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New 1-phenyl-1,2,3,4-tetrahydroisoquinolines and related 5,6,8,9-tetrahydro-l3bH-dibenzo[a,hl- 
quinolizines were prepared as ring-contracted analogs of the prototypical l-phenyl-2,3,4,5- 
tetrahydrobenzazepines (e.g., SCH23390) as a continuation of our studies to characterize the 
antagonist binding pharmacophore of the D1 dopamine receptor. Receptor affinity was assessed 
by competition for [3HlSCH23390 binding sites in rat striatal membranes. The 6-bromo-l- 
phenyltetrahydroisoquinoline analog 2 of SCH23390 1 had D1 binding affinity similar to that 
for the previously reported 6-chloro analog 6, whereas the 6,7-dihydroxy analog 5 had 
significantly lower D1 affinity. Conversely, neither 6-monohydroxy- (3) nor 7-monohydroxy- 
1-phenyltetrahydroisoquinolines (4) had significant affinity for the D1 receptor. These results 
demonstrate that  6-halo and 7-hydroxy substituents influence D1 binding affinity of the 
1-phenyltetrahydroisoquinolines in a fashion similar to their effects on l-phenyltetrahydroben- 
zazepines. The conformationally constrained 3-chloro-2-hydroxytetrahydrodibenzoquinolizine 
9 had much lower affinity relative to the corresponding, and more flexible, 6-chloro-7-hydroxy- 
1-phenyltetrahydroisoquinoline 6. Similarly, 2,3-dihydroxytetrahydrodibenzoquinolizine 10 had 
much lower D1 affinity compared to dihydrexidine 14, a structurally similar hexahydrobenzo- 
[alphenanthridine that is a high-affinity full D1 agonist. Together, these data not only confirm 
the effects of the halo and hydroxy substitutents on the parent nucleus but demonstrate the 
pharmacophoric importance of both the nitrogen position and the orientation of the accessory 
phenyl ring in modulating D1 receptor affinity and function. Molecular modeling studies and 
conformational analyses were conducted using the data from these new analogs in combination 
with the data from compounds previously synthesized. The resulting geometries were used to 
refine a working model of the D1 antagonist pharmacophore using conventional quantitative 
structure-activity relationships and three-dimensional QSAR (CoMFA). 

Introduction 
Dopamine neurotransmission plays a major role in 

the etiology andlor therapy of a variety of neurological 
and psychiatric disorders, including Parkinson’s disease, 
schizophrenia, Huntington’s disease, and 0thers.l Thus, 
there are compelling reasons to understand the molecu- 
lar pharmacology of dopamine receptors. More than a 
decade ago, the existence of two dopamine receptor 
subtypes, D1 and D2, was propo~ed.~$~ For several years 
afterward, it was believed that the important clinical 
actions of dopamine receptor ligands (e.g., antagonists 
like the antipsychotic drugs or agonists used to treat 
Parkinson’s disease) were primarily mediated by the D2 
class of r e ~ e p t o r . ~ - ~  This viewpoint was due, in large 
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measure, to the lack of appropriate pharmacological 
probes for the D1 receptor. Thus, a major breakthrough 
occurred when the first high-affinity and selective D1 
antagonist SCH23390 (1, Figure 1) became a~ai lab le ,~  
leading to awareness of important roles for D1 receptors 
in a host of CNS-mediated functions, alone and via 
interactions with D:! receptors.8-11 

It is now known that at least five genes code for 
dopamine receptor isoforms, with the isoforms often 
divided into subfamilies called “D1-like” and “D2-1ike”.l2 
Two of these isoforms, termed D1*l3-I6 and D517 (or 
D1&, have a high degree of molecular homology and 
share similar D1-like pharmacology. The important 
functional roles for D1-like receptors were heightened 
recently by studies reporting a critical role for full (but 
not partial) activation of D1 receptors in the pharma- 
cotherapy of parkinsonism.lg Such data underscore the 
importance of understanding the mechanisms affecting 
drug recognition and activation (or antagonism) at the 
D1 receptor. 

We previously synthesized a series of l-phenyl-1,2,3,4- 
tetrahydroisoquinoline analogs20 that were ring-con- 
tracted analogs of the l-pheny1-2,3,4,5-tetrahydroben- 
zazepine 1 and reported conformational analysis studiesz1 
utilizing molecular mechanics calculations on both 
series. Results indicated that the lowest energy con- 

0022-262319411837-4317$04.50/0 0 1994 American Chemical Society 



4318 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 25 Minor et al. 

1 

b 
11 R=H 
12 R-CH3 

13 

13 

Figure 1. Structural analogs used for D1 receptor studies. 
(Torsion angle, t, is defined by 8a, 1, 9, 10 or 9a, 1, 10, 11.) 

formation for the 1-phenyltetrahydroisoquinolines is 
that in which the heterocyclic ring exists in a half-chair 
conformation with an equatorial N-substituent and 
pseudoequatorial accessory phenyl ring held in a nearly 
orthogonal orientation relative to the fused ring system. 
On the other hand, the lowest energy l-phenyltetrahy- 
drobenzazepine conformation is that in which the 
heterocyclic ring exists in a chair conformation with an 
equatorial N-substituent and an equatorial accessory 
phenyl ring. 

Studies performed by Pettersson et aLZ2 on l-phen- 
yltetrahydrobenzazepines and some constrained analogs 
led to similar findings. They have calculated electro- 
static potentials of various l-phenyltetrahydrobenza- 
zepine D1 ligands and suggested that a large degree of 
the interaction between the accessory phenyl ring and 
the receptor is electrostatic in nature and that the 
phenyl ring interacts with the same site on the receptor 
as does the 8-hydroxyl group. A report by Weinstock2* 
suggests that conformationally flexible l-phenyltetrahy- 
drobenzazepines may prefer to attain an axial accessory 
phenyl ring conformation in order to bind to the DI 
receptor, whereas the equatorial conformation may be 
favored for access to the binding site. 

We reported the development of a quantitative struc- 
ture-activity relationship (QSAR) model for D1 dopam- 
ine receptor antagonists of the l-phenyltetrahydroiso- 
quinoline and l-phenyltetrahydrobenzazepine series.21 
The key regressor utilized, cosine 6, represented a 
combined steric and electronic parameter based upon 
the orientation of the net molecular dipole relative to 
the three-dimensional arrangement of the pharmaco- 
phoric elements for a given set of l-phenyltetrahydroiso- 

quinoline derivatives and 1. It was revealed by this 
model that, at the D1 receptor, the active l-phenyltet- 
rahydroisoquinolines (S absolute configuration) have 
opposite stereochemical requirements to the l-phen- 
yltetrahydrobenzazepines. It was also shown that these 
two classes share common structure-activity relation- 
ships, such as the sensitivity of antagonist binding 
affinity to  the nature of the N-substituent and nitrogen 
lone electron pair (or N+H for the protonated species) 
vector orientation. More specifically, the corresponding 
N-normethyl derivative 7 of (S)-(+)-6-chloro-7-hydroxy- 
l-phenyl-N-methyl-1,2,3,4tetrahydroisoquinoline (6) (F'ig- 
ure 1) demonstrated approximately 17 times less affinity 
as a D1 ligand relative to the N-methyl analog. Simi- 
larly, 1 was twice as potent in binding to the D1 receptor 
as its N-normethyl derivative. 

The present work reports the synthesis of additional 
l-phenyltetrahydroisoquinolines and related analogs 
(Figure 1, Schemes 1 and 2) and the use of these 
compounds to extend molecular modeling studies of D1 
receptor antagonists. Since 1 and 6 both have signifi- 
cant affinity as selective D1 antagonists, they were 
utilized as templates for comparison of the compounds 
reported herein. Compounds 3 and 4 (Figure 1) were 
designed to investigate the significance of the halogen 
in the aromatic 6-position of the l-phenyltetrahydroiso- 
quinoline versus the 7-halo substituent in the l-phen- 
yltetrahydrobenzazepine series. Analog 5, a catechol, 
was synthesized to determine whether this compound 
would have partial agonist .properties as are seen with 
SKF38393, a tetrahydrobenzazepine that lacks the 
N-methyl group. 
As noted above, earlier molecular modeling and NMR 

data have led to the hypothesis that the accessory 
phenyl ring in the l-phenyltetrahydroisoquinoline and 
l-phenyltetrahydrobenzazepine series prefers a nearly 
orthogonal orientation with energy minima correspond- 
ing to torsion angle z(8a,1,9,10 or 9a,l,lO,ll, Figure 1) 
at approximately 60" and go", respectively, to the fused 
ring systems.21 For this reason, it was predicted that 
this phenyl ring orientation might be one important 
criterion for D1 receptor antagonist versus agonist 
binding affinity. To test this hypothesis, the 3-chloro- 
2-hydroxy-5,6,8,9-tetrahydro-13bH-dibenzo[a ,hlquino- 
lizine analog 9 was prepared since it contains the 
analogous accessory phenyl ring constrained in a less 
orthogonal orientation (analogous torsion angle ca. 12") 
relative to the fused ring system. It was hypothesized 
that such a change would decrease affinity. The tet- 
rahydrodibenzoquinolizine 10, a compound structurally 
similar to the full D1 agonist dihydrexidine ( 14),25926 was 
designed to investigate the importance of the nitrogen 
position for D1 antagonist versus agonist properties. The 
nitrogen in 14 is at an adjacent position to the nitrogen 
in 10. Analog 15, a low-affinity D1 antagonist derivative 
of 14 in which one of the catechol hydroxyls is replaced 
by a bromine and the secondary nitrogen of 14 is 
methylated, also was i n c l ~ d e d . ~ ~ * ~ ~  This analog incor- 
porates the proposed accessory phenyl ring orientation 
of an agonist, but also the tetrahydroisoquinoline aryl 
substitution pattern and nitrogen substitution pattern 
of an antagonist. This mixed agonist-antagonist phar- 
macophoric arrangement probably accounts for the low 
affinity reported for 15. 
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21 R1=OCH3, R2=H 
22 Rl=H, RpOCH3 
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26 Rl=H, R2=OCH3 
27 R1 =R2=OCH3 

Scheme 2 
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correlates the steric and electrostatic fields of molecules 
Rl with biological activity. In addition, the previously 

reported "Active Analogue Approach"21 was extended by 
inclusion of the additional l-phenyltetrahydroisoquino- 
lines, tetrahydrodibenzoquinolizines, and hexahydroben- 
zophenanthridines. These additional classes were used 
to refine that volume and shape of the D1 receptor that 
is able to accommodate the active ligands and, con- 
versely, that volume partially occupied by the receptor 
itself that excludes the inactive analogs. 

Chemistry 

Schemes 1 and 2 outline the synthesis of the target 
compounds 2-5 and 9-10. The additional l-phenyltet- 
rahydroisoquinolines included herein were prepared by 
the procedure previously reported.20 Briefly, the phen- 
ethylamine intermediates 16- 19 were reacted with 
benzoyl chloride to afford the respective benzamides 

48% HBr 

/ - 9 Rq=CI. R9) R2=OH 

10 Rl=RpOH 1 PPA 

B r N w  

/ - 
38 

The modeling techniques employed in these studies 
include modification of our previous QSAR mode121 as 
well as comparative molecular field analysis (CoMFA), 
a recently developed method by Kramer et al.27 that 

20-23 that were then ring-closed via a Bischler- 
Napieralski cyclization28 to afford the 3,cdihydroiso- 
quinolines (24-27). This was followed by reduction of 
the imine utilizing sodium borohydride to afford 28- 
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Table 1. l-Phenyltetrahydroisoquinolines and Synthetic Intermediates 
R 

R 

Minor et al. 

recrystdeluting 
compd no. compd type R1 Rz R3 mp"C %yield solvent formula analyses 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

A 
A 
A 
A 
B 
B 
B 
B 
C 
C 

gum 
67 
121 
85-86 
gum 
gum 
gum 
211-213 

H 107-108 
H 73-74 

83 
57 
78 
85 
14 
38 
5 

72 
57 
67 

a 
a 
a 
a 
Hex/EtOACc 
a 
Hex/EtOACc 
Hex/Tolc 
Hex/EtOACb 
a 

30 C H OCH3 H 74-75 66 a 
31 C OCH3 OCH3 H 102-103 74 Hex/EtOACc C16HigNo~ 
32 C Br OCHj CH3 73-74 86 Hex/EtOACC C17HlsBrNO 
33 C OCH3 H CH3 63-64 20 Hex/EtOACC C17H19NO 
34 C H OCH3 CH3 76-78 39 a Ci7HigNO 
35 C OCHj OCH3 CH3 77-78 91 a CisHziNOz 
2 C Br OH CH3 178-179 13 HexlEtOACb C16H16BrNO C,H,N 
3 C OH H CH3 185-187 89 Hex/EtOACb C16H17NO C,H,N 
4 C H OH CHS 184-186 83 Hex/EtOACb C16H17BrN02 C,H,N 
5 C OH OH CHn 2350 25 a CisHi7NOz C,H,N .. . - 

No purification was necessary. b Recrystallization solvent. Eluting solvent for column chromatography. 

31. Methylation of the nitrogen was carried out by the 
Eschwieler-Clark N-methylation procedure29 to afford 
32-35. Finally, cleavage of the methoxy groups was 
achieved with either hydrobromic acid30 to afford ana- 
logs 2-4 or boron tribromide to afford analog 5. 

Scheme 2 indicates the synthesis of the dibenzoquino- 
lizine analogs 9 and 10. The nitrogen of 37 was initially 
alkylated with bromoethanol to afford 38 followed by 
subsequent ring closure and O-demethylation utilizing 
polyphosphoric acid to afford 9. The synthesis of 10 was 
accomplished by the O-demethylation of 3631 using 48% 
hydrobromic acid. 

The method described by Gold and Chang3O for 
similarly substituted l-phenyltetrahydrobenzazepines 
was used for the enantiomeric resolution of the racemic 
intermediate 28. Racemic 28 was converted to the 
diastereomeric salts using N-acetyl-D-leucine, with con- 
secutive recrystallizations in acetonitrile yielding the 
(+)-diastereomer. The filtrates were then converted to 
the free base followed by conversion to the diastereo- 
meric salts using N-acetyl-L-leucine. Consecutive re- 
crystallizations in acetonitrile afforded the (-)-diaste- 
reomer. Both the (+I- and (-)-diastereomers were 
converted to the free base enantiomers using 5% NaOH 
solution. Each enantiomer was converted to the N- 
methylated derivative using formaldehyde and formic 
acid, accompanied by a reversal in the sign of rotation. 
The N-methylated derivatives were then O-demethy- 
lated in the presence of 48% hydrobromic acid to  afford 
(S)-(+)- and (IW-1-2. After catalytic dehalogenation 
of (-)-2 and (-1-6 in the presence of H2/Pd/C in THF, 
the absolute configuration of (-1-2 was determined by 
comparison of the sign of rotation to that of (RH-1-4. 

Results and Discussion 
We previously reported that a series of l-phenyltet- 

rahydroisoquinolines had affinity for the D1 receptor20 
when compared to the prototypical antagonist 1. Upon 

the expansion of these S A R  studies with additional 
related analogs (2, 3, 4, 5, 9, 10, 151, a broad range of 
affinities for the D1 receptor, concomitant with little D2 
affinity, was demonstrated (Table 2). Compounds 3 and 
4 demonstrated little affinity for the DI receptor at the 
concentration range used in the competition study 
(Table 21, suggesting that the halogen and the hydroxyl 
substituents in the 6- and 7-positions, respectively, were 
necessary. Pettersson et al.23 have hypothesized that 
the accessory phenyl ring in the l-phenyltetrahydroben- 
zazepines interacts with the same site on the receptor 
as does the 8-hydroxyl group. Although there are other 
explanations for this, it is not surprising that the 
1-phenyltetrahydroisoquinoline 3 (lacking the analogous 
hydroxyl) was found to be inactive. Binding affinity for 
the bromo analog 2 was comparable to that for the 
remaining two prototypes in this study (1 and 6; Table 
2), suggesting that the receptor domain that accom- 
modates the chlorine atom has tolerance for larger 
halogens, similar to the pattern seen with other D1 
antagonists such as 1. Since the active enantiomer for 
2 possesses the S absolute configuration, it appears that 
the sterochemical requirement for this compound is 
analogous to that of the chloro analog 6 with regard to 
affinity and selectivity. As noted earlier, it was antici- 
pated that the catechol analog 5 might have agonist- 
like binding characteristics; D1 antagonists typically 
have Hill slopes equal to 1, but significantly less than 
1.0 for agonists. The Hill slope for 5 was, in fact, 0.913, 
suggesting that this compound would, at best be only a 
partial agonist. As expected, there was no significant 
correlation (T = 0.155) between D1 and D2 binding 
affinity for the test compounds included in this study. 

On the basis of previous NMR and molecular model- 
ing studies as well as X-ray crystallographic data,21 it 
was determined that the accessory phenyl ring in the 
l-phenyltetrahydroisoquinoline and l-phenylbenza- 
zepine antagonists is held in a nearly orthogonal 
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Figure 2. Four lowest energy conformations for 9. N-Axial 
chair, chair (red); N-axial chair, boat (blue); N-equatorial chair, 
chair (green); N-equatorial chair, boat (magenta). 

orientation relative to the fused ring system. Although 
the (S)-tetrahydroisoquinolines superimposed well upon 
the lowest energy conformation of (R)-1, we found that 
another low-energy conformation of 1, a twist chair of 
1.56 kcaVmol higher energy compared to the global 
minimum energy conformation, better correlated with 
the tetrahydroisoquinolines and other analogs in the 
conventional and CoMFA QSAR models presented 
herein. This conformation, when used as the template 
in the Multifit analysis described below, also resulted 
in lower energy multifit or “pharmacophoric” conforma- 
tions for the series as compared to those that resulted 
when the lowest energy conformation of 1 was used. 
These results suggest that this may represent a more 
probable conformation of 1 for receptor binding. The 
twist chair conformation of 1 also involves the phenyl 
ring held in a similar orthogonal orientation. This led 
us to hypothesize that the accessory phenyl ring orien- 
tation was important in distinguishing agonist from 
antagonist binding potential for the D1 receptor. 

For this reason, we proposed the synthesis of the 
dibenzoquinolizine analog 9 in which the ring is con- 
strained in a less orthogonal orientation. As expected, 
9 demonstrated significantly reduced binding affinity 
as compared to the corresponding more flexible analog 
6, suggesting the necessity of this ring orientation for 
D1 antagonist affinity. Molecular mechanics-based con- 
formational analysis indicated that one of the four 
lowest energy conformations of 9 (Figure 2) is that in 
which the ethano bridge from the nitrogen to the 
accessory ring is in the equatorial position on the 
nitrogen, with the two heterocyclic rings in a half-chair 
conformation allowing the corresponding accessory phen- 
yl ring to exist in a less orthogonal orientation relative 
to the tetrahydroisoquinoline ring system. lH-NMR 
data for the 1-phenyltetrahydroisoquinolines and 1- 
phenyltetrahydrobenzazepines (possessing the noncon- 
strained ring) reveals that the proton in the 8-position 
and corresponding 9-position, respectively, is shifted 
substantially upfield in comparison to the remaining 
aromatic protons, probably due to the shielding effect 
produced by the orthogonal phenyl ring. No such NMR 
shielding was exhibited for 9, however, indicating that 
the phenyl ring must be in a non-orthogonal orientation. 
Therefore, of the four lowest energy conformations for 

9, NMR data eliminated the possibility of the two 
N-axial forms in which the accessory ring is held 
orthogonally. Consequently, the lowest energy con- 
former of the remaining two structures (the N-equato- 
rial half-chair, half-chair conformation) (3.66 kcdmol) 
was chosen as the most plausable conformation for this 
tetrahydrodibenzoquinolizine to be used in subsequent 
modeling and QSAR studies. Likewise, the low-affinity 
hexahydrobenzophenanthridine D1 antagonist25 analog 
15 possesses the corresponding phenyl ring constrained 
in a less orthogonal orientation. 

The catechol-type tetrahydrodibenzoquinolizine 10 
was prepared to investigate the importance of the 
nitrogen position for D1 agonist versus antagonist 
affinity. This compound is structurally and conforma- 
tionally similar to the potent, full D1 agonist dihydrexi- 
dine (14),25 differing only in the position of the ring 
nitrogen. The affinity of 10 for the D1 receptor (Table 
2) was 270-fold less than that of 14 (IC50 10 f 1 nM) 
suggesting the importance of the nitrogen position as a 
component of the D1 agonist versus antagonist phar- 
macophore. It should be noted that the present studies 
included neither 14 nor other D1 agonists in the model- 
ing work described herein. This decision was based on 
the assumption that there are important differences in 
certain aspects of the modes of binding that occur with 
agonists versus antagonists. In fact, most D1 agonists 
based on the phenyltetrahydrobenzazepine (e.g., 
SKF38393) are partial agonists that clearly have both 
agonist and antagonist characteristics. An understand- 
ing of the molecular characteristics of the antagonist 
pharmacophore is a necessary foundation for investiga- 
tion of the more complicated situation with mixed 
agonists - antagonists. 

Conventional Regression Analysis (QSAR) 

As stated above, we previously developed a QSAR 
model for a limited series of l-phenyltetrahydroiso- 
quinolines and 1 as D1 dopamine receptor antagonists 
(r2 = O.902h2l To develop this model, a special angular 
regressor, cosine 8, was developed and defined as the 
angle between the molecular dipole moment vector and 
the normal to the pharmacophoric plane through the 
center of mass. Atoms designated as pharmacophoric 
elements included the cationic nitrogen, 6-chloro, 7-hy- 
droxyl, and the centroid of the accessory phenyl ring. 
The analogous elements were utilized for 1. Incorpora- 
tion of cosine 8 values for the additional compounds 
described in this study into the original parabolic model 
resulted in a dramatic decrease in the correlation 
coefficient (r2 = 0.216; Table 3), indicating the limita- 
tions of this model. For the seven compounds included 
in the original model, the torsion angle r(a,b,c,d) defin- 
ing the orientation of the accessory phenyl ring was 
similar for all observations in the data set with the 
exception of a 1-benzyltetrahydroisoquinoline analog for 
which the analogous torsion angle could not be defined. 
When the tetrahydrodibenzoquinolizines (z( a,b,c,d) ap- 
proximately 12”) were included, this model failed to 
describe sufficiently the steric aspects of the observa- 
tions. Subsequently, univariate linear regression using 
the expanded set of analogs with cosine 8 as a descriptor 
also afforded a similarly inadequate correlation (r2 = 
0.216) (Table 3). The correlation was greatly enhanced 
(r2 = 0.916, Tables 3 and 4) by incorporating the torsion 
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Table 2. DI and D2 Receptor minities 

Minor et al. 

(R)-(+)- 1 0.40 f 0.09 9.39 676 f 38 6.17 1690 
(S)-(+)-2 8.30 f 2.3 8.08 1300 f 190 5.88 156.6 
(R)-(-)-2 > 5000 C '5000 C C 

(+)-3 25000 C > 5000 C C 

(1)-4 >5000 C >5000 C C 

(f)-5 370 f 82 6.73 290 f 36 6.53 1.27 
(S)-(+)-6 6.6 f 0.7 8.04 1850 f 240 5.73 205.5 
(R 14 - )-6 442 f 27 6.35 19200 f 430 4.71 43.4 
(f)-7 743 f 76 6.85 26300 f 1300 5.43 35.39 
(11-8 179 f 5 6.75 1900 f 100 5.72 10.6 
(f)-9 830 f 44 6.38 > 5000 C C 
(*)-lo 2700 f 400 5.86 25000 C C 

(f)-11 565 1 61 6.55 3620 f 600 5.44 6.40 
(f)-12 174 f 17 6.75 522 f 108 6.28 3.0 
(1)-13 53.2 f 4.0 7.27 287 f 32 6.54 5.39 
(f)-15 138 f 44 6.85 23000 C C 

a D1 potency was determined from competition binding with [3HlSCH23390.1 All values expressed as a mean Ki (nM) value + SEM. 
Dz potency was determined from competition binding with [3Hlspiperone. All values expressed as a mean Ki (nM) value + SEM. Finite 

values could not be calculated. 

Table 3. Statistical Results from Conventional QSAR 

compda regressor analysis R R2 F SE P 

A cos e PNb 0.950 0.902 18.445 0.384 0.009 
A + B  COS e PN 0.465 0.216 1.213 0.988 0.372 
A + B  COS e univariate linear linear multiple 0.464 0.216 2.749 0.938 0.128 
A+B* COS e, multiple 0.957 0.916 43.575 0.324 0.0001 

a A = 1 + 6 + 7 + 8 + 11 + 12 + 13. B = 2 + 5 + 9 + 10 + 15. B* = All compounds except 13. PN = polynomial. 5 = torsion angle 
8a, 1, 9, 10 or 9a, 1, 10, 11 (Figure 1). 

Table 4.a cos 0 and Torsion Angle Values Correlated with 
Biological Activity (pKJ and Corresponding Regression 
Equation 

~ K ~ D ~  = 6.292 - 2.70 cos e + 0.0257 

R=0.957,R2=0.916,p=0.0001,F=43.575,s=0.525 

compd cos e torsion angle ( 5 )  exp calc 
1" -0.05 
2* -0.02 
3 0.12 
4 0.26 
5* 0.27 
6* -.01 
7* 0.15 
8* 0.46 
9" -0.05 

10* 0.26 
11* 0.24 
12* 0.13 
15* -0.21 

124.1 
64.4 
64.4 
64.2 
64.1 
58.2 
55.3 
68.4 
11.7 
11.5 
30.2 
30.0 
3.7 

9.37 9.52 
8.08 7.96 

x5.00 7.50 
<5.00 7.19 

6.73 7.15 
8.18 7.77 
6.85 7.28 
6.75 6.75 
6.38 6.72 
5.86 5.85 
6.55 6.37 
7.06 6.68 
6.85 6.98 

~~ 

a An asterisk (*) denotes compounds used in development of 
regression equation. Biological activity expressed as pK, (-log K, 
in M), torsion angle = t(8a, 1,1,10 or 9a, 1, 10,111 (see Figure 1). 
D1 potencies determined from competition binding experiments 
with [3H]-SCH23390. 

angle for the accessory phenyl ring as a second descrip- 
tor in order to describe more effectively its spacial 
orientation in a multiple regression analysis. Table 4 
indicates the final regression equation developed that 
incorporates those steric and electronic parameters 
important for D1 binding affinity as well as predicted 
binding affinity values (calc. pKID1). Figure 3 graphi- 
cally demonstrates the significant correlation (r2 = 
0.914) that exists between the experimental versus the 
calculated pK,D1 values. The pKID1 values are esti- 
mated based upon the measured values for the race- 
mates. 

5 f  I I I 

5 6 1 8 9  

actual pIC50 

Figure 3. Measured versus predicted D1 binding affinities. 

Comparative Molecular Field Analysis 
Comparative molecular field analysis (COMFA)~~ rep- 

resents a complementary approach explored in charac- 
terizing structural features essential for antagonist 
binding to the D1 receptor. CoMFA, a relatively new 
QSAR technique, attempts to correlate receptor-ligand 
affinities with the steric and electrostatic fields pre- 
sented by the ligands thus describing both the electron- 
ics and shape. Steric and electrostatic fields of a given 
set of molecules are sampled at  the intersections of a 
three-dimensional lattice in which they are aligned. 
Accordingly, one of the most critical steps in developing 
a successful CoMFA model involves the initial align- 
ment of the molecules within the lattice. Once a 
suitable alignment has been achieved, independent 
steric and electrostatic regressor values are generated 
at  each lattice point. These calculated values together 
with the dependent variable are included in a partial 
least squares (PLS) analysis utilizing cross-validation 
for the development of a model with predictive utility 

y = 0 . 9 3 5 ~  + 0.500 r2 = 0.914 

0 
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Table 5. Statistical Results from CoMFA Analyses 
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optimal cross-validated 
compd regressors alignment component (S) 9 (s2) press PLS9 S 

A steric electrostatic RMSc 3 0.162 1.070 0.853 0.408 
A steric electrostatic field fit 4 0.455 1.094 0.993 0.100 
AQ steric electrostatic torsion angle field fit 2 0.578 0.727 0.997 0.076 
Ab steric electrostatic torsion angle field fit 5 0.698 0.865 0.999 0.057 

A = Compounds 1,2,5,6,7,8,9,10,11, 12,13, and 15. a Compound 13 was omitted from the analysis. Compounds 7 and 13 were 
omitted from the analysis. RMS = pharmacophoric elements served as reference points for RMS fitting, s = standard error, torsion 
angle = r(8a,1,9,10 or Sa,l,lO,ll)(Figure 1). 

for the activities of untested molecules. The cross- 
validation technique involves random elimination of one 
or more observations from the original data set with 
subsequent equation development and activity predic- 
tion for the eliminated observation (S) in an iterative 
manner thus yielding a QSAR equation that is generally 
of greater predictive value than that derived from 
conventional regression analysis. Correlations yielding 
a cross-validated r2 (q2)  2 0.50 are considered to be of 
predictive utility. The results from the various methods 
of alignment and regressor combination utilizing the 
lowest energy conformations of the tetrahydroisoquino- 
lines and the twist-chair conformation of 1 in the 
development of the final CoMFA model presented are 
shown in Table 5. Initially, RMS fitting of pharma- 
cophoric elements was used to align the molecules in 
the region; however, this resulted in an extremely low 
q2 value of 0.162. Therefore, the field fit (rigid) align- 
ment option was employed that maximizes steric and 
electrostatic field overlap as opposed to structural 
overlap among the members of the data set. Subse- 
quent analyses involving the field fit alignment option 
of the RMS-fitted molecules still failed to afford a 
suitably predictive model (q2 = 0.455) suggesting that 
perhaps the steric component was still inadequately 
described as with the original conventional QSAR 
model. 

For these reasons, the corresponding torsion angle 
values z(8a,1,9,10 or 9a,l,lO,ll) weighted equally with 
the steric and electrostatic regressors were included in 
the CoMFA model that utilized 11 observations, 2 
components, and 11 cross-validation groups to afford a 
more internally predictive model (q2 of 0.578). The 
1-benzyltetrahydroisoquinoline 13 could not be included 
in this model since it is not possible to define the 
corresponding torsion angle. The largest residual re- 
sulting from this analysis corresponded to 7. As a result 
of elimination of this compound, the analysis afforded 
a q2 of 0.698. Non-cross-validation for the former study 
using two components resulted in a conventional r2 of 
0.997 whereas non-cross-validation for the latter analy- 
sis using a five-component model resulted in a r2 = 
0.999, Although 7 differs from the majority of the 
remaining observations in that this analog possesses no 
N-substituent, the activity of 11 (that also lacks an 
N-substituent) is more adequately predicted. Therefore, 
it is difficult to justify the elimination of 7 from the data 
set used to develop the model. Accordingly, the two- 
component model was used to afford the internally 
predicted activities correlated with experimental values 
and for the development of the steric coefficient contour 
map shown in Figure 4. In Figure 4 the positive steric 
coefficient contours are depicted indicating that in- 
creased steric bulk in these areas should result in 
enhanced binding affinity. Accordingly, the 6-bromo- 

7-hydroxy- (2), 6-chloro-7-hydroxytetrahydroisoquino- 
lines (6) and 1 show favorable steric interaction with 
the contour regions that accommodate the halogen and 
N-methyl groups whereas analogs that bind weakly (3, 
4,7,11,12) to the D1 receptor show reduced interaction. 
The above inactive analogs lack at least one of the 
corresponding groups present on the three active ana- 
logs that interact with the positive steric con- 
tours-namely the 6-substituent on the tetrahydroiso- 
quinolines or the 7-substituent on the tetrahydroben- 
zazepines or the N-methyl group at the nitrogen in the 
2- or 3-position of the heterocyclic ring in the tetrahy- 
droisoquinolines and benzazepines, respectively. In- 
creased steric bulk in the areas corresponding to the 
negative steric coefficient contours (not shown) should 
result in reduced receptor affinity. The high-affinity 
analogs 1,2, and 6 do not possess groups that protrude 
into these unfavorable contours. It is evident, however, 
that of the inactive analogs included, the N-propyl group 
of 8 as well as the less orthogonal accessory phenyl rings 
of 9 and 10 to protrude into these negative contour 
regions. 

CoMFA has provided an excellent way to evaluate 
those features important for binding affinity. In order 
to  develop this method, it was necessary to include not 
only the steric and electrostatic field components but 
also, as in the case of the conventional QSAR model, 
an additional steric component, torsion angle of the 
accessory phenyl ring. While the conventional QSAR 
approach afforded a suitable correlation, CoMFA offered 
a better intuitive understanding than purely statistical 
presentation. 

Multifit Analysis: Receptor Mapping 
In addition to conventional regression analysis and 

CoMFA, another approach was taken to characterize the 
D1 receptor antagonist model. A multifit analysis was 
extended relative to our original work.21 This approach 
allows for the energy minimization of a set of analogs 
proposed to  interact with the same receptor while 
constraining the pharmacophoric elements in a similar 
three-dimensional arrangement as that of an active 
template. Boolean volumetric representations are sub- 
sequently generated that allow for the description of 
“active space” that is accessible to the ligand and 
“inactive space’’ that is partially receptor occupied and 
not available for ligand binding. The procedure involves 
linking the above-described pharmacophoric elements 
by a force constant followed by molecular mechanics- 
based energy minimization of the conglomerate. Each 
molecule experiences only the restraining forces of the 
pharmacophoric template and is unaware of the other 
superimposed molecules. Subsequent to energy mini- 
mization, the energy differences between the lowest 
energy conformations for each compound (except for the 
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Figure 4. Positive steric coefficient contours containing the 
active analogs 1 (green), 2 (blue), and 6 (red). Contour regions 
indicate areas where increased steric bulk should enhance 
binding. The contour level is 0.01. 

Table 6. Energy Differences between Lowest Energy and 
Multifit Conformations 

compd starting energy multifit energy energy 
no. (kcallmol) (kcdmol) difference 

l a  
-2 

5 
6 
7 
8 
9 
10 
11 
12 
13 
15 

13.03 
5.72 
5.88 
5.35 
4.51 
7.80 

12.89 
13.00 
4.75 
5.92 
7.21 

13.42 

21.68 
7.33 
7.37 
6.39 
5.51 
9.91 

17.25 
16.33 
7.32 
8.32 

23.47 
48.45 

8.65 
1.61 
1.49 
1.04 
1 .oo 
2.11 
4.36 
3.33 
2.57 
2.40 

16.26 
35.03 

a Twist chair conformation used. 

twist chair conformation of l), and the resulting multifit 
conformations were determined. 

As shown in Table 6, the energy requirement to  
assume the multifit conformations was less than 4.5 
kcdmol for all analogs except the l-benzyltetrahy- 
droisoquinoline 13, the tetrahydrobenzazepine 1, and 
the hexahydrobenzophenanthridine 15. The active 
space was generated (Figure 5) for those compounds 
designated as such (1,2, and 6). It is notable that the 
representation of the active space varied little from that 
previously reported21 since the only structural feature 
varied in the additional analog 2 is the size of the 
halogen substituent in the 6-position. Also, it is reason- 
able to expect less allowable variation in the active space 
as compared to the inactive space due to the stringent 
requirement for critical structural elements of active 
ligands. Figure 5 represents compounds defined as 
inactive (6,7,8,9, 10, 11, 12, 13, 15) contained within 
the active space. It is evident that elements of the 
benzyl substituent in 13, the accessory phenyl ring in 
the tetrahydrodibenzoquinolizines 9 and 10 and ben- 
zophenanthridine 15 and the N-propyl substituent of 8 
extend beyond the corresponding regions of the active 
space, further suggesting the importance of the orienta- 
tion of the accessory phenyl ring, the size and orienta- 
tion of the N-substituent, and orientation of the nitrogen 

Figure 5. Active space representation containing the inactive 
analogs 5, 7, 8, 9, 10, 11, 12, 13, and 15. 
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Figure 6. Inactive space representation containing active 
analogs 1 (red), 2 (blue), and 6 (green). 

lone electron pair vector for significant receptor affinity. 
Figure 6 depicts the inactive space that was generated 
by subtracting the volume of the active analogs from 
the total volume affording the peripheral volume that 
is not accessible for ligand binding. In Figure 6, the 
active compounds are shown within the inactive space. 
Most notably, the orthogonal accessory phenyl rings, 
N-substituent methyl groups, and aromatic substituents 
of these analogs reside within clefts that do not include 
the inactive space. Compared to the earlier report,21 
additional inactive space is now defined by that volume 
corresponding to the less orthogonal accessory phenyl 
rings in the dibenzoquinolizines 9 and 10 as well as the 
benzophenanthridine 15 (Figure 5). These observations 
are also in accordance with the critical descriptors used 
to develop the conventional QSAR. It should be possible 
to predict qualitatively whether a given molecule should 
demonstrate binding affinity for the D1 receptor based 
upon the alignment of critical structural features within 
the active and inactive spaces. 

In conclusion, our S A R  and modeling studies further 
suggest that both a halogen and hydroxyl in the 6- and 
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7-positions of the tetrahydroisoquinolines as well as an 
orthogonal accessory phenyl ring orientation are neces- 
sary for D1 antagonist binding affinity. Both conven- 
tional QSAR and CoMFA studies confirm these findings, 
and the correlations resulting from both techniques are 
improved by inclusion of the torsion angle of the 
accessory phenyl ring as an additional regressor. 

Experimental Section 
All chemicals were used as obtained from the manufacturer. 

Phenethylamines 16, 18, and 19 were obtained from Aldrich 
Chemical Co. Melting points were recorded on a Mel-Temp 
melting point apparatus and are uncorrected. 'H-NMR spec- 
tra were obtained on a Bruker AC 300 MHz spectrometer using 
CDC13 or CD30D as solvent. Only one NMR analysis per 
compound was reported, as the spectra of optical antipodes 
were virtually identical. Thin-layer chromatography was 
performed with silica gel 60 coated plates, and column 
chromatography was performed with silica gel 60 (70-230 
mesh). Elemental compositions of novel compounds were 
determined by Galbraith Laboratories, Knoxville, TN, or MHW 
Laboratories, Phoenix, AZ, and were correct within 3~0.4% of 
theory. [3H]SCH23390 (79 CUmmol) was synthesized by the 
method of Wyrick et al.32 [3HlSpiperone was purchased from 
Amersham Corp. (Arlington Heights, IL). 
3-Bromo-4-methoxyphenethylamine (17). To a solution 

of 16 (25.0 g, 0.165 mol) in glacial acetic acid (300 mL) was 
added a solution of bromine (31.7 g, 0.198 mol) in glacial acetic 
acid (200 mL) dropwise. A white precipitate formed im- 
mediately, and the reaction was stirred at room temperature 
for 48 h. The white solid was filtered and washed with hexane 
to obtain the hydrobromide salt. This salt was dissolved in 
water and adjusted to a pH of 8.0 for the conversion to free 
base. The suspension was extracted with CHzClz and dried 
(NazS04), and the volatiles were removed in uacuo to afford 
25.0 g of 17 (65%): mp 79-80 "C; 'H-NMR (CDCl3) 6 7.40 (d, 
lH,  ArHz), 7.10 (q, lH,  ArHG), 6.80 (d, lH,  ArHd, 3.88 ( s , ~ H ,  
OCHs), 2.95 (t, 2H, PhCHz), 2.7 (t, H, CHzN), 1.90 ( s , ~ H ,  NHd. 
N-Benzoylphenethylamines (20-23). General Proce- 

dure. To a stirred solution of the phenethylamines 16-19 
(0.16 mol) in anhydrous Et20 under Nz was added 51.0 mL of 
20% NaOH. Freshly distilled benzoyl chloride (19.0 mL, 0.16 
mol) was added dropwise with stirring. A white precipitate 
formed immediately, and the reaction mixture was stirred at 
room temperature overnight. The colorless solid precipitate 
was filtered, washed with ether, and dried in vacuo to afford 
a colorless solid (Table 1): 'H-NMR (CDC13) 6 7.85-6.78 (m, 
8H, Arm, 3.88 (9, 3H, ocH3), 3.70 (t, 2H, PhCH2, 2.8 (t 2H,- 
CHzN). 
1-Phenyl-3,4-dihydroisoquinolines (24-27). General 

Procedure. To a three-neck, round-bottom flask under Nz 
containing 0.12 mol of 20-23 in 1044 mL of dry xylenes was 
added PzO5 (39.5 g, 0.25 mol) in portions followed by the 
dropwise addition of 41.2 mL (0.441 mol) of freshly of distilled 
POC13. The mixture was stirred at reflux under Nz for 6 h 
followed by cooling to  room temperature, and the xylenes were 
decanted. The solid residue was cooled with an ice bath and 
cautiously triturated with sufficient 10% NaOH to  afford a 
suspension (pH 8-9). The suspension was extracted with CHz- 
Clz, and the organic extracts dried (NazSO4) and evaporated 
in vacuo to afford the crude product that was either used in 
the next step or purified by column chromatography: 'H-NMR 
(CDC13) 6 7.60-7.30 (m, 6H, Arm, 6.75 (9, 1H ArHS), 3.85 (t, 
2H, PhCHZ), 3.70 ( 6 ,  3H, OCH3), 2.70 (t, 2H, CHzN). 
l-Phenyl-1,2,3,4tetrahydroisoquinolines (28-31). Gen- 

eral Procedure. To a three-neck, roundbottom flask equipped 
with a magnetic stirrer was added a solution of 0.02 mol of 
the imine (24-27), in 128 mL of MeOH containing 1.95 mL of 
acetic acid under Nz. The solution was cooled to  5 "C, and 
solid NaBH4 (2.2 g, 0.06 mol) was added in portions. The 
solution was stirred for 1 h at  room temperature, 50 "C for 4 
h, and then at room temperature overnight. Water was added, 
and the mixture was concentrated in vacuo. The aqueous 
suspension was extracted with CHzClz and dried (NazSOd), and 
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the volatiles were removed in vacuo to afford the crude product 
that was purified by recrystallization or column chroma- 
tography: 'H-NMR (CDCl3) 6 7.10-7.40 (m, 6H, Arm, 6.29 
(8, lH, ArH8), 5.05 (8, lH,  PhCHN), 3.65 ( s , ~ H ,  ocH3), 3.30- 
2.75 (m, 4H, PhCHZCHzN). 
N-Methyl-l-phenyl-1,2,3,4-tetrahydroi80qubohe~ (32- 

35). General Procedure. The tetrahydroisoquinolines 28- 
31 (7.0 mmol), 37% formaldehyde (9.38 mL), and 14.3 mL of 
98% formic acid were stirred at reflux under Nz for 4 h. The 
volatiles were removed in vacuo, and the residue was adjusted 
to pH 8.0 with saturated aqueous NaHC03. The suspension 
was extracted with CH2C12, dried (NazS04), and evaporated 
in vacuo to afford the crude product that was either used crude 
or purified by recrystallization or column chromatography: 'H- 
NMR (CDCl3) 6 7.35-7.20 (m, 6H, ArH), 6.15 (8, lH,  ArH8), 
4.2 (9, lH,  PhCHN), 3.65 (8, 3H, OCHd, 3.10-2.90 (m, 2 H, 
PhCHZCHzN), 2.80-2.60 (m, 2H, PhCHz), 2.25 (9, 3H NCH3). 
N-Methyl-6-bromo-7-hydroxy- (2), N-Methyl-&hydroxy- 

(3), and N-Methyl-7-hydroxy-l-phenyl-1,2,3,4-tetrahy- 
droisoquinolines (4). General Procedure. Compounds 
32-34 (6.0 mmol) and 66 mL of 48% HBr were heated at  100 
"C with stirring for 12 h. The resulting solution was adjusted 
to pH 8.0 with saturated aqueous NaHC03 and extracted with 
CHzCl2. The organic extracts were dried (NazSOd, and the 
solvent was removed in vacuo to afford the crude product that 
was purified by recrystallization: 'H-NMR (CDC13) 6 7.10- 
7.40 (m, 6H, Arm, 6.25 ( 8 ,  lH,  ArH8), 4.15 (8, lH, PhCHN), 
3.30-3.10 (m, 2H, PhCHZ), 2.50-2.85 (m, 2H, CHzN), 2.25 (8, 
3H NCH3). 
N-Methyl-6,7-dihydroxy-l-phenyl- 1,2,3,4-tetrahydroiso- 

quinoline (5). To a 100-mL three-neck flask equipped with 
a magnetic stir bar, Nz inlet, thermometer, and addition funnel 
was added a solution of the tetrahydoisoquinoline 35 (1.8 
mmol) in 46 mL of CHzC12. This solution was cooled to 0 "C, 
BBr3 (5.3 mL, 5.5 mmol) was then added slowly, and this 
solution was stirred a t  room temperature for 12 h. To the 
reaction mixture was added 46 mL of an  ice and HzO mixture 
that resulted in formation of a white precipitate. The pre- 
cipitate was filtered, washed with ether, and dried in vacuo 
to afford a colorless solid: 'H-NMR (CD30D) 6 7.20-7.40 (m, 
5 H, Arm, 6.55 (9, 1 H, ArHS), 6.00 (8, 1 H, ArH81, 4.40 (s, 
lH,  PhCHN), 3.30-3.00 (m, 2H, PhCHZ), 2.85-2.70 (m, 2H, 

(R)-(+)-6-Bromo-7-methoxy- l-phenyl-1,2,3,4-tetrahy- 
droisoquinoline ((+)-28). Racemic 28 (13.3 g, 41.8 mmol) 
and N-acetyl-D-leucine (7.24 g, 41.8 mmol) were dissolved 
under reflux in CH3CN (220 mL). Ater the mixture was 
allowed to sit a t  room temperature overnight, the white solid 
was collected and washed with cold CH3CN followed by EtzO. 
The colorless diastereomeric salt mixture was dried in vacuo 
and the specific rotation determined. This process was 
repeated until a constant rotation of [ a I 2 ~ ~  f20.28" was 
obtained, mp 168-169 "C. The resultant 6.10 g of salt was 
stirred in 126 mL each of Et20 and 0.5 N NaOH to obtain the 
free base. The Et20 layer was separated, dried (NazS04), and 
evaporated in vacuo to  afford 4.4 g of a colorless solid: mp 
101-102 "C; [ a I z 6 ~  +34.84". 
(S)-( -)-6-Bromo-7-methoxy-l-phenyl-l,2,3,4-tetrahy- 

droisoquinoline ((-)-28). The combined mother liquors from 
the resolution of (+)-28 were evaporated in vacuo, and the 
residue was converted to  the free base with 300 mL each of 
Et20 and 0.5 N NaOH with stirring. The etheral solution was 
dried (NazSOr) and evaporated in uacuo to afford 7.8 g of free 
base. This solid was refluxed with N-acetyl-L-leucine (4.24 g, 
24.5 mmol) in 128 mL of CH3CN for 45 min and allowed to sit 
at room temperature overnight. The resultant crystals were 
filtered, washed with cold CH3CN followed by cold EtzO, and 
dried in vacuo to give 9.1 g of a colorless solid. This process 
was repeated until a constant specific rotation of [ u I ~ D  -19.32' 
was obtained; mp 168-170 "C. This salt was converted to free 
base by stirring in 146 mL each of 0.5 N NaOH and EtzO. The 
Et20 layer was dried (NazSO4) and evaporated in vacuo to give 
4.2 g of a colorless solid: mp 101-102 "C; [aIz5~ -36.48". 
(R)-( -)-N-Methyl-6-bromo-7-methoxy-l-phenyl-l,2,3,4- 

tetrahydroisoquinoline ((-)-32). Compound (+)-28 (4.4 g, 
13.8 mmol) was N-methylated with 98% formic acid (28 mL) 

CHzN), 2.15 (8, 3H NCH3). 
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and 37% formaldehyde (18 mL) as described above for racemic 
32 t o  give 3.5 g (76%) of a light yellow gum: [aIz5o -15.09'. 
(S)-(+)-N-Methyl-6-bromo-7-methoxy- l-phenyl-1,2,3,4- 

tetrahydroisoquinoline ((+)-32). Compound (-1-28 (4.2 g, 
13.2 mmol) was N-methylated with 98% formic acid (26 mL) 
and 37% formaldehyde (17 mL) as described above for racemic 
32 to give 3.8 g (87%) of a light yellow gum: [ a Iz5~  +12.61". 

(It)-( -)-N-Methyl-6-bromo-7-hydroxy-l-pheny1-1,2,3,4- 
tetrahydroisoquinoline ((-)-2). Compound (-1-32 (3.5 g, 
10.5 mmol) was 0-demethylated with 48% HBr (105 mL) as 
described above for racemic 2. The crude product was chro- 
matographted on a column using 10 g of silica gel (CHZClz- 
EtOAC, 955)  to afford a brownish solid that was further 
purified by recrystallization using CHzClz to afford 343 mg 
(10%) of colorless solid: mp [ a I z 5 ~  -28.79"; 'H NMR (CDC13) 
6 7.10-7.40 (m, 6H, Arm, 6.25 (s, lH,  ArH8), 4.15 (s, lH,  
PhCHN), 3.30-3.10 (m, 2H, PhCHz), 2.50-2.85 (m, 2H, 

(S)-( +)-N-Methyl-6-bromo-7-hydroxy-l-phenyl- 1,2,3,4- 
tetrahydroisoquinoline ((+)-2). Compound (+)-32 (3.8 g, 
11.4 mmol) was 0-demethylated with 48% HBr (114 mL) as 
described above for racemic 2. The crude product was chro- 
matographed on a column using 10 g of silica gel (CHzClZ- 
EtOAC, 955) to give a brownish solid that was purified further 
by repeated recrystallization using CHzClz to afford 48 mg 
(1.3%) of colorless solid: [ a l Z 5 ~  $26.56". 
N-(2Hydroxyethyl)-~hlo~-7-me~oxy- l-phenyl-1,2,3,4 

tetrahydroisoquinoline (38). To a solution of 37 (2.5 g, 9.0 
mmol) in DMF (71 mL) over KzCO3 (1.5 g, 10.0 mmol) was 
added bromoethanol (1.29 mL, 18.0 mmol) dropwise. This 
mixture was then heated at 55 "C for 4 h. The DMF was 
evaporated in vacuo and the residue partitioned between HzO 
and CHZC12. The organic layer was separated, dried (Na2S04) 
and evaporated in vacuo. The crude product was purified by 
column chromatography using 10 g of silica gel (CHzClz-ether, 
955) to afford 500 mg (18%) of a yellow gum: 'H-NMR (CDC131 
6 7.40-7.10 (m, 6H, Arm, 6.25 (s, lH,  ArH8), 4.15 (s, lH,  
PhCHN), 3.80-3.60 (m, 2 H, PhCHz), 3.65 (s, 3H, ocH3), 
3.40-3.10 (m, 2 H, CHZN), 3.30-2.60 (m, 4H NCHzCHzOH), 
2.0 (br s, lH,  OH). 
3-Chloro-2-hydroxy-5,6,8,9-tetrahydro-l3bH-diben~o- 

[u,h]quinolizine (9). Polyphosphoric acid (PPA) (15 g) was 
added to 38 (1 mmol), and this mixture was heated at  150 "C 
for 6 h with stirring. Ice (10 g) was added slowly to  the 
reaction mixture. The resulting aqueous mixture was ex- 
tracted with ether and adjusted to pH 7 with NaHC03. The 
alkaline suspension was extracted with CHZC12, and the 
organic extracts were dried (NazS04) and evaporated in vacuo 
to afford a brown solid. Recrystallization from EtOAC afforded 
10 mg (2%) of a light tan solid: mp 225-226 "C; 'H NMR 
(DMSO-&) 6 7.20-7.05 (m, 5H, Arm, 6.67 (s, lH,  ArH8), 4.40 
(s, lH,  PhCHN), 3.40-2.60 (m, 8H, PhCHzCH~NCHzCHzPh). 
Anal. (C17H15ClNO) C, H. 
2,3-Dihydroxy-6,6,8,9-tetrahydro-l3b~-dibenzo[u,~l- 

quinolizine (10). Compound 3631 (1.66 g, 5.56 mmol) and 
48% HBr (56 mL) were stirred at  reflux under NZ for 4 h a t  
which time the HBr was evaporated in  vacuo. The resulting 
product was recrystallized from ethanol to yield 900 mg (46%) 
of a white solid: mp 261-263 "C; 'H NMR (CDC13) 6 7.45- 
7.25 (m, 5H, Arm, 6.70 (s, lH,  ArH5), 6.55 (s, lH,  ArH8) 5.15 
(s, lH, PhCHN), 3.80-3.00 (m, 8 H, PhCH2CHzNCHzCHzPh). 
Anal. (C17H18N02) C,H. 
Assignment of Absolute Configuration. (R)-( - )-N- 

Methyl-6-chloro-7-hydroxy-l-phenyl-1,2,3,4-tetrahydroisoquin- 
olineZ0 (R)-(-)-6 and (-)-2 were both converted to (R14-1-4 by 
catalytic hydrogenolysis. (R)-( -)-N-Methyl-6-bromo-7-hydroxy- 
l-phenyl-1,2,3,4-tetrahydroisoquinoline ((-1-2) (100 mg, 0.36 
mmol) in dry THF (30 mL) containing 0.5 mL of triethylamine 
and 50 mg of Pd/C was shaken on a Parr apparatus at room 
temperature under 45 psi of hydrogen for 12 h. The resulting 
mixture was filtered through Celite to remove the catalyst. 
Solvent was then removed from the filtrate in vacuo, and the 
crude product was purified by chromatography using 1 g of 
silica gel (CHzClZ-MeOH, 95:5) to  afford 30 mg (40%) of a 
colorless solid: mp 190-191 "C; [aIz5~ -34.84"; IH NMR 

CHzN), 2.25 (s, 3H NCH3). 

(CDC13) 6 7.40-7.10 (m, 5H, Arm, 6.95 (d, lH,  ArHS), 6.55 

(d, lH,  ArH6), 6.00 (s, 1H,ArH8), 4.25 (s, 1 H, PhCHN), 3.33- 
3.10 (m, 2H, PhCHz), 2.85-2.55 (m, 2H, CHzN), 2.20 (s, 3H, 
CH3). 
(R)-(-)-N-Methyl-6-chloro-7-hydroxy-l-phenyl-l,2,3,4-tet- 

rahydroisoquinoline ((R)-( -)-6) was converted to the dehalo- 
genated product (R)-(-)-4 and purified in the same manner 
as indicated for (-1-2. The final product (75 mg, 85%) was a 
colorless solid: mp 187-188 "c; [AIz5~ -28.20'. 
Radioreceptor Assays. Adult male Sprague-Dawley rats 

were sacrificed by decapitation and the brains dissected rapidly 
on ice.33 The corpus striatum of the animals was removed, 
frozen immediately on dry ice, and either used fresh or stored 
at  -80 "C until used in binding studies. Striatal tissue was 
homogenized in 50 mM HEPES buffer (pH 7.4, 25 "C) at  a 
Brinkman Polytron PCU-2 setting of 3.0 for 5 s. The tissue 
suspension was then centrifuged at  32000g for 15 min, the 
supernatant discarded, and this wash step repeated. After the 
second wash the final pellet was resuspended at a wet weight 
concentration of 1.25 mg of tissue/mL of buffer for use. 
Radioligand binding was performed in 12 x 75 mm culture 
tubes at  a total assay volume fo 1.0 mL. Each tube contained 
100 pL of competitor, 100 pL of radioligand, and 800 pL of 
tissue homogenate prepared as described above. Competing 
drugs were dissolved in 0.1% tartaric acid at 1.0 mM concen- 
trations and diluted appropriately with buffer. [3HlSCH23390 
and [3Hlspiperone, a t  0.25 and 0.02 nM concentrations, 
respectively, were diluted from methanol stock solutions with 
buffer. All tubes in the spiperone assays also contained a final 
concentration of 50 nM ketanserin in order to mask 5-HTz 
receptor binding. Chlorpromazine was used to define nonspe- 
cific binding in both cases. Reactions were initiated by the 
addition of tissue to tubes already containing radioligand and 
any competitors. The tubes, maintained on ice prior to the 
addition of tissue, were then vortexed and incubated at 37 "C 
for 15 min. Binding was terminated by rapid filtration over 1 
pm glass fiber filters onto a Skatron cell harlester. IC50 
values were calculated from a linear regression of a Hill 
transformation with all nH values equal to 1 i 0.1 for these 
compounds. Therefore, Ki values were calculated on the basis 
of the Cheng-Prusoff relationship for competitive inhibition. 
Computer-Assisted Conformational Analysis and Mo- 

lecular Modeling Methods. Molecular mechanics calcula- 
tions were performed on the 1-phenyltetrahydroisoquinolines 
and 5 , 6 , 8 , 9 - t e t r a h y d r o - l 3 ~ - d i ~ ~ ~ ~ o ~ ~ e s  reported herein 
using MM2(87),34 which contains both MM2 for nonconjugated 
systems and MMP2 for conjugated n or aromatic systems, on 
a VAX6330 mainframe computer as described previously.21 The 
conformational analysis for the benzophenanthridines has 
been previously reported.26 

Utilizing input geometries of the ammonium cations fol- 
lowed by initial geometry optimization using Maximin2 with 
an energy difference of 0.001 kcal/mol in SYBYL 5.4,35 the 
resulting conformations were transferred to MM2(87) via 
MODEL 2.91 file conversion in order to  characterize fully the 
energy surface for each analog as well as to calculate the dipole 
moment vector coordinates to be used in the conventional 
QSAR study described below. As described previously,21 four 
different heterocyclic ring half-chair and four boat conforma- 
tions for the tetrahydroisoquinolines were explored followed 
by energy minimization in MM2(87). Subsequently, torsion 
angle t(a,b,c,d) was driven through 360" in 10-deg increments 
with the Dihedral Driver function using the lowest energy ring 
conformation found for each analog. The four lowest energy 
conformations for the dibenzoquinolizines 9 and 10 (Figure 3) 
were generated via the Randomsearch routine in Sybyl 5.4. 
In doing so, all nonaromatic ring bonds were searched. The 
resulting conformations were subsequently transferred into 
MM2(87) as described above. 

Once the global minimum energy conformations had been 
calculated for each analog, the MM2(87) atomic coordinate files 
were transferred into Syby15.4. Next, Sybyl Multifit analysis 
was performed using the twist-chair conformation of 1 as a 
template to which the S enantiomers of compounds 1,2,5,6, 
7,8,9,10,11,12, 13, and 15 were fitted keeping the chlorines, 
oxygens, nitrogens, and 1-phenyl centroids linked by a 20 
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mdynes/A spring force constant. The results of the Multifit 
analysis were attained with each molecule having a geometry 
that ensured conformational similarity of the pharmacophoric 
elements. The energy difference between these resulting 
conformations compared to the corresponding starting confor- 
mations were determined. Volume calculations were then 
performed by employing the Mvolume subroutine within Sybyl 
and defining (S)-2, (5’1-6 and 1 as the active compounds and 
the S enantiomers of 5, 9, 10, 7, 8, 11, 12, 13, and 15 as the 
inactive compounds. Active pharmacophore space accom- 
modated by the receptor was determined by application of the 
Mvolume addition algorithm to 69-2, 69-6, and 1. Inactive 
substituent space was determined by the volumes of 1, 2, 5, 
6, 7, 8, 9, 10, 11, 12, 13, and 15 minus the additive volumes 
of (57-2, 69-6, and 1 since the inactive compounds also contain 
certain structural features common to the active compounds. 

Determination of Dipole Orientation and Develop- 
ment of a Quantitative Structure-Activity Relationship. 
As previously described,21 the energy-optimized final atomic 
coordinates from the molecular mechanics calculations using 
MM2(87) were translated so that the center of mass was placed 
at  the origin of the coordinate system and transferred back 
into Sybyl 5.4. The calculated dipole moment vector from 
MM2(87) was added to the Sybyl graphics display for each 
molecule. This vector was extended through the center of mass 
to the least squares-generated plane of the proposed pharma- 
cophore defined by the C1, 0, N, and 1-phenyl or 1-benzyl 
centroids. A normal was also constructed through this phar- 
macophoric plane at  the center of mass. The angle 8 between 
the dipole vector and the normal to  the plane of the proposed 
pharmacophore was measured for each molecule, and its cosine 
was calculated. An additional regressor was defined as the 
torsion angle t(a,b,c,d) (Figure 1). The cos 8 values and torsion 
angles were evaluated in a multiple regression analysis versus 
the DI binding potency of the test compounds expressed as 
the -log K, using the statistical software STATVIEW 512.36 
Because all analogs except 1,2, and 6 were racemates, the KI 
values for the S enantiomers were estimated as half of the 
racemate value. 

Comparative Molecular Field Analysis (CoMFA). CoM- 
FA analyses were performed using the QSAR option of S y B n  
5.4. 

Alignment Rules. Using the lowest energy conformations 
for compounds 2,5,6,7,8,9,10,11,12, and 15 and the twist- 
chair conformation of 1, the atomic charges for these structures 
were calculated using the Del Re method. Initially, these 
compounds were RMS fitted to the template 1 using the 
pharmacophoric elements designated above as reference points. 
This method was followed by the Field Fit (rigid) alignment 
procedure using 1 as the template. 

CoMFA Regressor Values. Steric and electrostatic field 
values were calculated based upon van der Waals (6-12) 
interactions, and electrostatic (Coulombic with a distance- 
dependent dielectric) potential energy fields. In order to 
measure these values, a three-dimensional grid extending 2.0 
A along the x ,  y ,  and z axes was constructed around all of the 
molecules in a minimized force field. The steric and electro- 
static fields were then calculated at  each lattice intersection 
around the molecules utilizing the Tripos force field based upon 
the interaction with a probe atom (sp3 carbon, charge +l). 
Calculated steric and electrostatic values served as regressors 
for the partial least squares analysis to explore a possible 
correlation between these values and biological activity. A 
subsequent analysis involved the use of the torsion angle 
described above as an additional regressor weighted equally 
with the steric and electrostatic values. Partial least squares 
analyses was carried out with the optimal number of compo- 
nents equal to two and “leave-one-out” cross-validation. The 
optimal number of components from this analysis was used 
in the final analysis with zero cross-validation groups for the 
construction of the coefficient contour plots. 
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