(II)
acetate (6.9 g, 27.6 mmol) in MeOH (30 mL) at room temper-
ature. A mixture of (1R)-3a-(4-bromophenyl)-23-(3-methyl-
[1,2,4]oxadiazole-5-yl)tropane (7b) and (1R)-3a-(4-bromophenyl)-
2a-(3-methyl-[1,2,4]oxadiazole-5-yl)tropane, (2.0 g, 5.5 mmol)
in MeOH (50 mL) was then added to the mixture followed by
concentrated HCI (2.4 mL, 27.6 mmol). The black suspension
was heated at reflux for 4 h, cooled to room temperature,
filtered through Celite, and concentrated under reduced pres-
sure. Water and ammonium hydroxide were added, and the
green suspension was extracted with Et;O (3 x 100 mL). The
Et20 extracts were combined, dried (MgSQO,), and concentrated
under reduced pressure to provide an oil. The oil was purified
using medium-pressure column chromatography on silica, with
75% (Et;O/TEA, 9:1), 30% (hexane), to provide an oil (0.36 g,
20%). The oil was dissolved in EtOAc and 1.1 equiv of
p-toluenesulfonic acid was added. The solution was heated
until the solid dissolved, the solution cooled, and the solid
precipitate was collected to provide 3d as a white solid. Mp:
191-192 °C. [a]??p: —40.12° (¢ 0.81, MeOH). 'H NMR (CD;-
OD): 0 2.0 (m, 2H), 2.32 (m, 3H), 2.39 (s, 3H), 2.57 (m, 1H),
2.82 (s, 3H), 3.34 (m, 2H), 3.68 (s, 3H), 3.93 (m, 1H), 4.18 (m,
1H), 7.22 (d, J = 9 Hz, 2H), 7.35 (d, J = 9 Hz, 2H), 7.49 (d, J
=9 HZ, 2H), 7.72 (d, J=9 HZ, 2H). Anal. (Cz3H28BI'NSO5)Z
C, H, N.

(1R)-3f-(4-Bromophenyl)tropane-2a-carboxylic Acid
Methyl Ester Fumarate (4d). Sodium metal (0.70 g, 30
mmol) was added in small portions to MeOH (25 mL) at 0 °C
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under Ns. (1R)-35-(4-Bromophenyl)tropane-25-carboxylic acid
methyl ester 2d'¢ (2.07 g, 6.12 mmol) was then added and the
reaction was heated at reflux for 27 h. The solution was cooled
and concentrated under reduced pressure and water was
added. The mixture was extracted with CH3Cl; (3 x 100 mL),
and the organic extracts were combined, dried (NaSO,), and
concentrated under reduced pressure to provide an oil. The
oil was purified using medium-pressure column chromatog-
raphy on silica (EtOAc/TEA/hexane, 9:1:10) to provide a white
solid (1.37 g, 66%). The solid was converted to the fumarate
salt with fumaric acid in MeOH. The mixture was heated until
all of the solid dissolved, the solution cooled, and Et:O was
added slowly until a precipitate formed. The solid precipitate
was collected and dried to provide 4d as a white powder. Mp:
152—-153 °C. [a]??p: +9.05° (¢ 0.42, MeOH). 'H NMR (D:0):
0 2.08 (m, 2H), 2.20 (m, 1H), 2.31 (m, 2H), 2.40 (m, 1H), 2.86
(s, 3H), 3.40 (m, 2H), 3.55 (s, 3H), 4.02 (m, 1H), 4.34 (m, 1H),
7.30 (d, J = 9 Hz, 2H), 7.55 (d, J = 9 Hz, 2H). Anal. (CgHgs-
BrNOg): C, H, N.

(1R)-3a-(4-Chlorophenyl)tropane-2a-carboxylic Acid
Methyl Ester tosylate (5b). (1R)-3-(4-Chlorophenyl)trop-2-
ene-2-carboxylic acid methyl ester (8a) (0.40 g, 1.37 mmol) in
anhydrous MeOH (20 mL) was added to a 100 mL Parr
hydrogenation bottle containing Raney nickel (0.40 g, washed
free from water with MeOH) in MeOH (5 mL). The suspension
was hydrogenated at 50 psi for 14 h. The suspension was
filtered through a Celite pad and the filtrate was concentrated
under reduced pressure to provide a colorless oil. The oil was
purified using medium-pressure column chromatography (CHo-
Cly/MeOH 9.5:0.5) to provide a colorless oil (0.17 g, 0.58 mmol,
42%). The oil was dissolved in EtOAc (20 mL) and p-
toluenesulfonic acid (0.10 g, 0.58 mmol) was added. The
suspension was heated until the solid dissolved and concen-
trated under reduced pressure. The semisolid residue was then
recrystallized from 2-propanol/Et;O to provide 5b as a white
solid. Mp: 189—190 °C. [0]??p: +7.8° (c 0.43, MeOH). 'TH NMR
(CD3s0OD): 6 1.6 (m, 1H), 2.15 (m, 1H), 2.30 (m, 1H), 2.32 (s,
3H), 2.48 (m, 2H), 2.65 (m, 1H), 2.85 (s, 3H), 3.60 (s, 3H), 3.61
(m, 1H), 3.83 (dd, J = 7.5, 14.5 Hz, 1H), 3.90 (m, 1H), 4.25 (m,
1H), 7.23 (d, J = 6 Hz, 2H), 7.30 (m, 4H), 7.70 (d, J = 6 Hz,
ZH). Anal. (C23H23CIN805)1 C, H, N.

(1R)-3a-(4-Methylphenyl)tropane-2a-carboxylic Acid
Methyl Ester Tosylate (5¢). (1R)-3-(4-Methylphenyltrop-2-
ene-2-carboxylic acid methyl ester (8b)?! (0.69 g, 2.53 mmol)
in anhydrous MeOH (20 mL) was added to a 100 mL Parr
hydrogenation bottle containing Raney nickel (0.69 g, washed
free from water with MeOH) in MeOH (5 mL). The suspension
was hydrogenated at 50 psi for 14 h. The suspension was
filtered through a Celite pad and the filtrate was concentrated
under reduced pressure to provide a colorless oil. The oil was
purified using medium-pressure column chromatography (CHs-
Cly/MeOH 9.5:0.5) to provide a colorless oil (0.39 g, 1.43 mmol,
55%). The oil was dissolved in EtOAc (20 mL), and p-
toluenesulfonic acid (0.28 g, 1.62 mmol) was added. The
suspension was heated until the solid dissolved and concen-
trated under reduced pressure. The semisolid residue was then
recrystallized from 2-propanol/Et;O to provide 5c¢ as a white
solid. Mp: 145—146 °C. [a]*p: +10.7° (¢ 0.59, MeOH). 'H NMR
(CDs0OD): 6 1.6 (m, 1H), 2.15 (m, 1H), 2.28 (m, 1H), 2.30 (s,
3H), 2.39 (s, 3H), 2.50 (m, 2H), 2.68 (m, 1H), 2.85 (s, 3H), 3.60
(m, 1H), 3.61 (s, 3H), 3.8 (m, 1H), 3.93 (m, 1H), 4.25 (m, 1H),
7.20 (m, 6H), 7.71 (d, J = 8 Hz, 2H). Anal. (C2sH3:NSO5): C,
H, N.

(1R)-3-(4-Chlorophenyl)trop-2-ene-2-carboxylic Acid
Methyl Ester (8a). 4-(Chlorophenyl)boronic acid (0.65 g, 4.13
mmol) was added to a suspension of LiCl (0.29 g, 6.84 mmol),
Pd(Phs)s (0.13 g, 0.08 mmol), and (1R)-3-trifluoromethane-
sulfonyloxy-trop-2-ene-2-carboxylic acid methyl ester®! (1.11
g, 3.18 mmol) in 1,2-dimethoxyethane (13 mL). The suspension
was allowed to stir for 5 min and NasCO; (2.0 M, 1.65 mL)
was added. The reaction was heated at reflux (2 h) and allowed
to cool to room temperature. Water (20 mL) and concentrated
NH,OH (25 mL) were added, and the suspension was extracted
with CHCl;3 (3 x 50 mL). The extracts were combined, dried
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(MgSO,), and concentrated under reduced pressure to provide
a brown oil. The oil was purified using medium-pressure
column chromatography on silica (petroleum ether/EtOAc/
TEA, 10:9:1) to provide a pale yellow oil (0.87 g, 94%). [a]??p:
—55.7° (¢ 0.82, CHCl3). '"H NMR (CDCl3): 6 1.62 (m, 1H), 1.95
(m, 2H), 2.18 (m, 2H), 2.45 (s, 3H), 2.75 (m, 1H), 3.31 (m, 1H),
3.49 (s, 3H), 3.83 (m, 1H), 7.03 (d, J = 8 Hz, 2H), 7.35 (d, J =
8 Hz, 2H).

Gross Observation. Subjects. Male CD-1 mice, 19—28 g,
from Charles River Laboratories, Raleigh, NC, were habitu-
ated to the Animal Research Facility for at least 5 days.

Apparatus and Procedure. Observations were made in
six clear plexiglass chambers, 4” x 6” x 4”. Compounds were
homogenized in 0.5% methyl cellulose and injected at 1, 10,
or 100 mg/kg ip in a volume of 10 mL/kg of body weight (N =
2 per dose in the same chamber). Control mice received vehicle.
Subjects were observed continuously for the first 15 min and
thereafter at 0.5, 1, 2, 4, and 24 h after injection. Gross signs
such as hyperactivity, hypoactivity, stereotypy, blepharoptosis,
seizure, and death were recorded in narrative form with
indications of presence and intensity.

Locomotor Activity. Subjects. Male CD-1 mice, 19—28
g, from Charles River Laboratories, Raleigh, NC, were habitu-
ated to the Animal Research Facility for at least 5 days.

Apparatus and Procedure. Activity was measured in 24
plexiglass chambers, 16” x 8” x 8”, each set in an array of
four photocells in a cage rack system (San Diego Instruments,
San Diego, CA). Initial doses were selected on the basis of gross
observation results, with 30 mg/kg being the upper limit,
except for cocaine and the 2f3,30-compounds, where 100 mg/
kg was the upper limit. Compounds were prepared as for gross
observation. Mice (N = 5 or 6 per dose and vehicle, with a
replication to increase the N for compounds of particular
interest or to extend the dose—effect curve) were habituated
to the activity chambers for 0.5 h and then removed individu-
ally, injected ip, and replaced. Photobeam interruptions were
recorded in 10-min bins for 4 h.

Analyses. Data were grouped into 1-h time bins and
subjected to one-way analysis of variance, with the Newman—
Kuels test applied post hoc at each time point where a main
effect of dose or a dose x time interaction was significant (p <
0.05). An ED5p was determined for the hour showing the
greatest change from control by using a sigmoidal dose—
response curve-fitting procedure (GraphPad Prism, GraphPad
Software, Inc., San Diego, CA).

Drug Discrimination. Subjects. Adult male CD albino
rats (Sprague Dawley derived) from Charles River Laborato-
ries, Raleigh, NC, were maintained one or two per cage on a
reverse light/dark cycle (lights on from 1800 to 0600) in an
animal housing room with controlled temperature (69—75 °F)
and humidity (40—70%).

Apparatus and Procedure. Training and testing were
done in 16 standard rat operant chambers inside sound-
attenuating enclosures (Coulbourn Instruments, Allentown,
PA). Each chamber was equipped with a house light, two
response levers, a food trough between the levers, and a
dispenser for 45-mg food pellets (BioServ, Frenchtown, NJ).
Programming of contingencies and data acquisition were done
by an L2T2 system (Coulbourn Instruments).

Initial Training. Subjects were deprived of food for 24 h
and given at least two 1-h sessions on an autoshaping schedule
and at least two 15-h nightly sessions on a progressive ratio
schedule.

Cocaine Discrimination Training. When subjects readily
emitted 10 lever presses for each food pellet (FR10), they were
put on daily 10-min sessions on FR10 for 5 days per week,
with access to standard lab chow postsession and on Saturday
and Sunday in sufficient quantity to maintain good health and
stable body weight. Fifteen min before each session, either
cocaine (10 mg/kg) or saline vehicle was injected ip in a volume
of 1 mI/kg of body weight. For half of the subjects, after cocaine
injection, every 10 presses on the left lever delivered a pellet
and presses on the right lever had no programmed conse-
quence; after saline injection, every 10 presses on the right
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lever delivered a pellet and presses on the left lever had no
programmed consequence. For the other half of the subjects,
this contingency was reversed. A correct lever choice for a
session was defined as earning the first pellet with 12 or fewer
presses (i.e., no more than 2 on the incorrect lever). Cocaine
(C) or saline (S) was assigned such that each was given on
two consecutive days (e.g., for the 5 days of 1 week, C—C—S—
S—C, and for the next week, C—S—S—C—C). The criterion for
stability on the discrimination was at least nine correct choices
for the first FR10 in 10 consecutive sessions. To maintain
stability, a subject had to have made the correct choice in the
most recent drug-lever-correct and the most recent saline-
lever-correct sessions.

Compound Testing for Generalization with the Co-
caine Cue. Days were assigned to cocaine, saline, and test
compound (T) in a double alternation sequence such that a T
day occurred three times every 2 weeks, with sequential T days
separated by at least 1 C and 1 S day. A compound was tested
initially at doses that produced stimulation in mouse locomotor
activity, and then a full dose—effect curve from 20% or less to
80% or greater generalization was generated. The highest dose
was that which reduced lever pressing by >50% or produced
significant side effects or 30 mg/kg, whichever was lower. The
degree of generalization was defined as the percentage of
subjects that chose the cocaine-appropriate lever. In most
cases, all doses of a compound were tested in seven or eight
subjects. Compounds were prepared as for the mouse experi-
ments and injected ip in a volume of 1 mI/kg 15 min before
the session.

Analyses. Lever choice on a test day was defined as the
first lever on which 10 presses occurred. Total presses for the
session also were recorded. Results for a compound were
tabulated as the percent of subjects choosing the cocaine lever.
Where cocaine-lever choice reached 75%, an ED5y was calcu-
lated with GraphPad Prism.
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