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Abstract—Substituting a furan, a thiophene, a benzo[b]furan, a benzo[b]thiophene, or a quinoline ring for the p-chlorophenyl
moiety of baclofen has led to GABA, ligands with different affinities depending on the nature of the heteroaromatic ring, and an
the nature and position of its substituent. As steric effects cannot account for all the affinity variations, we have studied the lipo-
philic and electronic properties of baclofen and selected 3-heteroaromatic analogues, gaining insight into the structural features
necessary for GABA, affinity., Centrifugal partition chromatography (CPC) has been used to measure octan-1-ol water

distribution coefficients, while ab initio molecular orbital (MO) calculations were performed to study electronic properties.

Introduction

Within the central and peripheral nervous systems, 7y-
aminobutyric acid (GABA) can bind to at least two
different kinds of receptors, GABA, and GABA,.
GABA, receptors are involved in fast synaptic trans-
mission, while GABA; receptors act in a modulatory
fashion."” GABA, agonists have therapeutic potential in
certain respiratory diseases such as asthma, while
antagonists could be wuseful in the treatment of
cognitive disorders, absence epilepsy and possibly in
depression.”™

To date, R-(-)-y-amino-B-(p-chlorophenyl)-butyric acid
(baclofen) and <y-aminopropylphosphinic acid have
been considered as lead compounds for GABAg ligands.
Systematic variations of their structures led to the
discovery of new specific GABA; ligands.* The p-
chlorophenyl moiety in baclofen has been replaced by a
furan, thiophene, benzo[b]furan,*’ benzo[b]thiophene, or
a quinoline ring (Fig. 1). Two structural features are
crucial for GABA; affinity: the nature of the hetero-
aromatic ring and the nature and position of its
substituent.*® The racemic thienyl analogues sub-
stituted in 5 (compounds 2b, 2¢ and 2e, Fig. 1) and the
racemic benzo[b]furan analogue substituted in 7 by a
methyl group (compound 3e, Fig. 1) show IC, values in
the micromolar range (Table 1), while the racemic
furan, benzo[b]thiophene, and quinoline analogues
(compounds 1, 4 and 5, Fig. 1) are devoid of GABA,
affinity (Table 1). On the other hand, some benzo[b]-
furan analogues have been described as GABAy antago-
nists in both the central nervous system (CNS) and the
periphery.'®'" Thienyl analogues are agonists in the
periphery,'? while no data is available for the CNS.

The aim of this work was to understand the influence of
both the heteroaromatic moiety (nature) and its sub-
stituent (nature and position) on GABAy affinity.
Previously, conformational analysis has enabled some
of us to identify six features necessary for GABAg
affinity of 3-heteroaromatic baclofen analogues:' (1) a
carboxylate group; (2) a primary ammonium group; (3)
a mean distance between the ionized moieties of 4.6 A;
(4) an aromatic ring (phenyl, thienyl, benzo[b]furan)
bound to CB; (5) a lipophilic substituent in position
para (phenyl) or 5 (thienyl, benzo[b]furan), a region
sensitive to steric bulk; and (6) another lipophilic group
in position 7 (benzo[b]furan). For fused heterorings, an
electron-rich heteroatom (oxygen) may be mandatory to
stabilize the fy-aminobutyric (GAB) chain conform-
ation. However, this pharmacophoric pattern cannot
help to explain the very weak GABA, affinity (IC,, >
100 uM, Table 1) of compound 5. Moreover, the
stereoelectronic requirements for the substituent in 5
(compounds 2 and 3) or in 7 (compound 3e) remain
unclear. These facts led us to investigate both the
lipophilicity and the electronic properties of 3-hetero-
aromatic baclofen analogues. As a result, we have
refined the GABA, pharmacophoric pattern for 3-hetero-
aromatic baclofen analogues.

Results
Lipophilicity
The distribution of solutes between water and octan-1-ol,
as expressed by the partition coefficient (log P) or the

distribution coefficient (i.e. apparent partition coeffici-
ent, log D), is often taken as an index of lipophilicity.
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Figure 1. Planar structure formulae with numbering of relevant furan, thienyl, benzo[b]furan, benzo[b]thiophene, and quinoline analogues of
baclofen. The atomic numbering scheme adopted for the rings is also given.

Table 1. Compilation of GABA, affinities,”® measured and calculated octan-1-ol water distribution coefficients, volumes and polarity
parameters of baclofen and its 3-heteroaromatic analogues

Compounds* ICot (M)  ICf (uM) log D* logDe V(A% A

baclofen 0.33 -0.97(1) -0.74 180.5 69
1 > 100 -2.38(2) 228 144.1 72
2a 9.72 -2.07(2) -1.76 156.0 72
2b 1.34 64 -1.46(1) -1.24 1732 71
p/d 0.61 -1.07(1) -1.03 170.6 6.7
2d 453 -1.22(1) -1.03 170.8 68
2e 1.86 —0.90(1) -083 178.1 6.7
b 39.1 -1.06(2) -0.83 1779 69
X" -0.88(1) -1.00 191.5 7.1
3 22 190 —0.89(1) -093 2163 79
i ' 108 -0.28(0) -048 208.6 7.1
ki | 17 —0.05(0) -027 206.1 68
3e 54 -0.34(0) -048 2078 71
4 >10 -0.53(0) -047 203.0 71
5 > 100 —0.42(1) -1.03 2234 7.1

*Compounds are presented according to the numbering given in Figure 1.

*IC,, values were determined by displacement of R-(~)-*[H] baclofen.”®

¢IC,, values were determined by displacement of *[H] GABA.

dEach log D value is the mean of three measurements. Each value in parentheses is the maximum deviation
relative to the average log D value.

¢Calculated log D according to the fragmental approach developed by Rekker.

"Molecular volume computed according to Gavezotti.*

%Polarity parameter according to El Tayar et al. . %

"For compound 3a, IC, value which was determined by displacement of racemic *[H] baclofen,® amounts to
18 M. This value has to be compared with ICy, = 0.2 and 5.6 pM for baclofen and 3b, respectively.®

As the lipophilic properties of a zwitterionic species  we measured the log D of baclofen and the compounds
can be difficult to predict from its chemical structure,'  under study (Fig. 1) by the recently developed CPC
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technique.'”>'®* CPC combines the advantages of the
shake-flask method (ability to obtain genuine partition
coefficients, possibility of using a variety of solvent
systems) with those of reversed-phase HPLC (rapidity,
reproducibility, decreased interference by impurities).

The results are given in Table 1. For all compounds
under study except 5, a strong correlation between
measured log D and calculated log D™ (see Experi-
mental for more details about the calculations) is
observed:

log D = 1.18 (£ 0.24) log D*** + 0.12 (£ 0.18)
n =14, =0.951, ¢* = 0.918, SD = 0.150, F = 231 (1),

where n is the number of compounds, r* the correlation
coefficient, ¢* the cross-validated correlation coeffici-
ent, SD the standard deviation, and F the Fischer test
of statistical significance. Values in parentheses are the
95% confidence limits. As conformational changes can
alter lipophilicity," ' the deviation observed for
compound 5 (log D - log D* = (.61, Table 1) might
arise from an intramolecular N-H---N(sp?) hydrogen
bond.

This hypothesis is in close agreement with the results of
ab initio MO STO-3G conformational calculations. For
compound 5, the folded conformation (N---X = 2.94 A,
Table 2) is more stable (8.7 kcal mol™!) than the
extended one (N---X = 3.90 A). Moreover, this energy
difference has to be compared with the lower one (5.8
kcal mol™) computed between folded (N---X = 2.88 A,
Table 2) and extended (N---X = 3.94 A) conformations
of compound 3¢ whose log D and log D™ are not
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significantly different (log D - log D™ = 0.20 as
compared to 0.61 for 5, Table 1). The larger basicity of
quinoline nitrogen as expressed by electrostatic
potential derived (EPD) charges (Fig. 2) accounts for
these energy differences.

The decomposition of log D into a cavity/volume term
(V, expressing mainly hydrophobic and dispersive solute-
solvent interactions) and polarity term (A, reflecting
electrostatic solute—solvent interactions)*® led us to
identical conclusions. For most compounds, the varia-
tions of log D arise from variations in volume term as
expressed by the following correlation:

log D = 0.032 (£ 0.006) V -6.82 (+ 1.30)
n =13, 7 =0.920, ¢* = 0.887, SD = 0.199, F = 127 (2).

However, two compounds (3b and 5) show A values
which are significantly different than those derived for
the 13 others (A = 7.9 and 7.7, respectively, as to be
compared with 6.7 £ A < 7.2 for the others, Table 1).
For compound 3b, the discrepancy arises from the
presence of a polar substituent (OCH,). On the other
hand, an intramolecular N-H---N(spz) bond, as sug-
gested above, might account for the A value of
compound 5.

Topologies of the highest occupied molecular orbital
located on the aromatic moiety (HOMOI[Ts)

The aromatic moiety of 3-heteroaromatic baclofen
analogues is likely to be involved in [I-I] interactions
with aromatic residues at the receptor site. Within this
scope, the topology of frontier molecular orbitals

Table 2. Conformational analysis of compounds 3¢ and §

Folded conformations

Extended conformations

Compounds Relative energy (kcal mol™)  N—X (A)* Relative energy (kcal mol™")  N—X (A)*
I 00 2.88 58 394
5 00 294 8.7 3.90

*N---X: distance between the nitrogen atom of the ammonium group and the ring heteroatom, oxygen (3c) or nitrogen (5).

a)

0.07

8
-0.035
0.241
-0.129 0.107
0.449 -0.072
-0.667 N\ / 0.102
0.575 0173
N AN
0.572 (s)

0.355 -0.289 -0.686

b)

Figure 2. Ab initio STO-3G atomic charges (electron) derived from the surrounding electrostatic potential for compounds (a) 3¢ and (b) 5. The
contributions of the hydrogen atoms were summed into those of the carrier atoms. The folded conformation was considered for both compounds.
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provide an invaluable source of information for structure—
affinity relationships. As previously demonstrated by
Weinstein and colleagues,* the localization of HOMO
density matches the sites at which the highest
percentile contribution to the polarization is calculated.
The polarization encodes for []-JI interactions which
may significantly affect the affinity of a ligand for its
receptor.”>? Previously, the analysis of the localization
of HOMO has provided an invaluable insight in the
study of binding of indolealkylamines on LSD/5-HT
receptors.* Recently, a detailed analysis of the topol-
ogies of the frontier molecular orbitals has led to the
proposal of an interaction model between a monoamine
oxidase A inhibitor (A-MAOI) and substituted lumi-
flavin.?’ The relative orientation of both A-MAOI and

substituted lumiflavin allows a maximum matching fit
between their frontier molecular orbitals.

Using the ab initio MO STO-3G (STO-3G* when
chlorine or sulfur are present) method, we have
computed the topology of the HOMOJ]s for baclofen
and selected 3-heteroaromatic analogues (compounds
2a-d, 3b-e, 4 and 5). Compound 1 was not considered
(see Discussion).

The results are presented in Figures 3 and 4. The
HOMOIIs show different topologies according to the
nature of the ring, and the nature and position of its
substituent. The effect of the nature of the substituent is
more pronounced for benzofuran (Fig. 4a) than for
thienyl analogues (Fig. 3b—e).

e)

Figure 3. Ab initio STO-3G or STO-3G* iso-clectron density (electron A surfaces for (a) baclofen; (b-e) compounds 2a-d. Black surfaces
indicate densities of 0.020 electron A%; grey surfaces densities of 0.010 electron A3
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b)

<)

Figure 4. Ab initio STO-3G or STO-3G* iso-electron density (electron A-3) surfaces for (a) compounds 3b—e; (b) compound 4; and (c) compound
5. Black surfaces indicate densities of 0.020 electron A-3; grey surfaces densities of 0.010 electron A=

Discussion

The nature of the aromatic moiety, and the nature and
position of its substituent strongly affect the GABA,
affinity of 3-heteroaromatic baclofen analogues. Steric
effects' can account for some observations. However,
other parameters have to be taken into account to
explain all the variations of affinity within this class of
compounds. Within this scope, both the lipophilicity
(log D) and the topology of the HOMOJ]s for baclofen
and selected 3-heteroaromatic analogues have been
studied.

For all compounds under study, log D and affinity
(pIC,, = —log IC,, or A, Fig. 5 for definition) are poorly
correlated. The structural diversity of the ring systems
may explain this bad correlation. As a consequence,
small rings (furan, phenyl and thiophene) and fused
heterorings (benzo[b]furan, benzo[b]thiophene and quino-
line) have been considered separately.

For thienyl analogues, the introduction of a lipophilic

substituent in position 5 leads to an increase in GABAg
affinity (pICy), as expressed by the following slight
correlation with the bromo derivative (2e) as the most
deviant:

pICs = 0.94 (+ 0.38) log D + 7.08 (+ 0.38)
n=5,r=0.670, SD = 040, F = 6.09 3).

This correlation is in agreement with the variation of
GABA; affinity previously reported for baclofen
analogues: p-Cl > p-F >> unsubstituted.”® However,
thienyl analogues with a larger substituent in 5 (ethyl or
propyl group) are devoid of GABAy affinity.”® This
substituent probably interacts with a region of the re-
ceptor sensitive to steric bulk, effect probably respon-
sible for the deviation of compound 2e in equation 3.
This hypothesis is in agreement with our previous
molecular modelling study.” Steric effects may also
account for the lower affinity of compounds 2d and 2f
(ICs = 45.3 and 39.1 pM as compared to 0.61 and 1.86
MM for their positional isomers, compounds 2¢ and 2e,
Table 1). This latter hypothesis can also help to explain
the similar decrease in affinity for the meta isomer of
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baclofen (ICs, = 20 uM’ as compared to 0.33 uM for
baclofen).
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Figure 5. Scatter plots of (a) the pICs, (pICy, = —log IC,,) versus log
D for baclofen, compounds 2a-f, 3b—e (squares and stars correspond
respectively to the first and second columns of Table 1); (b) the
affinity parameter (A) versus log D for all compounds under study
except compound 3a. The value of A was fixed to 1 if IC,, was lower
than 10 pM, while it was fixed to 0 when ICy, was greater than
10 pM. The IC;, are given in the first and second column of Table 1.

Substituting a furyl for a thienyl ring leads to a de-
crease in both lipophilicity and affinity (log D = -2.07
and ICs, = 9.72 uM for compound 2a as compared to
log D = -2.38 and IC;, > 100 uM for compound 1,
Table 1). However, in contrast to the thienyl analogue
2a, the introduction of a methyl group in position 5 of
compound 1 does not improve the GABA, affinity (IC,
> 100 pM for both furyl analogues’). In other words, the
isosteric replacement of a thienyl by a furyl ring leads
to a complete loss of GABA, affinity. The variations in
the cavity term (V) among compounds 1, 2a and 2b
(Table 1) cannot help to explain these biological data:
from the V values given in Table 1, one may reason-
ably expect a volume of 161 A’ (contribution of a
methyl = + 17 A3 Table 1) for the 5-methyl-2-furyl
analogue (as compared to 156.0 A® for compound 2a,
Table 1). On the other hand, the different molecular
electrostatic potential (MEP) patterns computed for
furyl and thienyl analogues may account for their
different GABA; affinities: a MEP minimum (-30 kcal
mol™) is observed in the furyl plane, while the thienyl
plane does not show any attractive area.® This MEP
minimum may prevent furyl analogues favourably
interacting with the receptor. It is also noteworthy that
the identical A values (expressing mainly, in the octan-

1-ol water system, identical hydrogen bond acceptor
basicities)? for 1 and 2a (A = 7.2, Table 1) cannot help
to predict these different MEP patterns. Indeed, the
most negative potentials which were previously cor-
related with the hydrogen bond acceptor parameters in
a variety of oxygen- and nitrogen-containing mole-
cules,®® are generated by the same moiety for both
compounds 1 and 2a: the carboxylate group.’

Substituting a fused heteroring (benzo[b]furan, benzo[b]-
thiophene or quinoline) for a phenyl or thienyl ring leads
to an increase in lipophilicity (Table 1). However, this
increase is not correlated to any variation in affinity
(Fig. 5). In addition, for benzofuran analogues substitu-
ted in 5, lipophilicity and affinity do not seem to be
correlated. This latter observation contrasts with the
interpretation of equation 3. However, the topologies of
the HOMOJ[s show larger variations among compounds
3b—d than among baclofen and compounds 3a-d.
Therefore, this electronic effect may account for the
discrepancies between benzofuran and thienyl
analogues substituted in 5. Moreover, this electronic
effect may also explain the very weak GABAy affinity
of compounds 4 and 5: their HOMOI[Is show very
different topologies than the one computed for
compound 3d, one of the most potent among the
benzofuran analogues (Fig. 4). Indeed, the most
important contributions to the HOMO[Is of nonpotent
(4 and 5) and potent (3d) compounds are situated on
different atomic centres. On the other hand, the intro-
duction of a methyl group in position 7 of the
benzo[bJfuran ring leads to an increase in GABAg
affinity (Table 1). Although this substituent slightly
alters the topology of the HOMOII, it may favourably
interact with a lipophilic pocket at the receptor site. As
a result, the affinity of compound 3e slightly increases
(Table 1).

Lipophilicity measurements and ab initio MO STO-3G
or STO-3G* computations of electronic properties have
enabled us to suggest structure—affinity relationships for
baclofen analogues. Both the position (position 5 is
favourable, position 4 unfavourable) and the size of the
lipophilic substituent are critical for GABAj affinity of
phenyl and thienyl analogues. In other words, the region
of the receptor which interacts with the aromatic
moiety seems to be sensitive to steric bulk. On the
other hand, a different MEP pattern may account for the
very weak GABA, affinity of furyl analogues. For fused
heterorings, both an electron-rich heteroatom (stabiliz-
ation of the GAB chain conformation) and a well-
defined HOMOIT topology (I'T=I1 interactions) may be
mandatory for GABA; affinity. The latter can be
increased by the introduction of a lipophilic substituent
in position 7 of the benzo[b]furan ring.

Experimental
Measurement of log D

The measurement of CPC retention times (R,) for the
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compounds under study has enabled us to determine
their log D in octan-1-ol/aqueous buffered systems with
pH 7.4. This pH value is close to the isoelectric pH (pl
= 6.63 for the most water soluble analogue, compound
1) where log D reaches a maximum.'*” This pl value
has been obtained after potentiometric titrations of 1 as
previously reported by Avdeef.*'

After a rough estimation of log D values (log D*') using
the ClogP software,”? we have chosen 20.01 M 3-morpho-
linopropanesulphonic acid (MPS) aqueous solution as
the mobile phase and octan-1-ol saturated with MPS as
the stationary phase. In this case, log D can be obtained
from the following equation: log D = log (R, -t,) U - log
(V, — Uty); where R, is the retention time for a solute, 17,
is the dead time measured for an unretained solute
(potassium dichromate in this case), U is the flow rate
of the mobile phase, and V, the total capacity of the
three columns (385 mL in this case). The design
principle of the instrument has been described.'>'"®
When the three columns were full, the centrifuge was
rotated at a speed of 800 rpm. Then the mobile phase
was propelled into the columns. Depending upon the log
D™ values, the flow rate varied from 0.5 to 3.1 mL min™’
(0.5 mL min™* for log D**< 1.9, 1.6 mL min™' for-1.9 <
log D™ < -1.5 and 3.1 mL min™ for -1.3 < log D™ <
-0.8).

Measurements were performed in triplicate on horizon-
tal flow-through centrifugal partition chromatograph
made up of three columns and a coil planet type
centrifuge (Pharma-Tech Research  Corporation,
Baltimore, Maryland, U.S.A.). A Kontron model 420
HPLC pump (Kontron Instrument, Ziirich) was used to
propel the mobile phase and a Kontron model 432-UV
visible detector coupled with a Hewlett Packard 3392A
(Hewlett Packard, Avondale, Pennsylvania, U.S.A)
integrator to detect the solutes. The solutes were
detected at wavelengths varying from 220 to 320 nm
according to the nature of the aromatic ring. A flow-
meter (Phase Separations, Queensferry, U.K.) was used
for precise measurements of flow rates.

Analysis of log D values

In order to put forward potential intramolecular effects
affecting log D values of compounds under study, we
have estimated their log D using the fragmental
approach developed by Rekker.*® Within this scope, the
analysis of molecular volumes (V) and polarity
parameters (A) also provides an invaluable source of
information. The values of V were computed according
to Gavezotti,** while the A parameters were derived as
previously described.”** The program MOLSV* running
on a Silicon Graphics Personal Iris Workstation 4D25
was used for this purpose. Statistical analyses were
performed by the QSAR module of SYBYL* and the
REGMUL2 program.”

Quantum theoretical molecular orbitals calculations

The Restricted Hartree Fock Linear Combinations of

Atomic Orbitals-Molecular Orbitals-Self Consistent
Field (RHF LCAO-MO-SCF) method was used to
optimize the molecular geometries, to compute the
energies of conformers (compounds 3¢ and 5), the
atomic charges (compounds 3¢ and 5), and the topo-
logies of the HOMOIIs (baclofen, compounds 2a-d,
3b-e, 4, and 5).

For most compounds under study, the crystal structure
is unknown. As a result, their 3-D structures were built
using both mean geometrical data from the Cambridge
Structural Database (CSD)* for the aromatic rings, and
crystallographic data observed for the GAB chain of
other 3-heteroaromatic baclofen analogues.*"** For
the hydrogen atoms, only the torsion angles were
retained from the X-ray data. The interatomic distances
were fixed at 1.09, 1.08 and 1.02 A depending on the
nature and hybridization state of the carrier atom, while
the bond angles were fixed at 109.5° and 120.0° accord-
ing to the hybridization of the carrier atom. Then the
geometries of the aromatic rings were optimized using
the ab initio MO method. Our experience has shown that
for this purpose the 3-21G or 3-21G* (when sulfur or
chlorine atoms are present) basis*' is more suitable.*> At
this point, we should also mention that no geometry
optimization of the GAB chain was performed in order
to avoid the formation of an intramolecular hydrogen
bond between the anionic and cationic moieties.*
Moreover, as the HOMOs are located on the carboxy-
late groups, the HOMOJ s correspond to the HOMO-3.

Starting from these geometries, we have computed the
energies of extended and folded conformations for
compounds 3¢ and 5 (Table 2) using the ab initio MO
method. These computations were performed at the
STO-3G level of sophistication of the LCAO expansion
as introduced by Pople.** For both compounds, the
atomic charges were derived from the MEP. The EPD
charges are less basis set dependent than the Mulliken
ones and are more suitable to represent the effects of
the surrounding atoms.*® These charges were obtained
using the Merz-Kollman/Singh scheme as implemented
in the GAUSSIAN9?2 program.*

Starting from the ab initio MO STO-3G or STO-3G*
(when chlorine or sulfur are present) wave functions of
baclofen, compounds 2a—d, 3b—e, 4 and 5, the topo-
logies of the HOMOI s were computed in a parallel-
epiped surrounding each analogue. The increment was
fixed to 0.100 A in planes parallel to the aromatic
planes, to 0.500 A in planes perpendicular to the
aromatic planes.

All these computations were performed by the
GAUSSIAN92 program.* In each case, the convergence
criteria on the density matrix were fixed to 107 au. Our
experience has shown that within the STO-3G or STO-
3G* basis set, the computed total energy has at least
seven significant digits; it corresponds to a numerical
error of about 0.1 kcal mol™. The EPD charges have
four significant digits.
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All @b initio MO computations were performed on the
RISC6000 computer system of the Scientific Com-
puting Facility (SCF) center of the University of
Namur.

Molecular graphics

The iso-density surfaces were generated by the CMS3D
program.®!
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