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SUMMARY
The putative serotonin (5-HI) agonist RU 24969 [5-methoxy-3-
(1 ,2,3,6-tetrahydropyridin-4-yl)indole; 5-MeO-THPI] has been ex-
tensively used in the study and classification of 5-HT receptors.
In order to study molecular determinants for recognition of THPIs
at central 5-HT recognition sites, about 25 additional THPI deny-
atiyes were synthesized, incorporating, among others, 1 6 differ-
ent indole-5-substituents and three different pyndine-N substit-
uents in various combinations. Two saturated derivatives (piper-
idin-4-ylindoles) and two 2-methyl analogs were also included.
Binding affinities at 5-HT1A, 5-HT2, and total 5-HT1 sites were
obtained and the data were incorporated in quantitative struc-
ture-activity relationships (QSARs) using a combined linear free
energy/molecular modeling approach. The OSAR analyses sug-
gest distinct differences in the structural features that determine
optimal potency at 5-HT1A sites versus those directing optimal
potency for 5-HT2 sites. The parameter of the indole-5 substit-
uent that almost exclusively determines potency for 5-HTi� sites
is volume, the optimal size being about 24 cubic angstroms
(calculated by fitting the activity versus volume data to a bilinear
function). This is approximately the size of a carboxamide group.

In contrast, at the 5-HT2 site both volume and hydrophobicity
play major but opposing roles for the 5-substituent. A balance
between the smallest possible volume and the greatest possible
hydrophobicity is required for maximal 5-HT2 potency. Benzyl
groups on the indole-1 or pynidyl-1 positions also favor potency
at the 5-HT2 site (probably largely due to increased hydrophobic
binding) while decreasing potency at the 5-HT1A site. A minor
electronic contribution to the QSARs involving the charge on the
indole 5-carbon is of opposite sign for 5-HT1A versus 5-HT2 sites
and thus may also be useful for selective drug design. The data
are consistent with the possibility that the indole and pynidyl
rings are in a coplanar configuration when binding at both 5-HT1A
and 5-HT2 sites, because the indole-2-methyl substituent, which
provides a large energy barrier to the coplanar configuration,
greatly reduces the potency of THPIs at both binding sites.
Similarities in analog selectivity patterns suggest that the indolic
portion of these compounds binds similarly to that of other indole
derivatives such as tryptamines; thus, it is possible that optimally
selective substituents predicted by these QSARs may be extrap-
olated to tryptamines and other indoles.

The tetrahydropyridylindoles RU 24969 and RU 28253 (Fig.

1) are of interest because of their actions at serotonergic sys-
tems and their structural similarities to serotonin (5-HT; Fig.
1). Structurally, they represent semi-rigid analogs of 5-HT and,

as such, provide fewer possible conformations for recognition
by receptors than does 5-HT with its relatively flexible amino-
ethyl side chain. This property is particularly desirable in

studies in which the goal is to determine the structural features
of compounds that determine high potency for and selectivity

between the different subtypes of 5-HT receptors. In this paper,

we have undertaken a quantitative structure-activity study of
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a series of RU 24969 analogs at central 5-HT recognition sites,
partly in the hope that some of the information gained can be

extrapolated to other types of indole derivatives (e.g., trypta-
mines).

RU 24969 is the most thoroughly investigated of a number
of derivatives of THPI that have been previously examined for
dopaminergic and 5-HT agonist activity (1-4). Its 5-HT agonist

activity is documented by an impressive accumulation of bind-

ing (1, 2, 4-7), biochemical (1, 2, 8, 9), and behavioral (4, 10,

1 1) data. Binding studies suggest that RU 24969 is relatively
selective for 5-HT1 sites, with lesser activity at 5-HT2 sites (5,
6). An earlier suggestion by Sills et al. (12) that it is selective

for 5-HT1B sites has been refuted by subsequent binding studies

that reveal an equally high affinity for 5-HTIA sites labeled

with [3H]8-OH-DPAT (5-7). RU 24969 has low affinities for
putative 5-HT1� (5, 7) and 5-HT3 sites (13).
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a Each value is the mean of at least three separate experiments.

b HCI salt.
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Fig. 1. Structures of serotonin and the two tetrahydropyndylindoles RU
28253 and RU 24969.

For the present study, over 25 analogs of RU 24969 were

synthesized (Table 1) and examined at the 5-HT1A and 5-HT2

recognition sites. Total 5-HT1 binding was also determined for

most of the compound; however, a QSAR analysis of the 5-HT1

data was not performed, because this represents a heteroge-

neous group of sites (7, 14) and also because a high degree of

correlation was found between the 5-HT1 and 5-HTIA data.

(See the Results section for a discussion of this correlation and

also the rationale for omission of certain compounds from the

QSAR analysis.)
The compounds were further studied by molecular modeling

using the integrated system CHEMLAB (Molecular Design

Ltd., San Leandro, CA) and the results were incorporated in

the quantitative structure-activity analysis. The substituent

position of primary interest was the indole-5 position, for which

16 different substituents were examined. Because of the corn-

parative ease of synthesis, most of the compounds have a
methyl group on the pyridine nitrogen; however, a few analogs

are unsubstituted at this position (including RU 24969 itself).
Additional compounds include several N-benzyl and two satu-

rated derivatives (piperidinylindoles). Two 2-methyl deriva-

tives were also included to study the effect of forcing the

tetrahydropyridine ring out of the plane of the indole ring (15).

TABLE 1

5-HT recognition site data for
5-HT,5 sites are defined by the binding of [3HJ8-OH-DPAT in rat cerebral cortical membranes, 5-HT2 sites by the binding of [3Hjketansenn in rat frontal cortical membranes,

and total 5-HT, sites (1 A + 1 B + 1 C) by the binding of [3H]5-HT in rat cortical membranes. Compounds marked in column 1 vary only in their indole-5-substituents and
were considered separately in the preliminary QSAR analysis (see text). ND, not determined.

R

CH3

�

CH3

Q�OH

Structure 1 Structure 2 Structure 3

2a. R,= H, R�= H
la-lw 2b, R,= H, R�== OCH3 3a

2c,R,= 3-indolyl. R�= H

Compound Substituents(Structure 1) Apparent K, Values

Number Name/Code A A, A2 A3 5-HT,A 5-HT, 5-HI,

flM

m.p.

Sc
Part A: Compounds Treated in the QSAR Analysis
la SN-18 H H H H 189.4 204 ND 185-1 86
lb ‘ SN-i H H H CH3 146 67 230 218-220
Ic 6W-i H CH3 H CH3 1 785 869 >5,000 132-i 34
Id RU24969 H H OCH3 H 10.96 912 9.6
le ‘ SN-3 H H OCH3 CH3 21 .1 897 45.4 220-224
If SN-i0 H CH3 OCH3 CH3 345 4,329 1640 99-i 01
Ig ‘ SN-2 H H Br CH3 15 47.9 44.3 255-257
Ih ‘ SN-2i H H Cl CH3 26.2 51 .1 ND 248-252
Ii ‘ SN-i4 H H F CH3 67.9 44.8 107 224-226
lj ‘ SN-26 H H CONH2 CH3 5.31 16,820 ND 288_290b
1k ‘ SN-il H H COOCH3 CH3 19.4 3,665 94.9 212-214
11 ‘ SN-7 H H COOC2H5 CH3 36.1 4,365 88.7 209-210
Im ‘ SN-25 H H OOCCH3 CH3 80.5 557.5 ND 204-206
In ‘ SN-4 H H CH3 CH3 31 .8 i 25 75.5 228-232
lo SN-24 H H NO2 H 64.3 164.2 ND 290, dec.b
lp ‘ SN-S H H NO2 CH3 36.8 86.4 202 278-280
lq � SN-i7 H H CN CH3 55.0 956 ND 274-276

S SN-20 H H OH CH3 61 .7 356 ND 244-247
is’ SN-6 H H OCH2C6H5 CH3 iii 397 219 194-195
it ‘ SN-iS H H phthalimido CH3 377 iO,800 715 225, dec.
lu SN-i3 H H H benzyl 923 43.6 2,608 154-155
2a SN-22 See structure 2 above Si 4 19.3 ND 178-i 80
2b SN-23 See structure 2 above 137 591 ND 134-i 36
Part B: Compounds not Treated in the QSAR Analysis
lv SN-27 H H NH2 CH3 24,620 >iOO,000 ND 225-227
1w SN-i2 benzyl H H CH3 >10,000 iS.4 3,574 i03-iOS
2c SN-9 See structure 2 above 544 286.4 772 297-300

3a SN-i 9 See structure 3 above 5,539 i 489 ND 224-226
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Fig. 2. General scheme for the synthesis of the THPI derivatives. Re-
agents: a, acetic acid, heat; b acetic acid/tetrahydrofuran, ammonium
acetate, heat.
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Although there have been a number ofprevious QSAR studies

of tryptamines and hallucinogens, the pharmacologic data has
usually been either hallucinogenic potency (16-20) or 5-HT

receptor affinities in the rat stomach fundus preparation (21-
24). However, one early study (25) was based on the [3H]5-HT

and [3H]d-LSD binding data of Bennet and Snyder (26k. To
our knowledge no published QSAR studies of serotonergic

compounds have used [3HJ8-OH-DPAT or [3HJketanserin

binding data. Because it is widely accepted that hallucinogens

exert their effects at least in part by actions at 5-HT receptors
(Weinstein and Green and co-workers’ “LSD/serotonin recep-

tor;” Refs. 20 and 27), and perhaps the central 5-HT2 receptor

in particular (28-30), some of the physiochemical parameters
found to significantly correlate with activity in these previous

studies of hallucinogens were ones that we wished to examine
for possible correlations in the present study. Among others,

these include the log P (18, 19, 25), ionization potentials (19)

(or the corresponding calculated parameter, the energy of the

highest occupied molecular orbital, EH0M0) (16, 17, 21), the
resonance constant (R) (31) of the indole-5-substituents (21),

and, for a series of 5-substituted tryptamines, the charge on
the indole-5 carbon atom (23).

The more recent work of Weinstein and collaborators (27,
32, 33, and references therein), although not QSAR, is based

on qualitative correlations (for a series consisting of tryptamine

and four isomeric hydroxytryptamines) between activity and

the orientation of the molecular electrostatic potential vector
for the indole ring. This is the basis for a more sophisticated
quantum chemical model involving a computer simulation of
5-HT activation ofproton transfer (33). A proposed early event
in this process is the binding of the protonated amino side

chain to anchor the ligand so that the electrostatic fields of the
receptor and indole ring can interact. Because no compounds
lacking the basic amino group have been shown to have high

affinity for serotonin receptors, something of this sort is no
doubt a key event in 5-HT ligand binding. However, as pointed
out in a recent review (34), there are alternative hypotheses for
the sequence ofevents leading to charge and/or proton transfer.
In any case, the amino group is certainly essential for activity;

the current study primarily addresses the effects of alterations
in other parts of the molecule.

During the course of the data analysis, it became apparent
that with this series of compounds, at both the 5-HT1A and 5-

HT2 recognition sites, the most significant effects on affinity
were primarily steric. This has traditionally been the most

difficult function to parameterize in QSAR studies and also the
least standardized. The largest available steric-related param-
eter set is that of molar refractivities, which are readily avail-
able (35, 36). However, as noted by Hansch et al. (36), this

parameter is only a crude (but nonetheless useful) measure of

“bulk” because it contains an electronic contribution, and those
authors have regarded its use “as only a possible interim solu-

tion” (36). Parameters based on direct calculations of molecular
shapes and volumes are generally regarded as preferable but

have not been very feasible until the recent proliferation of
computer software making such calculations routine. Differ-
ences in overlap volume are the basis of the method of “Mini-
mum Steric Differences” (37) and the “3-dimensional molecular

shape descriptor” developed by Motoc and collaborators (38);

extensive use of “molecular shape descriptors” is also found in
the QSAR work of Hopfinger and co-workers (e.g., Refs. 39-

40). A fragmental system for the calculation of van der Waals

volumes has recently been proposed by Motoc and Marshall
(41). In the present study the most significant correlations were

obtained using substituent volume as the steric parameter.

Materials and Methods

Chemicals and drugs. RU 24969 was donated by Roussel-Uclaf
(Romainville, France), and methysergide, by Sandoz (East Hanover,

NJ). [3HJ8-OH-DPAT was obtained from Research Products Interna-
tional (Mount Prospect, IL), and [3HJ5-HT and [3H]ketanserin from

New England Nuclear Corporation (Boston, MA). All other chemicals
used were from standard commercial sources.

Syntheses of RU 24969 analogs. With a few exceptions noted
below, all of the 3-(1,2,5,6-tetrahytho-1-methylpyridin-4-yl)indole de-

rivatives were prepared by reacting 1-methyl-4-piperidone with the
appropriate indole in glacial acetic acid at reflux with ammonium

acetate as a buffer (see Fig. 2 for scheme). This synthesis is an

improvement of the earlier procedure used by Freter (42, 43), which

fails with deactivated indoles. Our method cannot be used to directly

prepare derivatives lacking an N-i pyridine substituent (e.g., la). The
latter was prepared by reacting 1-tosyl-4-piperidone with indole as

above, followed by detosylation of the 3-(1,2,5,6-tetrahydro-1-tosylpyr-
idin-4-yl)indole under Birch conditions (Na, liquid NH3). Compound

ir was obtained by reacting the O-t-butyldimethylsilyl derivative of 5-
hydroxyindole with 1-methyl-4-piperidone followed by deprotection of

the 5-OH group in aqueous acetic acid. The two saturated derivatives
2a and 2b were obtained by catalytic reduction of lb and le using

10% palladium on charcoal as catalyst. The alcohol 3a was prepared

by hydroboration of lb. The 2:1 adduct 2c was formed as a byproduct

in the synthesis of 1. Compounds lo and lj were obtained using a

variant of the general procedure, by refluxing the appropriate indole
derivative with either 4-piperidone hydrochloride or 1-methyl-4-piper-

idone in ethanolic hydrochloric acid. The 5-amino derivative lv was

made according to the procedure of Guillaume et at. (4). Structures
were confirmed by standard physical methods, including proton NMR
and IR spectroscopy and comparison with known compounds. Melting
points for all the synthesized compounds are included in Table 1.

5-HT receptor binding assays. These were performed as de-
scribed previously (6). In brief, tissue was obtained from male Sprague-
Dawley rats, which were killed by decapitation; the brains were then
rapidly removed and dissected over ice. For the 5-HT1 and 5-HT,A

assays, the cortex dorsal to the rhmal sulcus was used; the 5-HT2 assay

was done using frontal cortex alone (44). Final tissue suspensions were

in a buffer of 50 mM Tris at pH 7.6. For the 5-HT, assay, [3HJ5-HT to
a final concentration of about 2 nM was used as ligand, and unlabeled

5-HT at 10 �tM was used to define nonspecific binding. For the 5-HT1A
assay, the ligand was [3H]8-OH-DPAT at about 1 nM, and again 10 �M

unlabeled 5-HT was used to define nonspecific binding. [3H]Ketanserin
to a final concentration of about 0.4 nM was used as the 5-HT2 ligand,
and nonspecific binding was defined using 1 �M methysergide. The

assay tubes were incubated at 37’ for 10 mm (15 mm for the 5-HT2
assay) and filtered through Whatman GF/B filters using a Brandel cell

harvester. For the 5-HT,A and 5-HT2 assays, the GF/B filters were
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sion.]

An examination of the data in Table 1 revealed a complex pattern

pretreat.ed with a 0.1%, v/v, solution ofpolyethyleneimine for 2 hr and

allowed to dry (this was found to reduce nonspecific binding to the

filters). For a similar reason, the 5-HT2 assays were performed in
disposable polypropylene rather than glass tubes. For all three binding
assays, potencies of inhibiting drugs are reported as apparent K, values,

calculated from inhibitor IC� values using the Cheng-Prusoff equation
(45). It must be emphasized that the apparent K1 for 5-HT, sites is a

composite value, because [3H]5-HT labels a heterogeneous group of

sites (7, 14).We have chosen to report “apparent” K rather than IC�
values for the 5-HT1 site for the sole purpose ofmaking the comparison
of affinities between the three uganda easier.

Molecular and quantum mechanics calculations. These were

carried out exclusively with various modules of the program CHEM-

LAB (Molecular Design Ltd.) running on a VAX 11/780. The initial
structures were generated with the DRAWMOL and PRXBLD options
and further refined with MMFF. The first problem was to determine

the appropriate orientation for the tetrahydropyridine ring to be used
in the calculations. After parameterization according to Hopfinger and

Pearlstein (46), use of the SCAN option suggested that the planar
conformation with the vinylic proton cis to the indole-2 carbon was

very close to the global minimum for all except the 2-methyl analogs.

This conformation was chosen as the starting point in the molecular

mechanics minimization of each molecule. A similar procedure was

used for the 2-methyl analogs, except that during the SCAN both the

pyridine ring and the 2-methyl group were driven through torsional

angles of 0-360’ to generate a three-dimensional map of total free-

space energy versus conformation (see Fig. 7). The quantum chemical
parameters were calculated with the CNDO2 option, except for the 5-

bromo analog for which the atomic charges were estimated by a PCILO
calculation.

Calculation of log P values. For the hydrophobic parameter, we
chose to use the fragmental constant system of Rekker (47, 48) to

calculate log P values, rather than using the “pi” substituent system of

Hansch and Leo (35), partly because the latter would not have extended

to our complete set of compounds. The Rekker system is used by

CHEMLAB, but it must be noted that the implementation of this

system by CHEMLAB is apparently imperfect, as the program gives

very unreasonable values for some compounds (in comparison with

available substituent constants), specifically those containing carbonyl
functions. In contrast, our manually calculated values (based on Rek-

ker’s system) for 15 different 5-substitued compounds correlate very
well with Hansch pi values (r = 0.996). For the 5-phthalimido group,

which presents problems in terms of the many special rules in the

Rekker system, a fragmental constant was calculated from the experi-
mental log P for phthalimide (47). The fragmental constant from

Rekker’s extended data set (48) were used.
Approach used for the QSAR analysis. The approach used is an

empirical linear regression analysis of the Hansch type. An alternate

QSAR approach is the so-called “theoretical QSAR,” which is based on

quantum perturbation theory and attempts to explain drug activity in
terms of purely quantum chemical indices and moments of inertia (22,
49, 50), rather than the traditional hydrophobic, electronic, and steric

parameters. A drawback ofthe theoretical QSAR method is the require-

ment that each potential drug candidate be modeled in the computer
and subjected to expensive calculations before its activity can be

predicted; with the Hansch method, assuming that most of the activity

can be explained by readily available (tabulated) or easily calculable

parameters, predicted activities can be determined with relative ease.

(For a discussion of the relative merits of these two QSAR methods,

see pp. 115-125 of Franke’s treatise on drug design methods; Ref. 51.)

The approach we have taken incorporates the examination of some

quantum chemical parameters within an empirical QSAR [As discussed

previously, other non-QSAR quantum chemical approaches have been

used to model the binding of tryptamines (27, 32, 33); possible relations
between these studies and our results will be examined in the Discus-

of differences in the selectivity between 5-HT1A and 5-HT2 sites for the
various indole-5 substituents. Because this was the substituent position

of primary interest, in order to simplify the problem initially a QSAR

study of only the 15 different 5-substituted analogs (marked with
asterisks in Table 1A) of 3-(1-methyl-1,2,3,6-tetrahydropyridin-4-
yl)indole (lb) was undertaken. Many parameters were examined as
possible variables; however, it became apparent that for this limited
series ofcompounds over 75% ofthe variation in pK, could be accounted

for in terms of only two parameters, log P and size of the indole-5

substituent ( V5), defined as the substituent volume (in cubic ang-

stroms) in excess ofthat ofthe unsubstituted reference compound (lb).
Note that by this definition, V� for the 5-H compounds (R, = H) is

zero.
After deriving equations capable of predicting the variation in activ-

ity due to changes of the 5-substituent alone (see Results), more
inclusive equations describing all of the compounds in Table 1A were

derived by adding the following steric and shape descriptors:
1) The volume of the pyridyl nitrogen substituent, VN, defined as

the N-substituent volume (in cubic angstroms) in excess of that of the

unsubstituted reference compound (lb). Again, note that by this defi-
nition, VN for the unsubstituted secondary amines (R3 = H) is zero.

2) An “indicator variable” (52), I,, describing the presence (I, = 1)

or absence (I, = 0) of the indole 2-methyl group. (Substituent volume
could have been used here with essentially identical results for this

data set but, because no substituents other than methyl and hydrogen
were studied, use of volume as the descriptor might be misleading if

the variation in pK is not linearly related to substituent size for this

position.)

3) An indicator variable ‘2 describing the presence (‘2 = 1) of a fully
saturated pyridine ring (compounds 2a and 2b) as opposed to a

tetrahydropyridine ring (12 = 0).

The use of bilinear model for steric fit. When a variable x such
as substituent volume or log P has an optimal (or least optimal) value,

a linear correlation with x may not be observed. To deal with this
situation within the framework of the multiple regression model, the

method of introducing an x2 term into the correlation was pioneered

by Leo and Hansch for hydrophobicity (53). This method (introducing

a quadratic term) has also been recommended for modeling steric fit
(37); this would correspond to the situation shown as Fig. 3, plot A.

The same authors also suggest an alternate model using a single term
equal to the absolute value of the difference between the actual and

_#0.0 � � � 2.0 3.0 4.0 5.0

x PARAMETER

Fig. 3. Models for flthng a parameter x having an optimal value x0 in a
multiple regression analysis (in this hypothetical case, x0 = 3). C is a
concentration producing a standard biological effect, e.g., K. By inversion
of the curves, a least optimal value of x can also be described. Plot A;
the quadratic model, described by Iog(i/C) = ax2 + bx + C; plot B,
symmetric model, described by log(i/C) = a I x-x0 I � #{247}b; plot C,
bilinear model, described by 109(1/C) = a#{149}Iog($. i 0’ + 1) + cx + d, or
the mathematically equivalent Iog(i/C) = a.log(i0’� + 1) + cx + d.
Models A and C have been used for fitting hydrophobicity, models A and
B for steric fit. In this paper we use model C to deSCribe steric fit.
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TABLE 2

Database of some experimental and calculated parameters examined in the OSAR analysis
plc:, = -iog K, from data in Table 1 . V5, volume of indole-5-substituent, V5, volume of pyridine N-substituent (for hydrogen, both V5 and VN are zero by definition); Q� and
Os are net electronic charge on the indole-4 and -5 carbons, respectively; � and ELI,.,,, are the energies of the highest occupied and lowest unoccupied molecular
orbitals (eV electron volts); A is the resonance constant of the indole-5-substituent. Data for the 5-amino compound lv are included although it is an outlier in the QSAR
analysis (see text). The indicator variables l� and ‘2 (not in this table) are defined in the text.

Compound 5-HT,A �( 5-HT2�(, log P V, VN Q4 05 � EL,,.,�, A

A� e eV

Ia 6.723 6.691 2.408 0 0 0.0316 -0.0075 -8.998 3.358 0
lb 6.836 7.i74 2.838 0 i6.8 0.03i5 -0.0073 -9.024 3.324 0
lc 5.748 6.06i 3.357 0 i6.8 0.03i9 -0.0090 -8.989 3.i33 0
Id 7.960 6.040 2.488 25 0 -0.0445 0.i943 -8.933 3.325 -0.5i
le 7.676 6.047 2.9i8 25 i6.8 -0.0445 0.i946 -8.963 3.294 -0.51
If 6.462 5.364 3.437 25 16.8 -0.0438 0.1929 -8.942 3.107 -0.51
ig 7.824 7.320 3.772 2i 16.8 0.0676 0.0590 -0.17
ih 7.582 7.292 3.580 14.8 i6.8 0.0159 0.0509 -9.909 2.355 -0.i5
ii 7.168 7.349 3.047 2.7 16.8 -0.0522 0.1977 -9.822 2.528 -0.34
ij 8.276 4.774 1.548 23.5 16.8 0.0580 -0.0880 -9.193 2.908 0.14
1k 7.712 5.436 2.973 38.5 16.8 0.0618 -0.0877 -9.310 2.657 0.15
11 7.442 5.360 3.492 56.1 16.8 0.0613 -0.0876 -9.286 2.694 0.15
lm 7.094 6.254 2.i98 38.1 16.8 -0.ii64 0.2021 -8.803 3.446 -0.07
in 7.498 6.903 3.357 17.8 16.8 0.0190 0.0091 -8.986 3.285 -0.13
lo 7.192 6.785 2.173 17.2 0 0.0595 0.0103 -9.725 0.620 0.i6
ip 7.434 7.063 2.603 i7.2 16.8 0.0593 0.0106 -9.748 0.610 0.16
lq 7.260 6.020 2.482 9.3 16.8 0.0372 -0.0030 -9.228 2.881 0.19
ir 7.210 6.449 2.342 6.9 16.8 -0.0519 0.2024 -8.928 3.309 -0.64
is 6.955 6.401 4.576 88.6 16.8 -0.0461 0.1950 -8.911 3.342 -0.47�
it 6.424 4.967 3.335 92.6 16.8 -0.0376 0.1755 -8.781 i.782 -0.07’
iu 6.035 7.361 4.496 0 79.1 0.0317 -0.0074 -8.985 3.326 0
2a 6.289 7.714 2.913 0 16.8 0.0246 -0.0180 -9.765 4.050 0
2b 6.862 6.228 2.993 25 16.8 -0.0565 0.1921 -9.588 3.911 -0.51
iv 4.609 <4 1 .608 10.7 16.8 -0.0682 0.1680 -8.430 3.535 -0.68

a A values for the benzyloxy and phthalimido groups were not readily available; these values are estimates calculated from available a values (30).

optimal steric parameter values. This would correspond to a situation x0 is obtained by differentiating with respect to x and equating to zero;
in which potency decreased in a linear fashion on either side of the solving for x gives:
optimal value x, (Fig. 3, plot B). Note that with this model, the value

of x, must be estimated first (perhaps by using the quadratic model) X0 b + log(-c/(a + c)) (2)

and then refined by an iterative method.
Note that b is mathematically equivalent to the negative log of � in

A significant advance in the empirical fitting of log P data was the
the bilinear model that is now commonly used to fit hydrophobicity

recent development of the bilinear model (54, 55). Functions of this
data (e.g., Ref. 56). We used the program Eureka (Borland Interns-

type can be derived from theoretical pharmacokinetic models, and the tional) on an IBM-PC to calculate b; the program PC-NONLIN (Sta-

bilinear model has been shown to give a significantly better fit for tistical Consultants Inc.) gave identical results.

many data sets that had previously been analyzed by the quadratic

model. In a purely empirical fashion, we have applied a bilinear function
to this set of compounds to more accurately describe the steric fit for Results
the indole 5-substituent. This model allows for situations such as that

shown as Fig. 3, plot C, in which the linear relationships on either side The binding data for the RU 24969 analogs are presented in
of x0 have different slopes. The availability of such a model is useful in Table 1 A and B; only the compounds in Table 1A were included

this type of empirical study, because there are no a priori reasons to in the QSAR because it is desirable to have at least two
expect that steric fit should be symmetric above and below an optimal compounds substituted at a given position before adding a steric

(or least optimal) value. or indicator variable to the equation. The compounds in Table
The bilinear function we have used to model the steric fit for the lB are those of which we only had one example of a different

indole-5-substituent is (assuming nonsteric effects are constant):
substituent at that position (e.g., the N-i benzyl of 1w) and

y = a log(10���’ + 1) + cx + d (1) also the 5-amino compound lv, which is an outlier in the 5-
HT1A QSAR (by almost 3 orders of magnitude) and too impo-

where y is the traditional log(1/C) (in this case pJ(1), x, the steric tent at 5-HT2 for an IC50 to be measured; possible reasons for

parameter (in this case V5), and b is the only nonlinear coefficient. this will be considered later. A high degree of correlation was
Once b is known, the constants a, c, and d can be determined by linear found between the affinities for the 5-HT1 and 5-HT1A recog-

regression. nition sites; for the compounds in Table 1A for which 5-HT1
It is easily shown that when x � b, Eq. 1 reduces to y = cx + d, the binding was measured, r2 = 0.886, p < 0.001. Because of this

left linear part of the curve, and if x >> b, it reduces to y = (a + c)x - correlation and the known heterogeneity of 5-HT1 sites, we did
ab + d, the right linear part of the curve. These two equations are

not undertake a QSAR analysis of the total 5-HT1 binding
useful for obtaining preliminary estimates of a, c, and d for the nonlin-

ear analysis; for example, c is the slope of the left linear part of the data.

curve. Once the value of b has been determined, it is incorporated into Selected calculated physicochemical parameters and substit-
the regression analysis as a log(lOx-b + 1) term, in the same way that uent constants for all the included compounds plus compound
an x2 term is incorporated in the quadratic model. The exact value of lv are given in Table 2. A few variables of interest that were
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Recognition of RU 24969 Analogs at 5-HT Sites: a QSAR Study 47

a These probability levels apply to the significance of the individual variables within each equation. The F ratios and probability levels for the equations, as well as the
value of the nonlinear coefficient b in Eqs. 4 and 5, are given in Results.

not statistically significant in the QSAR (EH0M0, ELUMO, Q4)

have been included in the table. The indicator variables I� and

12 (defined previously) are not shown in Table 2 because they
merely have the values of 1 or 0 depending on the presence or

absence of the 2-methyl group or the piperidine/tetrahydropyr-

idine ring.

For all of the following QSAR equations, Tables 3 and 5

contain multiple regression summaries, which include the

standard errors and probability levels for the regression coef-

ficients and also sequential r2 values. Tables 4 and 6 contain

actual versus predicted values and residuals for the most sig-

nificant regression equations.

QSAR of 5-substituted, 1 ‘-methylpyridyl analogs of

RU 24969. For the 15 compounds in Table 1A differing only

in their 5-substituent (all marked with an asterisk in the table),

a scatter plot of V5 versus pK1 at the 5-HT1A site (Fig. 4)

indicates a quadratic or bilinear fit with an optimal 5-substit-

uent volume of about 24 cubic angstroms calculated by the

bilinear fit and 39 cubic angstroms by the quadratic. This is

reflected in the regression equations. For the quadratic fit:

pK1 = 7.0706 + 0.0324V� - 0.000411 V52

(n = 15, s = 0.298, r� = 0.6204; F ratio = 9.8, p < 0.005.)

For the bilinear fit:

pK1 = 6.9169 + 0.0400%’� - 0.0573log(10V5 iS) � 1) (4)

(b = 23.2; n = 15, s = 0.241, r� = 0.7520; F ratio = 18.2,

p<O.OOl)

It is noteworthy that hydrophobicity does not make a statis-

tically significant contribution to these equations. Thus, at the

5-HT1A site, 5-substituent size alone accounts for 75% of the

observed variability, based on the bilinear fit of Eq. 3. A

comparison of r2 values and F ratios from Eqs. 3 and 4 shows

that this model fits the data significantly better than the

quadratic model, which can only account for 62% of the varia-

bility in the data. The quadratic model also gives a distorted

fit of the data at the peak of the parabola, because differentia-

tion of Eq. 3 gives a predicted value for the optimal V5 of 39.4

cubic angstroms, which can be seen to be a high estimate by a

visual inspection of Fig. 4. Using Eq. 2, the bilinear fit of Eq. 4

predicts the optimal V5 to be 23.6 cubic angstroms, which is

very close to the V5 for the most potent compound, the 5-

carboxamido analog lj.

The best equation obtained predicting 5-HTSA affinities for

this set of compounds includes the electronic parameters Q�

(the charge on the indole 5-carbon) and R, the resonance

constant (31) for the indole 5-substituent:

pK1 = 7.0092 + 0.0364%”� - 0.0506log(10� V� b)

+ 1) - 2.546Q� - 0.833R (5)

(b = 23.4; n = 15, s = 0.,183, r� = 0.8806; F ratio =

18.44, p < 0.001.)

The 5-HT2 data for the same 15 compounds can be used to

generate the equation:

pK, = 4.4575 - 0.0281V5 + 0.9022(log P)

(n = 15, s = 0.485, r� = 0.7376; F ratio = 16.87, p < 0.001.)

(6)

(3) For V5 alone versus the 5-HT2 data, r2 = 0.3019; thus,

substituent volume and hydrophobicity each account for about

30-40% of the observed variability. The scatter plots in Figs. 5

and 6 were generated by using Eq. 6 to selectively eliminate the

predicted log P (Fig. 5) and V5 (Fig. 6) contributions to the

individual pK1 values to show the resulting linear relations for

each of the two variables. This analysis suggests that a small

5-substituent with maximal hydrophobicity is required for op-

timal 5-HT2 affinity.

An interesting finding was that, as for the 5-HT5A data, the

best equation obtained predicting 5-HT2 affinities for this set

of compounds includes the electronic parameters Q5 and R for

the indole 5-substituent:

pK1 = 4.1233 + 1.007(log P) - 0.0332V�

+ 5.0946Q� + 1.47R (7)

(n = 15, s = 0.361, r2 = 0.8788; F ratio = 18.12, p < 0.001.)

TABLE 3

Multiple regression summary for Eqs. 3-7

Dependent Variab� IndependentVariab�s a�
Standard ProbatetY Seiu�nta

pK, at S-HT1A (Eq. 3) Intercept
V5
V52

7.0706
0.0324

-0.000411

0.1 680
0.0104
0.000107

42.1 0
3.ii

-3.84

0.0000
0.0090
0.0023

0.1535
0.6204

pK, at 5-I�IT,A (Eq. 4) Intercept
V5

log (i0�’5� + 1)

6.9169
0.0400

-0.0573

0.i486
0.0089
0.0107

46.55
4.5i

-5.38

0.0000
0.0007
0.0002

0.1535
0.7520

pK, at 5-HT1A (Eq. 5) Intercept
V5
log (i0�”5�� � i)
Q5
R

7.0092
0.03641

-0.0506
-2.546
-0.8325

0.i23i
0.00693
0.00851
0.776
0.3206

56.93
5.25

-5.95
-3.28
-2.60

0.0000
0.0004
0.0001
0.0083
0.0266

0.1535
0.7519
0.8001
0.8806

pK, at S-HT2 (Eq. 6) Intercept
V5

logP

4.4575
-0.0281

0.9022

0.5622
0.0052
0.2021

7.93
-5.42

4.46

0.0000
0.0002
0.0008

0.3019
0.7376

pK, at S-HT2 (Eq. 7) Intercept
V5
logP
Q5
R

4.123
-0.0332

1.007
5.046
1.465

0.450
0.0043
0.167
1.560
0.696

9.i6
-7.74

6.03
3.23
2.11

0.0000
0.0000
0.0001
0.0090
0.0614

0.3019
0.7376
0.8250
0.8788
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TABLE 4

Residual analysis: actual versus predicted values for Eqs. 5 and 7

5-HT,5 � Values: Eq. 5
Compound

(5-substituent) Actu� Prec�cte��
�((5HT,4 value

5�11T2 �(4 Values: Eq. 7

R�dU�
ACtU�

�((5HT2)

Prec�Cted
value

lb (H) 6.836 7.028 -0.192 7.174 6.945 0.229
le (MeO) 7.676 7.767 -0.091 6.047 6.467 -0.420
ig(Br) 7.824 7.765 0.059 7.320 7.274 0.046
lh (CI) 7.582 7.543 0.039 7.292 7.275 0.017
li(F) 7.i68 6.887 0.281 7.349 7.602 -0.253
ij(CONH2) 8.276 7.955 0.321 4.774 4.657 0.117
ik (COOMe) 7.712 7.745 -0.033 5.436 5.617 -0.181
11 (COOEt) 7.442 7.495 -0.053 5.360 5.557 -0.197
im (OOCMe) 7.094 7.196 -0.i02 6.254 5.990 0.264
in (Me) 7.498 7.742 -0.244 6.903 6.769 0.134
ip (NO2) 7.434 7.475 -0.041 7.063 6.462 0.601
iq (CN) 7.260 7.197 0.063 6.020 6.578 -0.557
Ir(OH) 7.210 7.278 -0.068 6.449 6.336 0.113
is (benzyloxy) 6.955 6.829 0.126 6.401 6.088 0.313
it (phthalimido) 6.424 6.489 -0.065 4.967 5.193 -0.226

TABLE 5

Multiple regression summary for Eqs. 8 and 9

Dependent Variab� Independent Varia�eS �
Standard

�#{176}1�

P1(1 at 5-HT1A (Eq. 8)’ Intercept 7.0530 0.1247 56.55 0.0000
vs 0.04005 0.00572 7.00 0.0000 0.01 22
log (1 0(�’5� + 1) -0.0533 0.0072 -7.38 0.0000 0.4771
VN -0.0108 0.0034 -3.13 0.0069 0.5134
l� -1.223 0.173 -7.09 0.0000 0.7602
12 -0.765 0.173 -4.43 0.0005 0.8626
Q5 -2.718 0.915 -2.97 0.0095 0.8732
A -0.972 0.367 -2.65 0.0182 0.91 37

pK, at 5-HT2 (Eq. 9) Intercept 4.4147 0.3796 1 1 .63 0.0000
V5 -0.0352 0.0039 -9.01 0.0000 0.3060
log P 1 .0704 0.1608 6.65 0.0000 0.4921
VN -0.0224 0.00707 -3.17 0.0059 0.5164
!� -1 .528 0.284 -5.38 0.0001 0.7561
Q5 5.331 1.528 3.49 0.0030 0.7802
A 1 .897 0.61 9 3.06 0.0074 0.861�

a �fl Eq. 8, the nonlinear coefficient b is 23.4.
S � Table 3, footnote a.

QSAR for all compounds in Table 1A. By including the
variables VN, Il, and 12 (discussed in Materials and Methods),

more inclusive equations predicting 5-HTIA and 5-HT2 affini-

ties for all the compounds in Table 1A were derived. For the 5-

HTIA data, the best equation found was:

pK1 = 7.0530 + 0.0401 V5 - 0.0533log(l0” b) � 1)

- 0.O1O8VN l.223I� - 0.765312 2.72Q� - 0.972R

(b = 23.4; n = 23, s = 0.225, r� = 0.9137; F ratio = 22.68,

p’<O.OOl.)

For the 5-HT2 data, the ‘2 variable was not necessary:

pK, = 4.4147 + 1.07(log P) - 0.0352V5 - 0.0224VN

- l.528I� + 5.33Q5 + 1.90R (9)

(n = 23, S = 0.361, r� = 0.8615; F ratio = 16.58, p < 0.001.)

Table 7 contains the correlation matrix for all the variables

used in the QSAR equations, calculated using data for the 23

compounds in Table 1A.

Molecular mechanics study of conformational prop-
erties of compounds lb and ic. The 2-methyl analogs (ic
and if) were synthesized with the expectation that this sub-

stituent would tend to force the tetrahydropyridyl ring out of

coplanarity with the indole ring. Molecular mechanics calcu-
lations were performed using the SCAN option of CHEMLAB

to generate a three-dimensional energy surface for various

conformations of ic (Fig. 7A). The two torsional angles (Fig.
7B) define rotation of the pyridine ring (r1) and methyl group

(r2). Energy is plotted inversely on the y-axis, with maxima

shown projecting below the plateaus of minimum energy con-

(8) formations.

The two plateaus correspond to the nonplanar conformations

(r1 � 0 or 180#{176}).For each planar conformation massive energy
barriers (about 80 kcal) are presented by the three values r2

at which a methyl proton is trans to the indole-l nitrogen. The
planar conformation shown as Fig. 7B corresponds to a saddle

point on Fig. 7A (marked with an asterisk) where a methyl

proton is cis to the indole-1 nitrogen. This is the only type of

2-methyl conformation that could allow rotation of the pyridine

ring between the two plateau areas representing energy minima;
although its energy is only about 5 kcal/mole above the global

energy minimum, it is clearly an unstable conformation.

Compared with the highest energy barriers of Fig. 7A, in the

absence of the 2-methyl group (compound ib; R1 = H) there is

only a comparatively slight energy barrier (�6 kcal above

baseline; plotted in Fig. 8) at T1 = 0#{176},corresponding to a steric
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TABLE 6

Recognition of RU 24969 Analogs at 5-lIT Sites: a OSAR Study 49

Residual analysis: actua I versus predict ed values for Eqs. 8 and 9

Compound

54’lTIA �l Values:Eq. 8 5HT2 � Values: Eq. 9

Actual
�((5HT,�)

Predeted
Value

Residual
Actual

�(,(5HT2)
Predicted

Value
A

�

ia 6.723 7.073 -0.350 6.691 6.952 -0.261
lb 6.836 6.892 -0.056 7.174 7.037 0.137
Ic 5.748 5.674 0.074 6.061 6.055 0.006
Id 7.960 7.936 0.025 6.040 6.267 -0.227
ie 7.676 7.754 -0.078 6.047 6.352 -0.305
if 6.462 6.536 -0.074 5.364 5.370 -0.006
Ig 7.824 7.718 0.106 7.320 7.329 -0.009
ih 7.582 7.472 0.110 7.292 7.336 -0.044
ii 7.168 6.773 0.395 7.349 7.613 -0.264
ij 8.276 7.897 0.379 4.774 4.665 0.109
ik 7.712 7.701 0.011 5.436 5.684 -0.248
11 7.442 7.468 -0.026 5.360 5.621 -0.261
im 7.094 7.133 -0.039 6.254 5.996 0.258
in 7.498 7.687 -0.189 6.903 6.807 0.096
io 7.192 7.558 -0.366 6.785 6.494 0.291
ip 7.434 7.377 0.057 7.063 6.580 0.483
iq 7.260 7.068 0.192 6.020 6.712 -0.692
ir 7.210 7.220 -0.010 6.449 6.i67 0.282
is 6.955 6.870 0.085 6.401 5.968 0.433
it 6.424 6.482 -0.058 4.967 5.154 -0.187
lu 6.035 6.222 -0.187 7.361 7.414 -0.053
2a 6.289 6.156 0.133 7.714 7.060 0.654
2b 6.862 6.995 -0.133 6.228 6.419 -0.191

0 20 40 60 80 100

V5 . Cubic Angatroms

Fig. 4. Scatter plot of pK1 versus V5 (5-substituent volume) with the 5-
HT1A blfldlfl9 data for the 1 5 compounds differing only in their indole-5-
substituent (marked ‘ in Table 1A). Note the distinct bilinear distribution:
Although the 5-acetoxy compound im appears to be somewhat of an
outlier, the QSAR analysis suggests that this compound has an unusually
large electronic contribution; when this is taken into account (Eq. 7), its
pK, residual is only -0.102.

interaction between the vinylic and indole-4 protons. On the

scale of Fig. 7A, the other minor peaks of Fig. 8 would be

negligible. The highest energy conformation of the 2-H com-

pound (Fig. 8; r1 = 0#{176})is approximately as far above the global
energy minimum as the lowest energy planar conformation of

the 2-methyl compound (the saddle point of Fig. 7A). Based on

this analysis, the 2-methyl substituent provides a significant

energy barrier to planar configurations, compared with the 2-

H substituent.

Discussion

The QSAR analyses suggest distinct differences in the struc-

tural features that determine optimal potency at 5-HTiA sites
versus those determining optimal potency for 5-HT2 sites. The

0 20 40 60 80 100
V5 , Cubic Angatroms

Fig. 5. Scatter plot of transformed 5-HT2 p!(, versus V5 (5-substituent

volume) for the 1 5 compounds differing only in their indole-5-substituent
rk’ in Table iA). The log P contribution to the 5-HT2 pl(1 predicted

by Eq. 6 was subtracted from the actual pl(1 values to unmask the
residual V5 contribution, i.e., transformed p!(1 = actual p!( - 0.9022(log
P - 3). This transformation predicts what the p!(, values would be if all
the compounds had a log P of 3. A linear decrease in potency with
increasing V5 is seen.

separate analysis of the 15 different N-methylpyridyl analogs
differing only in their 5-substituent (Eqs. 3-7) resulted in the

final Eqs. 5 and 7, which should be useful for optimizing the
choice of indole-5-substituent to achieve either 5-HTiA or 5-

HT2 selectivity. The 5-substituent characteristics required for

optimal potency at these two recognition sites can be briefly

summarized as follows:

1) The parameter that almost exclusively determines potency
for 5-HT1A sites is volume, the optimal size being about 24

cubic angstroms as calculated from the bilinear fit.

2) In contrast, at the 5-HT2 site both volume and hydropho-

bicity play major but opposing roles for the 5-substituent. A

balance between the smallest possible volume and the greatest
possible hydrophobicity is required for maximal 5-HT2 potency.
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2.0 3.0 4.0 5.0

LOG P

Fig. 6. Scatter plot of transformed 5-HT2 pK, versus log P for the 15
compounds differing only in their indole-5-substituent (marked ‘ in Table
1A). The V5 (5-substituent volume) contribution to the 5-HT2 pK1 predicted
by Eq. 6 was subtracted from the actual pK1 values to unmask the
residual V5 contribution, i.e., transformed pK1 = actual p!(1 + 0.0281 V5.
This transformation predicts what the pl(1 values would be if all the
compounds had 5-substituents the size of hydrogen (of course, it is
physically impossible to attain such high log P values with such a small
substituent). A linear increase in potency with increasing log P is seen.

3) A comparatively minor electronic contribution to the

QSARs (Eqs. 5 and 7) involving the charge on the indole 5-

carbon (Q�) and the 5-substituent resonance constant R is of

opposite sign for 5-HT1A versus 5-HT2 sites and thus may be

useful for selective drug design.

Although we did not find any significant correlations with

EHOMO, the observed correlation with Q5 is consistent with the

results of a previous study of 5-substituted tryptamines using

rat stomach fundus data (23). A correlation of 5-HT receptor

affinity with the Swain and Lupton resonance constant R has

also been previously reported (21). The significance of the

electronic effect in our equations must be interpreted with
caution, because there are correlations between some of the

electronic parameters. For the set of 15 5-substituted com-

pounds, there is a negative correlation between Q� and R (r2 =

0.635) and also between Q4 and Q� (r� = 0.811) and thus a

positive correlation between Q4 and R (r2 = 0.479). The r2
values from Table 7 are slightly different because they were

calculated for the larger set of 23 compounds.) These correla-

tions are of course somewhat to be expected, because a -R

group should release electrons, particularly to the ortho-4-

position. In these equations, the charge itself is the most

significant electronic parameter, with Q4 being slightly less so

than Q� (thus equations involving Q4 were not reported); addi-
tion of R to the correlations has the effect of making the entire

electronic contribution more statistically significant. Although

the probability level for R in Eq. 7 is not quite <0.05 (Table 3,

50 Taylor et a!.

S Eq. 7; for R, p = 0.0614), R becomes considerably more signif-
1 S icant when the rest of the compounds are included (Table 5,

ig Eq. 9; for R, p = 0.0074). Thus, we have included R in Eq. 7

S despite this borderline p value, particularly because addition of

R to the equation increases the significance of Q� substantially.

In regard to the electronic contributions, it is noteworthy

that the 5-acetoxy compound im, which appears to be some-

what of an outlier in the steric fit of V5 to 5-HT1A data (Fig.
4), has an unusually large electronic contribution and falls well

into line when Q� and R are added to the correlation (Table 4,

Eq. 5; the residual value = -0.102.). The only true outlier is

the 5-amino compound lv, which is so impotent that it was
left out ofthe QSARs. This compound exhibited unusually high

water solubility at neutral pH, which could be consistent with

the existence of a tautomeric form, which would be expected to

have a significantly different pK�, and, more significantly, an

altered electronic structure that could be very different from

that of the other compounds. Such tautomerism has been

reported for some 2-aminoindoles, for which a zwitterionic

resonance structure has been postulated (57). Alternatively,

because PKa was not explicitly examined as a parameter, the

low potency of this compound may be related to the (relative)

basicity of the amino substituent. Whatever the reason, this

compound was such an outlier that it could not be meaningfully

included in the QSARs. This also suggests the caveat that one

should be cautious about extrapolating QSAR equations to

compounds whose substituent properties lie outside the range

of those used to derive the equations.

Although we have found that steric and hydrophobic effects

predominate over the relatively small electronic contribution

to these QSARs, it is interesting that this appears to be related

to the charges on the indole 4- or 5-carbons, because Weinstein
et a!. (27) find that the optimal orientation of the electrostatic

vector for 5-HT passes between these two atoms. Thus, our

findings are certainly not inconsistent with the Osman-Wein-

stein model (33). The predominance of nonelectronic determi-

nants in our analysis may merely reflect a certain uniformity

in the electronic structure of our compounds (none of which

are substituted at the indole 4, 6, or 7 positions). Similarly, the

lack of a role for steric and hydrophobic effects in their model

is not surprising, because it is based on a set of compounds

(tryptamine and four isomers of hydroxytryptamine) having

rather minor steric and hydrophobicity differences.

The 5-substituent steric, hydrophobic, and electronic contri-

butions to pK, predicted by Eqs. 5 and 7 are substantiated by

the results obtained with the inclusion of other types of substi-

tutions in the QSAR, i.e., Eqs. 8 and 9. The coefficients of the

terms related to the 5-substituent are very similar for Eq. 5

TABLE 7

Correlation matrix for aN dependent variables used in Eqs. 3-9
The matrix was calculated using all compounds in Table 1 A, with data from Table 2 and indicator variable values as defined in Materials and Methods; the other variables
are defined in Table 2. Although not in the reported equations, Q4 is included to illustrate collineanty with Q5 and R (see Discussion).

- V, VN ‘1 ‘2 Q4 Q5 A �gP

V5 1 .0000 -0.1202 -0.1378 -0.1378 -0.2706 0.2842 -0.1085 0.3002
VN 1.0000 -0.0111 -0.0111 0.0676 -0.1303 0.0865 0.5408
l� 1.0000 -0.0952 -0.0614 0.0683 -0.1395 0.1678
12 1 .0000 -0.1216 0.0542 -0.1395 -0.0268
Q4 1 .0000 -0.9096 0.7408 -0.0007
Q5 1.0000 -0.8523 0.0998
R 1.0000 -0.2037
logP 1.0000
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2 M. Hersiof, D. L. Nelson, and A. R. Martin, unpublished observations.

Fig. 7. A; Three dimensional energy surface for
the 2-methyl THPI analog Ic. Energy is plotted
inversely on the y axis, so the two plateau areas
represent energy minima. See text for discus-
sion. B; Ortep structure of ic showing torsional
angles r1 and r2 used to calculate energies in A.
This planar conformation is not a minimum en-
ergy conformation, but corresponds to a saddle
point indicated by an asterisk in A.

Fig. 8. Two-dimensional plot of energy versus conformation for the 2-H
analog lb. The scale of the y axis is about one tenth that of Fig. 7A. The
only significant energy barrier is the one at r1 0#{176},corresponding to a
stenc interaction of the vinylic and indole-4 protons.

versus 8 and 7 versus 9. The coefficients of the additional

parameters in Eqs. 8 and 9 suggest the following conclusions:

4) The inclusion of the 2-methyl substituent induces a loss

in potency of about 1 order of magnitude at both 5-HT1A and

5-HT2 sites.

5) At both sites, increase in pyridyl N-substituent volume

per se causes a loss in affinity, but at the 5-HT2 site it is

important to note that this effect is largely offset by an increase

in affinity due to increased hydrophobicity contributed by the

N-substituent; thus, the N-benzyl analog lu is actually more

potent than la and lb at 5-HT2 sites. The 1-benzyl analog 1w

(omitted from the QSAR for reasons discussed previously) is

highly 5-HT2 selective; its extremely low potency at the 5-HTSA

site suggests a possible steric block at this position.

6) The saturation of the tetrahydropyridine double bond

consistently reduces affinity for 5-HT1A sites; however, this

alteration produces variable effects at 5-HT2 sites, which were

not well handled by the QSAR analysis, because ‘2 was not

sufficiently significant to be included in Eq. 9, presumably due

to the exceptional potency of compound 2a.

Reduction of the double bond results in increased flexibility

of the piperidine ring and consequent altered geometry of the

amine nitrogen; this is probably a major factor in the observed

differences in activity between the unsaturated and reduced

compounds. Because all of the THPIs have a relatively fixed

geometry for the amino group, no major conclusions regarding

its optimal configuration (e.g., relative to ergolines) can be

C

Fig. 9. A; The 5-HT2 ligand [125l]2-iodo-d-LSD; B; the 5-HT15 ligand (-)-
[125l]iodocyanopindolol; C; trans-i ,2,3,4,4a,5,6,1 ic-octahydro-3-methyl-
7H-pyndo[3,4-c]carbazole (see Discussion). All three of these com-
pounds have indole-2-substituents roughly equivalent in size to the 2-
methyl group, yet still possess relatively high affinity for at least one of
the 5-HT receptor subtypes. Unlike the THPIs, in these compounds the
2-substituent is unable to perturb the geometry of the amino group; in
the case of compound C, the 2-substituent actually helps to constrain
the nitrogen in a near-coplanar position.

drawn from this study. However, it is probable that the position

of the amino nitrogen in these compounds is close to optimal

for both 5-HT1A and 5-HT2 sites, because as a class these

compounds are remarkably potent by comparison with other

indoleamines (15).

The data are consistent with the possibility that the indole

and pyridine rings are in a coplanar configuration when binding

at 5-HTiA and 5-HT2 sites, inasmuch as the indole-2-methyl

substituent, which provides a large energy barrier to the co-

planar configuration, greatly reduces the potency of THPIs at

all 5-HT recognition sites. A similar effect has been reported

for 2-methyl serotonin at 5-HT1 and 5-HT2 sites (13). It is

unlikely that this is due to a steric block at the indole 2-

position, because high affinity 5-HT ligands exist that possess

indole-2-substituents approximately equal in size to the 2-

methyl group (Fig. 9, A-C). These include the 5-HT2 ligand

[‘25H]2-iodo-d-LSD (58), the 5-HTiB ligand (-)-[‘25I}iodocya-

nopindolol (59), and a relatively planar 2,3-bridge tryptamine

homolog (60); the racemic trans isomer of the latter shows

enhanced potency (about 10-fold) relative to tryptamine at the

5-HT2 site. It is significant that in all three of these compounds

the indole-2-substituent cannot perturb the geometry of the

amino nitrogen (in the compound shown in Fig. 9C, the 2-

substituent actually helps constrain the nitrogen in a near-

coplanar position). Thus, there is reason to suspect that the

loss of affinity produced by 2-methylation for the THPIs and
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5-HT is primarily due to the effects on conformation of the 3-

substituent and not a direct steric block at the 2-position itself.
One of the goals of this research is to obtain information

useful for the design of selective 5-HT ligands. These might
include other classes of compounds such as tryptamines or 2-
aminotetralins. An encouraging result of the current study is
that similarities in analog selectivity patterns can be observed
between these THPI derivatives and tryptamines. For example,
the exceptionally high potency of 5-carboxamidotryptamine for

5HT1A 5�thS and low affinity for 5-HT2 sites is precisely par-
alleled by the 5-carboxamido THPI derivative lj, the 5-HTiA

selectivity of which is clearly predicted by these QSARS (see
Tables 4 and 6). Such parallels suggest that the indolic portion
of these compounds binds similarly to that of other indole

derivatives; thus, it is possible that optimally selective substit-
uents predicted by these QSARS may be extrapolated to tryp-

tamines and other indoles. We offer these equations to those

desiring to do so.
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