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Several new 3/?-(4'-substituted phenyl)-, 3/J-(3'-substituted phenyl)-, and 3/3-(3',4'-disubstituted 
phenyl)tropane-2/3-carboxylic acid methyl esters were prepared and assayed for inhibition of 
[3H]WIN 35,428 binding to the dopamine transporter. The 3yS-(3',4'-dichloro) and 3^-(4'-chloro-
3'-methyl) analogues (2w and 2y; RTI-111 and RTI-112, respectively) with IC50 values of 0.79 
and 0.81 nM showed the highest affinity. The contributions of quantitative structure-activity 
relationship (QSAR) models derived from the classical and comparative molecular field analysis 
(CoMFA) approaches to rational drug design were examined. CoMFA models were derived 
using steric and electrostatic potentials with SYBYL default values while the classical models 
were derived from n and MR parameters. Using a 12-compound training set, both models 
were used for predicting the binding affinity of compounds both inside and outside the training 
set. The CoMFA study provided new insight into the steric and electrostatic factors influencing 
binding to the DA transporter and provided additional support for our original finding that 
CoMFA is useful in predicting and designing new compounds for study. The classical QSAR 
models, which were easier to obtain, suggest that the distribution property (TC) of the compounds 
is an important factor. Overall, the SAR, CoMFA, and conventional QSAR studies elaborated 
some features of the cocaine binding site pharmacophore and provided useful predictive 
information. 

Introduction 
In order to understand the mechanism related to the 

addictive properties of cocaine, it was necessary to 
identify the molecular site where this drug interacts to 
produce its initial physiological effects. (-)-Cocaine (1) 
has several sites of action in the central nervous system 
of rodents and nonhuman primates, as well as in the 
human brain.1"5 Of these, the dopaminergic pathway 
has been implicated in the reinforcing properties of (-)-
cocaine.6-7 Thus, Ritz et al.8 and Bergman et al.9 found 
a significant correlation between the rank order for 
maintaining drug self-administration of various (-)-
cocaine-related drugs and their potency at the dopamine 
transporter cocaine binding site. The biological rel
evance of this binding site was also supported by the 
finding that it is highly stereoselective, with natural (-)-
cocaine (1) being 60-600 times more potent than its 
seven stereoisomers.10 Even though it has been known 
for some time that (-)-cocaine inhibits the reuptake of 
dopamine, the exact mechanism of this inhibition is still 
not fully understood. Recently much research has been 
directed toward this problem.6 
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Although the dopamine transporter has been cloned 
and expressed, its three-dimensional structure is 
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unknown.11-14 However, some information about the 
structural characteristics of the cocaine binding site has 
been obtained from structure-activity relationship 
(SAR) studies.6 Much of the information has come from 
studies on the structurally relatively rigid 3/3-phenyl-
tropane-2/3-carboxylic acid methyl ester 2a (WIN 35,-
065-2) class of compounds.6'15"24 In addition to the 
absolute stereochemistry found in 2a, the tropane 
nitrogen, a 2/?-substituent, and a 3/3-aryl group are 
required for high-affinity binding to the DA transporter. 
However, we, and others, have found that binding 
affinities were highly dependent upon the substituents 
on the phenyl ring.17-18'23 We have also reported the use 
of comparative molecular field analysis (CoMFA) for the 
development of a predictive model for inhibition of 
radioligand binding to the dopamine transporter.17 

Since this report, Good et al.25 conducted QSAR studies 
on the same data set using a molecular similarity 
matrices approach, and Srivastava and Crippin26 re
ported a three-dimensional Voronoi site modeling ap
proach to a different set of cocaine analogues. 

The present study reports the synthesis of several 
new analogues and binding data for 13 new ring-
substituted analogues of 2a. In addition, the original 
CoMFA model17 has been updated, a classical QSAR 
model was developed, and both models were used to 
predict the binding affinity of the 13 new analogues. In 
order to further optimize the cocaine binding site 
pharmacophore, CoMFA and classical QSAR models, 
using all 25 analogues, have been developed. A part of 
this work was described in a preliminary communica
tion.23 Some of the new analogues described in this 
preliminary report have subsequently been synthesized 
and studied by Meltzer et al.18 
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Table 1. Potencies of 3/3-(Substituted phenyl)tropane-2/3-car-
boxylic Acid Methyl Esters in Inhibition of 0.5 nM [3H]WIN 
35428 

compd 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 
2j 
2k 
21 
2m 
2n 
2o 
2p 
2q 
2r 
2s 
2t 
2u 
2v 
2w 
2x 
2y 

X 

H 
F 
Cl 
Br 
NO2 
NH2 
CH3CONH 
C2H5CONH 
C2H5OCONH 
CH3 
I 
CF3 
CH3O 
N3 
C2H5 
OH 
(CH3)3Sn 
H 
H 
H 
NH2 
NH2 
Cl 
F 
Cl 

Y 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
F 
Cl 
I 
I 
Br 
Cl 
CH3 
CH3 

IC50 (nM)" 

23 ± 5.0 
13.9 ± 1.4 

1.12 ±0.10 
1.69 ± 0.23 

13.1 ±0.1 
9.84 ± 0.29 

64.2 ± 2.6 
121 ± 2.7 
316 ± 48 

1.71 ± 0.31 
1.26 ± 0.04 

13.0 ± 2.2 
9.2 ± 1.3 
2.12 ±0.13 

55 ± 2.1 
12.1 ± 0.86 

144 ± 37 
16.4 ±2.8 
6.27 ± 1.2 

26.1 ±1.7 
1.35 ±0.11 
3.91 ± 0.59 
0.79 ± 0.08 
2.95 ± 0.58 
0.81 ± 0.05 

° Mean ± standard error of at least four experiments performed 
in triplicate. 

Chemistry 
Since the aim of the present study was to investigate 

the effect of aromatic substitution of 2a on inhibition 
of binding Of[3H]WIN 35,428 to the DA transporter, the 
study was restricted to 3/?-(substituted phenyDtropane-
2/3-carboxylic acid methyl esters 2. Table 1 lists the 
compounds that were used in the present study. The 
syntheses of compounds 2a-o, 2q, and 2u were reported 
in earlier publications.17,27'28 Since we noted that com
pounds 2f and 2h were highly hygroscopic, new samples 
of these compounds were prepared. The binding studies 
for 2f and 2h were conducted on samples that were 
dried to constant weight at 50°C and weighed under 
anhydrous atmosphere in a glove box. 

In their classic paper, Clarke and co-workers29 re
ported that the addition of (substituted phenyDmagne-

Scheme 1 
CH3. CH3v 

^y 
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CO2CH3 or ArMgI 
// EfeS 

sium halides to anhydroecgonine methyl ester (3) at —20 
0C in diethyl ether, followed by quenching of the reaction 
in ice after 1 h, gave a 1:3 mixture of the corresponding 
3/3-(substituted phenyl)tropane-2/J-carboxylic acid meth
yl esters (2) and 3/?-phenyltropane-2a-carboxylic acid 
methyl esters (4) (Scheme 1). In a reinvestigation of 
this reaction we showed that conducting the reaction 
at -4O0C and quenching with 2 equiv of trifluoroacetic 
acid at -780C in place of ice leads to a higher yield and 
to selectivity (1.6:1) for the 2/3-substituted product.17 

Scheme 1 shows the new analogues prepared by this 
method, and Table 2 lists the yields and physical 
properties. The p-hydroxy analogue 2p was obtained 
by addingp-methoxymethoxyphenyl magnesium iodide 
to 3. The intermediate 3/?-(4'-methoxymethoxyphenyl)-
tropane-2/?-carboxylic acid methyl ester 2z was treated 
(without isolation) with 1 N hydrochloric acid at 250C 
to give 2p. 

We previously reported27 that iodination of 3/3-(4'-
aminophenyl)tropane-2/3-carboxylic acid methyl ester 
(2f) with iodine chloride in acetic acid yielded the 3'-
iodo-4'-amino analogue 2u. Diazotization of 2u followed 
by treatment of the diazonium salt with hypophospho-
rous acid gives the /n-iodo analogue 2t. Bromination 
of 2f with iV-bromosuccinimide gives the 3'-bromo-4'-
amino analogue 2v (Scheme 2). 

Methods 

Binding Data. The IC50 values for the compounds 
used in the present study are listed in Table I. Binding 
data were obtained as previously reported30 using [3H]-
WIN 35,428 as the radioligand. Note that the IC50 

values for the new samples of 2f and 2h are different 
from those originally reported.17 

3D-QSAR. Molecular Modeling. All calculations 
were performed on a Silicon Graphics 4D/310 VGX 
workstation with the SYBYL31 (versions 5.41and 6.03) 
and MOPAC32 (versions 5.0 and 6.0) software packages. 
Molecular models of the 3/3-(3'-, 4'-, and 3',4'- substituted 
phenyl)tropane-2/3-carboxylic acid methyl esters were 
constructed using the X-ray crystallographic coordinates 
of cocaine33 and molecular fragments and standard bond 

CH3 . 

r, X = H, Y = F 
s, X = H, Y = Cl 
w, X = Y = Cl 
x, X = F, Y = CH3 
y, X = Cl, Y = CH3 

z, X = CH3OCH2O, Y = H 
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Table 2. Physical Properties of 3/3-(Substituted phenyl)tropane-2/S-carboxylic Acid Esters" 

C H 3 . 

CO2CH3 
"N 

compd 

2p 
2r 
2s 
2w 
2x 
2y 

X 

OH 
H 
H 
Cl 
F 
Cl 

Y 

H 
F 
Cl 
Cl 
CH3 
CH3 

molecular formula6' 

C20H27NO/ 
Ci6H2iClFNO/ 
Ci6H2ICl2NO2'

1 

Ci6H2OCl3NO2 
Ci7H23ClFNO2'' 
Ci7H23Cl2NO2'' 

yields % 
20« 
31 
29 
9; 

29 
5 

mp, 0C 

173-175 
123-125 
111-113 
167-168 
163-165 
186-187 

optical rotation: Ea]23D (c, MeOH) 

-93.6(0.11) 
-113.1 (0.18) 
-117.7 (0.27) 
-115.7(0.07) 
-103.8(0.08) 
-89.5 (0.095) 

selected 1H NMRe resonances 

ArCH3 NCH3 

2.20 
2.90 
2.22 
2.38 

2.19 2.29 
2.22 2.32 

OCH3 

3.49 
3.48 
3.42 
3.50 
3.49 
3.51 

H-2 H-3 

2.87 2.93 
2.81 2.97 
2.87 2.93 
3.10 3.45 
2.87 2.93 
2.86 2.98 

0 A general procedure for the synthesis of 2r, 2s, 2w, 2x, and 2y is given in the Experimental Section. b All compounds are hydrochloride 
salts except 2p which is a tartrate salt.c AU compounds were analyzed for C, H, N. The results agreed to ±0.4% with theoretical values. 
d The yields are for the salts recrystallized from a methanol and ether mixture.e The 1H NMR spectra are for the free bases of the 
compounds, f This salt is hydrated with 0.75 mol of water. *This is the overall yield for a two-step procedure (see the Experimental 
Section). h This salt is hydrated with 1.5 mol of water. ' A repeat synthesis of this product gave 65% yield, i This salt is hydrated with 2.0 
mol of water. 

Scheme 2 
C H 3 . C H 3 v 

CO2CH3 

Figure 1. Template structure for CoMFA studies 

lengths and angles from the SYBYL structural library. 
Each structure was optimized using the MAXIMIN2 
minimizer (convergence criteria: energy change thresh
old <0.05 kcal/mol). A systematic conformational search 
at 10° increments was performed on the rotatable bonds 
RBl and RB2 of 2a (Figure 1) using the SYBYL 
SEAECH module; MAXIMIN2 steric energies were used 
to identify the global minimum energy conformation. 
While it is recognized that this conformation may not 
necessarily be adopted by 2a in the drug—receptor 
complex, the use of a reasonable low-energy conforma
tion as a template is a useful starting point for statisti
cal comparisons of flexible structures within the SYBYL 
CoMFA module.34 The remaining 3'-, A'-, and 3',4'-
substituted analogues (2b-y) were constructed from the 
2a template and energy minimized using MAXIMIN2. 
All structures were submitted to a final geometry 
optimization and charge calculation using the AMI 
Hamiltonian method35 in the semiempirical quantum 
mechanics program MOPAC (keywords: AMI, XYZ, and 
MMOK). In preparation for 3D-QSAR analysis all 
structures were aligned by a rigid body least-squares 
fit of the six aromatic carbon atoms of each compound 
to the 2a template.36 

CoMFA Analysis. All analyses were conducted 
using program default values. Thus, CoMFA field 
values were calculated for each structure placed in a 
region defmedby grid points at 2-A intervals within the 

default CoMFA region extending 4-A beyond the mini
mum and maximum coordinates of the aligned mol
ecules in the x-, y-, and z-directions. The steric and 
electrostatic interaction energies were evaluated at each 
grid point using an sp3 carbon probe atom (steric) and 
a +1 probe charge (electrostatic). The SYBYL CoMFA 
defaults for truncating field values at ±30 kcal/mol and 
dropping electrostatic field values at grid points where 
the steric field value exceeded 30 kcal/mol were used. 

Preliminary full cross-validated partial least-squares 
(PLS) analyses with the number of cross-validation 
groups equal to the number of structures in the study 
(either 12 or 25) and with one to five components were 
performed to establish the optimum number of compo
nents for the best predictive model [i.e., the minimum 
number of components corresponding to a q% ("predictive 
r2")34 within 5% of the maximum q2]. An analysis was 
then performed using the optimum number of compo
nents to obtain the final PLS model. Conventional r2 

values (r2fit),
37 F statistic, standard error of estimate 

(set), the relative contribution of the steric and electro
static CoMFA field terms, and the actual - predicted 
residuals were determined using this final PLS-derived 
regression. 

The steric and electrostatic features of the final 
CoMFA model were displayed as contour plots of the 
PLS regression coefficients at each CoMFA region grid 
point. The steric CoMFA contributions (STDEV*-
COEFFICIENTS option) were contoured at the 75% and 
25% levels, with the "positive" steric contour (75%) 
colored green and the "negative" steric contour (25%) 
colored yellow. The electrostatic contribution contours 
were displayed in similar fashion with red-colored 
"positive" contours (i.e., interaction of ligands with the 
positive probe atom in these regions enhances activity) 
at the 75% level and blue-colored "negative" contours 



2868 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 18 

Table 3. Comparison of the Statistical Parameters Derived for 
QSAR Models 

CoMFA 

nc 

q*f 
rV 
Sfit* 

lcomp 

F 

model 
A" 

12 
0.545 
0.946 
0.212 
3 

47 

model 
B6'c 

12 
0.760 
0.940 
0.231 
3 

41.60 

model 
C ^ 

12 
0.769 
0.934 
0.243 
3 

39.59 

model 
D 

25 
0.733 
0.958 
0.166 
4 

115.44 

° Analysis from ref 17. b CoMFA models derived from IC50 values 
in Table 1.c The nitrogen lone pair for analogue 2f is oriented 
toward the viewer (i.e., the same as in analysis A). d The nitrogen 
lone pair is oriented away from the viewer.e Total number of 
compounds in the analysis, f Squared correlation coefficient of a 
cross-validated analysis. g Squared correlation coefficient of non-
cross-validated analysis. * Standard deviation of a non-cross-
validated analysis.' Optimum number of PLS components. (For 
definitions of statistical parameters, see refs 34 and 37.) 

(ligand interaction with the positive probe atom in these 
regions lowers activity) at the 25% level. The steric and 
electrostatic interactions of individual structures with 
the final CoMFA model were examined by extracting the 
CoMFA field of each compound and then contouring the 
product of these individual fields and the PLS regression 
coefficients (FIELD*COEFFICIENTS option). 

Classical QSAR. Multiple linear regressions were 
performed using the SAS JMP38 software package on a 
Macintosh ][cx microcomputer. A QSAR equation was 
derived using values of the hydrophobic parameter n 
and of the molar refractivity obtained from the lit
erature,39"41 or calculated using the MEDCHEM42 

software package, as the independent variables and 
—logdCso) as the dependent variable. 

Results 

In our previous study, we showed that the CoMFA 
model derived from the potencies of the 12 analogues 
2a-l to inhibit [3H]WIN 35,428 binding at the dopamine 
transporter provided excellent cross-validated q2 indi
cating high predictive capacity (see model A, Table 3). 
Using the updated IC50 values in Table 2 for analogues 
2a-l, with the structures and alignment presented in 
the methods section, two new models were derived. 
These are designated models B and C in Table 3. In 
model C the electron lone pair on the aryl amino group 
of 2f is oriented 180° opposite from its position in models 
A and B. A comparison of the three models shows that 
q2 for both new models (B and C) is significantly higher 
than for the original model (A), while the r2gt and set 
values are not significantly different. It was determined 
that including n as an additional PLS variable did not 
lead to a significant improvement in the CoMFA. The 
relative steric and electrostatic contributions to the 
three models (A-C) are essentially identical (see Table 
4). Overall, models B and C were the same. CoMFA 
model B was used to predict the —logdCso) values of 
2m-y (Table 5, training set). The 4'-substituted ana
logues 2m (X = CH3O), 2n (X = N3), and 2p (X = HO) 
were predicted quite well; however, 2o, which has a 4'-
ethyl substituent, was poorly predicted (actual -log
dCso) = -1.74, predicted = -0.58). The possibility that 
the overestimate of the activity of 2o (by a factor of ~15) 
is the result of the particular conformation of the ethyl 

Carroll et al. 

Table 4. Comparison of the Relative Contribution of Steric 
and Electrostatic Factors to the CoMFA Models A-D from 
Table 3 

relative contribution 
CoMFA model steric electrostatic 

A 0.630 0.380 
B 0.623 0.377 
C 0.680 0.320 
D 0.728 0.272 

Table 5. Inhibition Data [-1Og(IC50)] and QSAR Predictions: 
CoMFA vs Classical 

compd 

2k 
2d 
2j 
2c 
2f 
21 
2e 
2b 
2a 
2g 
2b 
2i 

rms deviation 

2w 
2y 
2u 
2n 
2x 
2v 
2s 
2m 
2p 
2r 
2t 
2o 
2q 

rms deviation 

actual 

-0.10 
-0.23 
-0.23 
-0.49 
-0.99 
-1.11 
-1.12 
-1.14 
-1.36 
-1.81 
-2.08 
-2.50 

0.10 
0.09 

-0.13 
-0.33 
-0.47 
-0.59 
-0.80 
-0.96 
-1.08 
-1.22 
-1.42 
-1.74 
-2.16 

CoMFA 
predicted residual 

Training Set 
-0.22 
-0.27 
-0.29 
-0.40 
-0.60 
-0.83 
-1.06 
-1.17 
-1.52 
-1.70 
-2.06 
-2.62 

0.12 
0.04 
0.06 

-0.09 
-0.39 
-0.28 
-0.06 

0.03 
0.15 

-0.10 
-0.02 

0.12 

0.16 

Test Set 
-0.48 
-0.29 
-0.53 
-0.63 
-1.12 
-0.65 
-1.67 
-0.72 
-0.82 
-1.74 
-1.47 
-0.58 
-1.37 

0.58 
0.38 
0.40 
0.30 
0.65 
0.06 
0.88 

-0.24 
-0.26 

0.52 
0.05 

-1.16 
-0.79 

0.58 

Hansch 
predicted 

-0.44 
-0.23 
-0.48 
-0.38 
-1.32 
-0.38 
-0.78 
-1.27 
-1.31 
-1.53 
-2.22 
-2.39 

-0.19 
-0.10 
-1.89 
-0.44 
-0.31 
-1.03 
-0.38 
-0.64 
-1.34 
-1.27 
-0.44 
-0.19 
-5.34 

residual 

0.34 
0.00 
0.24 

-0.11 
0.33 

-0.74 
-0.34 

0.13 
-0.05 
-0.27 

0.14 
-0.11 

0.30 

0.29 
0.20 
1.76 
0.12 

-0.16 
0.43 

-0.41 
-0.32 

0.25 
0.05 

-0.98 
-1.55 

3.18 

1.15 

group selected for the CoMFA prediction was examined 
by calculating the predicted activity of the 4'-ethyl 
conformers of 2o at 5° increments from 0 to 360°. The 
maximum predicted value determined in this manner 
was -0.727 (or an IC50 of 5.33 nM) and the minimum 
was -0.283 (IC50 of 1.92 nM). Thus, it appears that the 
larger part of the error in the prediction of the potency 
of the 4'-ethyl derivative is not associated with the 
choice of conformation in this case. The model also 
predicted a much lower —logdCso), —1.37, for the 4'-
trimethylstannyl analogue 2q than the experimental 
value of -2.16. The potency of the 3'-iodo analogue 2t, 
with —log(ICso) values of —1.42 and —1.47 for experi
mental and predicted values, respectively, was quite 
accurately predicted, while the values for 3'-fluoro and 
3'-chloro analogues, 2r and 2s, respectively, were more 
poorly predicted. The model did reasonably well in 
predicting the —logdCso) values of the disubstituted 
analogues 2v-y. 

A CoMFA study was conducted using all 25 analogues 
listed in Table 1. The three aromatic amino compounds, 
2f, 2u, and 2v, were included in conformations with the 
lone pair of the amino nitrogen in either of its two 
possible conjugated orientations. Similarly, two confor
mations in which the lone pair electrons were in 
conjugation with the aromatic ring were included for 
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Figure 2. Predicted vs experimental -logdCso) values for 
inhibition of [3H]WIN 35,428 binding to the dopamine trans
porter for 25 cocaine analogs (model D). 

thep-methoxy (2m) andp-hydroxy (2p) analogues; four 
conformations were included for the p-ethyl (2o) ana
logue. The CoMFA for several combinations of confor
mations of these analogues exhibited strong cross-
validated correlations indicating that they were highly 
predictive. The q2 for the analysis varied from 0.506 
(three components) to 0.733 (four components). The 
observation that all combinations of conformations 
evaluated gave statistically valid analyses provides 
confidence that, in this case, the predictive power of 
CoMFA is relatively independent of the selection of side-
chain conformation. Table 3 lists the statistical results 
derived from the best CoMFA model (model D), and the 
relative contribution of steric and electrostatic factors 
in this model is listed in Table 4. Evidence for the 
predictive potential of CoMFA model D is provided in 
Figure 2 which shows a plot of actual versus predicted 
-logdCso) values. 

Dr. Hansch43 brought to our attention that a conven
tional QSAR analysis of 14 of the compounds, 2a-n, used 
in our original study17 (12 that we used for CoMFA and 
two for prediction) gave a satisfactory correlation of n, 
MR, and (MR)2 with -log(IC5o) in a multiple linear 
regression analysis. The Hansch QSAR analysis of 2a-l 
(the compounds studied in the original CoMFA)17 using 
the same terms, gave eq 1. The statistical data obtained 
using the Hansch analysis are shown in Table 3. 

log 1/IC50 = 0.46TZ: + 0.20MR - 0.01(MR)2 - 1.51 
(D 

The ability of a Hansch QSAR analysis (using the n 
and MR molecular descriptors) to reproduce the data 
of the entire set of 25 compounds was also evaluated. 
The r2 and sm values derived from this data set was not 
as good as that obtained from the original 12-compound 
study (Table 3). 

The relative abilities of the three-component CoMFA 
model B and the Hansch QSAR equation based on n and 
MR (eq 1) to predict -logdCso) values for a test set of 
13 additional compounds, 2m-y, are shown in Table 5. 
The ability of each QSAR model to reproduce the 
original data (compounds 2a-l) is also compared in this 
table. The root-mean-square (rms) deviation of the 
CoMFA model fit to the original data is 0.16 compared 
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to 0.30 for the classical QSAR equation. Not unexpect
edly, both models perform less well in predicting the 
—logdCso) of the test set of 13 compounds which contain 
substituents and substitution patterns not present in 
the original 12-compound training set. The CoMFA 3D-
QSAR method provides an rms deviation of predictions 
of 0.58 as compared to 1.15 for predictions based on the 
classical QSAR equation. Eliminating the trimethyltin 
derivative (2q), whose Jt parameter is significantly less 
well-parameterized, improves the performance of both 
QSAR models but has a larger effect on the classical 
model, yielding a CoMFA rms of 0.55 and a classical 
QSAR rms of 0.77. 

The results of the CoMFA are conveniently viewed as 
color-coded contour plots (Figure 3). These contours 
represent the lattice points where differences in field 
values are associated with differences in binding affinity. 
The major steric features of the CoMFA-derived models 
B and D are compared in Figure 3i and 3iii, respectively, 
in the form of contour maps, displayed as shaded 
surfaces. The surfaces indicate regions near the tem
plate molecule (2a) where increase (green region) or 
decrease (yellow) in steric bulk would be important. 
Comparison of the positive and negative steric regions 
of the 12-compound model B to those of the 25-
compound model D shows that they have very similar 
features. 

The electrostatic features of the 12- and 25-compound 
CoMFA models are illustrated in Figure 3ii and 3iv. The 
"positive" electrostatic region (colored blue) encloses 
CoMFA region grid points where the presence of a +1 
probe charge is linked to increased activity. Likewise, 
the "negative" electrostatic region (red) defines areas 
where the +1 probe charge is associated with decreased 
activity. For the purposes of a QSAR study, the receptor 
is usually conceived to be a fixed environment into 
which various ligands are introduced. It is therefore 
useful to interpret the electrostatic CoMFA contours in 
terms of what they imply about the effect of altering 
ligand electronegativity via substitution. Thus, increas
ing the electronegativity of the ligand adjacent to the 
"positive" (blue) or decreasing the electronegativity of 
the ligand adjacent to the "negative" (red) electrostatic 
CoMFA regions is predicted to increase the activity of 
the ligand. 

Discussion 

Investigations of the effects of structure modifications 
of cocaine on its potency at the dopamine transporter 
have shown that only changes at the 3-position have 
led to higher potency analogues.617-23 Therefore, we 
selected modification of the substitution pattern of the 
phenyl group of 2a as the starting point for development 
of a pharmacophore for the cocaine binding site at the 
dopamine transporter. Examination of the IC50 values 
in Table 1 for compounds 2a-y reveals that substitution 
of the 4'-position of 2a with a chloro, bromo, iodo, or 
methyl group (2c, 2d, 2k, and 2j) provides compounds 
with IC50 values less than 2 nM. 4'-Substitution with 
electron-withdrawing nitro and trifluoromethyl groups 
(compounds 2e and 21) or electron-donating amino, 
methoxy, and hydroxy groups (compounds 2f, 2m, and 
2p) provides compounds with similar IC50 values, 1 
order of magnitude less potent than 2c, 2d, 2k, and 2j. 
Large 4'-substituents such as acetylamino, propionyl-



2870 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 18 Carroll et al. 

CoMFA Model B 

$*&-•• 
i. steric U B » 

CoMFA Model D 

&%-• 
' A 

iii. steric ^ 

v _ 

^k 
ii. electrostatic 

^ 

iv. electrostatic 

- # 

# 

- » 

(T 
Figure 3. Overlay of structure 2a and 12-compound model B CoMFA steric map (3i) and 25-compound model D CoMFA steric 
map (3ii). Green contours (level 75%) surround regions where steric bulk enhances binding. Yellow contours (level 25%) encompass 
regions where steric bulk decreases binding. Overlay of structure 2a and 12-compound model B CoMFA electrostatic map (3iii) 
and 25-compound model D CoMFA electrostatic map (3iv). Red contours (level 75%) show region where positive probe atom is 
associated with increased affinity and blue contours (level 25%) show regions where the positive probe decreased affinity. 

amino, (ethoxycarbonyl)amino, and trimethylstannyl 
resulted in compounds (2g-i, and 2q) with low affinity 
for the DA transporter. Surprisingly, the 4'-ethyl 
analogue 2o, which is only slightly larger than the 4'-
methyl analogue 2j , is 32 times less potent. Substitu
tion at the 3'-position had somewhat inconsistent re
sults; 3'-substitution of 2a resulted in analogues (2r-t) 
with lower affinity than the corresponding 4'-substituted 
counterparts, while the addition of a 3'-chloro or 3'-
methyl group to analogue 2c, to give the 3',4'-dichloro 
and 4'-chloro-3'-methyl analogues, 2w and 2y, respec
tively, had only a minor effect on potency. Strikingly, 
the addition of a 3'-methyl group to the 4'-fluoro 
analogue 2b or a 3'-bromo or 3'-iodo substi tuent to the 
4'-amino analogue 2f increased potency relative to the 
4'-substituted analogue. 

The capacity to design new biologically active com
pounds on the basis of previously synthesized and tested 
compounds is an aid in drug design. Traditional QSAR 
studies have been used since the early 1970s40 to 
correlate and predict biological activities of untested 
molecules. More recently, 3D QSAR techniques like 
CoMFA have shown promise of extending the QSAR 
method. In this method, a suitable sampling of the 
steric and electrostatic field around a set of aligned 
structures provides information required for predicting 
the activity of untested structures. A comparison of the 
classical and CoMFA approaches was recently re
viewed.44 

We had previously found that whereas classical QSAR 
failed to show high intercorrelation for a subset of the 
compounds in this investigation, CoMFA gave satisfac
tory agreement between experimental and predicted IC50 

values.17 Comparison of predicted —logtICso) values of 
several new analogues, obtained by using the CoMFA 
model B 112-compound model) and by using the Hansch 
model, with experimental — logdCso) values (Table 5) 
shows that lower rms deviations are obtained from the 
CoMFA model than from the classical (or extrathermo-
dynamic) QSAR model for both the 12-compound "train
ing" set and the 13-compound "test" set. Results from 
our early study,17 as well as from the present study, 
show tha t both methods indicate statistically a minor 
electrostatic contribution to the binding affinity. 

In our previously reported 12-compound CoMFA 
model17 (model A), which was based on 4'-substituted 
phenyl analogues, we reported that the steric field 
contour map showed a positive region extending out 
from and slightly above the 4'-position and a negative 
region further out from and below the 4'-position. As 
expected, the new 12-compound model (model B) shows 
the same features. These positive and negative steric 
regions are shown as green and yellow translucent 
contours in Figure 3i. The 25-compound model (model 
D), which is based on analogues with 4'-, 3'-, and 3',4'-
substi tuents, shows a steric field contour map, Figure 
3iii, very similar to the model B map (Figure 3i), even 
though it includes compounds with steric groups in 
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regions not included in models A and B. The only 
difference between the maps is that both the positive 
(green) and negative (yellow) regions of model D are 
slightly larger than the corresponding regions in model 
B. 

The FIELD*COEFFICIENT contour plots generated 
from individual compound and the PLS-model electro
static CoMFA fields (Figure 3ii and 3iv) were examined 
to assess the electrostatic influence of the various 
substitution patterns. For the original 12-compound 
model, these contour plots suggest that negative elec
trostatic potential presented by ligands above and below 
the plane of the aromatic ring and in the vicinity of the 
carbonyl oxygens of the 2/J-carbomethoxy- and 4'-sub-
stituents is associated with enhanced potency. Increas
ing positive electrostatic potential at the edge of the 
phenyl ring, particularly in the region directly between 
the phenyl ring and the methyl group of the 2-position 
ester, can also be seen to be associated with higher 
potency. The 25-compound model (D) exhibits many of 
the same electrostatic features but suggests that in
creased electron density around both the aromatic ring 
and the 4'-substituent itself is associated with higher 
potency. 

The correlation (r2 = 0.958) provided by the CoMFA 
technique on the full 25-compound set is somewhat 
higher than that obtained from the 12-compound models 
(r2 = 0.946, 0.940, and 0.934). The residuals of the 
calculated activities of the ethyl and trimethylstannyl 
derivatives, which were large using CoMFA models A, 
B, and C, are significantly smaller using the CoMFA 
model D. For the ethyl derivative, the predicted re
sidual (model B) was -1.16, while the calculated 
residual (model D) is -0.137. A similar trend is found 
for the trimethylstannyl derivative with a predicted 
residual (model B) of -0.79 and a calculated residual 
(model D) of -0.20. In contrast, the classical QSAR in 
which, although the 25-compound analysis provides 
significantly lower residuals for the calculated values 
of the 4'-trimethylstannyl derivative (predicted residual 
3.18, calculated residual 0.27), a significantly lower 
overall correlation (r2 = 0.60) was obtained, did not 
greatly improve the calculated residual of the problem
atic 4'-ethyl derivative (predicted residual —1.55, cal
culated residual —1.16). For this group of compounds, 
the CoMFA technique provides a consistent improve
ment in overall correlation and accuracy in the estima
tion of the activity of individual compounds as more 
compounds are included in the calculations, while the 
classical QSAR correlation does not uniformly improve 
as more compounds are included in the multiple linear 
regression. While the classical QSAR may possibly be 
improved by including more or different molecular 
descriptors in the regression equation, the CoMFA 
technique, relying only on default program parameters 
and the calculated steric and electrostatic fields, rapidly 
and flexibly provides useful correlations and predictions. 
On the other hand, the classical QSAR model suggests 
that the distribution property (TT) is important. 

Conclusion 

Several new 3/J-(substituted phenyl)tropane-2/3-car-
boxylic acid methyl esters described in this study 
provided new SAR information on the cocaine binding 
site pharmacophore. Surprisingly, the 3/3-(4'-ethylphe-
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nyl) analogue 2a was 32 times less potent than the 3/8-
(4 -methylphenyl) analogue 2i. In addition, 3/3-(3'-
halophenyl) analogues were less potent than the 
corresponding 3/?-(4'-halophenyl) derivatives, and more 
important, several 3/3-(3',4'-disubstituted phenyl) ana
logues were equal to or more potent than the 3/3-(4'-
substituted phenyl) analogues. 

The classical QSAR model shows that compound-
specific distribution properties (hydrophobicity) are 
important contributors to binding affinity at the DA 
transporter while the CoMFA approach effectively cor
relates and predicts the effect of aromatic substitution 
on binding affinity. Furthermore, since the CoMFA 
results are independent of the conformation of aromatic 
substituents selected for modeling, CoMFA may have 
wide applications. The new CoMFA model derived from 
25 compounds (model D) shows that some steric bulk 
extended from and above the 4'-position contributes to 
enhanced potency while excessive bulk leads to reduced 
potency. In addition, the model suggests that although 
electrostatic forces account for only 27% of the binding 
affinity, they may make a significant contribution to 
potency. 

Model D will have utility in the design of third-
generation, high-affinity ligands for the DA transporter. 
More important, since our goal is to develop ligands 
selective for all three monoamine transporters, we are 
presently determining the IC50 values for the same 25 
compounds for binding the 5-HT and NE transporters. 
We expect that a comparsison of CoMFA models for all 
three transporters will be useful for the design of 5-HT 
and NE selective binding ligands. 

Experimental Section 

Melting points were determined on a Thomas-Hoover capil
lary 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 or AM-500 spectrometer using tetramethyl-
silane as internal standard. Thin-layer chromatography was 
carried out on Whatman silica gel 60 plates using hexane:Et20: 
EtsN (10:9:1). Visualization was accomplished under UV or 
in an iodine chamber. Since all the compounds described were 
prepared starting from natural cocaine, they are all optically 
active and have the absolute configuration of natural cocaine. 
Microanalyses were carried out by Atlantic Microlab, Inc. 
Cocaine was provided by the National Institute on Drug Abuse. 
[3H]-3j8-(p-Fluorophenyl)tropane-2/3-carboxylic acid methyl es
ter ([3H]WIN 35,428) was purchased from Dupont-New En
gland Nuclear (Boston, MA). 

General Procedure for Preparing 3/i-(Substituted 
phenyl)tropane-2/3-carboxylic Acid Methyl Ester (2) from 
Anhydroecgonine Methyl Ester 3. Compounds 2r-s and 
2w-y were synthesized using procedures analogous to those 
reported for similar compounds.23 Physical data are given in 
Table 2. 

3/3-(4'-Hydroxyphenyl)tropane-2/3-carboxylic Acid Meth
yl Ester (2p) Tartrate. To a flask containing [p-(meth-
oxymethoxy)phenyl] magnesium iodide (11.0 mmol) in Et20 
(125 mL) at -55 °C was added 3 (0.50 g, 5.52 mmol). The 
suspension was stirred for 3 h before cooling to — 78°C and 
adding CF3CO2H (2 mL). The resulting solution was stirred 
an additional 2 h before adding 6 N HCl (50 mL). The reaction 
mixture was washed with Et20 (3 x 100 mL). The aqueous 
layer was basified (pH 9) and extracted with CHCI3 (3 x 50 
mL). The combined organic layers were concentrated under 
reduced pressure. Without further purification, the crude 
residue was dissolved in 1 N HCl and stirred overnight at 
ambient temperature. The crude reaction mixture was bas
ified and extracted with CHCI3 (3 x 25 mL). The combined 
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organic extract was dried (MgSCi) and evaporated unde r 
reduced pressure to yield the crude product. The product was 
separated by flash chromatography on Si02 (9:2 E t 2 O - E t 3 N ) . 
The physical constants for 2 p are listed in Table 2. 

3J8-(3'-Iodophenyl)tropane-2/3-carboxylic A c i d M e t h y l 
E s t e r (2t) H y d r o c h l o r i d e . To a solution of 3/?-(3'-iodo-4'-
aminophenyl)tropane-2/?-carboxylic acid methyl es ter dihy-
drochloride27 2v (280 mg, 0.70 mmol) in H 3PO 4 (10 mL) was 
added an aqueous solution of NaNC>2 (50 mg, 0.77 mmol, in 
0.5 mL of H2O) a t O0C. After 30 min a t th is t empera tu re , H3-
PO2 (12.5 mL, 50%) was added dropwise, and the reaction 
mixture was stirred for 2 h a t room tempera ture . The reaction 
mixture was poured into ice-water, basified with concentrated 
NH4OH, and extracted wi th Et20 . After washing wi th H2O, 
t he organic layer was dried over MgSO 4 and concentrated to 
give an oil which was purified by flash chromatography on Si02 
(hexane:Et 2 0, 4:1); 1 H NMR (250 MHz, CDCl3) <3 1.52-1.71 
(m, 3), 2.03-2.18 (m, 2), 2.23 (s, 3, NCH3) , 2.51 (m, 1), 2 . 8 6 -
2.98 (m, 2), 3.33 (m, 1, H-5), 3.51 (s, 3, OCH3), 3.55 (m, 1, H-I) , 
6.90 (t, J = 7 Hz, 1, ArH), 7.27 (d, J = 7 Hz, 1, ArH), 7.47 (d, 
J = 7 Hz, 1, ArH), 7.76 (s, 1, ArH). The pure free base was 
converted to the HCl sal t to yield 154 mg (52%) of 2t-HCl as a 
whi te solid: mp 138-14O 0C; [a]2 6

D - 91 .6 ° (c 0.25 CH3OH). 
Anal. Calcd for Ci6H2oClIN02-0.75H20: C, H, N. 

3/?-(3' -Bromo-4'-aminophenyl) tropane-2y3-carboxyl ic 
A c i d Methy l E s t e r (2v) D i h y d r o c h l o r i d e . To a round-
bottomed flask containing DMF (2.5 mL) under a s t r eam of 
ni trogen gas a t ambient t empera tu re was added 3^-(4'-
aminophenyl)tropane-2/3-carboxylic acid methyl ester (2f) (100 
mg, 0.364 mmol) and NBS (64.5 mg, 0.364 mmol). The solution 
immediately tu rned deep red. After the solution was s t i rred 
for 2.5 h, H2O (5 mL) was added, and the reaction mixture 
was extracted with CHCl3 (2 x 25 mL). The combined organic 
extract was dried (MgSO4) and concentrated under reduced 
pressure to yield the crude product as a brown oil. F lash 
chromatography on SiO2 (5% CH 3 OH in CHCl3) afforded 42 
mg (33%) of pure product 2v as a yellow oil. The hydrochloride 
salt had the following properties: mp 194 0C dec; [a]2 6

D - 87 .7° 
(c 0.09, CH3OH); par t ia l 1H NMR (250 MHz, DMSO) <5 2.28 
(s, 3, NCH3) , 3.52 (s, 3, OCH3), 7 .96-8 .68 (m, 3). Anal. Calcd 
for Ci 6H 2 3BrCl 2N 2O 2^H 2O: C, H, N. 

L i g a n d B ind ing . Brains from male Sprague -Dawley ra t s 
weighing 2 0 0 - 2 5 0 g (Har lan Labs, Indianapolis , IN) were 
removed, dissected, and rapidly frozen. Ligand binding ex
per iments for the dopamine t r anspor te r were conducted in 
assay tubes containing 0.5 mL of buffer (10 mM sodium 
phosphate containing 0.32 M sucrose, pH 7.40) on ice for 120 
min. Each assay tube contained 0.5 nM [3H]WIN 35,428 and 
0.1 mg of s tr iatal t issue (original wet weight). The nonspecific 
binding was defined us ing 30 fcM (-)-cocaine. Resul ts were 
analyzed us ing the Equi l ibr ium Binding Data Analysis soft
ware (EBDA, Biosoft). 

A c k n o w l e d g m e n t . T h i s w o r k w a s s u p p o r t e d i n p a r t 

b y t h e N a t i o n a l I n s t i t u t e o n D r u g A b u s e , G r a n t 

D A 0 5 4 7 7 . 
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