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A series of 38-(p-substituted phenyl)tropane-28-carboxylic acid methyl esters (2) were synthesized and found to
possess high affinity for the cocaine binding site in rat striatum. The p-chloro (2¢) and p-iodo (2n) compounds,
which were the most potent analogues prepared, were found to be 85 and 78 times more potent than (-)-cocaine.
The p-bromo (2m) and p-methyl (2d) were also 56 and 60 times more potent than cocaine. QSAR and CoMFA
studies were conducted to correlate binding affinity of the cocaine analogues with their structural features. Whereas
the QSAR study gave relatively low correlations, the COMFA study gave a correlation with high predictive value.

Several studies have shown that cocaine (1) binds to the
dopamine transporter and inhibits dopamine transport.!
In addition, drugs that are potent in self-administration
studies are also potent inhibitors of binding at the trans-
port sites for dopamine, whereas compounds that are weak
in self-administration studies are correspondingly weak
inhibitors of the binding site.! For example, Ritz and
co-workers? showed that the relative potency of several
compounds to displace [*H]mazindol binding to the
transporter from rat striatum was correlated to drug
self-administration studies in nonhuman primates. Sim-
ilarly, Spealman and co-workers found a good correlation
between displacement of [®H]cocaine binding to the
transporter and drug self-administration behavior in
squirrel monkeys.® The most potent compounds in
binding and behavioral studies reported from both in-
vestigations were 33-phenyltropane-28-carboxylic acid
methyl ester (2a, WIN-35,065-2) and 38-(p-fluoro-
phenyl)tropane-28-carboxylic acid methyl ester (2b,
WIN-35,428), the so-called “WIN compounds” reported
by Clarke and co-workers.*
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Only a limited number of cocaine analogues 2 have been
available to study the structural requirements for binding
to the dopamine transporter and for cocaine-like rein-
forcing properties. Moreover, no model has been devel-
oped to correlate the structural features and activity of the
cocaine analogues 2. As part of a research program aimed
at the identification of the key structural features of
(=)-cocaine related to its receptor binding and pharmaco-
logic activity, we have synthesized and measured the
binding affinity of several new 33-(p-substituted phe-
nyl)tropane-28-carboxylic acid methyl esters.® In order
to correlate the binding data with structural features and
to take the first step in the development of a pharmaco-
phore model for the cocaine binding site(s), we have con-
ducted classical quantitative structure—activity relationship
(QSAR) and comparative molecular field analysis (CoM-
FA) studies of the data.

tNational Institute on Drug Abuse.

Results

Chemistry. Clarke and co-workers* reported that the
addition of phenylmagnesium bromide to anhydroecgonine
methyl ester (3) at —20 °C in ethyl ether gave a 75% yield
of a 1:3 mixture of 2a and 3p-phenyltropane-2a-carboxylic
acid methyl ester (4) contaminated with a small amount
of the 28 and 2« isomers of 33-phenyl-2-benzoyltropane
(5) (see Scheme I). The mixture of 2a and 4 were sepa-
rated from 5 by distillation. Chromatography on silica gel
provided pure 2a and 4. We have repeated this reaction
and found that compound 5 was not formed if the reaction
is conducted at -40 °C using exactly 2 equiv of phenyl-
magnesium bromide. More importantly, quenching of the
reaction mixture with 2 equiv of trifluoroacetic acid at —78
°C results in a 79% yield of a 1.6:1 mixture of 2a and 4.
The pure 8- and a-isomers were separated by chroma-
tography on silica gel, eluting with a 9:1 mixture of ethyl
ether and triethylamine. Starting with the appropriate
arylmagnesium halide and using similar conditions, the
38-(p-substituted phenyl)tropane-28-carboxylic acid
methyl esters (2¢—f) and the thiophenyl analogue 2g were
obtained. The yields obtained and the properties of the
compounds are listed in Table I. The 2a-isomers were
not isolated. Compound 2f is a known compound which
was prepared in 1.2% yield by Clarke and co-workers.*6
Note that we obtained a 10% yield of 2f using the modified
procedure.

(1) Kuhar, M. J.; Ritz, M. C.; Sharkey, J. Cocaine Receptors on
Dopamine Transporters Mediate Cocaine-reinforced Behavior.
In Mechanisms of Cocaine and Toxicity; Clouet, D.; Asghar,
K.; Brown, R., Eds.; NIDA Research Monograph, 1988; pp
14-22.

(2) Ritz, M. C,; Lamb, R. J.; Goldberg, S. R.; Kuhar, M. J. Cocaine
Receptors on Dopamine Transporters Are Related to Self-ad-
ministration of Cocaine. Science 1987, 237, 1219-1223.

(3) Berman, J.; Madras, B. K.; Johnson, S. E.; Spealman, R. D.
Effects of Cocaine and Related Drugs ion Nonhuman Pri-
mates. III. Self-administration by Squirrel Monkey. J.
Pharmacol. Exp. Ther. 1989, 251, 150-155.

(4) Clarke, R. L.; Daum, S. J.; Gambino, A. J.; Aceto, M. D.; Pearl,
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F. I.; Rahman, M. A.; Philip, A.; Lewin, A. H.; Kuhar, M. J.
New, Potent Cocaine Analogs: Ligand Binding and Transport
Studies in Rat Striatum. Eur. J. Pharm. 1990, 184, 329-332.

(6) Clark and co-workers (ref 4) isolated 2f as its naphthalene-
1,5-disulfonate salt.
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Table I. 3-Substituted Tropane-2-carboxylic Acid Methyl Esters (2)
CH
a\N
‘ E CO,CH,
R
optical
rotation
compd mol yield [«)®p 'H NMR § (CH;OH-d,)
2 R formula® (%)* mp, °C (c, MeOH) NCH; OCH; H-2 H-3 other aromatics
¢  p-CICH,  CxHuCINOg05H,0 42 128 95.0(0.2)  221(s) 3.55(s) 2.93(m) 293 (m) 7.20/(m)
d  p-CHCH, CyHxNOg05H0 33 132 -1433 (0.18)  2.27 (s) 3.48 (s) 221 (8)° 7.11/(m)
e P'CFsCQH4 CgIHﬁNOS'O.SHgo 30 109-111 -77.2 (0092) 2.23 (S) 3.50 (S) 2.99 (m) 3.04 (m) 7-30, 7.55
i p-CHOCgH, CyHy.NOyH,0 11 6667 -50.0 (0.092) 2.21(s) 3.71(s) 292 (m) 3.01 (m) 3.40(s)* 6.72, 7.15
g C1sHpsNOgS 40 146 -90.0 (0.26) 221(s) 3.52(s) 2.81 (m) 8.17 (m) 6.71, 7.19

)

S

¢ All compounds are tartrate salts. ®The salts were recrystallized from a methanol and ether mixture. ¢C-CH; °Clarke and co-workers (ref 4)

reported a 1.2% yield of 2f. *OCHj.

Kline et al.” recently reported that the nitration of 2a
using nitric acid gave the nitro compound 2h along with
a dinitro analogue. These authors also reported that
catalytic reduction of 2h using PtO, gave 2i. The nitro
analogue 2h was isolated as the free base, the amino com-
pound 2i as the dihydrobromide salt. We found that ni-
tration of 2a under milder conditions with nitronium
tetrafluoroborate in acetonitrile gave only the p-nitro
analogue 2h (Scheme II). Catalytic reduction of 2h using
Raney nickel catalyst yielded the p-amino analogue 2i.
Compounds 2h and 2i were characterized as their mono-
and dihydrochloride salts. Acylation of 2i with ethyl
chloroformate, acetic anhydride, or propionic anhydride
gave 2j-1, respectively. Diazotization of 2i followed by
treatment with cuprous bromide, methylene iodide, or
sodium azide gave 2m-o, respectively.

Biological. Table I summarizes the ICg, and log 1/ICq,
values for cocaine and 15 cocaine analogues for their ability
to inhibit [3H]-2b%8 binding to rat striatal membranes.
With the exception of two compounds (2g and 2j), all
cocaine analogues had lower IC;y’s than cocaine. Moreover,
eight of the analogues (2¢-f, 2h, and 2m-o0) were more
potent than 2b, the most potent compound reported before
this study. The p-chloro and p-iodo analogues 2¢ and 2n,
respectively, which are 85 and 78 times more potent than

(7) Kline, R. H., Jr.; Wright, J.; Fox, K. M.; Eldefrawi, M. E.
Synthesis of 3-Arylecgonine Analogues as Inhibitors of Cocaine
Binding and Dopamine Uptake. J. Med. Chem. 1990, 33,
2024-2027.

Madras, B. K.; Spealman, R. D.; Fahey, M. A.; Neumeyer, J.
L.; Saha, J. K.; Milius, R. A. Cocaine Receptors labeled by
[*H]28-Carbomethoxy(4-fluorophenyl)tropane. Mol. Pharma-
col. 1989, 36, 518-524.

(8)
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cocaine in inhibiting [*H]-2b binding were the most potent
analogues from this study. In addition, the p-bromo and
p-methyl analogues 2m and 2d, respectively, were 56 and
60 times more potent than cocaine.

QSAR and CoMFA. Using conventional QSAR anal-
ysis,? ! the correlation between the binding affinity at the
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Table II. Potencies of Cocaine and Related Compounds in
Inhibiting Binding of 0.5 nM [H]-2b*

CH
G\N
CO,CH,
X
ICy
compound X (nM, mean + SE) log 1/ICy,
(-)-cocaine - 102 @ 12 -
2a H 23.0 £ 5.0 -1.36
2b F 157+ 14 -1.20
2¢ Cl 1.17 £ 0.10 -0.0682
2d CH, 1714030  -0.233
2e CF, 131 @22 -1.12
of CH,0 814 + 1.3 -0.911
2g b 257 @ 19 -
2h NO, 10.1 @ 0,10 -1.00
2 NH, 248 £ 1.3 -1.40
2 C,H,O0CONH 316 % 48 -2.50
2k CH,CONH 64.2 £ 2.6 -1.81
21 C,H;CONH 68.0 + 2.7 -1.83
2m Br 1.81 £ 0.30 -0.258
2n I 1.26 + 0.04 -0.100
20 Ny 212+£0.1 -0.326

¢ All values are the mean of four to five experiments performed
in triplicate. °38-(2-Thiopheneyl)tropane-28-carboxylic acid
methyl ester.

cocaine receptor and the physicochemical parameters of
cocaine analogues as descriptors was determined by a
partial least square (PLS) method in the SYBYL QSAR
module.!? PLS is a new regression technique!® to solve
the linear expression and produces results identical to
multiple regression when applied to the same data set. The
information from the PLS regression is directly comparable
to the CoMFA (to be discussed later).

The molecular refractivity MR used as a steric index of
the substituent and the Verloop Stermol multidimensional
parameters were taken from the literature.!%1115 The
hydrophobic parameter = of Hansch was also taken from
the literature!! or calculated from CLOGP and CMR.4
Electronic effects of substituents were determined by using
Hammett parameter o, field (F), and resonance (R) pa-
rameters.!%1! Twelve of the compounds shown in Table
II (all compounds except 2f, 2g, and 20) were subjected
to a PLS regression using the physicochemical parameters
above. The selected analogues span a binding affinity
range of 2.4 log units. Compound 2¢ (log 1/IC;, = —0.068)
was the most potent, and compound 2j (log 1/IC;, = —2.50)
was the least potent. Recognizing that too many combi-
nations of descriptor variables with this small data set
would run a high risk of error in terms of significant cor-

(9) Hansch, C.; Steward, A. R.; Anderson, S. M.; Bentley, D. The
Parabolic Dependence of Drug Action upon Lipophilic Char-
acter as Revealed by a Study of Hypnotics. J. Med. Chem.
1968, 71, 1-11.

(10) Hansch, C.; Leo, A.; Unger, S. H.; Kim, K. H.; Nikaitani, D.;
Lien, E. J. “Aromatic” Substituent Constants for Structure—
Activity Correlations. J. Med. Chem. 1973, 16, 1207-1222.

(11) Hansch, C.; Leo, A. J. Substituent Constants for Correlation
Analysis in Chemistry and Biology; Wiley Interscience: New
York, 1979.

(12) Tripos Associates, Inc., St. Louis, MO, SYBYL versions 5.31
and 5.4.

(13) Lindberg, W.; Persson, J.-A.; Wold, S. Partial Least-squares
Method for Spectroflurimetric Analysis of Mixtures of Humic
Acid and Ligninsulfonate. Anal. Chem. 1983, 55, 643—648.

(14) Med. Chem. Project, Pomona College, Claremont, CA.

(15) Verloop, A.; Hoogenstraaten, W.; Tipker, J. Drug Design; Ar-
iens, E. J., Ed.; Academic Press: New York, 1976; Vol. III.
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relation coefficient, only correlations derived from a small
number of variables were considered. Using this criterion,
the PLS regression equations of combinations of two or
three parameters for the analogues listed in Table II were
calculated. The number of crogs-validation groups was set
to be equal to the number of the compounds (12) to es-
tablish the optimal number of components. This value was
then used in the final calculation without cross-validation
to give the QSAR equation. The resultant correlation
equations are summarized in Table IIL.

CoMFA was also used to correlate binding affinity with
the structural features of the cocaine analogues.!®!€
Structures for cocaine and the analogues 2a—f and 2h-o
were constructed for the COMFA!® analyses using SYBYL
software.l? A computer representation of (-)-cocaine was
constructed from the reported X-ray coordinates.’” The
analogues 2 were constructed from the (-)-cocaine struc-
ture using molecular molecule building and editing pro-
cedures. The known analogue 2f* and azide 20, which was
prepared as a potential photoaffinity lizand, were not in-
cluded in the analysis and were reserved to test the pre-
dictability of the model. Due to the uncertain alignment
of 2g, this compound was also excluded from the analysis.
Each starting structure was energy-minimized using
MAXIMIN? force field!? followed by a conformational
search around all rotatable bonds in the C-2 and C-3
substituents using an increment of 10°. The resulting
global minimum was again optimized by MAXIMIN2 and
used as the initial structure for a fully geometry optimi-
zation using AM1!® semiempirical quantum mechanics
calculations. The final AM1 geometry and charges were
used in the CoMFA study. Even though the minimum-
energy conformations of the cocaine analogues might not
be the biologically active conformations, they are a rea-
sonable starting point for comparative purposes and are
informative.

After minimization, all the cocaine analogues were
aligned by least-squares fitting of the six aromatic ring
carbons and the C-3 of the tropane ring of each structure
to the same atoms of compound 2a using the FIT option
of SYBYL.!? The global minimum and aligned structures
of all the compounds except 2f and 20 were subjected to
CoMFA. Based on the molecular volume of the structures,
a three-dimensional region was generated using the auto-
matic mode of the QSAR option of SYBYL.1? This assured
that every grid in all directions protruded at least 4 A
beyond the shape of each molecule and was also separated
by 2 A along the lattice. Both steric (van der Waals) and
electrostatic (coulombic) fields were probed with an sp®
carbon possessing a +1.0 charge. The linear expression
of CoMFA was calculated using the PLS method. In order
to determine how well the model predicts data, each pre-
dictive value was cross-validated using five components,
resulting in a determination of the optimal number of
components. The statistical evaluation is shown in Table
IV. The statistical parameters improved with use of up
to four components, but deteriorated with five components.
Since r2 for the four component model was less than 5%
different from that for the three component model, the

(16) Cramer, R. D.; Patterson, D. E.; Bunce, J. D. Comparative
Molecular Field Analysis (CoMFA). 1. Effect of Shape on
Binding at Steroid to Carrier Proteins. J. Am. Chem. Soc.
1988, 110, 5959-5967.

(17) Hrynchuk, R. J.; Barton, R. J.; Robertson, B. E. The Crystal
Structure of Free Base Cocaine, C,;H;NO,. Can. J. Chem.
1983, 61, 481-487.

(18) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. J. P.
AM1: a New General Purpose Mechanical Molecular Model.
J. Am. Chem. Soc. 1985, 107, 3902-3909.
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Table III. Selected Correlations of log (1/1Cs,) against Physiochemical Parameters of 12 Cocaine Analogues®

standard error

regression equation e of estimate F values
log (1/1Csp) = -1.55 + (0.664)x 0.409 0.628 6.93
log (1/ICsg) = -1.393 + (0.716)x + (0.435)% 0.518 0.568 10.7
log (1/1Cg) = =1.174 + (0.463)c + (0.492)x 0.366 0.650 5.76
log (1/ICg) = -2.525 + (0.422)7 + (0.864)B, 0.450 0.606 8.20
log (1/I1Cg) = =0.716 + (0.592)x - (0.470)MR 0.550 0.549 122
log (1/1Cgp) = -1.427 + (0.550)~ + (1.101)F 0.486 0.586 9.44
log (1/1Cyp) = -1.706 + (0.536)x + (0.371)B, 0.359 0.655 5.60
log (1/ICsg) = -0.310 + (0.543)x — (0.322)B, 0.713 0.438 24.9
log (1/1Cs) = —0.532 + (1.074)F - (0.319)B, 0.517 0.568 10.7
log (1/1Cs) = -1.632 + (0.578)x + (0.352)x2 + (1.157)F 0.572 0.535 13.4
log (1/1Cg) = -1.477 + (0.588)7 + (L.177)F - (0.176)R 0.523 0.565 10.9

2 ¢ = hydrophobic parameter; MR = molecular refractivity of substituent; L, B)-B, = Verloop Stermol multidimensional parameters; ¢ =
Hammett para-directing parameter; F' = field parameter; R = resonance parameter.

Table IV. CoMFA Analysis: Search for the Optimal Number of
Components (12 Compounds, 12 Cross-Validation Groups)

number of components

compl comp2 comp3 comp4 compbd
5 0.615 0.612 0.616 0.640 0.708
= 0.434  0.495 0.545  0.571 0.550
F 0.919 1.178 1.439 1.598 1.468
prob of r? = 0527 0417 0332 0291 0.324

Table V. Statistic Results of CaMFA Analysis with Zero
Cross-Validation

§ 0.212
r? 0.946
F 47.0
prob of r* =0 0.000
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Figure 1. Predicted vs experimentally measured binding affinities
to the dopamine transporter for 12 cocaine analogues.

latter was used for the final calculation. The final model
obtained without cross-validation showed an r2 = 0.946 and
a standard error of estimate of 0.212 (Table V). Figure
1 shows a plot of the actual vs predicted binding affinities
(Table II gives experimental values). Note that r? ~
0.90-1.0 indicates excellent predictive ability.!® The rel-
ative contribution of steric and electrostatic potential to
the CoMFA regression equation for binding affinity (log
1/1Cgq) to the dopamine transporter was found to be 62
and 38% steric and electrostatic, respectively. The
standard deviation coefficient contour maps, derived from
the final model, are used to display the CoMFA contri-

Figure 2. (A) View of the major steric fractions of the CoMFA
contour map. Red and green contours show regions of lower (the
standard deviation coefficient is greater than +0.05) and higher
(less than —0.05) steric interactions, respectively. Molecules
displayed are an overlay of cocaine analogues 2¢ and 2j. (B) View
of the major electrostatic fractions of the CoMFA contour map.
Red and green contours show regions of positive (the standard
deviation coefficient is greater than +0.02) and negative (less than
-0.02) electrostatic interactions, respectively. Molecules displayed
are an overlay of cocaine analogues 2c and 2j.

butions of steric (Figure 2A) and electrostatic potential
(Figure 2B). These contours show where the changes in
fields are best associated with changes in binding affinity.
The interactions are color coded with the red region as-
sociated with an increase in binding affinity and the green
area a decrease. To aid visualization, highly potent 2¢ and
the relatively weak binding 2j were overlayed with the
contour maps. In addition, the van der Waals volume of
the p-chloro group of 2¢ is shown as yellow dots.

The CoMFA model was used to make predictions for the
binding affinity of analogues 2f and 20 that were not in-
cluded in the CoMFA study. Structures for 2f and 2o were
constructed, aligned as above, and added to the CoMFA
QSAR table to calculate the predicted value. The pre-
dicted IC;, values for 2f and 20 were 7.6 and 10.6 nM,
respectively.

Discussion

It has been known since the work of Clarke et al.* that
replacement of the benzoyloxy functionality at the 3-
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positions of cocaine by a phenyl moiety leads to substan-
tially enhanced biological activity. Moreover, it has been
shown by us® and others’ that substitution of the phenyl
ring has a marked effect on binding affinity to the dop-
amine transporter.

We had also found'® that the cocaine binding site is both
enantio- and stereoselective. Thus, the seven possible
stereoisomers of (-)-cocaine including (+)-cocaine showed
potencies for inhibiting binding of [°*H]-2b ranging from
1/600th to about 1/60th of that of cocaine.’® A parallel
effect has been reported for the “WIN” series of com-
pounds. Specifically, 2a, which possesses the same abso-
lute stereochemistry as cocaine, was more than 1400 times
as potent in inhibiting [*H]mazindol binding than its en-
antiomer and its 2a-isomer 4.2

Based on these observations, the investigation of ad-
ditional 383-(p-substituted phenyl)tropane-23-carboxylic
acid methyl esters retaining the absolute stereochemistry
of (-)-cocaine, was undertaken. The para substituent was
systematically varied with respect to size, electronic
character, and hydrophobic properties. Analysis of binding
results (Table II) does not reveal any apparent correlation.
Substitution with electron-withdrawing (F, Cl, Br, I, NO,),
electron-donating (CH;0), and neutral (CHj;) groups gave
analogues with good to excellent potency. Replacement
of the protons of the p-CH, analogue (2d) with fluorines
resulted in a less potent compound (2e). Relatively small
(Cl, CHj;) as well as large (Br, I) substituents gave potent
compounds. Changing the substituent to an amino (2i)
or acylated amino group (2j-1) led to a marked drop in
potency. Replacement of the phenyl ring with an isosteric
2-thiopheneyl group gave a much less potent analogue (2g).

It is interesting to note that 2h and 2i were reported by
Kline and co-workers’ to be 14 and 8 times less potent than
observed by us. This could be due to their use of bovine
striatal membranes, [*H]cocaine as the radioligand, dif-
ferent salts of 2h and 2i, or to some other unknown factor.

Since the inhibition of [*H]-2b binding is clearly strongly
dependent on the para substituent of the 38-(p-substituent
phenyl)tropane-23-carboxylic acid methyl ester analogues
2, a QSAR analysis was undertaken with the hope of
finding a correlation between the binding affinity of the
analogues and the physicochemical parameter(s) of the
substituents. The equations along with the r2 and s and
F values are shown in Table III. The relatively low r?
values and high s values show that none of the correlation
equations show high intercorrelation among the 12 com-
pounds.

CoMFA218 wag much more successful in the correlation
of the structural features of the cocaine analogues 2 with
their binding affinity than was the classical QSAR analysis.
The value (0.946) of the CoMFA r? indicates satisfactory
agreement between observed and predicted ICy, values.
It suggests that the COMFA sampling of the steric and
electrostatic interactions of cocaine analogues may be ca-
pable of providing useful information about possible lig-
and-receptor interactions. Thus, the model provides
satisfactory steric (shape) and electrostatic (electronic)
specifications for the portion of the receptor binding site

(19) Carroll, F. I; Lewin, A. H.; Abraham, P.; Parkam, K.; Boja, J.
W.; Kuhar, M. J. Synthesis and Ligand Binding of Cocaine
Isomers at the Cocaine Receptor. J. Med. Chem. 1991, 34,
883-886.

(20) Madras, B. K.; Kamien, J. B.; Fahey, M. A.; Canfield, D. R.;
Milius, R. A.; Saha, J. K.; Neumeyer, J. L.; Spealman, R. D.
N-Modified Fluorophenyltropane Analogs of Cocaine with
High Affinity for Cocaine Receptors. Pharm. Biochem. Behav.
1990, 35, 949-953.
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of the dopamine transporter which accommodates or in-
teracts with the 36-(p-substituted phenyl) substituents of
2a. The steric contour map (Figure 2A) resulting from the
CoMFA exhibits a major, unfavorable region, which is
coded in green color. All the amide analogues (2j-1) place
column in this region and all exhibit dramatically de-
creased affinities. However, in the vicinity of sterically
unfavorable green region, another set of contours coded
in red was observed as a positive contribution of affinity
binding to the receptor. This area is located near most of
the smaller substituents and apparently favors the more
lipophilic groups (F, Cl, Br, I, and CH;). The more polar
functional groups such as amino and nitro are also ac-
cessible to this region but only showed moderate affinity.
Analogues with a large bulky side chain with lipophilic
character comparable to the small hydrophobic groups (i.e.,
ethoxycarbamate vs F or H) show greatly reduced potency.
These results imply that receptor binding interactions can
only accommodate steric bulk within a certain range, and
beyond this point, hydrophobic groups do not enhance
potency.

The electrostatic contour map shown in Figure 2B has
a positive coefficient that is located at the lower part of
the carbonyl oxygen groups of the amide. It is not clear
whether the orientation of negative electrostatic potential
of the carbonyl oxygen is sufficient to cause positive in-
teraction with this region. Further modification without
the steric bulk area of the amide function is needed in
order to determine its electrostatic contribution (e.g.,
N-formyl substitution).

One advantage of COMFA is the predictive potential of
the model. Several successful studies suggest that CoMFA
models give predicted values close to experimental re-
sults.!® Tn order to test our model, the binding affinities
of compounds 2f and 20, which had been deliberately
excluded from the CoOMFA study, were used to evaluate
the model’s predictive ability. The predicted ICy, values
of 2f and 20 are 7.6 and 10.6 nM, which is reasonably close
to the experimental values of 8.1 and 2.1 nM, respectively.

It has been established that both the nitrogen and the
aromatic ring of cocaine analogues are essential features
of the pharmacophore for the cocaine binding site of the
dopamine transporter.? The distance between the nitrogen
and the centroid of the aromatic ring of 2a and 1 are 5.6
and 7.7 A, respectively. The binding affinity of 2a is 4.4
times greater than that of 1, suggesting that the aromatic
ring of 2a lies in a more favorable binding region. The
present study has shown that the binding of 2a is enhanced
20-fold by the addition of a p-chloro substituent to the
aromatic ring of 2a. It is of interest to determine if the
CoMFA model can explain the difference in binding af-
finity between 1, 2a, and 2c. An overlay of (-)-cocaine and
2¢, fitted to each other by the atoms of the tropane ring,
along with the steric and electrostatic CoOMFA coefficient
contour map, are shown in parts A and B, respectively, of
Figure 3. The 3, 4, and 5 carbons and the 3, 4, and 5
protons of the aromatic ring of (-)-cocaine are located
closer to the negative and positive contour region of both
maps than the p-chloro substituent of 2a. If the negative
region is more critical to binding than the positive region,
the weaker binding of cocaine could be due to steric or
electrostatic interaction in the region of negative interac-
tion. In this regard, it is interesting to note that all sub-
stituted aromatic analogues of cocaine (sterically larger
group) reported to date have shown weaker binding than
(-)-cocaine.?

This study has provided valuable information concern-
ing the structural requirements of the aromatic ring at C-3
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Figure 3. The overlay of the structures of (-)-cocaine and its
congener 2¢ and (A) the steric CoMFA contour map and (B) the
electrostatic CoMFA contour map.

of cocaine and its analogues. Studies are in progress to
further characterize this region as well as other regions of
the cocaine structure.

Conclusions

A SAR, QSAR, and CoMFA study of a limited series of
3p-(p-substituted phenyl)tropane-28-carboxylic acids
methyl esters (2) has been described. In conclusion: (1)
a good yield synthesis of 2 that provides much higher
stereoselectivity for the 28-isomer than previously reported
procedures* has been developed; (2) highly potent inhib-
itors for the dopamine transport at the cocaine binding site
were obtained by modification of 2a, e.g., the p-chloro and
p-iodo analogues 2¢ and 2n with potencies 85 and 78 times
greater than that of (-)-cocaine; (3) a CoOMFA model de-
veloped from 12 of the cocaine analogues 2 provided (a)
a correlation with high predictive value, (b) a reasonable
explanation for the relative potency of (-)-cocaine and the
cocaine analogues 2, and (c) information about topography
of the receptor.

Experimental Section

Melting points were determined on a Thomas-Hoover capillary
tube apparatus. All optical rotations were determined at the
sodium D line using a Rudolph Research Autopol III polarimeter
(1-dm cell). NMR spectra were recorded on a Bruker WM-250
spectrometer using tetramethylsilane as an internal standard.
High-resolution mass spectra were obtained on a VG Analytical
ZAB E spectrometer. Thin-layer chromatography was carried
out on Whatman silica gel 60 TLC plates eluted with CHCl,—
MeOH-concentrated NH,OH (40:9:1) unless otherwise noted.
Visualization was accomplished under UV or in an iodine chamber.
Microanalyses were carried out by Atlantic Microlab, Inc. [°H]-2b,
(38-(p-fluorophenyl)tropane-28-carboxylic acid methyl ester) with
specific activity 83.1 Ci/mmol was purchased from Dupont-New
England Nuclear (Boston, MA).

38-Phenyltropane-28-carboxylic Acid Methyl Ester (2a).
A solution of (R)-(-)-anhydroecgonine methyl ester* (9.15 g, 0.051
mol) in freshly distilled Et,0 (100 mL) was added dropwise to
a stirred solution of phenylmagnesium bromide (34 mL, 3 M
solution, 0.102 mol) in dry Et;0 (800 mL) at —40 °C under an argon
atmosphere. The mixture was stirred for 2.5 h at that temperature,
cooled to —78 °C, and treated with TFA (11.6 g, 0.102 mol) in dry
Et,0 (50 mL) over a period of 5 min. The mixture was allowed
to warm to 0 °C and was diluted with water (300 mL). The
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aqueous phase was acidified to approximately pH 1 with con-
centrated HCI, and the Et;0 layer was separated. The aqueous
layer was basified with concentrated NH,OH at 0 °C and was
extracted with Et,0 (4 X 200 mL). The dried ether solution
(NayS0,) was evaporated to give a yellow oil (11.05 g). The crude
product was placed on a silica gel (200 g) flash column and was
eluted with Et,0-Et;N (9:1).

The fractions containing the first component were pooled and
evaporated to dryness to give 5.30 g (48%) of 2a. This was
converted to the tartaric acid salt in MeOH and was crystallized
by adding Et,0 to the cloud point to give 7.5 g (45%) of 2a
tartrate: mp 189-190 °C, [a]*p -92.9° (¢ 2.0, MeOH).

The fractions with the second component were combined and
evaporated to give 3.5 g (31%) of 4 (a-isomer). The pentane
crystallized sample had mp 70-71 °C (lit.* mp 70-71 °C); [a]®*p
+4.56° (c 1.98, CHCLy) (lit.4 [a]%, +4.6° (¢ 2.0, CHCl,).

Continued elution gave 1.33 g (14%) of the starting material
anhydroecognine methyl ester (3).

38-(p-Substituted phenyl)tropane-23-carboxylic Acid
Methyl Esters (2c-g). Compounds 2¢—f were prepared by a
procedure similar to that described for 2a. Compound 2g was
prepared by a procedure analogous to that reported by Clarke
and co-workers.! The yields and properties of the compounds,
characterized as their tartrate salts, are given in Table I.

38-(4-Nitrophenyl)tropane-28-carboxylic Acid Methyl
Ester (2h). To a solution of 2a (2.01 g, 0.008 mol) in dry MeCN
(75 mL) at 0 °C under nitrogen was added solid nitronium tet-
rafluoroborate (1.50 g, 0.011 mol) in one portion. The reaction
mixture was stirred at 0 °C for 8 h. The mixture was cooled to
-25 °C, and ice (2 g) was added. After standing at this tem-
perature for 8 h, the mixture was filtered cold. The filtrate was
concentrated on a rotary evaporator, and the residue was purified
by column chromatography on a silica gel column, eluting with
pentane-Et,0-(iPr),NH (67:30:3). Removal of the solvent gave
pure 2h (2.0 g, 84% vyield) as an oil (lit.” mp 95-97 °C): 'H NMR
(CDCly) 6 1.66 (m, 2, H-6 endo, H-7 endo), 2.19 (m, 2, H-6 exo,
H-7 exo), 2.23 (s, 3, NCHy), 2.66 (m, 1, H-4 endo), 3.05 (m, 2, H-2,
H-4 exo), 3.44 (m, 1, H-3), 3.50 (s, 3, CO,CHjy), 3.64 (m, 2, H-1,
H-5), 7.40, 8.11 (AB q, 4, C¢H,, J45 = 7.50 Hz).

The hydrochloride salt of 2h was prepared by standard methods
and recrystallized from MeOH-Et;0. Product obtained is a low
melting foam: [a]®*p -69.18° (¢ 0.31, CH;0H). Anal.
(C1gHy CIN,0,+1.5H,0): C, H, N.

38-(4-Aminophenyl)tropane-23-carboxylic Acid Methyl
Ester (2i). Ra-Ni (400 mg) was washed several times with dry
MeOH (20 mL) on a sintered glass funnel and then transferred
into a round-bottom flask containing dry MeOH (20 mL). A
solution of 2h (290 mg, 0.95 mmol) in dry MeOH (5 mL) was
added to the catalyst and stirred under a hydrogen atmosphere
overnight at room temperature. The catalyst was removed by
filtration through a Celite pad in a sintered-glass funnel. Removal
of the solvent on a rotary evaporator gave crude product, which
was purified by column chromatography on silica gel eluting with
CHCl;-MeOH-concentrated NH,OH (80:18:2). Removal of the
solvent from the combined pure fraction gave 2i (200 mg, 77%);
'H NMR (CDCly) 6 1.68-1.92 (m, 4, H-6, H-7), 2.18 (m, 2), 2.22
(s, 3, NCH3), 2.54 (m, 1), 2.85 (m, 2), 3.33 (m, 1, H-1), 3.50 (s, 3,
COOCHy), 3.51 (m, 1, H-5), 6.60, 7.05 (AB q, 4, ArH).

The hydrochloride salt was prepared by standard methods and
recrystallized from iPrOH-MeOH: mp 205-207 °C dec (lit.” mp
220-223 °C for the hydrobromide salt); [a]?*y -73.24° (c 0.228,
MeOH). Anal. (C,gH,,Cl;N,0,H,;0): C, H, N, Cl

38-(4-Acetamidophenyl)tropane-28-carboxylic Acid
Methyl Ester (2k). To a solution of 2i (70 mg, 0.255 mmol) in
glacial HOAc (2 mL) were added Ac,0 (0.043 mL) and zinc dust
(catalytic amount). The reaction mixture was refluxed under
nitrogen for 0.5 h and then cooled to room temperature. The white
residue was removed by filtration, and the solvent was removed
from the filtrate on a rotary evaporator. The residue was dissolved
in CHCIl; (25 mL). The solution was washed with a saturated
solution of K,CO; (2 X 5 mL), and the organic layer was dried
over anhydrous Na,CO;. Filtration and removal of the solvent
gave crude 2k, which was purified by column chromatography
on silica gel, eluting first with CHCl;-MeOH (95:5) to remove the
less polar impurities and then with CHCl;-MeOH-NH,OH
(80:18:2). Removal of the solvent from the combined pure
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fractions gave 2k (61 mg, 75%): 'H NMR (CDCl;) é 1.62-1.81
(m, 2, H-6 endo, H-7 endo), 2.08 (s, 3, COCHjy), 2.21 (s, 3, NCHj),
2.51 (m, 1, H-4 exo0), 2.92 (m, 2, H-2, H-3), 3.30-3.61 (m, 6 H,
CO,CH;,, H-1, H-5, NH), 7.21 (AB q, 4, CgH,).

The tartrate salt of 2k was prepared by standard methods and
recrystallized from MeOH-Et,0: mp 100 °C; [«]*p -82° (¢ 0.1,
MeOH). Anal. (Cy;H3N,04H,0): C, H; N: calced 5.78, found
5.26.

38-(4-Ethoxycarboxamidophenyl)tropane-28-carboxylic
Acid Methy! Ester (2j). To a stirred solution of 2i (200 mg, 0.728
mmol) in dry CH,Cl, (56 mL) were added Et;N (0.15 mL) and ethyl
chloroformate at 0 °C under nitrogen. After 3 h, the solution was
diluted with 30 mL of CH,Cl,, washed with saturated K,CO,
solution (2 X 5 mL) and water (2 X 5 mL), and dried over an-
hydrous Na,CO;. Filtration and removal of the solvent gave the
crude product, which was purified by column chromatography
on silica gel, eluting with CHCl;-MeOH (9:1). Removal of the
solvent from the combined pure fractions gave 2j (146 mg, 58%
yield): 'H NMR (CDCI3) § 1.32 (t, 8, CHj), 1.55-1.79 (m, 2, H-6
endo, H-7 endo), 2.01-2.19 (m, 2, H-6 exo, H-7 exo0), 2.21 (s, 3,
NCHjy), 2.55 (m, 1, H-4 endo), 2.98 (m, 2, H-4 exo, H-2), 3.35 (m,
1, H-5), 3.48 (s, 3, CO,CHjy), 3.54 (m, 2, H-3, H-1), 4.21 (q, 2, CHy),
6.71 (br, 1, NH), 7.23 (m, 4, CgH,).

The tartrate salt was prepared by standard methods and re-
crystallized from MeOH-Et,0: 87-88 °C dec; [a[%, -82.9° (c 0.14,
MeOH). Anal. (Cy3H3N,0,0°Hs0): C, Hy; N: caled 5.44, found
4.84.

36-(4-Propionylaminophenyl)tropane-28-carboxylic Acid
Methyl Ester (21). To a solution of 2i (120 mg, 0.437 mmol) in
propionic acid (2 mL) was added propionic anhydride (0.1 mL)
from a syringe. A catalytic amount of zinc dust was added to the
solution, which was heated under reflux for 0.5 h. The solution
was cooled to room temperature, the white precipitate that formed
was removed by filtration, and the filtrate was concentrated on
a rotary evaporator. The crude residue was dissolved in 25 mL
of CHCIg, washed with saturated K,COj; (2 X 5 mL), and dried
over anhydrous Na,COj;. Filtration and removal of the solvent
gave crude 21, which was purified by column chromatography on
silica gel column, eluting first with CHCl;-MeOH (95:5) to remove
the less polar impurities and then with CHCl;~-MeOH-NH,OH
(80:18:2). Removal of the solvent from the combined pure fraction
gave 21 (110 mg, 76% yield): *H NMR (CDCly) 6 1.15 (t, 3, CHy),
1.31-1.79 (m, 4, 2 H-8, 2 H-7), 2.01 (m, 1, H-4 endo), 2.19 (s, 3,
NCHy), 2.25 (m, 1, H-4 exo0), 2.91 (m, 2, H-2, H-3), 3.30 (m, 1, H-5),
3.41 (s, 3, CO,CHy), 3.55 (m, 1, H-1), 3.71 (q, 2, CH,), 7.25 (AB
qQ, 4, CSH4)'

The tartrate salt was prepared by standard methods and re-
crystallized from MeOH-Et,0: mp 90 °C dec; [«]*p —80.26 (¢
0.106, MEOH) Anal. (C%H32N209'1.5H20): C, H; N: caled 551,
found 5.01.

38-(4-Azidophenyl)tropane-28-carboxylic Acid Methy!
Ester (20). To a stirred solution of 2i (63 mg, 0.193 mmol) in
HOAc (1 mL, 3 M solution) at 0 °C was added sodium nitrite
(18.66 mg, 0.27 mmol) in water (0.5 mL). After 0.5 h, a solution
of sodium azide (18.19 mg, 0.279 mmol) in water (0.5 mL) was
added dropwise. The reaction mixture was stirred at 0 °C for
0.5 h and at room temperature for another 0.5 h. The solvent
was removed on a rotary evaporator, the residue was dissolved
in 30 mL of CHCl;, and the solution was dried over anhydrous
Na,CO,. Filtration and removal of the solvent gave crude 2o,
which was purified by column chromatography on silica gel eluting
with CHCl,-MeOH (95:5). Removal of the solvent from the
combined pure fractions gave 20 (34.5 mg, 60%): IR 2140 (N,),
1750 em™ (ester); 'H NMR (CDCly) 6 1.51-1.78 (m, 2, H-6 endo,
H-7 endo), 1.98-2.01 (m, 2, H-6 exo, H-7 exo0), 2.19 (s, 3, NCHj;),
2.21 (m, 1, H-4 endo), 2.58 (m, 1, H-4 exo0), 2.74 (m, 2, H-2, H-3),
3.31 (m, 1, H-5), 3.46 (s, 3, CO,CHy), 3.58 (m, 1, H-1), 6.90, 7.25
(AB q, 4v CSH4)'

The tartrate salt of 20 was prepared by standard methods and
recrystallized from MeOH-Et,0: mp 80 °C dec; [«]*p -81.5° (c
0-092, MeOH). Anal. (C20H26N405'3.5H20): C, H, N.

36-(4-Bromophenyl)tropane-28-carboxylic Acid Methyl
Ester (2m). An ice-cold solution of 2i (100 mg, 0.364 mmol) in
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aqueous HOAc (2 mL, 3 M solution) was treated with a solution
of sodium nitrite (35.21 mg, 0.51 mmol) in water (0.5 mL). The
reaction mixture was stirred at 0 °C for 0.5 h. A solution of freshly
prepared CuBr (1.12 equiv) in water (2 mL) was added to the
diazonium salt at 0 °C. The reaction mixture was stirred at 0
°C for 0.5 h and at room temperature overnight. The solvent was
removed on a rotary evaporator, the crude residue was dissolved
in 50 mL of CHCl;, and the solution was dried over anhydrous
Na,CO; overnight. Filtration and removal of the solvent gave
the crude product, which was purified by column chromatography
on silica gel column eluting with CHCl;-MeOH (95:5). Removal
of the solvent from the combined pure fractions gave 2m (20 mg,
16%): 'H NMR (CDCl,) 6 1.41-1.78 (m, 2, H-6 endo, H-7 endo),
1.99-2.12 (m, 2, H-6 exo, H-7 exo0), 2.21 (s, 3, NCHj), 2.23 (m, 1,
H-4 endo), 2.82 (m, 2, H-4 exo, H-2), 3.21-3.31 (m, 2, H-5, H-3),
3.46 (s, 3, CO,CHy), 3.52 (m, 1, H-1), 7.25 (AB q, 4, C¢H,).

The tartrate salt was prepared by standard methods and re-
crystallized from MeOH-Et,0: mp 122 °C dec; [«]*p -95.6° (c
0.09, MeOH). Anal. (C,,Hy,BrNOsg): C, H, N.

33-(4-Iodophenyl)tropane-28-carboxylic Acid Methyl
Ester (2n). To a stirred mixture of 2i (140 mg, 0.510 mmol) and
diiodomethane (5 mL) under an atmosphere of nitrogen was added
isoamylnitrite (0.129 mL, 0.960 mmol) from a syringe. The re-
action mixture was stirred at room temperature for 1 h under
nitrogen. The color of the solution turned golden red. The
reaction mixture was heated at 55 °C for 3 h under nitrogen. After
cooling the solution at room temperature, the solvent was removed
on a rotary evaporator under reduced pressure. The residue was
chromatographed on a silica gel column, eluting with CHCl;—
MeOH (95:5). Removal of the solvent from the combined pure
fractions gave 2n (147.4 mg, 75%): 'H NMR (CDCl,) 6 1.40-1.81
(m, 2, H-6 endo, H-7 endo), 1.96-2.01 (m, 2, H-6 exo, H-7 exo),
2.21 (s, 3, NCHy), 2.22 (m, 1, H-4 endo), 2.52 (m, 1, H-4 exo), 2.75
(m, 2, H-2, H-3), 3.32 (m, 1, H-5), 3.48 (s, 3, CO,CHj), 3.59 (m,
1, H-1), 6.95, 7.61 (AB q, 4, CgH,).

The tartrate salt was prepared by standard methods and re-
crystallized from MeOH-Et;0: mp 72-74 °C dec; [«]*p -73.8°
(c 0.32, MeOH). Anal. (C;iHy5INOg): C, H, N.

Biological. [*H]-2b Radioligand Binding. Rat striata from
male Sprague-Dawley rats (250-350 g) were rapidly dissected,
frozen, and stored at —70 °C until used. The frozen rat striata
were homogenized in 20 volumes of 10 mM phosphate buffer (pH
7.4) containing 0.32 M sucrose using a polytron (setting 6) for 10
s. The homogeneate was centrifuged for 10 min at 40000g, the
resulting pellet was washed in buffer, recentrifuged, and resus-
pended to a tissue concentration of 1.0 mg/mL. Binding assays
were carried out in a total volume of 0.5 mL containing 0.5 nM
[®H]-2b. The suspensions were incubated for 2 h on ice. Incu-
bations were terminated by filtration with three 5-mL washes
through Whatman GF/B filters previously soaked in 0.05% po-
lyethylenimine. Radioactivity was counted in 5 mL of scintillation
cocktail at an efficiency of 50-55%. Nonspecific binding of
[3H]-2b was defined by the presence of 30 uM (-)-cocaine. Under
these conditions, nonspecific binding was approximately 5-8%
of total binding. ICg, values were determined from competition
curves of 10-12 points utilizing the curve fitting program EBDA.2
Mean values and standard errors were collected from 3—4 assays
for each test drug.
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