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Isosterism and Bioisosterism
Case Studies with Muscarinic

Agonists

Philipp Floersheim*, Esteban Pombo-Villar*, and Gideon Shapiro*

Abstract. The synthesis and activity of enantiomerically pure analogues of pilocarpine
and muscarinic agonists with the azabicyclo[2.2.1]heptane skeleton is described.
Structure-activity relationships support a flexible model in which a coulombic interac-
tion as well as two H-bonding interactions with the receptor are necessary for potent
muscarinic agonist activity. In this context, a critical appraisal of the concepts of
isosterism and bioisosterism is put forward, isosterism is redefined, and bioisosterism
is discarded in favor of the new concept of bioanalogy.

1. Introduction

The past decade has witnessed consid-
erable interest of the medicinal chemist in
muscarinic agonists. One of the principal
reasons for this is the therapeutic potential
of a centrally active muscarinic agonist in
Alzheimer’s Disease (AD)[1]. The cholin-
ergic hypothesis of AD maintains that the
acetylcholine deficit characteristic of the
disease directly contributes to the sympto-
matic cognitive deficiency in these pa-
tients [2]. As a corollary, improvement of
cholinergic function or neurotransmission
should be of therapeutic value for AD
patients. Direct stimulation of the cholin-
ergic system with a centrally active mus-
carinic agonist is one approach toward
achieving this end [3]. Acetylcholine re-
ceptors were classified by Dale early this
century [4] in two fundamental subtypes,
nicotinic and muscarinic. More recently,
the muscarinic receptors themselves have
been subclassified. To date, three pharma-
cologically distinct subtypes (M1, M2,
and M3) are accepted [5], while five mo-
lecular subtypes (ml-m5) have been found
by receptor cloning [6]. There is great
structural diversity among muscarinic ag-
onists, and yet the structural and geomet-
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rical requirements are very stringent [7].

Bioisosterism is an important concept
[8] which serves as a valuable aid to the
medicinal chemist in exploring structure-
activity relationships (SAR) and design-
ing new drugs by analogy with known
compounds. In turn, the term bioisoster-
ism has a certain vagueness, and by over-
extending its scope, rational structural un-
derstanding can drift to the background or
worse, be completely lost. The following
study of isosterism and bioisosterism in
analogues of three structurally distinct
muscarinic agonists: pilocarpine, (5-
methylfurfuryl)trimethylammonium io-
dide (5-MFT), and azabicycloheptanes (sce
1) is illustrative of the scope and limita-
tions of these concepts.
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1.1. Pilocarpine and MFT Analogs
Recently, an SAR study of pilocarpine
analogs in which the lactone structural
element of (+)-pilocarpine was modified
has been reported from our laboratories
[9]. In this report, a hypothetical model for
the binding of muscarinic agonists to the
m1 receptor subtype was also proposed.
The muscarinic agonist activity found for
the analogues thiolactone 2 {10], lactam 3,
dithiolactone 4, tetrahydrofuran 5, and
lactol 6 indicated that of the two pilo-
carpine lactone oxygens, the carbonyl
oxygen is of primary importance for mus-
carinic agonist activity while the ether
oxygenassumes a secondary role. The cis-
configuration of the Et-group at C(3) and
the imidazomethyl group at C(4) of pilo-
carpine is essential for maintaining mus-
carinic agonist activity [10]. Isopilo-
carpine, the trans- isomer having the in-
verted configuration at C(3), is much less
active. Furthermore, the center at C(3) of
pilocarpine is prone to epimerization pos-
ing a problem in preparing analogs in
which this is also the case. Dithiolactone 4
epimerizes spontaneously and only the
trans-diastereoisomer could be isolated.
Thionolactone 7, in which only the carbo-
nyl oxygen is replaced with sulfur, could
notbe isolated, but here as well epimeriza-
tion would presumably have been a seri-
ous problem. The discovery of the oxazo-
lidinone 8 [11] which, as a muscarinic
agonist, is virtually equiactive to pilo-
carpine has greatly expanded the range of
accessible pilocarpine analogs. The prob-
lem of stereochemical lability at C(3) for
pilocarpine is obviated in the case of the
oxazolidinone 8. This enantiomerically
pure compound is derived from L-histi-
dine and has absolute configuration anal-
ogous to that of pilocarpine but has a
trigonal N-atom in place of the chiral
center at C(3). Moreover, in the case of 8,
exchange of either or both O-atoms for S-
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yields stable analogues. The thiazolidi-
none 9, oxazolidinethione 10, thiazolidi-
nethione 11, and lactam 12 analogues of
CH, CHy CH, oxazolidinone 8 have been prepared for
N N 3 N the first time to further clarify the nature of
) \ j'N N\ \ IN N \ il the putative agonist-receptor H-bonding
N N N N interaction for pilocarpine [9] and analogs
04\0 04\3 34\0 thereof.
The invivo toxicology of the thiophene
8 9 10 analogues 13 of (5-methylfurfuryl)trime-
thylammonium iodide (5-MFT) has been
described [12], but its muscarinic activity
CH, has not to our knowledge been disclosed,
N CH, ’/@ and is also described herein. Study of this
! N . g” CHs| compound was also aimed at determining
/\N \_N A\ N\ IN -N* the relative importance of the putative
N CHa | “ony ist- H-bonding nteraction f
J\ agonist-receptor H-bonding interaction for
§7 s o CHs 5-MFT.
11 12 13 1.2. Azabicycloheptanes
The rigid framework with well-defined
geometry provided by bicyclic skeletons
N. N
e L s S me. o R me< LR R N-o
N 3 R = HN ¢
0yt oy
o R
N
S S
()1 -+ (+)-27 R=H (-)-37 R=H
(+)-28 R=CHj (-)-38 R=CH; 40
N
R N. y S
HgaC \rrO H,N _</ /O s S HyC —<N/
N
s N N
()41 (42 5 43




FORSCHUNG

325

has been widely exploited in medicinal
chemistry. Rigid analogues of biogenic
amines can display large increases in po-
tency relative to their more flexible conge-
ners due to a lower negative entropy of
binding to the receptor. They can also
exhibit increased selectivity, by restrict-
ing the conformational space and the vol-
ume available for interaction with partic-
ular receptors.

We have previously reported the prep-
aration of the enantiomerically pure ace-
tates (+)-41 and (-)-41 derived from I-
azabicyclo[2.2.1]heptan-3-ol [13]. Here,
we report for the first time their biological
activities and compare them with the cor-
responding analogues 1 and 42 in which
the acetate is replaced with a 3-methyl-
and 3-amino- substituted 1,2,4-oxadiazole
ring, respectively. These compounds
which, to our knowledge, are the most
potent muscarinic agonists known to date,
were first described as racemic mixtures
[14a], but have since been described in
enantiomerically pure form [14c][15].

In an analogous series, the novel 6-
substituted 2-azabicyclo[2.2.1]heptanes
27,28,37,and 38 have been prepared, and
their muscarinic activity is described. The
biological activity of these two series of
compounds provides insight into the prop-
erties of 1,2,4-oxadiazoles as analogues of
an acetate moiety.

The carbocyclic compound norborn-
ane oxadiazole 40 is closely analogous to
the potent muscarinic agonist azabicy-
cloheptane 42, but cannot assume a posi-
tive charge. This compound serves as a
probe for the relative importance of the
putative ionic bonding interaction of mus-
carinic agonists to the receptor.

2. Pharmacology

The use of selective antagonists has
demonstrated the existence of three phar-
macologically [16] distinct subtypes of
muscarinic receptors. These subtypes de-
noted M1, M2, and M3 have different
cellular locations and mediate varied phys-
iological responses. Generally speaking,
M1 receptors are located on neurons, M2
receptors are located in cardiac tissue and
have been shown to be responsible for the
modulation of central Ach release [17],
and M3 receptors are located on smooth
muscles and glands. In our laboratories,
the slow depolarization of the rat cervical
ganglion and the rat hippocampal slice
firing rate serve as different functional M1
models [9] and the guinea-pig ileum con-
traction [18] as a functional M3 model
[19]. The affinity of all compounds to
muscarinic receptors was determined by
their abitity to displace [*H]pirenzepine

Scheme 1
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a) 2 equiv. Ac,0, CH,Cl,, 1 h, 0°, 1 h, r.t., 75%; b) 6 equiv. LiAlH,, THF, 1 h, r.t.,, 3 h reflux, 84%;
c) thiocarbonyldiimidazole, CH,Cl,, —15°, 18 h, 65%; d) 2 equiv. Boc,0, Ei;N, CH,Cl,, 18 h; K,CO,,
MeOH, 18 h, 65%; ¢) CH;COSH, DEAD, Ph,P, THF, 71%; f) NaOMe, MeOH, 1 h, r.t., 90%; g)
HSCH,CH,SH, CF,CO, H THF, 4 h; h) carbonyldumldazole CH,Cl,, 18h,25% from 16; i) DEAD,

Ph,P, THF, 80%; J) CSz, MeOH, 72 h, r.t., 70%.

(Pir) and cis-[*H]methyl(dimethyl-ami-
nomethyl-1,3-dioxolane) (CD) in rat cor-
tical tissue. Pirenzepine [20] is an antago-
nist which is selective for the M1 or neu-
ronal subtype of muscarinic receptors and
CD [21] is a nonselective, potent mus-
carinic agonist. The CD-binding provides
a general measure of central muscarinic
agonist activity, and the pirenzepine (Pir)
binding yields an indication of central
muscarinic antagonist activity.

3. Synthesis [22]

3.1. Oxazolidinone Analogs

The optically pure aminoalcohol 14,
an intermediate in the synthesis [11b] of
the oxazolidinone (45)-8 from L-histidine,
served as the starting material for the syn-
thesis of the sulfur analogs of 8 (Scheme
I1). Acetylation of 14 followed by LiAIH,

reduction gave the N-ethyl derivative 15.
Treatment of 1§ with thiocarbonyldiimi-
dazole gave the oxazolidinethione (45)-
10 which was converted to its correspond-
ing hydrogen fumarate salt [23]. Protec-
tion of 15 with di(zert-butyl) dicarbonate
(Boc,0) followed by Mitsunobu reaction
with thioacetic acid [24] and thioester
hydrolysis gave thiol 16. Removal of the
Boc group of 16 using CF,COOH without
scavengers resulted in transfer of the +-Bu
group to the thiol function. To suppress
this internal scavenging reaction it was
necessary to add a large amount of ethan-
edithiol as an external scavenger of r-Bu
cations. Cleavage of the Boc group with
CF,COOH/ethanedithiol/THF 1.5:1:1
gave aminothiol 17, which was then cy-
clized with carbonyldiimidazole to the
crystalline thiazolidinone (45)-9 which was
converted to its corresponding fumarate
salt [25]. Treatment of 1§ with Ph,P/dia-
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a) AlH,, THF, 18 h, r.t., 5 h reflux, 95%; b) 2 equiv. Ac,0, CH,Cl,, 30 min, 0°, 18 h, r.t., 97%; ¢) LiAlH,, THF, 1 h, r.t., 3 h reflux, 84%; d) (COCl),,
DMSO, (i-Pr),EtN, CH,Cl,, 56%; e) (EtO),PCH,CO,Et, LiBr, Et;N, THF, 1 h, 0°, 18 h, r.t., 70%; f) H,, 10% Pd/C AcOH, MeOH; g) (Ac0),0, MeOH,
reflux, 85% from 23.

Scheme 3. Stereoselective Synthesis of 6-Substituted 2-Azabicyclo[2.2 1 Jheptanes zodiethyldicarboxylate gave aziridine 18

which was converted with CS, [26] to the

Br crystalline thiazolidinethione free base
‘@ﬁrw a NG HaC,,K“ (45)-11 [27].

N » 8 - Ph Another intermediate from the synthe-

ph H sis [11b] of (4S)-8, the N-benzoy! histi-

dine ester 19, was the starting material for
25 29 the synthesis of the lactam analogue (45)-
b 12 (Scheme 2). LiAlH, reduction of 19

gave 20, which was then subjected to

| acetylation and LiAIH, reduction to give

N-benzyl-N-ethylamino-alcohol 21. Swern
oxidation of 21 to the corresponding alde-
R HsC, H hyde 22 followed by Wadsworth-Emmons

N}<Ph‘ olefination gave enone 23. Catalytic re-

@ @ duction of 23 resulted in double bond
reduction with concomitant N-debenzyla-

27 R=H tion to give the corresponding amino ester

e C c C 30 R=CN 24. Treatment of 24 with AcOH in reflux-
28 R=Me 31 R= COOMe ing EtOH gave lactam (45)-12 which was
crystallized as the corresponding HCl salt

4 (28]

3.2. 2-Azabicycloheptanes
N.o The homochiral 2-azabicyclo[2.2.1]-
HaC < _ _ o heptane acetates (+)-(1R,4S5,6R)-27 and
N )\@1 -R l R, (+)-(1R,4S,6R)-28 were obtained (Scheme
3) from the ring-opening reaction of the
enantiomerically pure aziridinium bromide
(+)-(18,28,35,45,65,1’R)-25,in analogous
_ 1_ 2 fashion to that which we have previously
k 36 A= CCI3CC(CHg)20C0 g 32 R'=Me0, R°=H described for the synthesis of analogues of
37 R=H 33 R'= MeO; R2= CCl3CC(CH3),0C0 arecoline [29] using the elegant chemistry
t h developed by Grob and Dratva for the
= 1- An. p2_ racemic series [30]}. As expected, reaction
3 ReMe 34 R'= OH; R"= CCI3CC(CH3);0C0 of (+)-25 with AcONa prolzlided the corre-
35 R= CI; R%= CCI3CC(CH3)0CO sponding enantiomer (15,45,6R,7S,1'R)-
26, which was immediately reduced with
Bu,SnH followed by catalytic hydro-

Reagents and conditions: @) E,NCN, CH,CL, 65%; b)Bu;SnH, AIBN, reflux, 3 h, 96%; ¢) HCl, 8enolysis in ACOH with Pd/C, using a
MeOH, 2 h reflux, 91%; d) H,, Pd/C, AcOH, 5 atm, 86%; €) H,CO, HCOOH, 90°, 1 h,90%; ) NaOA¢, Farr medium pressure reactor, resulting
AcOH, 70°, 3 h, 100%; g) CI,CC(CH,),0COCL, i-Pr,EtN, CH,Cl,, 18 h, 78%; h) NaOH, MeOH, 30  after 40 h reaction in the acetoxy amine
min, 63°, 89%; i) SO,Cl,, 100%; j) CH,CNH,NOH, Py, 80°, 61%; k) Zn, AcOH, 26%. (+)-(1R,48,6R)-27, which was crystallized

f
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as its hydrogen fumarate salt {31]. The
free base (+)-27 was reductively methyl-
ated using Eschweiler-Clarke conditions
to (+)-(1R 45,6R)-28, which was crystal-
lized as its hydrogen fumarate [32].

The methyl ester (-)-(1R,4R,6R)-32
was obtained from (+)-25 [29]. Treatment
of (+)-25 with triethylammonium cyanide
gavethecrystalline (+)-(15,4R,6R, 75 I'R)-
29, which was subsequently reduced to
(-)-(1R,4R,6R,1'R)-30. Acid-catalyzed
methanolysis to the protected methyl ester
(1R 4R 6R.I’R)-31, and hydrogenolysis of
the chiral auxillary gave (-)-(1R 4R ,6R)-
32 [29].

The corresponding enantiomers were
obtained from the enantiomeric aziridin-
ium bromide (-)-25. The absolute config-
urations of these compounds were estab-
lished from X-ray crystallographic deter-
mination of the structure of (+)-25 [33].

With the methyl esters of (+)- and (-)-
32 available, the corresponding oxadia-
zoles were synthesized. Thus, from (-)-
(1R, 4R ,6R)-32, by protection of the amine
as the crystalline [(1,]1-dimethyl-2,2,2-
trichloroethyl)oxy]carbony!l derivative
(-)-33, hydrolysis with methanolic NaOH
to the crystalline free acid (-)-34 was
readily performed. This acid was convert-
ed to the acid chloride (-)-35 followed by
cyclization with acetamidine oxime in
pyridine to 36, which was treated with Zn/
AcOH to generate the exo-substituted
azabicycloheptane (-)-(1R,4R,6R)-37
which was crystallized as a hydrogen fu-
marate [34]. This amine was subjected to
an Eschweiler-Clarke procedure to yield
(-)-(1R 4R 6R)-38, the corresponding N-
methylated analogue, which was crystal-
lized as a hydrogen maleinate [35]. The
corresponding enantiomers were obtained
in analogous fashion from (+)-(15,4S,65)-
32. Formation of the oxadiazoles from the
acid chlorides was cleaner than directly
fromthe esters, and did notresultin epimer-
ization at C(6).

3.3. 1-Azabicycloheptanes

We have previously reported the syn-
thesis of enantiomerically pure l-aza-
bicyclo[2.2.1]hept-3-yl acetates 41, from
the corresponding alcohols [13] as well as
the synthesis and biological activity of the
enantiomeric oxadiazoles (+)-(1R,3R 4R)-
and (15,35,45)-42 [15]. We have also ob-
tained oxadiazoles (+)-(1R,3R,4R) and
(-)-(18,35,45)-1 [36] in analogous fash-
ion from these same alcohols, via the cor-
responding ketene dithioacetals. Recent-
ly, an alternative synthesis of the methyl-
oxadiazole enantiomers (+)- and (-)-1
[14c] has been published along with their
muscarinic activity in several systems.
We report here further characterization of
these compounds.
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Scheme 4
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The carbocyclic analogue 40, was pre-
pared (Scheme 4) from the known methyl
2-norbornanecarboxylate 39 by treatment
with the sodium salt of hydroxyguanidine
in EtOH. This was obtained as a crystal-
line mixture of diastereoisomers (40a/40b
3:7) in 30% yield.

4. Results

4.1. Oxazolidinone and 5-MFT
Analogues

The in vitro muscarinic activity for all
the compounds under study is presented in
the Table. It is recapitulated that with the
exception of 40 all compounds tested are
enantiomerically pure. Additionally, in the
azabicycloheptane series, compounds with
analogous configuration are grouped to-
gether for the sake of clarity. Alsoitshould
be noted that the D-histidine derived (4R)-
enantiomer of (45)-8 has been shown to be
completely inactive as a muscarinic ago-
nist {10][11c]. As a result, analogs of 8
from the enantiomeric (4R)-series were
not investigated. The pharmacological
profile of the oxazolidinone 8 is almost
identical to that of pilocarpine. Relative to
pilocarpine, 8 displays slightly lower ileal
and ganglion functional potencies (pD,
values) as well as a somewhat lesser abil-
ity to displace pirenzepine. Thiazolidi-
none analog 9, in which a S-atom is substi-
tuted for the ether O-atom of oxazolidi-
none 8, displays lower agonist activity in
all the functional tests. The largest change
was in the ganglion where 9 exhibited both
diminished potency and efficacy (maxi-
mal response) relative to the parent 8.
There is a slight drop in the ileal efficacy
of 9 without change in ileal potency and in
the hippocampus model, while there is a
reduction in potency, efficacy is main-
tained. The lower CD affinity of 9 relative
to 8 is consistent with the overall lower
functional activity of 9. The pharmacolog-
ical profiles of thiazolidinone 9 and thiol-
actone 2 are clearly not identical. This
stands in contrast to the virtual pharmaco-
logical identity of 8 and pilocarpine which
are related by the same atomic replace-
ment. Thiazolidinone 9 and thiolactone 2
are equiactive in the ileum model, while in
the ganglion model, 2 exhibits substantial-

ly greater agonist activity than 9 being
roughly tenfold more potent as well as
slightly more efficacious. In the hippoc-
ampus model, 2 and 9 display similar
potencies, but 9 is a more active agonist
exhibiting almost full maximal response,
while 2 only displays half maximal re-
sponse (partial agonism). The more potent
pirenzepine binding of 2 relative to 9 indi-
cates that 2 has a significantly greater
antagonist (potential partial agonist) com-
ponenttoits activity. Foroxazolidinethione
10, in which a S-atom is substituted for the
carbonyl O-atom of 8, lower overall ago-
nist activity is also observed. This com-
pound is a clearcut partial agonist in the
ileum and hippocampal models where the
efficacy is only half that of the muscarine
standard. In the ganglion model, 10 dis-
plays significantly reduced agonist poten-
cy butefficacy comparable to 8. The bind-
ing data for 10 are consistent with the
functional data. In particular, the greater
pirenzepine binding of 10 relative to 8 and
9 is indicative of a greater antagonist com-
ponent for 10 consistent with the partial
agonism found in the ileum and ganglion
models. The thiazolidinethione 11, where
both O-atoms of 8 are replaced with S, was
inactive in the ileum and hippocampus
models and displayed significantly reduced
activity (potency and efficacy) in the gan-
glion model. In contrast, the CD binding
of 11 is comparable to that of 9,10, and 12.
The pirenzepine binding of 11 is greater
than that of 10 which only displays 50%
efficacy in the hippocampus and ileum
models. In all likelihood, 11 acts as an
antagonist in the latter models. The lactam
analogue 12 in which the ether O-atom of
8 is replaced with a CH, group exhibits
slightly reduced agonist potency in the
ileum model and significantly reduced
potency in the ganglion model relative to
8. The efficacies for 12 are, however,
comparable to those displayed by 8. Again
the very weak pirenzepine binding of 12 is
consistent with its good efficacy.
5-Methyfurmethide (5-MFT) is a po-
tent classical quaternary muscarinic ago-
nist [37]. The thiophene analog 13 where
the sole furan O-atom of 5-MFT is ex-
changed for S is 100-fold less potent than
5-MFT overall and hence only moderately
active. In the aforementioned toxicology
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The SEM for all p02 detenninations

studies [12],13 was found to be more toxic
than 5-MFf.1t is now clear that the toxic-
ity observed for 13 cannot be related to a
muscarinic  effect.

4.2. Azabicycloheptanes
Both  enantiomeric 6-acetoxy-2-

azabicyclo[2.2.] )heptanes (+)- and (-)-27
have very low activity as agonists in all the
preparations  tested which is completely
abolished in the corresponding  N-methyl
analogs, (+)- and (-)-28. Replacement of
acetate of27 by methyloxadiazole to give
37 results in a dramatic increase in activ-
ity, but has different effects in the different
functional models. For both the secondary
amines (+)- and (-)-37, there is an in-
crease in activity that is most marked for
the ganglion; however, (-)-37 experiences

a larger increase in ileal and hippocampal

activity than its enantiomer, making it an
overall more potent and efficacious com-
pound. TheN-methyl-oxadiazoles  (+)- and
(-)-38 decrease in activity at both ileum
and hippocampus relative to the acetates,
but display weak activity in the ganglion,
where the acetates were totally inactive.

The 3-acetoxy-l-azabicycloheptanes
41 present a remarkable profile in func-

tional tests. Both (+)- and (-)-41 are ca.

1000 times more active in the ileum than
in the ganglion, and although there isa 10-
fold difference in CD binding affinity,
there is no substantial difference in func-
tional activity between the enantiomers.

Methyloxadiazole  (+)-(1R,3R,4R)-1  has
been reported to be '50-60 times selective
for the ileum over the ganglion muscarinic

is less than or equal to 0.2. The maximal SEM for the binding IC,, values is 5%.
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2
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(00 2
receptor’ [L4c). In our tests, (+)-
(IR,3R,4R)-1 is the more potent enanti-
orner, and has only marginal selectivity

for the ileum compared to the hippocam-
pus. Its weaker enantiomer (-)-( 15,35,45)-
1is 12-fold more potent in the ileum than
in the hippocampus. As expected for a
more potent agon ist, (+)-( IR,3R ,4R)-1 dis-
plays higher CD binding affinity.

The amino-oxadiazoLe (+)-( 1R,3R ,4R)-
42 displays slightly lower activity in the
iLeum than its methyl congener (+)-
(IR,3R,4R)-I,  but is 12 times more potent
in the hippocampus.  Additionally, (+)-42
is 10-fold more active in hippocampus
than in ileum, which indicates a reverse
selectivity to what is the case with (+)-1.
For the amino-oxadiazole  (-)-42, activity
is overall an order of magnitude smaller
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than that of its enantiomer. Interestingly,
in the ileum preparation (+)-1 is the most
potent compound, followed by (+)-42, (-
)-1, and (-)-42, in decreasing order. For
the hippocampal preparation, the order is
(+)-42 > (+)-1> (-)-42 > (-)-1. The meth-
yloxadiazoles are, therefore, more potent
in the ileum, whereas the amino-oxydia-
zoles are more potent in the hippocampus.
In this case, the CD binding affinities
follow the order of the potencies in the
ileum.

Comparison of the amino-oxadiazoles
with the corresponding acetates shows
that there are quantitatively different ef-
fects upon replacement of acetate by ami-
no-oxadiazole: whereas for (—)-42 and
(+)-42, the ileal activity is enhanced 10 or
80 times relative to (-)-41 and (+)-41,
respectively, the corresponding potency
on the ganglion is enhanced 100’000 and
1.6 million times. This large increase in
potency is, however, not matched by an
increase in efficacy; the most potent com-
pound in the ganglion elicits only 36% of
the maximal activity elicited by muscarine.

5. SAR Discussion

5.1. Background

The interpretation of muscarinic ago-
nist SAR data in particular in terms of a
receptor-ligand molecular recognition
process is complicated by the existence of
receptor subtypes as well as by receptor
reserve phenomena [38]. Different tissues
which are selected for functional tests
serve only as models of homogeneous
receptor populations but invariably have
varying amounts of heterogeneity. Fur-
thermore, even systems having the same
homogeneous receptor populations can
show different functional responses (po-
tency and efficacy) depending on the
number of receptors and coupling mecha-
nisms present [39]. There are almost cer-
tainly subtle differences in the interaction
of an agonist ligand with the different
muscarinic receptor subtypes. Neverthe-
less, fundamental structural features which
are important for a muscarinic agonist
activity have been well established which
are seemingly common to all subtypes. A
cationic function (e.g. quaternary ammo-
nium salt, protonated amine, sulfonium
salt), which binds to an anionic receptor
site and an H-bond acceptor moiety, which
interacts with a receptor H-bond donor,
are essential for good muscarinic agonist
activity. A hydrophobic binding interac-
tion at a specific site (where the acetyl
methyl group of acetylcholine binds and
for which a methyl group appears to be
optimal) also can contribute significantly
to agonist activity [40]. Precise spatial

orientation(s) [41] of these ligand moie-
ties and the absence of other disrupting
elements are the final requirements for
agonist activity.

5.2. Receptor Model

Based on the SAR of the extremely
potent muscarinic agonist oxadiazole 1
two H-bonds for this compound with the
receptor have been postulated [14b]. In
our previous study [9], a dynamic model
for the binding agonists to the m1 mus-
carinic receptor was proposed which al-
lows for the formation of two H-bonds in
a general fashion [42]. Pilocarpine, 5-
MFT, and 1 were fit to the model. In the
model, a binding site consisting of the
triad of residues Asp 105, Ser 109, and Ser
112 located on the third putative trans-
membrane idealized a-helix of the ml
receptor was hypothesized. Asp 105 serves
as the cation binding site while both Ser
109 and Ser 112 are capable of acting as H-
bond donors. Furthermore, the side chains
of these residues have torsional freedom
allowing a dynamic fit of a given agonist
ligand with the receptor. The model does
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not account for the putative hydrophobic
binding site. It should be noted that for the
m3 receptor protein the residues from Asp
105-Ser 112 are conserved while for the
m2 and m4 receptor proteins there is a
single variation with a valine residue in
place of Ala 108.

The accomodation of oxadiazole 1 in
thismodel isideal (Fig. ). Anoptimal salt
bridge is formed between Asp 105 and the
protonated tertiary amine function. Addi-
tionatly Ser 109 and Ser 112 form good H-
bonds to the N-atoms of the oxadiazole
ring. Pilocarpine (Fig. 2) was accomodat-
ed in the model with Asp 105 binding the
N(3)-protonated imidazole, Ser 109 form-
ing a H-bond to the lactone carbonyl O-
atom and Ser 112 forming a H-bond to the
lactone ether O-atom. In this model both
of the Ser-lactone O-atom H-bond con-
tacts were good (1.9 A). However, the
carbonyl O-atom of an ester function is
known to be a better acceptor than the
ester ether O-atom [43]. In the case of 5-
MFT, only the furan oxygen is capable of
H-bonding. This molecule was fitted to
the model with Asp 105 binding the qua-

asp 105%\
ala 10%\
ser 109
ser 11%

asp 105 A
ala 108)3%/\
ser 109
ser 112%/

Fig. |. Crossed stereoscopic view of the binding model of protonated oxadiazole | and the simplified
human ml muscarinic receptor. The model of the receptor consists of amino acid side chains Asp 105,
Ala 108, Ser 109 and Ser 112 with their C(o)-atoms placed on a standard o-helix [42]. Compound 1
is docked manually to Asp 103, Ser 109, and Ser 112. Subsequent geometry optimization was carried
out with MAXIMIN2(SYBYL) using Gasteiger-Hiickel charges and keeping all Ca-atoms and their
ligand atoms as one rigid aggregate. The final geometry shows close contacts of /) one of the two
oxygens of Asp 105 with the ammonium nitrogen of 1, /i) the oxygen of Ser 109 with the 4'-oxadiazole
ring nitrogen, and iii) the oxygen of Ser 112 with the 2'-oxadiazole ring nitrogen. The Me group of

1 fits into the region between the side chains of Ser 109 and Ser 1 12.
asp 105>&\ asp 105 %\
ala 10 ala 108&
ser 109 ser 109
ser 11% ser 112 %/

Fig. 2. Crossed stereoscopic view of the hinding model of protonated pilocarpine and the simplified
human mi muscarinic receptor (derived as in Fig. ). The final geometry shows close contacts of /)
one of the two oxygens of Asp 105 with the imidazolium nitrogen, /) the oxygen of Ser 109 with the
carbonyl oxygen, and iif) the oxygen of Ser 112 with the ether oxygen.
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ternary ammonium function and Ser 109
donating a H-bond to the furan O-atom

[9].

5.3. Discussion

This SAR study using S and CH, to
replace the O-atom in the oxazolidinone 8
further supports the basic tenets of mus-
carinic agonist activity requirements as
well as our hypothetical receptor model.
Due to the aforementioned difficulties in
interpreting muscarinic agonist activity in
terms of receptor subtype components, the
muscarinic agonist activity discussed here
will for convenience be discussed in terms
of aligand interaction with an ‘archetypal’
muscarinic receptor. Indeed, despite con-
siderable effort toward preparing subtype-
selective muscarinic agonists few reports
of such compounds exist [44], and in these
cases the evidence for true or significant
subtype selectivity is marginal or equivo-
cal.

5.3.1. 5-MFT and Oxa:zolidinone
Analogues

The findings on exchange of the S-
atom or a CH, group for O with oxazolid-
inone 8 and of S for O with 5-MFT provide
insight into the nature and importance of
H-bonding to muscarinic agonist activity.
Thiophene 13 is roughly two orders of
magnitude less potent than the analogous
furan agonist 5-MFT. There are two fac-
tors which come into consideration re-
garding the diminished activity of 13. First-
ly, a thioether S-atom is a very poor H-
bond acceptor [45], and the important H-
bond to the furan O-atom of 5-MFT is lost
in the case of 13. Secondly, the S-atom has
greater steric demand, and has somewhat
longer bonds which may unfavorably af-
fect the disposition of the methyl and
trimethylammonium involved in hydro-
phobic and ionic binding, respectively. A
good example for the effects on muscarin-
ic activity upon S replacement of the O-
atom in a planar aromatic ring is the sulfur
analogue, thiadiazole 43, of oxadiazole 1
[14d]. In 43, the important H-bonding to
the two oxadiazole ring N-atoms is main-
tained while the steric and or geometrical
perturbation(s) caused by S relative to O
attenuate activity by less than an order of
magnitude [14d]. Thus, it would seem that
the loss of the H-bonding interaction is the
major cause of the diminished activity of
thiophene 13, with the geometric pertur-
bation caused by S being of lesser impor-
tance in this case.

The results of exchanging the different
O-atoms of oxazolidinone 8 for S or CH,
require careful interpretation. The similar
overall agonist activity of the thiazolidi-
none 9 and oxazolidinonethione 10 was
somewhat unexpected. In our previous

study [9], we had concluded that an H-
bonding interaction involving the lactone
carbonyl O-atom of pilocarpine was of
primary importance to activity while the
ether O-atom assumes a secondary role in
the form of a weak H-bonding effect. This
conclusion was based in part on the fact
that, relative to pilocarpine, the thiolac-
tone 2, lacking the lactone ether O-atom
exhibits moderately diminished agonist
activity while the tetrahydrofuran and lac-
tol analogs 5 and 7, lacking the lactone
carbonyl O-atom, have dramatically re-
duced agonist activity. As 8 shows a bio-
logical profile very similar that of pilo-
carpine, it would appear reasonable to
assume a priori that, for 8, the relative
importance of the two oxazolidinone O-
atoms corresponds to that which is the
case for pilocarpine. If this is the case, then
one might expect a dramatic drop in activ-
ity of 10 in which the carbonyl O-atom of
8 is replaced with S. That the drop in
activity is only moderate was at first sight
surprising to us. There are two possible
explanations for maintenance of activity
in 10 despite the loss of the carbonyl O-
atom. Firstly, the ether O-atom of 10 has
intrinsically better H-bond accepting po-
tential than that of 8, and may act as amore
important H-bond acceptor. Secondly, the
dithiocarbamate thiocarbonyl S-atom
present in 10 may, unlike a thioether S-
atom, in fact, be a good H-bond acceptor.
Indeed, a crystal structure exists which
demonstrates that a dithiocarbamate thio-
carbonyl function can act as an H-bond
acceptor [46a], and other crystallographic
and IR evidence exists demonstrating that
the thiocarbonyl function in general can
act as a good H-bond accepting moiety
[46b,c]. Unlike the H-bond to an ether, the
H-bond to a carbonyl has a highly direc-
tional nature. Even though the thiocarbo-
nyl of 10 may intrinsically be a good H-
bond acceptor, the geometrical perturba-
tion introduced by replacement of the car-
bonyl with thiocarbonyl function could
still be expected to lead to a loss of agonist
activity for 10 relative to 8. It is our opin-
ion that H-bonding to the thiocarbonyl and
to the ether O-atom are both factors which
contribute to the activity of 10. In the case
of compounds 9 and 12, only the carbonyl
O-atom is capable of H-bonding. The
thioether S-atom of the thiazolidinone 9
has poor if any intrinsic H-bonding capac-
ity, and the CH, group of lactam 12 clearly
has none. For agonist activity, the greater
importance of the carbonyl oxazolidinone
O-atom of 8 relative to the ether O-atom is
confirmed because 9 and 12 exhibit com-
parable agonist activity which is only
moderately diminished relative to 8. In the
case of thiazolidinethione 11, only the
thiocarbonyl function comes under con-
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sideration for having H-bonding poten-
tial. Significant agonist activity is seen for
11 only in the ganglion models. This indi-
cates that for the muscarinic receptor(s)
present in this system, the thiocarbony! of
11 is indeed participating in the putative
H-bonding interaction important for mus-
carinic agonistactivity. The virtual lack of
agonist activity for 11 in the ileum and
hippocampus models must, however, be
addressed. In these models it would ap-
pear that 11, which is a partial agonist in
the ganglion model, acts as an antagonist.
Receptor subtype effects and or different
receptor coupling mechanisms could be
operating such that 11, due to greater ster-
ic demand relative to 8,9, and 12, binds to
and acts preferentially on an antagonist
receptor(s) state in ileum and hippocam-
pus models.

5.3.2. Azabicyclo{2 .2 .1 Jheptanes

It is instructive to compare the biolog-
ical activities of the azabicycloheptyl ace-
tates with their 1,2,4-oxadiazole analogues.
Obviating the differences in hydrolytic
stabilities, structural comparisons may be
made [19]. In principle, the acetate moiety
can accept H-bonds to both the ether and
the carbonyl O-atom, as discussed for the
lactone of pilocarpine, whereas for 1,2 4-
oxadiazoles all three heteroatoms are po-
tential H-bond acceptors. The crystal struc-
ture of the quinuclidine analogue of 42
[47], as well as electrostatic potential cal-
culations [14a] indicate that both N-atoms
should be considered as intrinsically
stronger H-bond acceptors than the O-
atom.

For the l-azabicyclo[2.2.1]heptanes,
muscarinic activity is greater for the iso-
mers with analogous configuration to (+)-
(1R,3R,4R)-42, that is (+)-(1R,3R4R)-1
and (+)-(1R,3R,45)-41, even though for
41 the difference between the enantiomers
is marginal.

For (+)-(1R,3R,45)-41, the acetate
group can be accomodated in at least two
low energy conformations, labelled A and
B, to our receptor model, as shown in Fig.
3. In these conformations, the acetates are
trans, and are characterized by the torsion
angles C(2)-C(3)0-Cof171°(A)and 71°
(B), for (+)-(1R,3R,45)-41, and with tor-
sion angles of ~172° (A) and -71° (B) for
its enantiomer (not shown). In both these
conformations, a good salt bridge with
Asp 105 can be modelled, placing an O-
atom within H-bonding distance of Ser
109. In conformation A, the acetate ether
O-atom accepts an H-bond from Ser 109,
whereas in conformation B the carbonyl
O-atom accepts an H-bond, also from Ser
109. Inall of these cases, however, Ser 112
is too distant to provide a second H-bond
to either the ether or the carbonyl O-
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atoms. The corresponding oxadiazole
(+)-(1R,3R,4R)-1 fits in analogous fash-
ion, but both H-bonds to Ser 109 and Ser
112 can be formed (see Fig. /). The main
contribution to the potency is nevertheless
the coulombic interaction, as indicated by
the fact that the carbocyclic analogue 40 is
totally lacking in affinity and activity.
Optimal localization and directionality of
the H-bonds to both oxadiazole ring N-
atoms as well as the greater intrinsic H-
bonding ability of the oxadiazole com-
pared to the ester moiety [14a] provide an
explanation for the high potency of these
compounds.

In the 2-azabicyclo[2.2.1]heptane se-
ries, the secondary amine acetates 27 are
weak agonists, and their corresponding
oxadiazoles 37 are more potent. This is in
keeping with what was observed in the I-
azabicycloheptane series, and can be in-
terpreted in terms of the geometrical dif-
ferences which allow two H-bonds to be
formed in the case of the oxadiazoles,
whereas only one can be formed by the
acetates, The secondary amino-oxadiazole
(=)-(1R 4R ,6R)-37 is the most potentcom-
pound in this series, being also a full
agonist in all three preparations, with po-
tency comparable to that of arecoline [29].
This compound could be accommodated
to our model (Fig. 4), with the protonated
2-azabicycloheptane secondary amine
function forming a bidentate salt bridge
with Asp 105, in which both ammonium
H-atoms are in close contact (1.6 A) to the
carboxylate O-atoms. The lower activity
ofthe corresponding N-methyl compounds
38 is surprising, because it is known that
arecoline is a more potent agonist than the
corresponding secondary amine lacking
the Me group [7]. The inability to form a
favorable bidentate salt bridge in the case
of 38 could account for its lesser but not
complete lack of activity. The very low
activity of 38 is better attributed to steric
disturbance caused by the N-methyl group
in the case of the 2-azabicyclic ring sys-
tem.

From the foregoing discussion, it can
be seen, that the oxadiazole moiety can
mimic an acetate moiety, and perform
analogous function in the muscarinic re-
ceptors only for a specific geometry of
receptor-ligand interactions. For the 1-
azabicycloheptanes, the replacement is
successfully mimicking the acetate group,
with enormous increases in activity, but
for a different geometry the result is the
opposite: the same replacement in the N-
methyl-2-azabicycloheptanes results in ab-
olition of an already weak activity. Bio-
logical activity is, therefore, not an invar-
iant property of a geometrical arrange-
ment of a subset of ligand atoms, but is
contingent on parameters of the whole
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Fig. 3. Crossed stereoscopic views of two binding models A and B of (+)-41 and the simplified human
m{ muscarinic receptor (derived as in Fig. 2). a) and b) depict the final geometries obtained for
conformation A and B (sec text) of (+)-41, respectively. With both conformations close contacts are
formed 7) between one of the two oxygens of Asp 105 with the ammonium nitrogen of (+)-41 and /i)
between the oxygen of Ser 109 with the ether oxygen (@) and the carbony! oxygen (b) of (+)-41. In
none of the two models (+) 41 accepts a hydrogen bond from Ser [ 12. In the model depicted in a, the
methyl group of (+)-41 fits into the region between the side chains of Ser 109 and Ser 112.

asp 105%/ asp 105 W
ala 10 ala 108%
ser 109 ser 108
ser 11% ser 112

Fig. 4. Crossed stereoscopic view of the binding model of protonated oxadiazole (-)-37 and the
simplified human ml muscarinic receptor (derived as in Fig. 1). The final geometry shows close
contacts of {) both oxygens of Asp 105 with the ammonium nitrogen of (-)-37, ii) the oxygen of Ser
109 with the 4' oxadiazole ring nitrogen, and /ii) the oxygen of Ser 112 with the 2' oxadiazole ring
nitrogen. The primary methyl group of (—)-37 fits into the region between the side chains of Ser 109
and Ser 112.

o

molecule and on interactions external to
the molecules themselves, i.e. with the
receptor. It is, nevertheless, useful to at-
tempt to find analogies between biologi-
cally active molecules, and for this pur-
pose the concepts of isosterism and bioi-
sosterism have been widely used.

6. Bioisosterism and Isosterism

6.1. History
The term isostere was originally de-
fined precisely by Langmuir [48] to relate

molecules or ions which are isoelectronic.
‘Comolecules are thus isosteric if they
contain the same number and arrangement
of electrons. The comolecules of isosteres
must, therefore, contain the same number
of atoms. The essential differences be-
tween isosteres are confined to the charges
on the nuclei of the constituent atoms’.
From this definition, it follows that Lang-
muir isosteres are also alike in shape. The
central theme to Langmuir’s concept of
isosterism concerns the arrangement of
electrons; however, and not steric aspects
as they currently understood. Langmuir
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went on to postulate that isosteres which
have the same charge should have similar
physico-chemical properties. Notonly was
this demonstrated, but the concept of iso-
sterism has been used to predict the exist-
ence of molecules which were later dis-
covered such as ketene [49]. Grimm later
formulated the ‘hydride displacement law’
[50] in which addition of hydrogen to an
atom confers on the aggregate the proper-
ties of the atom of next highest atomic
number. An isoelectronic relationship ex-
ists among such aggregates which were
named pseudoatoms (e.g. CH,, NH, O).
This formulation of Grimm’s served in
some circles to expand Langmuir’s con-
cept of isosterism although Grimm him-
self certainly did notintend this [51]. Some-
time later, Goubeau pointed out [52] the
incongruity inherentin linking or incorpo-
rating the postulated close physical analo-
gy of isosteres to the original formal def-
inition. This was occassioned by the study
of boron-nitrogen compounds (borazanes)
which, regarding physical properties, of-
ten differ significantly from their corre-
sponding carbon (Langmuir) isosteres.

Erlenmeyer proposed his own defini-
tion [53] of isosteres as elements, mole-
cules or ions in which the peripheral lay-
ers of electrons may be considered identi-
cal, and considered it an expansion of
Langmuir’s definition. As Hansch has
pointed out [54], this definition is mean-
ingless in light of modern electronic bond-
ing theory. Erlenmeyer’s primary interest
was, however, in relating compounds ex-
hibiting analogous biological (antigen
antibody cross reactivity) and/or physical
properties (crystal form). To relate such
compounds he sought underlying ‘isoster-
ic’ structural analogies which he tried to
codify. Tothisend, he linked then existing
concepts of structural analogy. In doing
s0, he included well defined concepts of
Langmuir (isosterism) and Grimm (pseu-
doatoms), but also extended beyond their
clearly defined boundaries. Thus, Erlen-
meyei's concept of isosteres encompasses
Hinsberg’s concept of ring equivalents
[55] as well the classifications of other
chemists including himself [8a] [53]. In
these cases, the structural analogy is
grounded in some phenomenological
equivalence or similarity and is not de-
rived from first principles. Whereas Lang-
muir’s concept of isosterism is unequivo-
cal and derives from first principles, Er-
lenmeyer’s concept is no longer clearly
definable.

Erlenmeyer’s ideas on the relationship
between structure and biological activity
have significantly influenced medicinal
chemists. Particularly attractive to the
medicinal chemist is the concept of related
isosteric elements (an extension of

Grimm’s concept of pseudoatoms) as par-
tial structures which may confer analo-
gous biological or physical properties on
an entire molecule. This has obvious im-
plications for the exploration of structure
activity relationships. It is, therefore, not
surprising that Erlenmeyer’s language has
also infiltrated medicinal chemistry. Cur-
rently, the word isostere appears frequent-
ly in the publications of organic and me-
dicinal chemists where it is used along the
lines set by Erlenmeyer [56]. Bioisoster-
ism is a new term which medicinal chem-
ists have widely adopted, and which con-
fines Erlenmeyer’s broader concept of iso-
steric analogy (which also included phys-
ical analogy) to the field of biology. As
originally defined by Friedman [57], the
conceptof bioisoterismrelates compounds
‘which fit the broadest definition of isos-
teres and have the same type of biological
activity’. Such use of the word ‘isosteres’
causes problems, since an isosteric rela-
tionship cannot, in fact, be defined on a
structural basis in an exact way or derived
from first principles. To circumvent this
problem attempts have been made to cat-
alog isosteric groups. Nevertheless, in the
context of medicinal chemistry, isoster-
ism remains poorly defined, and itis clear-
ly not desirable to compound the vague-
ness associated with it in using it to define
another concept, namely bioisosterism.
Hansch realized this problem and rede-
fined bioisosterism [54] omitting structur-
al constraint. According to him, in the
context of a given biological parameter,
bioisosteres are molecules which elicit
analogous responses. Burger has recently
proposed [8a] an expansion of the Hansch
definition of bioisosteres. Accordingly,
molecules or groups which exhibit a relat-
ed but not necessarily analogous biologi-
cal response(s) (e.g. agonism or antago-
nism) and have some degree of structural
and physical similarity are understood to
be bioisosteres. He goes on to subclassify
bioisosteres into classical and nonclassi-
cal types, carefully avoiding the word iso-
sterism. Classical bioisosterism applies to
‘the cases that satisfy the conditions set
forth by Langmuir, Grimm, and Erlen-
meyer’ and ‘nonclassical bioisosterism
refers to a more widely applicable set of
compounds which cause qualitatively sim-
ilar agonistic or antagonistic biochemical
or pharmacological responses at the mo-
lecularlevel’. Unfortunately, both Hansch
and Burger retain the confusing word bi-
oisosterism. This is particularly problem-
atic, since the words isostere and bioiso-
stere are often used interchangeably. Giv-
en this situation, one encounters the para-
dox thatnot only must isosteres not neces-
sarily be bioisosteres but also that bioiso-
steres must not necessarily be isosteres.
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6.2. Isosterism and Bioisosterism
Revised

Confusion and fundamental problems
with the continued use of both the term
isosterism and bioisosterism remain which
callfortheirrevisionand/orrenaming. We
propose the word bioanalogue to take the
place of hioisostere and adopt the defini-
tion of Hansch but expand its scope to
accomodate groups or partial molecular
structures as well as entire molecules. Thus,
bioanalogs are molecules or groups which,
in the context of a given biological param-
eter, elicit analogous responses [58]. For
this term, the structural connotations
present in the previous term bioisostere
are removed. Ascribing a bioanalogous
relationship to different partial molecular
structures or groups is associated with
problems. Thus, for a given set of groups
bioanalogy may not necessarily be con-
served over a wide range of molecules
even with regard to a single biological
parameter. Nevertheless, the concept of
interchangeable groups which are poten-
tially bioanalogous with regard to a single
or many biological parameter(s) is undis-
putably, very useful, Indeed, for the me-
dicinal chemist the greatest potential of
the concept lies in systematic searching of
a database to find group replacements
which starting from a lead molecule could
yield novel or useful active molecules.

The term isostere is so widespread that
it can be maintained and continue to be
used but only with regard to structure. It
should, however, be redefined to be con-
sistent with the current meaning of the
adjective steric. Thus, isosteric literally
means identical in size and shape, but to be
useful isosteric must be subjectively de-
fined to mean similar in size and shape.
With this classification we propose the
terms isosteric and non-isosteric bioana-
logs to replace the terms classical and
nonclassical bioisosteres.

6.3. Guidelines for SAR Studies

The SAR study presented in this paper
provides guidelines for the application of
isosteres and bioanalogs (bioisosterism)
inthe context of modern medicinal chem-
istry. By careful choice of isosteric re-
placements (as defined by us above, in the
sense of shape conservation) in an SAR
study where the activity is consequent to a
molecular recognition process, one may
determine the relative importance and lo-
cation of electronic and steric interactions
inligand-receptor complex(es). In the proc-
essof applying isosteric replacements nec-
essary todifferentiate electronic from steric
effects, one may discover a ligand (drug)
having desirable biological properties.
Otherwise, an understanding of the mo-
lecular details of a ligand’s interaction
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with its receptor(s) confers potential for
design of ligands within or even outside of
(de novo) the realm of structures known to
act at the given receptor(s). The use of
nonisosteric bioanalogs (nonclassical bio-
isosteres) is primarily of value in this
process of the designing novel ligands.
Starting from pilocarpine, isosteric
modification of the lactone function dem-
onstrated that the lactone function accepts
two H-bonds from the muscarinic
receptor(s). The results from the isosteric
replacement study with oxazolidinone 8
supported the above conclusion and fur-
ther delineated some of the steric con-
straints on agonist activity for this system.
In this case, not only was the nature of the
electronic interaction of the lactone elab-
orated, but one of the bioanalogs was
deemed to have an overall biological pro-
fileof potentially therapeutic value [9][10].
Thus, with the knowledge that two H-
bond accepting interactions are important
from the pilocarpine SAR one could search
for ester group bioanalogs which meet this
requirement imposing some size con-
straint. Then, after inspection of the avail-
able lead structures one could decide which
structures are amenable to incorporation
of such groups. Although the azabicy-
cloheptane oxadiazoles were not designed
as a consequence of the results from our
pilocarpine SAR, it is clear that, in theory,
one could have arrived atthese compounds
using the process described above. In prac-
tice the group at MSD wished to replace
the labile ester group of arecoline with a
stabile mimic [14a]. The discovery that
the oxadiazole can not only enhance sta-
bility but also increase agonist potency led
toits application to other azaring systems.

6.4. Conformation and Chirality

Any consideration of isosterism has to
take conformational parameters into ac-
count. Clearly, two conformations of the
same molecule will not necessarily be
isosteric; both, however, may be bioanal-
ogous, if they can elicit similar biological
activity. Indeed, we have recently pro-
posed two distinct chair conformations of
the same compound to be capable of equal-
ly good interaction in our model [59].
Thus, it must be considered whether a
chemical modification of a compound af-
fects its conformational preferences, and
through this mechanism, its biological
activity. The principle of biologically ac-
tive conformers has been recently treated
[60].

An additional difficulty may arise in
attempting to relate molecules with analo-
gous biological activity when racemic
mixtures are used. As has been amply
recognized by others, enantiomers inter-
acting with chiral biomolecules may dif-
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asp 1@&\
ala 10
ser 109
ser 112%/

asp 105%\
ala 108
ser 109
ser 112 %/

Fig. 5. Crossed stereoscopic view of the binding model of protonated amino oxadiazoles (+)- und
(-)-42 and the simplified human ml muscarinic receptor (derived as in Fig. /). The more active (+)-
42 is depicted with thick lines. The final geometry shows for both enantiomers close contacts of /) one
of the two oxygens of Asp 105 with the ammonium nitrogen of (+)-and (-)-1, if) the oxygen of Ser
109 with the 4'-oxadiazole ring nitrogens, and /i) the oxygen of Ser 112 with the 2'-oxadiazole ring
nitrogen. The amino groups occupy the same region as is occupied by 1. The accomodation resulted
in the same receptor model and in different conformations for the enantiomers with torsion angles
<C(2)-C(3)-C(5°)-N(4)"> of -45° with (+)-42 and 1° with (-)-42. With (+)-42, thc C-atom closest to
C(f) of Ala 108 is atom C(2)' (4.8 A), whereas with (—)-42 itis atom C(7) (4.0 A).

fer greatly in their activities [61]. Enanti-
omers are not isosteric, as they are by
definition non-superimposable, but they
may be bioanalogous. Replacement of
acetate by oxadiazole, in the l-azabicy-
cloheptanes, results in more potent com-
pounds, and in an enhancement of the
relative differences in muscarinic agonist
potency between the enantiomers. This is
in agreement with Pfeiffer’s Rule [62],
which refers to the generalization that the
greater the biological activity of the race-
mate, the larger the difference in the activ-
ity of the enantiomers. This could be inter-
preted as the effect of a closer interaction
between each of the enantiomers and the
receptor, enhancing the stereodifferentia-
tion. In other cases, however, Pfeiffer’s
Rule does not hold. The weaker agonists,
the oxadiazolyl-2-azabicycloheptanes,
have a larger difference in potency be-
tween the enantiomers. In the case of the
oxazolidinone pilocarpine analogue 8, only
the (45)-isomer exhibits moderate activi-
ty, with the corresponding (4R)-enanti-
omer being completely inactive. In con-
trast, for the l-azabicyclo[2.2.1]heptane-
acetates, there is not much difference in
potency between the enantiomers. In fact,
both 1-azabicyclo|[2.2.1]heptane-amino-
oxadiazoles (+)-42 and (-)-42 can be ac-
comodated in our receptor model (see Fig.
3).

In conclusion, for constructing struc-
ture-activity relationships where biologi-
cal activity is a consequence of a molecu-
lar recognition process, while certain em-
piricisms may be useful, structural consid-
erations grounded in first principles are of
prime importance. Thus, isosterism, care-
fully defined on purely structural consid-
erations, may point the way to bioanalo-
gous molecules with a desirable pharma-
cological profile.
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