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A number of substituted imidazo[1,2-a]pyridines and related analogues were selected for
analysis of their in vitro biochemical and in vivo gastric antisecretory activity using comparative
molecular field analysis (CoMFA) and hypothetical active site lattice (HASL) methodologies.
The training set of compounds selected included those that were also chosen for an extensive
molecular modeling study initiated, using the active analog approach, to define the pharma-
cophore by means of which 1 and its analogues interact with the gastric proton pump enzyme,
H*/K*-ATPase. Using either COMFA or HASL, it was possible to identify an optimal alignment
paradigm of the proposed bioactive conformation for this series to reasonably predict the in
vitro H/K*-ATPase inhibitory potency in the purified enzyme model and the in vivo intravenous
gastric antisecretory activity for compounds outside of the training set. Furthermore, the steric
and electrostatic effects suggested by these two independent methods and their influence on

determining biological activity were consistent and complementary to each other.

The structure—activity!? relationship studies of a
series of substituted imidazo[1,2-a]pyridines and related
analogues which culminated with the identification and
clinical advancement of 3-(cyanomethyl)-2-methyl-8-
(phenylmethoxy)imidazo[1,2-a]pyridine, Sch 28080 (1),
as an antiulcer agent exhibiting both gastric antisecre-
tory and cytoprotective properties have been reported.
In addition, an extensive investigation initiated to define
the interrelationship between structure, antiulcer activ-
ity, and toxicology data® derived from a series of
compounds chosen from our structure—activity studies
to identify a successor to 1 has also been described.

Definition of the interrelationship between the con-
formational characteristics of this series and their
antiulcer activity, examined using a variety of experi-
mental and theoretical methods, has led to the synthesis
of rigid analogues which suggested a bioactive confor-
mation for 1.4 Furthermore, it has been demonstrated
recently that 1, the prototype of this series, exerts its
gastric antisecretory activity in vitro, in its protonated
form, by a kinetically competitive and reversible inhibi-
tion mechanism with respect to potassium ion in the
extracellular domain of the gastric proton pump en-
zyme, HY/K*-ATPase.>

The observations described above prompted us to
select a number of substituted imidazo[1,2-a]pyridines
and related analogues from this series for biochemical
characterization, in vitro, in the purified gastric proton
pump enzyme, H/K™-ATPase, and in the isolated intact
gastric gland preparation. The inhibitory activity of
these compounds determined in these two in vitro
models could then be examined for correlation with their
gastric antisecretory potency determined in vivo, using
the histamine-stimulated Heidenhain pouch dog, fol-
lowing either intravenous or oral administration.
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Analysis of the biological data® suggested that the
inhibitory activity of the analogues determined in the
two in vitro models is predictive of their in vivo gastric
antisecretory activity following intravenous, but not
oral, administration. In addition, the good correlation
observed between the in vitro and in vivo models
suggests that these compounds are gastric proton pump
inhibitors in vivo.

A molecular modeling study® of these compounds
using the active analog approach has defined the
molecular volume which is shared by the active ana-
logues, as well as the molecular volume which is
common to the inactive analogues. Graphical repre-
sentation of the difference between these molecular
volumes was interpreted in terms of a hypothetical
description of the pharmacophore by means of which 1
and its analogues interact with the gastric proton pump
enzyme, HT/KT-ATPase.

With the completion of these studies, we became
aware of comparative molecular field analysis (CoM-
FA)78 and, more recently, hypothetical active site lattice
(HASL)*"12 as two promising new methodologies to
structure—activity correlation. Using a select group of
substituted imidazo[1,2-a]pyridines and related ana-
logues, CoMFA and HASL analyses of their in vitro
biochemical and/or in vivo gastric antisecretory activity
were investigated.

The results of our COMFA and HASL analyses using
these selected compounds and comparison of these
results with our empirically derived structure—activity
relationships for this series of compounds, Figure 1,
constitute the subject matter of this report.

Chemistry

The syntheses of several of the compounds investi-
gated in this report (Table 1) have been described
previously: 1-5and 17;1 6, 9, 10, 13, and 21;? 16;% and
7,8, 11, 12, 14, and 15.* Using methodology that has
been published previously,!2 the syntheses of 18, 19,
and 20 are described in the Experimental Section.
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small alkyl containing heteroatom, -CH,OH, -CH,CN, or
Qateroatom attached to imidazo[1,2-a]pyridine, -NH, j

z
prefers to be unsubstituted, HC,

small alkyl, CH;C, or
heteroatom, N reduces activity
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prefers to be small alkyl, -CH,

introduction of electron-withdrawing
groups reduces activity, -CF3

where X is a fragment containing 2- or 3-atoms
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X=

o CH
CHY ,  CcHy 2, % , ')
CH,

or Ry is conformationally constrained as in (+) 15

CH,
\) , ’2 reduces activity

Figure 1. Selected summary of empirically derived structure—activity relationships for substituted imidazo[1,2-a]pyridines and
related analogues based on their in vitro biochemical and in vivo gastric antisecretory activity.

Table 1. Substituted Imidazo[1,2-a]pyridines and Related
Analogues

R,
XN
(\N/%_,_Rz
Yﬁ/‘%N

o
(¥) - 15
RB
R - isomer chosen
1-14 and 16 - 21 for CoMFA analysis
compd Y R> R3 Rs

1 HC CHs CH>CN PhCHO

2 HC CHs CH,OH PhCH>0

3 HC CFs CH20OH PhCH,0

4 HC CH3 CH2CN PhCH2CH;

5 HC CF3 CH>CN PhCH,0O

6 HC CHs NH> PhCH,0

7 HC CHs CH2CN (E)-PhCH,CH=CH

8 HC CHs CH.CN  (E)-PhCH=CHCH,

9 CHsC CHs CH>CN PhCH>0
10 HC CHs NH> PhCH,CH,
11 HC CHs NH> (E)-PhCH,CH=CH
12 HC CHs CHs (E)-PhCH=CH
13 N CHs NH: PhCH,0
14 HC CHs CHs (Z)-PhCH=CH
15
16 HC CH2CN CH3 PhCH>0
17 HC CHs CHs PhCH,0
18 HC CH3 CHs PhCH2CH;
19 N CHs CHs PhCH,0O
20 HC CFs CHs PhCH,0
21 N CH3 NH> PhCH,CH;

Biological Test Methods

Biochemical Activity. (A) Inhibition of Purified
HT/K*-ATPase. The compounds were evaluated for
their ability to inhibit purified H*/K*-ATPase at pH 7.4
(Table 2) using gastric membrane vesicles prepared
from hog stomach by differential and zonal density
gradient centrifugation as previously reported.’® The
ATPase activity was estimated as release of inorganic
phosphate from ATP using the method described by
LeBel et al.1*

(B) Inhibition of HY/K™-ATPase in Gastric Glands.
The compounds were evaluated for their ability to
inhibit acid formation in rabbit gastric glands (Table

2) as described previously.!’®> Histamine—stimulated
acid formation in the glands was monitored by uptake
of the weak base aminopyrine.

The I1Csp values are defined as the drug concentration
that gives 50% inhibition of Kt-stimulated enzyme
activity, or the drug concentration that gives 50% inhi-
bition of the maximum stimulated aminopyrine ac-
cumulation. The ICsp values were calculated by linear
regression analysis and are expressed as I1Csg value +
standard error of the mean.

Protein was determined according to the method
described by Bradford!® using gammaglobulin as stan-
dard.

Gastric Antisecretory Activity. The compounds
were evaluated for gastric antisecretory activity (Table
2) by measuring their ability to inhibit histamine-
stimulated gastric acid secretion in adult mongrel dogs
with surgically prepared Heidenhain pouches as de-
scribed previously.!

Compounds were administered intravenously (iv),
0.1-5 mg/kg and orally (po), 2—8 mg/kg. The reduction
in acid output relative to the non-drug-treated control
value in the same animal was measured. The dose inhi-
biting histamine-stimulated gastric acid secretion by
50% (EDsp) was calculated by linear regression analysis.
The range in parentheses indicates the confidence limits
of the value determined at 95%.

Computational Methods

Comparative molecular field analysis (CoMFA) of the
in vitro biochemical and in vivo gastric antisecretory
activity (Table 2) for the compounds described in Table
1 was carried out using the QSAR module in SYBYL
Versions 5.41 and 6.1a.1®

HASL (hypothetical active site lattice) analysis of the
in vitro biochemical activities, expressed as p®ICsg,
was carried out using HASL Version 3.29.20 SYBYL
cartesian coordinate files (*.mol2) were reformatted to
Alchemy files (*.alc) using ConSystant Version 2.01%1
and utilized directly by the HASL program. H-value
parameters, which reflect three atom types (electron-
rich, electron-poor, and electron-neutral), were defined
as previously reported.®
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Table 2. In Vitro Biochemical and in Vivo Gastric Antisecretory Activity of Substituted Imidazo[1,2-a]pyridines and Related

Analogues
in vitro? biochemical activity pX values®
purified purified gastric gland in vivoP gastric antisecretory activity PICs  PrICs
HT/K*-ATPase Ht/Kt-ATPase HT/K*-ATPase EDso', EDso°, Ht/K*-  Hf/K*-  plCsy PpEDsy pEDsg
compd  ICso, umol/L  pKy ©TICso, umol/L  1Cs, umol/L mg/kg, p = 0.05 mg/kg, p =0.05 ATPase ATPase glands v po

1 159+04 55 0.0200 0.065 £ 0.012 0.09 (0.01-1.19) 4.4(2.1-14.0) +5.80 +7.70 +7.19 +6.49 +4.80
2 22+02 6.1d 0.0266 0.53 +£0.42 0.3 (approximate) inactive® +5.65 +7.58 +6.28 +5.92 +3.00
3 inactive® 2d 0.0040 inactive® inactive® inactive® +3.00 +8.40 +3.00 +3.00 +3.00
4 20+07 6.0 0.0770 0.13 £ 0.032 0.1 (approximate) >4.4 (approximate) +5.70 +7.11 +6.89 +6.44 +5.17
5 inactive® 2f 0.0040 inactive® inactive® inactive® +3.00 +8.40 +3.00 +3.00 +3.00
6 0.89+0.066 6.81 0.1819 0.31+0.13 0.1 (0.01-1.19) 2.0 (approximate) +6.05 +6.74 +6.51 +6.41 +5.10
7 14 4+0.67 5.70 0.2700 38+12 1.0 (approximate) 4.0 (approximate) +4.85 +6.57 +5.82 +5.46 +4.86
8 206 + 36 6.0 7.9000 442 + 23 inactive® inactive® +3.69 +5.10 +3.35 +3.00 +3.00
9 13.7+0.73 5.67 0.2510 0.40 +0.16 0.53 (0.22—-1.22) 7.8(3.2—38.3) +4.86 +6.60 +6.40 +5.74 +4.57
10 2.1+0.07 7.3 0.9300 1.46 £+ 0.47 1.0 (approximate) 6.7 (2.3—58.2) +5.68 +6.03 +5.84 +5.40 +4.57
11 8.6 6.75 1.5700 141+54 inactive® inactive® +5.07 +5.80 +4.85 +3.00 +3.00
12 1.68+0.076 7.2 0.6500 0.99 +0.457 0.7 (0.06-2.6) 4.8 (1.6—21.5) +5.77 +6.19 +6.00 +5.55 +4.71
13 178 4.6 0.2800 8.08 0.8 (0.2—6.0) 1.4 (0.6—3.9) +3.70 +6.50 +5.00 +5.50 +5.26
14 284487 7.2 10.990 17.5+5.3 inactive® inactive® +455 +4.96 +4.76 +3.00 +3.00
15 0.092 £0.021 6.0 0.0035 0.064 +0.002 0.06 (0.02—0.14) 3.7 (1.6—13.4) +7.04 +8.46 +7.19 +6.70 +4.91
a Data obtained from ref 6. ® Data obtained from refs 1—4. ¢ Biological data expressed as pX, where pX = —log [X], X = biological data.

d Data obtained from ref 5. ¢ For analysis purposes, an inactive compound is arbitrarily assigned an 1Cso or an EDsg value of 1000 zmol/L

or 1000 umol/kg, respectively. f Theoretically calculated value, ref 17.

Three-dimensional pharmacophore construction was
carried out utilizing an extension of the HASL model-
ing procedure wherein lattice points contributing mini-
mal information are gradually removed from the model
until a small subset of significant points remain. This
approach was successfully demonstrated for a series of
HIV protease inhibitors.??2 In the present application,
the HASL model was derived from fifteen molecules at
a point - spacing of 1.50 A. The cropping (trimming) of
the HASL was conducted by: (1) removal of 2.5% of the
lattice points containing partial p®™ICsy values closest
to zero, (2) redistributing the partial p®°ICso values to
provide optimum activity predictions for the entire set
(by minimizing the average error in activity prediction
toward a target of 0.001 p®ICso units) and (3) repeating
steps (1) and (2) until too few lattice points remain to
provide meaningful activity predictions.

Results and Discussion

The substituted imidazo[1,2-a]pyridines and related
analogues selected for CoMFA and HASL analyses
included those compounds which were also chosen for
an extensive molecular modeling study initiated, using
the active analog approach, to define the pharmacophore
by means of which 1 and its analogues interact with
the gastric proton pump enzyme, H*/K*-ATPase.b

The CoMFA and HASL analyses of the in vitro
biochemical and/or in vivo gastric antisecretory activity
for the compounds, 1—15, investigated in this study
involved three distinct phases:

(a) Selection of a conformation for each of the substi-
tuted imidazo[1,2-a]pyridines and related analogues to
be used in the analyses.

(b) Evaluation and further processing of the data
derived from each analysis for each of the in vitro
biochemical and/or in vivo gastric antisecretory proper-
ties examined, if warranted.

(c) Prediction of the in vitro biochemical and/or the
in vivo gastric antisecretory activity of substituted
imidazo[1,2-a]pyridines and related analogues which
were not used in the derivation of the CoMFA and/or
HASL analysis.

A synopsis of our results in each phase of these
studies is described below.

A. Selection of a Conformation for Each of the
Substituted Imidazo[1,2-a]pyridines and Related
Analogues Used in the CoMFA and HASL Analy-
ses. Modeling studies using the protonated form of the
compounds described above using SYBYL Version 3.4
and MacroModel V1.51° have been reported.® These
studies allowed determination of the global minimum
energy conformation for each of the substituted imidazo-
[1,2-a]pyridines and related analogues described in
Table 1. These global minimum energy conformations
were determined by carrying out conformational searches
within SYBYL. The valid conformations obtained from
each search were then individually minimized using the
MM2 force field in MacroModel applying the block
diagonal Newton—Raphson algorithm. The minimum
energy conformation and those conformations within 20
kJ/mol (~5 kcal/mol) of the minimum energy conforma-
tion were recorded.

It should be noted that the conformational searches
described above were conducted with and without
distance constraints defined for the phenyl group in each
of the substituted imidazo[1,2-a]pyridines and related
analogues investigated. The distance constraints were
determined from the position of the phenyl group in the
most potent, in vitro and in vivo, and constrained
compound, 15. It was found that for active compounds
there was no significant energetic cost associated with
the phenyl groups’ adopting the conformation of the
phenyl group of 15, while for inactive compound 14, the
energetic cost was 6.95 kJ/mol, 1.7 kcal/mol. On the
basis of these results, the global minimum energy
conformation of 15, which contains the phenyl group in
a pseudoequatorial conformation, was proposed to mimic
the bioactive conformation for this series.

Therefore, in addition to using the global minimum
energy conformation of each of the substituted imidazo-
[1,2-a]pyridines and related analogues as the relevant
conformation in the analysis, the proposed bioactive
conformation of 15 could also be used as a template from
which to construct another possibly relevant conforma-
tion for each of the other substituted imidazo[1,2-a]-
pyridines and related analogues. Regardless of which
conformation is chosen for the CoMFA and HASL
analyses, partial atomic charges associated with each



430 Journal of Medicinal Chemistry, 1997, Vol. 40, No. 4

Kaminski and Doweyko

Table 3. Comparative Molecular Field Analyses (CoMFA) of the in Vitro Biochemical and in Vivo Gastric Antisecretory Activity of
Substituted Imidazo[1,2-a]pyridines and Related Analogues Using Their Global Minimum Energy and Template-based Conformations

In Vitro Biochemical Activity

purified H/K*-ATPase
plCso database

gastric gland HT/K™-ATPase
plCsp9'and database

purified HY/K*-ATPase
perriCsy database

CoMFA parameter A2 BP A2 BP A2 BP
cross-validation 15 15 15 15 15 15
components 5 5 5 5 5 5
cross-validated r? —0.693 —0.220 +0.398 +0.402 +0.164 +0.292
standard error of prediction +1.594 +1.542 +1.091 +0.984 +1.638 +1.430
optimum number of components 1 4 5 3 5 4
F value 0 0 1.2 1.2 0.4 0.7

In Vivo Gastric Antisecretory Activity

PEDso"V database

pEDsoP° database

CoMFA parameter A2 Bb A2 B
cross-validation 15 15 15 15
components 5 5 5 5
cross-validated r? +0.203 +0.401 —-0.177 —0.236
standard error of prediction +1.670 +1.373 +1.192 +1.124
optimum number of components 5 4 3 1
F value 0.5 12 0 0

a Database A contains the global minimum energy conformations of the substituted imidazo[1,2-a]pyridines and related analogues
used in the CoOMFA analysis. P Database B contains the template-based conformations of the substituted imidazo[1,2-a]pyridines and

related analogues used in the CoMFA analysis.

conformation were calculated using the AM 1 molecular
orbital approximation method.

Finally, the global minimum energy conformation and
the template-based conformation of each substituted
imidazo[1,2-a]pyridine and related analogue was com-
pared to the global minimum energy conformation of
15 by fitting the atoms of the imidazo[1,2-a]pyridine
ring system using the FIT command within SYBYL. The
compared conformers and their associated partial atomic
charges were individually stored in databases A and B,
Table 3, respectively.

B. Evaluation and Further Processing of the
Data Derived from Comparative Molecular Field
Analysis of the in vitro Biochemical and in vivo
Gastric Antisecretory Activity of Substituted Imi-
dazo[1,2-a]pyridines and Related Analogues. In
general, comparative molecular field analysis (COMFA)
of any molecular property, physical or biological, using
partial least squares (PLS) methodology which exhibits
a cross-validated r? value (g?) = 0.3 suggests that the
probability of a “correlation by chance” between the
property and the CoMFA field examined is approxi-
mately <5%.23

In light of this suggestion, comparative molecular
field analysis of the in vitro biochemical and the in vivo
gastric antisecretory activity of the substituted imidazo-
[1,2-a]pyridines and related analogues, 1—15, described
in Table 1 using their global minimum energy and
their template-based conformations are summarized in
Table 3.

Evaluation of the results of these studies suggests the
following.

1. A poor comparative molecular field analysis is
obtained for the inhibitory potency of the compounds
in the in vitro purified enzyme model determined at pH
7.4 using either their global minimum energy or their
template-based conformations, i.e., cross-validated r? <
0, F value = 0.

However, since it has been established that the
prototype of this series, 1, exerts its inhibitory effect in
vitro in its protonated form, a better comparative
molecular field analysis is obtained when correction is

made for the percentage of compound existing in its
protonated form at pH 7.4, i.e., cross-validated r2 =
40.398, F value = 1.2, and cross-validated r?2 = +0.402,
F value = 1.2, using the global minimum energy and
template-based conformations, respectively.

The fraction of compound protonated at the solution
pH of the purified enzyme assay can be determined from
the relationship, [IMPH*])/[ImP] = 10-(PH-PKa) =
10-(74-PKa), where [ImPH*] refers to the concentration
of the protonated form of the substituted imidazo[1,2-
alpyridine or related analogue, and [ImP] refers to its
concentration in the unprotonated form.

Comparative molecular field analysis of the inhibitory
potency of these compounds in the intact gastric gland
preparation is not as good as that obtained from the in
vitro purified enzyme model when correction is made
for the percentage of compound existing in its proto-
nated form, i.e, cross-validated r2 = +0.292, F value =
0.7.

In all the instances described above, marginally better
cross-validated r? and F values were obtained from the
comparative molecular field analysis of the in vitro
biochemical activity when the template-based conforma-
tions were used, rather than the global minimum energy
conformations.

2. Comparative molecular field analysis of the in vivo
oral potency of substituted imidazo[1,2-a]pyridines and
related analogues to inhibit gastric acid secretion is also
poor, i.e., cross-validated r2 < 0, F value = 0, while the
cross-validated r? values obtained from comparative
molecular field analysis of their intravenous potency to
inhibit gastric acid secretion is +0.203, F value = 0.5
and +0.401, F value = 1.2, using the global minimum
energy and template-based conformations, respectively.

Once again, in all the cases examined, marginally
better cross-validated r2 and F values were obtained
from comparative molecular field analysis of the in vivo
gastric antisecretory activity when the template-based
conformations were used, rather than the global mini-
mum energy conformations.

The significant cross-validated r? values obtained
from the comparative molecular field analyses described
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above for the in vitro biochemical and in vivo gastric
antisecretory activity of the substituted imidazo[1,2-a]-
pyridines and related analogues, 1—15, are in qualita-
tive agreement with the correlations also observed by
graphical analysis of these in vitro and in vivo biological
data expressed as pX, where pX = —log [X], X =
biological data, which have been reported previously.®

While new approaches to improve the results obtained
from comparative molecular field analyses have recently
been reported,?*25 we investigated a user-independent
method for “fitting” the global minimum energy and
template-based conformations of 1—15 and its concomi-
tant effect on the cross-validated r? values obtained from
comparative molecular field analysis of the in vitro
biochemical and in vivo gastric antisecretory activity of
the substituted imidazo[1,2-a]pyridines and related
analogues.

A steric and electrostatic alignment program was
obtained?® and adapted to run in the UNIX environ-
ment. The program optimizes the alignment of two
three-dimensional structures with each other using
their steric volumes, and/or their electrostatic potential
fields as factors. Initially, the effect of aligning the
steric volumes, and the electrostatic potential fields of
each of the substituted imidazo[1,2-a]pyridines and
related analogues, 1—15, on the cross-validated r2 value
obtained from comparative molecular field analysis of
the in vitro purified enzyme model (corrected for the
percentage of compound existing in its protonated form)
was independently examined under a variety of fitting
paradigms using both the global minimum energy and
template-based conformations. In each case, alignment
of the steric volumes, or electrostatic potential fields
were fit to the most potent, in vitro and in vivo, and
constrained analogue, 15, as the fixed reference mol-
ecule. The results of these studies are summarized in
Table 4.

Regardless of the conformation chosen, i.e., the global
minimum energy conformation versus the template-
based conformation, alignment of the electrostatic po-
tential field had a greater effect on the value of the
cross-validated r? observed relative to alignment of the
steric volume. When various permutations and combi-
nations in proportion of steric and electrostatic align-
ments were examined, the highest cross-validated r2
value was observed when the substituted imidazo[1,2-
a]pyridines and related analogues were sterically (25%)
and electrostatically (75%) aligned using either the
global minimum energy conformation or the template-
based conformation. Interestingly, the cross-validated
r2 and F values obtained using the global minimum
energy conformation, cross-validated r2 = +0.688, F
value = 4.0, were marginally greater than those ob-
served when using the template-based conformation,
cross-validated r? = 4+0.535, F value = 2.1, which was
proposed to mimic the relevant, bioactive conformation.

Subsequently, using only the template-based confor-
mations, the effect of aligning the steric volumes, and
the electrostatic potential fields of each of the substi-
tuted imidazo[1,2-a]pyridines and related analogues,
1-15, on the cross-validated r? and F values obtained
from comparative molecular field analysis of the in vitro
gastric gland activity and the in vivo intravenous gastric
antisecretory activity under a variety of fitting para-
digms were also examined. Once again, alignment
of the steric volumes, or electrostatic potential fields

Journal of Medicinal Chemistry, 1997, Vol.

Table 4. Comparative Molecular Field Analyses (CoMFA) of the In vitro Purified H/K*-ATPase Activity (p®1Csp) for Substituted Imidazo[1,2-a]pyridines and Related Analogues, 1—15,

Using their Global Minimum Energy and Template-based Conformations, Database A and B

database A:
global minimum energy conformation analysis

database B: template-based conformation analysis

conventional

cross-validated

conventional

cross-validated

standard

standard
error of

optimum
number of
components

standard

standard

optimum
number of
components

error of

composition

F
value

error of
estimate

F composition
value

error of
prediction

estimate
+0.469
+0.223
+0.115
+0.246
+0.254
+0.206

r2
+0.864
+0.975
+0.993
+0.969
+0.967
+0.979

SUEI (%)

prediction

r2
+0.402
+0.508
+0.316
+0.466
+0.535
+0.337

r2
+0.993
+0.996
+0.995
+0.996
+0.997
+0.998

SUEI (%)

r2
+0.398
+0.615
+0.509
+0.257
+0.688
+0.160

fitting procedure

—ab

85/15
79/21
76124
78121
79/21
76/24

1.2
1.9
0.8
1.6
2.1
0.9

2 The global minimum energy conformation for each substituted imidazo[1,2-a]pyridine or related analogue was compared to the R isomer of 15 by fitting the atoms of the imidazo[1,2-a]pyridine
ring system using the FIT command within SYBYL. P Compound 15 was used as the template to derive the conformations of the other substituted imidazo[1,2-a]pyridines and related analogues.

+0.984
The compounds were compared to the R isomer of 15 by fitting the atoms of the imidazo[1,2-a]pyridine ring system using the FIT command within SYBYL.

+0.987
+1.164
+1.028
+0.960
+1.145

+0.114
+0.090
+0.099
+0.087
+0.082
+0.065

81/19
76/24
70/30
84/16
74126
80/20

1.2
2.9
1.9
0.6
4.0
0.3

+1.091
+0.873
+0.985
+1.213
+0.786
+1.289

DLW LWwLWwLWwLw

electrostatic (El)
steric (St)

SYEI (50/50)
SYEI (25/75)
St/EI (75/25)
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were fit to the most potent, in vitro and in vivo, and

— —
constrained analogue, 15, as the fixed reference mol- 25 Bslorooon |8
. . - D‘“ — © o T (OO MO S
ecule. The results of these studies are described in a S| 2SE|RLIDLSY |G
s S S|oocococoo |
Table 5. & S ggg FFF++ 7|
- - - . - - - -
Regardless of the biologic activity examined, i.e., in g = 2
: : . : : = >
vitro gastric glan_d H+/_K+-ATPase activity or in vivo Z |2|¢S gonely|e
intravenous gastric antisecretory activity, alignment of i S1° L|R2222213
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Table 6. Comparison between the COMFA Predicted in Vitro Biochemical (p®"ICso) and in Vivo Intravenous Gastric Antisecretory
Activity (pEDso") of Substituted Imidazo[1,2-a]pyridines and Related Analogues, 1—15, Using Their Template-Based Conformations
That Were Sterically/Electrostatically Fit (25/75) to the R Isomer of 15

CoMFA predicted  Calculated?® values based on peICs,  COMFA estimated value based
value purified - predicted calculated® values experimental value on approximate EDso"
Ht/K*-ATPase ) EDsoV, value based on pEDs  approximate EDsoV, purified HT/K*-ATPase

compd perrICso 1Cs0, uM pPEDso™ mg/kg pEDsoV EDso", mg/kg mg/kg p"ICsq
16¢ 7.32 3.8 5.42 1.1 4.37 11.8 0.8 7.44
17d 6.73 0.47 6.31 0.13 5.61 0.6 0.1 6.83
18¢ 6.31 0.39 6.38 0.11 5.38 11 0.2 6.02
19f 6.56 110 4.00 25.3 5.35 11 2 7.69
209 7.76 4365 244 1112 2.72 584 inactive' 3.00i
21h 6.14 145 3.88 33 5.38 11 inactivei 3.00i

a Values calculated from the following relationships: Purified Ht/K*-ATPase I1Csg (uM) = 106-P*"1Cs0)/10~(7-4=PKa); peorr|Cgy = —log[*"ICsp];
PEDso" = +0.973(pICso H/K*-ATPase) + 0.146, r. = +0.766.%  Values calculated from the following relationship: pEDs¢V = —log [EDso™V].
¢ Theoretical pK, (16) = 5.5.17 d Experimentally determined pKa (17) = 7.0. ¢ Theoretical pK, (18) = 7.5.17 f Theoretical pK, (19) = 4.8.17
9 Theoretical pKa (20) = 2.0.17 h Theoretical pKa (21) = 5.1.17 i The inhibition of gastric acid secretion in the Heidenhain pouch dog was
less than 20% following intravenous administration at a 5 mg/kg screening dose. | For analysis purposes, an inactive compound is arbitrarily
assigned an EDsg value of 1000 ymol/Kkg.

Table 7. Comparison of COMFA and HASL Predictivities

corresponding EDsg!V values, could then be compared
directly to their experimentally determined “approxi- CoMFA HASL

mate” EDso" values. The results of these studies are compd p";‘f,tr:‘glo pgf;}:fgga pgfﬂr‘f&ga
summarized in Table 6.

Comparison of the “calculated” EDso" values from the ; 3;;3 ;:é; g:%
CoMFA predicted p®TICs values, or the CoOMFA “pre- 3 8.40 8.61 7.77
dicted” pEDsolV values, relative to their experimentally 4 711 7.07 7.32
determined “approximate” EDsg'V values are in the worst ‘2 2-‘7‘2 2'(5)1 2'22
case, predicted to within one order of magnitude, e.g., 7 6.57 5.70 6.67
19 and 16, and in most cases, within a 5—6-fold 8 5.10 6.37 4.45
difference. In addition, the inactivity of 20, predicted 9 6.60 7.46 6.09
by either COMFA model, is in good agreement with the 10 6.03 6.65 5.67
lack of inhibition of gastric acid secretion observed in E 2:?8 ?:gg g:gé
the Heidenhain pouch dog following intravenous ad- 13 6.50 6.40 6.76
ministration of 20 at a 5 mg/kg screening dose. How- 14 4.96 5.73 5.65
ever for 21, the gastric antisecretory activity predicted 15 8.46 6.75 820
by either CoMFA model is inconsistent with its experi- +0.539 +0.853
mentally observed lack of gastric antisecretory activity. ig g-gg Z?é g-gg

On the basis of the COMFA determined structure— 18 6.02 6.31 6.25
activity relationship results, a predictive 3D pharma- 19 7.69 6.56 6.36
cophore was constructed from the p®ICs, activities of 20 3.00 7.76 7.39
the substituted imidazo[1,2-a]pyridines and related 21 3.00 6.14 595
analogues, 1—15, using their template-based conforma- & 15-membered training set predictions are based on a “leave-
tions, following the HASL modeling paradigm described one-out” cross-validation analysis. ? Correlation coefficient.
previously.?? This was done by first creating a 265 point The extent to which the two methodologies could
HASL description of the 15-membered training set at a predict the activity of compounds which were not part
resolution of 1.50 A. A trimming process was applied of the training set, e.g., 16—21, was also examined using
to this model wherein 2.5% of the lattice points were the same 15-point HASL model as a basis, Table 7.
removed at a time, targeting those contributing the least Graphical analysis of the COMFA and HASL activity
information, i.e., having partial activity values nearest predictions for this set of compounds, as well as the
zero, and monitoring each resulting model for predic- training set, reveals a similar trend between the activity
tivity, i.e., comparison of actual versus predicted activity predictions made by either method, yielding correlation
for the training set. After 36 trimming cycles, a 15- coefficients of +0.338 and +0.928 for the 1—15 and 16—
point HASL model emerged which predicted the activity 21 compound sets, respectively (Figure 2b). This ob-
of the training set with a correlation coefficient = servation is indicative of an underlying similarity
+0.972. Further trimming of this model led to a rapid between the two modeling paradigms.
degradation of performance, suggesting that the 15 Identification of the steric (25%) and electrostatic
remaining points were significant to the model. The 15- (75%) alignment paradigm as optimal for this series by
point HASL model was examined further by conducting HASL was consistent with the results obtained from the
a “leave-one-out” crossvalidation using the 15-membered comparative molecular field analysis of the substituted
training set. The results of this analysis are compared imidazo[1,2-a]pyridines and related analogues, 1—15,
to those obtained from the comparative molecular field Table 4. These studies also identified the steric (25%)
analysis using the same 15-membered training set, and electrostatic (75%) alignment paradigm as optimal,
Table 7. Comparison of each of the CoMFA and HASL and produced an analysis exhibiting a cross-validated
predicted activities to the actual activity for the 15- r2 = +0.535 and a conventional r2 = +0.967, respec-
membered training set were found to be significant and tively.
identical, correlation coefficient = +0.539 for CoOMFA Interestingly, the expression for biological activity
predictions, and correlation coefficient = +0.853 for determined from the comparative molecular field analy-

HASL predictions, Table 7 and Figure 2a. sis using this alignment paradigm, i.e., biological activ-



434 Journal of Medicinal Chemistry, 1997, Vol. 40, No. 4

°]

peorriCy, (HASL) 81 1-15, R"2 = 0.853

peoriCy, (COMFA)

peoriCs, (COMFA)

peorriC,, (HASL)

Figure 2. (a, Top) Comparison between the comparative
molecular field analysis, p©"ICso (COMFA), and hypothetical
active site lattice, p©"ICso (HASL) activity predictions of the
in vitro purified HT/K*-ATPase activity for substituted imi-
dazo[1,2-a]pyridines and related analogues, 1—15, using their
template-based conformations relative to the experimentally
determined in vitro purified H*/K*-ATPase activity, p©ICso
(actual). (b, Bottom) Comparison between the comparative
molecular field analysis (CoOMFA) and hypothetical active site
lattice (HASL) activity predictions of the in vitro purified H*/
K*-ATPase activity (p©"ICso) for substituted imidazo[1,2-a]-
pyridines and related analogues, 1—15 and 16—21, using their
template-based conformations.

ity = +1.97(steric) + 0.54(electrostatic) + intercept,
emphasizes a greater contribution from the steric term
(79%) to the biological activity relative to the electro-
static term (21%). The observed weighting in the
expression for biological activity is dramatically opposed
to the weighting of the alignment paradigm, steric (25%)
and electrostatic (75%), which was identified as optimal.
However, comparison of the steric and electrostatic
composition for alternative alignment paradigms indi-
cates that a greater contribution from the steric term
(75 £ 5%) is consistently observed relative to the
electrostatic term (20 £ 5%), Table 4. While novel
methods to improve comparative molecular field analy-
sis results have recently become available,2*?5 e.g., by
optimizing alignments, region focusing, maximizing
cross-validation, and altering steric and electrostatic
weightings, these approaches were not the objective of
this study.

Descriptions of the Ht/KT-ATPase active site binding
requirements as proposed by the CoMFA and HASL
models are illustrated in Figures 3 and 4, and Figures
5 and 6, respectively. These features are visualized in
three-dimensional space with reference to 15, the most

Kaminski and Doweyko
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Figure 3. Steric COMFA field from the analysis of the in vitro
purified HY/KT-ATPase activity (p®1Cso) for substituted imi-
dazo[1,2-a]pyridines and related analogues, 1—15, using their
template-based conformations that were sterically/electrostati-
cally fit (25/75).

Electrostalic CoMFA Fiald

Figure 4. Electrostatic COMFA field from the analysis of the
in vitro purified H*/K*-ATPase activity (p®"I1Cso) for substi-
tuted imidazo[1,2-a]pyridines and related analogues, 1—15,
using their template-based conformations that were sterically/
electrostatically fit (25/75).
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Figure 5. Steric HASL field from the analysis of the in vitro
purified Ht/K*-ATPase activity (p®"1Cs) for substituted imi-
dazo[1,2-a]pyridines and related analogues, 1—15, using their
template-based conformations that were sterically/electrostati-
cally fit (25/75).

potent, in vitro and in vivo, and constrained analogue.
The steric and electrostatic CoMFA fields are depicted
separately in Figures 3 and 4. The HASL-derived 3D
pharmacophore identifying regions contributing positive
and negative steric effects to H"/K*-ATPase activity,
and representing atom type information, i.e., electron-
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Electrostatic HASL Field

Figure 6. Electrostatic HASL field from the analysis of the
in vitro purified HY/K*-ATPase activity (p®"ICso) for substi-
tuted imidazo[1,2-a]pyridines and related analogues, 1—15,
using their template-based conformations that were sterically/
electrostatically fit (25/75).

rich, electron-neutral, and electron-poor regions, are
illustrated in Figures 5 and 6.

Since the CoMFA fields are derived externally by
probing outside the structure, while the HASL model
reflects regions found within atoms belonging to the
structure, a direct comparison of the results from these
two methods might lead to some interpretive conun-
drums. Nevertheless, both methods are dependent upon
a convergent process beginning with a previously aligned
set of molecules, positioned in a regularly-spaced grid
of points, ultimately identifying regions defined by these
points as significant to effecting binding, i.e., biological
activity. Given this perspective, it is possible that the
two methods could lead to similar conclusions from their
individually derived active site models.

One such interpretive overlap is evident when com-
paring the steric effects for binding, and their concomi-
tant effect on HY/K*-ATPase inhibitory activity, pre-
dicted by the CoMFA and HASL steric fields, Figures 3
and 5, respectively. The electron-neutral atom type
defined in HASL can be taken as essentially equivalent
to exerting a steric effect in this comparison. The HASL
model contains several sterically disfavored regions
(Figure 5, yellow) which closely coincide with similar
regions in the steric CoMFA field (Figure 3, yellow)
residing near the 7-position of the imidazo[1,2-a]pyri-
dine ring system in 15. Sterically favored regions in
both models (Figures 3 and 5, green) are found near the
2-, 3-, and 8-positions of the imidazo[1,2-a]pyridine ring
system in 15. These 3D-QSAR findings are consistent
between the two models, consistent with the active
analogue pharmacophore model,® and reflect the steric
constraints which had been empirically derived from the
structure—activity relationship study directed by
synthesis,’™* Figure 1.

Comparison between the electrostatic COMFA field
and the electrostatic HASL field defined by electron-
rich and electron-poor atom types is not as straightfor-
ward as the steric field interpretation. This difference
may be a consequence that electron-rich or electron-poor
atom types may exert different electrostatic fields
depending upon their degree of protonation. Regions
where positive electrostatic charge is favored are identi-
fied in the electrostatic CoMFA field (Figure 4, cyan)
near the 2-, 3-, and 8-positions of the imidazo[1,2-a]-
pyridine ring system in 15. In the HASL model, the
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imidazo[1,2-a]pyridine ring system is bracketted by
regions favorable to activity consisting of three electron-
rich (red) and two electron-poor (cyan) regions, Figure
6. Consistency between the two methods requires that
the electron-rich regions reflect protonated species
which in the case of the imidazo[1,2-a]pyridine ring
system would correspond to ring protonation. The
single electron-rich disfavored region (Figure 6, ma-
genta) residing near the 3-position of the imidazo[1,2-
ajpyridine ring system is also consistent with the
CoMFA mix of favored and disfavored electrostatics
near the same site. The CoMFA-identified region
(Figure 4, red) near the 8-position of the imidazo[1,2-
aJpyridine ring system in 15, which disfavors positive
electrostatic charge, is not observed in the HASL model.
However, the same region was identified as sterically
favored by HASL.

Such interpretive differences may originate from the
contrasting approaches found in the very definitions of
either model, i.e., the relationship between atom type
and the field effect may easily be obscured by possible
degrees of protonation or solvation. That these two
methods provide similar 3D-QSAR modeling insight,
despite these limitations, suggests that 3D-QSAR analy-
sis utilizing occupied molecular space and a simple set
of atom type definitions can neatly complement the
analysis of steric and electrostatic forces surrounding
that space.

In conclusion, using either COMFA or HASL and a
limited training set of substituted imidazo[1,2-a]py-
ridines and related analogues, it was possible to identify
an optimal alignment paradigm, steric (25%) and elec-
trostatic (75%), of the proposed bioactive conformation
for this series to reasonably predict the in vitro H*/K*-
ATPase inhibitory potency in the purified enzyme
model, corrected for the percentage of compound exist-
ing in its protonated form at pH 7.4, p®TICsy, and the
in vivo intravenous gastric antisecretory activity, pEDsq'Y,
of compounds outside of the training set. Furthermore,
the steric and electrostatic effects suggested by these
two independent methods, and their influence on de-
termining biological activity, were consistent and comple-
mentary to each other.

Experimental Section

Melting points were determined with a Thomas Hoover
melting point apparatus and are uncorrected. The NMR
spectra were recorded with a Varian CFT-20 or Varian XL-
400 spectrometer, IR spectra were recorded with a Perkin-
Elmer 221 spectrophotometer, and mass spectra were obtained
with a Varian MAT CH5 spectrometer. Microanalyses were
performed by the Physical-Analytical Service Department of
the Schering-Plough Corp.

2,3-Dimethyl-8-phenethylimidazo[1,2-a]pyridine (18).
A mixture of 4.4 g (0.022 mol) of 2-amino-3-phenethylpyridine!
and 3.3 g (0.022 mol) of 3-bromobutan-2-one (Eastman) in 80
mL of ethanol was heated under reflux for 20 h. Most of the
ethanol was removed by distillation, and the residual material
was crystallized from acetonitrile (75 mL) and ether (250 mL).
The solid was isolated by filtration and dissolved in 200 mL
of 1 N hydrochloric acid. The acidic solution was washed with
ethyl acetate (2 x 100 mL). The aqueous solution was adjusted
to pH 11.5—-12 by the addition of 50% sodium hydroxide. The
basic solution was extracted with dichloromethane (3 x 120
mL). The dichloromethane extracts were combined and dried
(NazS04). Following filtration, the dichloromethane was
removed under reduced pressure to afford a solid. Recrystal-
lization from isopropyl ether gave 1.0 g (0.004 mol) (18%) of
2,3-dimethyl-8-phenethylimidazo[1,2-a]pyridine (18), mp 85—
88 °C. Anal. (Ci7H1sN2) C, H, N.
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2,3-Dimethyl-8-(phenylmethoxy)imidazo[1,2-a]pyra-
zine (19). A mixture of 31.1 g (0.24 mol) of 2-amino-3-
chloropyrazine? and 36.5 g (0.24 mol) of 3-bromobutan-2-one
(Eastman) in 13 mL of ethanol was heated under reflux for
24 h. Upon cooling, the mixture was partitioned between 150
mL of chloroform, 100 mL of water, and 100 mL of 1.1 M
sodium bicarbonate. The chloroform layer was separated, and
the aqueous solution was extracted with chloroform (2 x 150
mL). The chloroform extracts were combined and dried (Na,-
SO,). Following filtration, the chloroform was removed under
reduced pressure to afford a solid. Flash chromatography on
silica gel eluting with ethyl acetate gave 8.7 g (0.048 mol) (20%)
of 2,3-dimethyl-8-chloroimidazo[1,2-a]pyrazine, mp 169.5—172
°C, which was used without further purification.

To a stirred suspension of 1.39 g (0.029 mol) of sodium
hydride in mineral oil (50%) in 20 mL of N,N-dimethylforma-
mide was added a solution of 3.13 g (0.029 mol) of benzyl
alcohol in 10 mL of N,N-dimethylformamide over 5 min, and
the mixture was stirred an additional 2 h at room temperature.
The mixture was cooled to 5—10 °C, and a solution of 4.79 g
(0.026 mol) 2,3-dimethyl-8-chloroimidazo[1,2-a]pyrazine in 50
mL of N,N-dimethylformamide was added dropwise over 0.5
h, followed by 12 h at room temperature. The solvent was
removed under reduced pressure, the residue partitioned
between dichloromethane and water, and the aqueous layer
extracted with dichloromethane. The dichloromethane ex-
tracts were combined and dried (Na;SO,). Following filtration,
the dichloromethane was removed under reduced pressure to
give an oil. Trituration and recrystallization from isopropyl
ether gave 4.25 g (0.016 mol) (62%) of 2,3-dimethyl-8-(phenyl-
methoxy)imidazo[1,2-a]pyrazine (19): mp 104.5—109.5 °C.
Anal. (C15H15N3O'1/3H20) C, H, N.

2-(Trifluoromethyl)-3-methyl-8-(phenylmethoxy)imi-
dazo[1,2-a]pyridine (20). 2-(Trifluoromethyl)-3-(hydroxym-
ethyl)-8-(phenylmethoxy)imidazo[1,2-a]pyridine! (54.8 g, 0.17
mol) was suspended in 1.6 L of dichloromethane. To the
reaction mixture was 0 °C was added dropwise with stirring
20.2 g (0.127 mol) of thionyl chloride. The solution was stirred
for 1 h, and the solid that formed was isolated by filtration,
washed thoroughly with dichloromethane, and dried to give
2-(trifluoromethyl)-3-(chloromethyl)-8-(phenylmethoxy)imidazo-
[1,2-a]pyridine hydrochloride which was used without further
purification.

To a suspension of 1.01 g (0.027 mol) of lithium aluminum
hydride in 500 mL of tetrahydrofuran at 0 °C was added 5.0
g (0.013 mol) of 2-(trifluoromethyl)-3-(chloromethyl)-8-(phe-
nylmethoxy)imidazo[1,2-a]pyridine hydrochloride in portions
so the temperature remained below 10 °C. After the mixture
was stirred at 0—5 °C for an additional 1 h, 1.5 mL of water
was added dropwise at 0—10 °C, followed by 1.5 mL of 15%
sodium hydroxide and then 5.0 mL of water. The mixture was
allowed to warm to room temperature with stirring, and the
solids were removed by filtration. The solids were washed
thoroughly with hot tetrahydrofuran (500 mL) and hot chlo-
roform (4 x 250 mL). The filtrate and washings were
combined and dried (K,COs3). Following filtration, the solvents
were removed under reduced pressure to give a solid. HPLC
on silica gel eluting with chloroform gave 2.97 g (0.010 mol)
(77%) of 2-(trifluoromethyl)-3-methyl-8-(phenylmethoxy)imi-
dazo[1,2-a]pyridine (20): mp 144.5—145 °C. Anal. (CisHais-
FsN20) C, H, N, F.
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