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As part of a continuing effort to design and synthesize highly selective muscarinic agonists for different
muscarinic receptor subtypes, several tetra(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-methyl-
1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] ether (1) analogues were prepared and characterized.
Different analogues were synthesized having hydrophilic spacers of di-, tri-, tetra-, penta(ethylene glycol)
and tri(propylene glycol) separating the 1,2,5,6-tetrahydropyridine ring from the terminal heterocycle, which
was either a 1,2,5-thiadiazole or 1,2,4-thiadiazole ring. Chimeric receptor and molecular modeling studies
also were conducted to determine how the ligands interact with muscarinic receptors. The studies revealed
that varying the distance of the terminal thiadiazole and the positioning of the methoxy group can increase
binding affinity for certain muscarinic receptor subtypes (at M2 for 13dand M4 for 1) and enhance functional
efficacy at M4 receptors for13eand18b. Moreover, compound1 exhibited antipsychotic activity as assessed
by reversal of apomorphine-induced sensory motor gating deficits, suggesting potential utility in the treatment
of schizophrenia.

Introduction

Schizophrenia, a psychiatric disorder, afflicts approximately
2 million Americans. The strategies for developing antipsy-
chotics have been significantly influenced by the dopamine
hypothesis of schizophrenia.1 However, even the new atypical
antipsychotics do not completely relieve all schizophrenic
symptoms.2 In particular, these agents are relatively ineffective
against cognitive deficits associated with schizophrenia. It has
been shown that schizophrenic patients suffer from impairments
of mnemonic function affecting both verbal and episodic long-
term memory and language use. These cognitive deficits may
be due to the observed alterations found in the brains of
schizophrenic patients, i.e., reduced numbers of muscarinic and
nicotinic receptors in the cortex and hippocampus.3

Cognitive deficits, including impaired working memory,
attention, and executive functions, are strongly linked to the
long-term disabilities found in patients with schizophrenia.4

Despite this, relatively few efforts have focused on developing
compounds that can improve cognitive disturbances associated
with schizophrenia.5 The cognitive deficits associated with
schizophrenia represent an important clinical target for drug
development that has not been addressed by the pharmaceutical
industry.

Several lines of evidence suggest that selective muscarinic
agonists might be useful in the treatment of schizophrenia.
Muscarinic agonists including xanomeline (Figure 1A) have
been shown to be active in animal models with similar profiles
to known antipsychotic drugs.6 In a small clinical trial, xa-
nomeline reduced the positive, negative, and cognitive symp-
toms in treatment-resistant schizophrenic patients.7 Further, the selective M1 and M4 agonist xanomeline was shown to

significantly improve psychiatric symptoms in phase II clinical
trials in Alzheimer’s patients.8 Unfortunately, xanomeline
produced unwanted side effects associated with the activation
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Figure 1. (A) Structures of the 1,2,5,6-tetrahydropyridine compounds
and (B) structures of key starting materials.
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of M3 receptors that severely limit the clinical utility of this
compound.9 Follow-up preclinical studies with structurally
related compounds identified strong antipsychotic activity in
(5R,6R)-6-(3-butylthio-1,2,5-thiadiazol-4-yl)-1-azabicyclo[3.2.1]-
octane (BuTAC), which displays partial agonist activity at M2

and M4 receptors.10 Muscarinic agonists such as xanomeline
and BuTAC may exert an antipsychotic action by regulating
the release of dopamine in the frontal cortex.11-13 Xanomeline
and BuTAC produce very few of the adverse side effects (e.g.,
catalepsy) associated with classical antipsychotics such as
haloperidol, suggesting that selective muscarinic agonists might
provide a useful alternative therapeutic approach to treating the
symptoms of schizophrenia. Moreover, muscarinic agonists
might be useful in improving cognitive function (including
memory function, language use, and constructional praxis) in
schizophrenic patients.5

Of the five known muscarinic receptors, M1 receptors are
found in high abundance within the cerebral cortex and
hippocampus brain regions implicated in memory and cognitive
function.14 Post-mortem and genetic study suggest that activating
the M1 receptor might be critical in reversing the cognitive
deficits in schizophrenia.15 Similar to M1 receptors, M2 receptors
also are expressed in the hippocampus and most other brain
regions implicated in learning and memory processes. Since M1

and M2 receptors play a role in cognitive and memory
function,16-18 agonists with M1 and M2 activity might be
particularly useful in treating memory and cognitive deficits
associated with schizophrenia.5,13 On the other hand, M4
receptors regulate the release of dopamine and have been
implicated in schizophrenia.13,19 A recent study indicates that
loss of midbrain M4 receptors in knockout mice causes a state
of dopaminergic hyperexcitability.20 This in turn may be
responsible for the pathological mechanism for affective and
cognitive disorders and psychoses, in which dysregulated
dopaminergic transmission plays a key role. Taken together,
an M1, M2, and M4 agonist could provide efficacy in a broad
range of symptomatic domains of schizophrenia, including
enhancement of cognitive function.

Several model systems have been developed for assessing
the antipsychotic activity of novel compounds. Compounds such
as apomorphine and phencyclidine alter normal rodent responses
in the prepulse inhibition (PPI) of startle response and condi-
tioned avoidance paradigms. The PPI response assesses sensory-
motor gating in rodents, whereby a tone immediately preceding
a loud stimulus results in a diminished startle response. The
PPI paradigm is particularly attractive, since it assesses the
integrity of a normal behavior found in both rodents and humans.
Schizophrenia patients display an attenuated PPI response, while
apomorphine also attenuates the PPI response in rodents by
altering dopamine activity in the mesolimbic system.21 Classical
and atypical antipsychotics are effective in reversing the effects
of apomorphine on the PPI response, and muscarinic agonists
such as xanomeline and (5R,6R)-6-(3-propylthio-1,2,5-thiadia-
zol-4-yl)-1-azabicyclo[3,2,1]octane (PTAC) also display activity
in the PPI paradigm.22 Behavioral studies addressing cognitive
aspects of schizophrenia have focused on working memory
function, since working memory appears to be a core deficit
that leads to impairment of other cognitive domains.23,24

The clinical utility of muscarinic agonists for the treatment
of schizophrenia has not been adequately assessed due to the
lack of compounds exhibiting an appropriate combination of
agonist activity and selectivity for M1, M2, and M4 receptors.
Recently, a bivalent derivative of xanomeline,2c (Figure 1A),
was developed with strong agonist activity at M1 and M4

receptors and very low activity at M3 and M5 receptors.25 While
bivalent ligands (i.e.,2c) are unsuitable as drug candidates due
to their limited membrane permeability and bioavailability, they
have helped define accessory binding sites for muscarinic
ligands with improved receptor subtype selectivity. In a continu-
ing effort to design and develop M1, M2, and M4 selective
muscarinic agonists, a second-generation derivative containing
a terminal thiadiazole moiety was synthesized and pharmaco-
logically evaluated. Tetra(ethylene glycol)(3-methoxy-1,2,5-
thiadiazol-4-yl) [3-(1-methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-
thiadiazol-4-yl] ether,1 (Figure 1A), displayed functional
activity at M1 and M2 receptors and partial agonist activity at
M4 receptors and was essentially inactive at M3 and M5

receptors. Further in vivo studies verified the subtype selectivity
and good penetration into the central nervous system for1.26

Compound 1 thus represents a lead compound for the
development of selective muscarinic agonists with potential
utility in the treatment of schizophrenia. Preliminary chimeric
receptor data suggest that amino acids found in the second and
third extracellular loops of the M1 receptor are critical for agonist
binding and activity, respectively. Hence, analogues of1 with
variable hydrophilic spacers and terminal group were designed
to investigate the effect on binding and activity at the different
muscarinic receptor subtypes. Chimeric receptor studies were
conducted to help assess the molecular details of the binding,
activity, and selectivity of the novel series of muscarinic
agonists. This paper will also assess safety and the potential
therapeutic utility of1 and related compounds in the treatment
of schizophrenia and other psychiatric disorders.

Chemistry

The key intermediate 3-(3-chloro-1,2,5-thiadiazol-4-yl)pyri-
dine, 4 (Figure 1B), was synthesized using published proce-
dures.27 The terminal thiadiazoles 3-chloro-4-methoxy-1,2,5-
thiadiazole and 5-chloro-3-methoxy-1,2,4-thiadiazole,5 and6,
respectively, were also prepared using published procedures
(Figure 1B).26,28 The various ethylene glycol spacers were
commercially available, while the tripropylene glycol spacer,
7, was prepared from 1,3-propanediol (Figure 1B).29 The
polyglycol spacer was of particular importance, as it could be
modified in length and hydrophilicity and the terminus could
be easily functionalized. The tripropylene glycol series was made
to investigate the effect of a relatively less flexible spacer on
binding affinity and functional activity.

The pyridinyl compounds10 and 15 were prepared by the
Williamson ether formation method to incorporate the polyglycol
spacers and the corresponding terminal thiadiazoles (Schemes
1 and 2). The monoquaternary compounds11and16were easily
obtained by alkylation of the corresponding pyridine with
iodomethane. The compounds were then reduced by sodium
borohydride to the corresponding 1,2,5,6-tetrahydropyridyls.
Finally, the free bases were converted to the HCl salt using
ethereal HCl.

Pharmacology

The binding affinities of the synthesized compounds were
evaluated using cloned human mAChR subtypes expressed in
A9 L cells according to methods described previously.26 To
determine the functional properties of the various synthesized
compounds, two novel methods were successfully developed
and validated. The scintillation proximity assay (SPA) was used
for measuring M1, M3, and M5 receptor-stimulated phosphoi-
nositide (PI) hydrolysis. This method is based upon selective
detection of radiolabeled inositol phosphate in the presence of
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radiolabeled inositol using SPA technology. The basis for the
detection is the anion-exchanging property of the SPA beads
that alleviates any filtration step. Compared with older methods
using anion-exchange cartridges, this method not only simplifies
and accelerates PI turnover assays but makes this general assay
accessible to high-throughput, automated laboratories. On the
other hand, a new method using enzyme fragment complemen-
tation technology was used for measuring M2 and M4 receptor-
stimulated cyclic adenosine monophosphate (cAMP) formula-
tion. This method has the advantages of increased sensitivity
for detecting basal levels of cAMP and observing activation of
adenylyl cyclase by forskolin. Compared with the direct cAMP
enzyme immunoassay used previously, this new method is more
direct, faster, less variable, and amenable to high-throughput
assays.30 Carbachol and xanomeline were used as reference
compounds. Ligand-binding affinities, expressed as pKi values,
of the synthesized compounds were determined and are shown
in Tables 1 and 2. The functional properties of agonists were
expressed as pEC50 or pIC50 values to assess potency and the
maximal level of stimulation (Smax) or inhibition (Imax) for the
efficacy of the compounds and are reported in Table 3.

A series of site-directed mutagenesis and chimeric receptor
studies was initiated to assess the relative contributions of amino
acids within the transmembrane domains and extracellular loops
to the high affinity and selectivity of compounds1 and2c. These
studies took advantage of the relatively high activity of
compounds1 and 2c at M1 receptors as compared with M5

receptors. Compounds were characterized at wild-type and
chimeric muscarinic receptors as described previously.26,31-33

Results and Discussion

In general, the new compounds inhibited the binding of [3H]-
(R)-QNB in a dose-dependent manner with pKi values ranging
from 5.4 to 8.6 as shown in Tables 1 and 2. Among the ligands,
13aexhibited significantly higher binding affinities at the M2,
M3, and M4 receptor subtypes (p < 0.01); 13d displayed
significantly higher binding affinities at M2, M4, and M5 receptor
subtypes (p < 0.001); both13b and13eexhibited significantly
higher binding affinities at the M2 and M4 receptor subtypes
(13b, p < 0.01;13e, p < 0.001). Two-way ANOVA (ligand×
receptor) showed a significant ligand and receptor interaction
(p < 0.0001), indicating that the ligand-associated binding
affinity changes were dependent on receptor subtypes. Ligand
and receptor, the two factors, also significantly affected the
binding affinity value (pKi) separately (p < 0.0001). Statistical
comparisons between one-site and two-site models were carried
out using anF-test with R set at the 0.05 level. All data for
new analogues were fit into a one-site model at M1 receptors
and a two-site model at M2 receptors, respectively.

In addition, the functional agonist activity (i.e., potency and
efficacy) of the compounds at M1, M3, and M5 receptors was
assessed using SPA-PI assays and is summarized in Table 3.
Compounds13a,b and 18a,b exhibited lower activity at M1

receptors than both1 and xanomeline. Compounds13dand13e
showed relatively yet not significantly higher efficacy than the
others (p > 0.05), with 28% and 31% the activity of carbachol,
respectively. All compounds were inactive at M3 receptors. On
the other hand,13eshowed weak agonist activity at M5 receptors
(t test,R ) 0.05) yielding 1.2% of the activity of carbachol.
Taken together, both13d and 13e exhibited significant func-
tional selectivity for M1 receptor versus M5 receptors (13d, p
< 0.05;13e, p < 0.01).

In contrast, structural modification of the lead compound1
resulted in new analogues with high efficacy yet lower potency
for inhibition of forskolin-stimulated cAMP accumulation in
CHO cells stably expressing M2 receptors.13b and 13e
exhibited the same level of activity as carbachol, yielding 112%
and 101% inhibition of that of carbachol, respectively. At M4

receptors, both13e and 18b exhibited significantly higher
agonist activities than the others with 148% and 126% inhibition
of carbachol’s activity, respectively.13aand13ddisplayed the
same level of efficacy as1. Compound18a was essentially
inactive at M2, M3, M4, and M5 receptors with modest efficacy
at the M1 receptor, while18b was inactive at M2, M3, and M5

receptors. Two-way ANOVA (ligand× receptor) analysis
showed a significant ligand and receptor interaction (p <
0.0001), indicating that the ligand-associated activity changes
were dependent on the receptor subtypes. Ligand and receptor,
the two factors, also significantly affected the associated
functional activity, separately (p < 0.0001).

Effect of Spacer Length. The binding affinites of the
compounds toward the various muscarinic receptor subtypes are
shown in Table 1. With increasing spacer length, the affinity
toward the M1 receptor was found to reach a maximum at
tetraethylene glycol (n ) 3), wheren is the repeating glycol
unit, whose length is about 9-14 Å, depending on the spacer
conformation. In this particular series, the same trend was
observed for the functional activities (pEC50 andSmax values)
of the compounds at the M1 receptor (Table 3). On the other
hand, binding affinity was found to increase with increasing
spacer length toward the M2 receptor. However, this trend was
not reflected in terms of agonist functional activity. At M4

receptors,13bwas found to have the highest efficacy and lowest

Scheme 1.Synthesis of 1,2,5,6-Tetrahydropyridine Compounds
with n-Ethylene Glycol Spacera

a Reagents: (i) NaH/THF,n-ethylene glycol, (ii) NaH/THF, thiadiazole
group (5 or 6), (iii) iodomethane, acetone, (iv) NaBH4, MeOH/CHCl3, (v)
HCl, ether/acetone.
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potency. This indicates that the optimum distance between the
thiadiazole moieties in this series is realized in1.

Molecular modeling studies were employed to examine the
conformational features that might account for the varying
degrees of activity and selectivity within this series of analogues.
On the basis of gas-phase calculations, where the new mono-
cations and previously described dications25 (Figure 1A,2a-
d) were studied in the absence of counterion(s), the electrostatic
repulsion of the remote charged sites in dications did not prevent
the folding of the spacer. The OR···Oω separation along the-OR-

CH2(CH2OCH2)nCH2Oω- moiety in the all-trans conformation
increased from 7.3 to 18.2 Å whenn varied from 1 to 4. The
equilibrium gas-phase structures exhibited shorter separations
throughout the MD simulations. Part of the reason may be that
local gauche conformations emerge also favorably in the
equilibration process. Another important factor is the van der
Waals interaction of the ring systems. Since the nonbonded
cutoff was set to 20 Å, both the electrostatic and van der Waals
interactions of the end-group rings were considered. The shorter
than maximal OR···Oω separations indicate the gauche-trans
balance as well as the balance of the repulsive electrostatic and
attractive van der Waals forces. The MD simulations in isotonic
saline solution models explored the favorable conformational
equilibrium for the solute molecules before being affected by
interactions with the receptor. Thus, on the basis of such
modeling, the structure of the potential ligand molecules could
be characterized in the presynaptic cleft. Comparison of the
obtained structures with those found for the ligands bound to
the receptor helps assess the energy-need for the conformational
change required to favorably fit into the transmembrane receptor
sites. One of the most important structural parameters in the
case of the modeled bivalent molecules is the OR···Oω separation.
The calculated values are summarized in Figure 2 and Table 4.

As shown in Figure 2, the average OR···Oω separation
monotonically increases in solution for dications but shows a

Scheme 2.Synthesis of 1,2,5,6-Tetrahydropyridine Compounds with Propylene Glycol Spacera

a Reagents: (i) NaH/THF, tri(propylene glycol) (7), (ii) NaH/THF, thiadiazole group (5 or 6), (iii) iodomethane, acetone, (iv) NaBH4, MeOH/CHCl3, (v)
HCl, ether/acetone.

Table 1. Effect of Spacer Length on the Inhibition of [3H]-(R)-QNB Binding to Human Muscarinic Receptor Subtypes Expressed in A9 Cellsa

binding affinities (pKi ( SEM)

ligand n M1 M2 M3 M4 M5

carbachol 5.5( 0.1 7.0( 0.2 5.2( 0.2 6.4( 0.3 4.7( 0.3
xanomeline 6.8( 0.0 7.3( 0.2 7.1( 0.1 7.4( 0.1 5.8( 0.1
13a 1 6.1( 0.1 7.4( 0.2 7.3( 0.1 7.2( 0.1 6.6( 0.2
13b 2 6.5( 0.0 7.4( 0.1 6.6( 0.1 7.1( 0.2 6.2( 0.0
1 3 7.3( 0.3 8.1( 0.0 7.6( 0.1 8.6( 0.1 6.4( 0.3
13d 4 6.4( 0.0 8.6( 0.1 5.8( 0.0 7.9( 0.2 7.0( 0.1

a pKi values were obtained by nonlinear least-squares curve-fitting of data as described in the Experimental Section. Data represent the mean( SEM
from at least three independent experiments, each performed in triplicate.

Table 2. Effect of Methoxy Positioning and Tri(propylene Glycol)
Spacer on Inhibition of [3H]-(R)-QNB Binding to Human Muscarinic
Receptor Subtypes Expressed in A9 Cellsa

binding affinities (pKi ( SEM)

ligand M1 M2 M3 M4 M5

carbachol 5.5( 0.1 7.0( 0.2 5.2( 0.2 6.4( 0.3 4.7( 0.3
xanomeline 6.8( 0.0 7.3( 0.2 7.1( 0.1 7.4( 0.1 5.8( 0.1
1 7.3( 0.3 8.1( 0.0 7.6( 0.1 8.6( 0.1 6.4( 0.3
3 6.0( 0.1 6.5( 0.0 6.5( 0.1 6.1( 0.0 5.4( 0.0
13e 6.7( 0.0 7.4( 0.1 6.5( 0.1 7.6( 0.0 6.6( 0.0
18a 7.0( 0.2 6.8( 0.2 6.7( 0.1 6.8( 0.1 7.0( 0.1
18b 7.2( 0.0 7.2( 0.0 6.7( 0.2 6.8( 0.2 6.6( 0.1

a pKi values were obtained by nonlinear least-squares curve-fitting of
data as described in the Experimental Section. Data represent the mean(
SEM from at least three independent experiments, each performed in
triplicate.
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maximum as a function ofn for the monocations. In all cases,
the average OR···Oω distance is smaller than the corresponding
all-trans separation. Part of the reason was discussed above in
relation to the gas-phase MD simulations. A difference is,
however, that counterions were also considered in solution; thus,
the system was neutral. The counterions (including those from
the three Na+···Cl- ion pairs) were found located mainly around
the positively charged site(s), providing favorable electrostatic
interactions in addition to the electrostatic repulsions for the
dications.25,26 If n is large enough, the molecules can take a
favorable U-shape structure driven by the attractive van der
Waals forces. The effect is most expressed for the monocationic
13d molecule, where the spacer (n ) 4) is long and flexible
enough to facilitate the stacking position of the thiadiazole rings.
As a result, the average OR···Oω distance decreases from 11.1
( 1.7 to 4.2( 0.6 Å whenn increases from 3 to 4. In order to
adopt a remarkably extended conformation, required for the
binding in a narrow pore within the receptor, considerable
activation energy is expected. The effective spacer length,
characterized by the average OR···Oω distance for the free solute
in solution, correlates with the binding affinity of the monoca-
tionic ligands when the M1 receptor subtype is considered (Table
1). The trend is similar for the M4 subtype, and the correspond-
ing pEC50 and pIC50 values also correlate with then number
characterizing the spacer (Tables 1 and 3). These findings
suggest that the effective length of the spacer is at least one of
the main factors determining the strength of the binding to the
M1 and M4 subtypes. The correlation withn also suggests that
in these cases the binding mode is basically an extended
conformation, and the binding constant is related both to the
effective spacer length and to the activation energy producing
the favorable OR···Oω distance. The two effects, too short
effective length or too large activation energy for the spacer

extension, lead to an optimal combination with largest binding
pKi for M1 and M4 subtypes.

Effect of the Terminal Thiadiazole. We reasoned that the
ligands in the series of varying spacer length undergo OR···Oω
stretching in order to adopt a structure favorable for the binding
to the receptor wherein the common protonated tetrahydropy-
ridine site is stably buried in the hypothesized acetylcholine
binding site while the other end of the ligands can freely librate
and interact with amino acid residues in the loop area.
Preliminary chimeric receptor data suggest that amino acids
found in the second and third extracellular loops of the M1

receptor are critical for agonist binding and activity, respectively.
Considering the optimum spacer length in1, it was further

subjected to modification at the terminal thiadiazole moiety.
On the basis of the hypothesis above, the importance of the
methoxy moiety was evaluated by replacing the 4-methoxy into
a 3-methoxy position and an analogue without the terminal
thiadiazoles. The substitution of the terminal 1,2,5-thiadiazole
in 1 with 1,2,4-thiadiazole in13eresulted in a relative decrease
in the binding affinity across the M1 to M4 receptors but
maintained comparable M5 binding affinity (Table 2). Although
a decrease in M1 binding affinity was observed, the functional

Table 3. Stimulation of PI Metabolism through Activation of M1, M3, and M5 Receptors and Inhibition of Adenylyl Cyclase Activity through
Activation of M2 and M4

a

M1 M3 M5 M2 M4

ligand n pEC50 Smax (%) pEC50 Smax (%) pEC50 Smax (%) pIC50 Imax (%) pIC50 Imax (%)

carbachol 5.3( 0.3 100( 12 5.3( 0.1 100( 15 6.0( 0.0 100( 3.6 7.2( 0.1 100( 2.9 7.3( 0.1 100( 3.1
xanomeline 6.5( 0.2 71( 7.0 4.6( 0.3 80( 12c 4.9( 0.0 43( 7.6 ncb nab 7.6( 0.2c 77 ( 12c

3 1 6.1( 0.2 7.9( 1.9 nc na nc 7.4( 3.6 8.1( 0.3 86( 9.2 4.6( 0.2 110( 22
13a 1 6.0( 0.2 11( 0.8 nc na nc 0.83( 0.3e 7.1( 0.1 77( 3.4 5.1( 0.2 47( 6.7
13b 2 6.1( 0.1 13( 1.5 nc na nc 1.3( 1.3e 5.5( 0.2 110( 7.5 5.1( 0.1 100( 10
1c 3 7.2( 0.1 47( 4.4 nc na nc na 9.3( 0.3 120( 7.4 7.9( 0.5 40( 11
13d 4 6.6( 0.1 28( 4.4 nc na nc 0.95( 0.5e 6.4( 0.1 98( 7.2 6.4( 0.3 37( 7.5
13e 3 6.6( 0.1 31( 6.5 nc na 6.2( 0.1 1.2( 0.4 6.6( 0.0 100( 1.6 5.9( 0.3 150( 18
18a 5.5( 0.5 21( 2.8 nc na nc 0.6( 4.2 nc 130( 7.7d nc 260( 7.8d

18b 6.3( 0.3 27( 13 nc na nc na nc na 5.2( 0.32 130( 18

a Maximal responses pEC50 and pIC50 values were obtained by nonlinear least-squares curve-fitting of data as described in the Experimental Section. Data
represent the mean( SEM from at least three independent experiments, each performed in triplicate. Responses expressed as the percentage of the maximal
(or minimal) carbachol response.b na, not active; nc, not calculated (due to lack of activity).c Data from Cao et al.26 d Inhibition activity at 1 mM.e Response
at 100µM.

Figure 2. Calculated distance of OR···Oω from molecular dynamic
simulations in isotonic saline solution.

Table 4. Optimized OR···Oω Distances for Bound Ligands and the
Hydrogen Bonds Formed with the M1 Wild-Type asWell as o3, o2, and
o2+o3 Chimeric Receptorsa

M1 WT o3 o2 o2+ o3

(A) OR···Oω Distancesb

2c 13.5 (13.5) 9.8 (9.7) 13.0 (13.5) 12.2 (12.0)
1 12.8 (11.9) 12.9 (11.8) 10.1 (10.0) 10.5 (13.2)
13e 10.2 (13.1) 12.3 (12.3) 12.3 (12.5)

(B) Lengths of H-bonds to the Indicated Residueb

2c 1.62, Glu397
(1.70)

1.67, Asp392
(1.65)

4.34, Glu397
(1.71)

hydrophobic
pocket

1.64, Asp105 1.67, Asp105 1.64, Asp105 1.63, Asp105
(1.72) (1.66) (1.76) (1.87)

Lys392/Glu397c

1 - 4.28, Lys393
(2.05)

2.98, Lys392
(1.85)

hydrophobic
pocket

1.67, Asp105 1.68, Asp105 1.69, Asp105 5.06, Asp105
(1.65) (1.66) (1.65) (1.68)

Lys392/Glu397c

13e - - -
1.63, Asp105 1.67, Asp105 1.69, Asp105
(1.70) (1.66) (1.68)

Lys392/Glu397c

a Distances in Å.b Values in parentheses were obtained from energy
minimizations taken after considering all together 200-ps MD simulations.
c Salt bridge.
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efficacy of 13e at M1 receptors was comparable to that of1
(31% ( 6.5 and 47%( 4.4, respectively). Removal of the
terminal thiadiazole moiety as found in3 resulted in a further
decrease in binding affinity across M1 to M5 receptor subtypes
(Figure 1), with the lowest binding affinity at M5 receptors,
indicating the importance of the terminal thiadiazole moiety.
Both compounds3 and13eshowed a very weak activity at M5
receptors, which may indicate potential utility in the treatment
of schizophrenia, since blocking the M5 receptor should decrease
dopamine release.

In these series of compounds,1, 3, and13eall lack functional
activity at the M3 receptors, indicating minimal potential for
M3 receptor-mediated side effects. In fact, using pharmacological
screens in mice, it was shown that M3-mediated side effects
(i.e., diarrhea, salivation, and lacrimation) were found to be
minimal for 13eat doses up to 10 mg/kg ip (data not shown).
Compounds13e and 13d were further evaluated for their
functional antagonism properties using inhibition of carbachol
at the M3 receptor. Both13eand13dshifted the dose-response
curve of carbachol to the right, consistent with antagonist
properties. From these data, pA2 values of 6.8 (13e) and 7.2
(13d) were calculated (Table 5).

As far as binding affinity at M2 and M4 receptors, the
substitution of the terminal 1,2,5-thiadiazole in1 with 1,2,4-
thiadiazole in13eresulted in a significant decrease in the binding
affinity. However, at M2 receptors,13e exhibited a dramatic
decrease in agonist potency but with comparable efficacy at
6.6 and 101%, respectively, as compared to 9.3 and 118% for
1. Consequently,13eproduced slightly less hypothermia (Figure
3) than1 at 10 mg/kg dose 1 h after ip administration. This
suggests that13e, similar to1, is able to penetrate into the brain
as an M2 agonist.26 Interestingly, even with a significant decrease
in M4 binding affinity and dramatic decrease in functional
potency,13e exhibited the highest M4 agonist efficacy with
148% of the carbachol response. Although1 has the highest
M4 binding affinity and functional potency, it exhibited a modest
agonist efficacy at 40%; moreover, removal of the 1,2,5-
thiadiazole moiety, as found in3, resulted in a dramatic decrease
in potency of about 2 orders of magnitude.

These results suggest that the positioning of the methoxy

group on the thiadiazole moiety may play a crucial role in M2

and M4 affinity and activity. Furthermore, this suggests that13e
might offer similar utility in treating the cognitive deficits
associated with schizophrenia with possible fewer M2 and M3

side effects than1.
Chimeric and Mutant Receptors. The interaction of mus-

carinic agonists with transmembrane domain amino acid residues
was evaluated by examining receptor binding properties at wild-
type and mutant (Thr192Ala) M1 receptors. Previous studies
had identified Thr192 as an important amino acid residue
involved in the binding of small muscarinic agonists such as
acetylcholine and carbachol.31 The binding affinities of carba-
chol, xanomeline, and2cwere examined at wild-type and mutant
(Thr192Ala) M1 receptors. As found previously, carbachol
exhibited lower affinity for (Thr192Ala) M1 receptors (pKi of
2.7 ( 0.2) than for wild-type M1 receptors (pKi of 5.7 ( 0.1).
Xanomeline also displayed lower affinity for (Thr192Ala) M1

receptors (pKi of 5.4 ( 0.1) than for wild-type M1 receptors
(pKi of 7.9 ( 0.3). In a similar fashion,2c displayed lower
affinity for (Thr192Ala) M1 receptors (pKi of 7.0 ( 0.1) than
for wild-type M1 receptors (pKi of 9.9( 0.3). The data suggest
that xanomeline and2c interact with transmembrane domains
of M1 receptors in a similar fashion to smaller molecules. Their
relatively high affinity for M1 receptors may also depend on
interaction with residues outside of the common binding site
for agonists located within the transmembrane domain.

In order to assess this possibility, chimeric receptors were
developed. Exchange of the second (o2) extracellular loop of
the M1 receptor with the corresponding sequence from M5

receptors lowered the binding affinity and activity of both
compounds1 and2c (see Figure 7 and Table 6). The activities
of carbachol and xanomeline were relatively unchanged,
although the potency of xanomeline was decreased (see Figure
7 and Table 7). The o2 loop may play a role in the binding and
activity of relatively large muscarinic agonists such as1 and
2c.

Exchange of the third (o3) extracellular loop of the M1

receptor with the corresponding sequence from M5 receptors
dramatically lowered the activity of xanomeline,1 and2c. The
third extracellular loop of M1 receptors therefore may interact
with functional groups common to xanomeline,1, and 2c.
Replacement of both the o2 and o3 loops of the M1 receptor
with the corresponding sequences from M5 receptors virtually
eliminated agonist activity for1 and 2c. The data strongly
suggest that1 and 2c interact with the second and third
extracellular domains of M1 receptors and that these interactions
are important for conferring agonist activity and selectivity.

On the basis of the data from chimeric M1/M5 receptors, it
was hypothesized that mutation of individual amino acid
residues in the second and/or third extracellular loops would
result in a loss of binding affinity or agonist activity at residues
that are involved in the binding of1 and2c. In contrast, smaller
agonists such as carbachol should not be dramatically affected

Table 5. M3 Receptor Antagonist Data

ligand

binding
affinities

(pA2 ( SEM)

1 6.8( 0.2
13d 7.2( 0.2
13e 6.8( 0.4

Figure 3. Hypothermia produced by13efollowing ip administration
in mice. Data represent the mean core body temperature (in°C) of
mice.

Table 6. Inhibition of [3H]-(R)-QNB Binding to Wild-Type and
Chimeric Receptors Expressed as pKi Valuesa

ligand M1 (WT) M1 (o2M5) M1 (o3M5) M1 (o2/o3M5) M5 (WT)

carbachol 5.9( 0.1 4.7( 0.0 4.9( 0.1 4.2( 0.0 4.7( 0.3
xanomeline 6.8( 0.0 6.2( 0.5 6.3( 0.1 5.9( 0.2 5.8( 0.1
2c 10 ( 0.2 7.4( 0.0 7.7( 0.1 7.0( 0.1 7.2( 0.0
1 7.3( 0.2 6.7( 0.0 6.9( 0.1 6.5( 0.1 6.4( 0.3

a Data represent the mean ((SEM from three assays, each performed in
triplicate. Note that the data for carbachol and xanomeline at M1 receptors
were collected at different times and with different receptor expression levels
as compared with data presented in Table 1.
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by such mutations, since they interact primarily with highly
conserved residues within the transmembrane domains. Thus,
carbachol served as a useful control for comparing the effects
of individual mutations. Xanomeline also served as a helpful
control, since it shares many structural features with1 and2c.

The first set of site-directed mutagenesis studies examined
the effects of replacing the four nonconserved residues located
in the third extracellular loop of M1 receptors with the
corresponding residues of M5 receptors. No significant differ-
ences were noted in the binding or activity of the mutant
receptors (data not shown). A second set of studies focused on
replacing residues found in the second extracellular loop of M1

receptors with the corresponding residues of M5 receptors. Two
mutant M1 receptors were created and characterized M1(E170K)
and M1(Q185E). As summarized in Table 8, the data indicate
that while carbachol activity remained unaffected, mutation of
Glu170 and Gln185 to the corresponding M5 residues lowered
the potency and activity of1. Therefore, both residues appear
to contribute to the potency and activity of1 at M1 receptors as
compared with M5 receptors. The data suggest that derivatives
of compound1 containing hydrogen-bond donors (e.g., primary
amines or amides) will exhibit even better functional selectivity
for M1 vs M5 receptors. This hypothesis can be tested by
synthesizing and characterizing new ligands incorporating
hydrogen-bond-donating groups attached to the terminal 1,2,5-
thiadiazole moiety found in1.

Using molecular modeling, the effect of spacer length and
the interactions of the terminal thiadiazoles were further studied
for the M1 wild-type (WT) receptor and for the o2 and o3
chimeric receptors. Table 4 summarizes the OR···Oω distances
optimized for the ligand bound to the receptor for the dicationic
(2c) and for the monocationic (1 and 13e) compounds. The
values for the bound2c dication are generally larger than 9.7
( 0.9 Å, calculated in the model saline solution. In contrast,
the OR···Oω distances for monocations are nearly in the range
of 11.1( 1.7 Å obtained for1 also in solution. Calculated values
indicate that ligands withn ) 3 spacer units need not undergo
large OR···Oω stretching in order to adopt a structure favorable
for the binding to the receptor.

Each of the three ligands form a strong, N-H+···-OCO
hydrogen bond between the ligand’s protonated tetrahydropy-
ridine site and the carboxylate group of Asp105 of TM3 located
at a depth of about 11 Å from the loop domain (Table 4). The
only exception was found for1 in the o2+o3 mutant receptor,
where the hydrogen bond increased from 1.68 to 5.06 Å

throughout the last 400 ps of the calculations. This finding was
primarily attributed to the effect of the mutations in the o2 loop,
which probably allows more libration and translation for the
ligand.

Hydrogen-bond formation was found possible between the
side chains of some loop residues and the ionic and polar sites
of 2c and1, respectively. However, no hydrogen bond to the
3-methoxy-1,2,4-thiadiazole ring of13ewas predicted in this
area. An important competitor to the protein-ligand hydrogen
bond formation in this region is the possible Lys392···Glu397
salt bridge in the WT and the o2 chimeric receptors. The
calculations predict the presence of this type of salt bridge only
in the case of the o2 chimeric receptor, whereas no salt bridge
was found in the WT receptor (Table 4). This difference has
been considered as a remarkable conformational difference
between the WT and o2 receptors. The larger flexibility of the
ligand in the o2 mutant receptor, as mentioned above, results
in the increase of the optimized length of the hydrogen bond of
2c to Glu397 from 1.71 to 4.34 Å throughout the last 400 ps of
the simulation.

A second support for the relevance of the conformational
difference between the WT and o2 receptors is that the methoxy
group of1 forms a weak hydrogen bond to Lys392 only when
the ligand is bound to the o2 receptor. The Lys392···Gly397
salt bridge does not prevent the formation of the protein-ligand
hydrogen bond in this case. The position of the methoxy group
seems to be important, however, because no methoxy···lysine
hydrogen bond with the isomeric13eligand was revealed from
the calculations.

For the o3 chimeric receptor, the 392 and 397 residues are
Asp and Val without the possibility for salt-bridge formation.
For this receptor, however, Asp392 forms a strong hydrogen
bond with the second protonated tetrahydropyridine site of the
dicationic2c. The Lys393 residue can interact with the polar
but neutral site of1 through a weak N-H+···OCH3 hydrogen
bond (the 200-ps bond length was 2.05 Å). The position of the
methoxy group is crucial again, because no hydrogen bond to
Lys393 was calculated with the13e ligand. Finally, the
interesting case of the o2+o3 double loop-mutation was studied
for two prototypes,2c and1. Although the OR···Oω separation
is within the range found in other cases in this study, the
hydrogen bond with Asp105 was maintained only for2c in the
depth of the receptor (see above). The double loop-mutation
removed all ionic and polar side chains in the investigated
domain, so the head groups of the bivalent ligands did not find

Table 7. Stimulation of Phosphoinositide Metabolism by Muscarinic Agonists at Wild-Type and Chimeric Muscarinic Receptorsa

M1 (WT) M1 (o2M5) M1 (o3M5) M1 (o2/o3M5) M5 (WT)

ligand pEC50 Smax (%) pEC50 Smax (%) pEC50 Smax (%) pEC50 Smax (%) pEC50 Smax (%)

carbachol 4.9( 0.0 100( 12 6.0( 0.1 100( 9.0 5.0( 0.2 100( 8.0 4.1( 0.2 100( 2.0 5.2( 0.3 100( 12
xanomeline 8.0( 0.0 79( 12 6.2( 0.2 75( 16 5.2( 0.1 21( 2.0 6.5( 0.0 20( 1.0 5.6( 0.2 46( 7.5
2c 8.1( 0.1 69( 12 7.1( 0.3 34( 11 6.2( 0.4 23( 4.0 - 2.0( 1.0 - na
1 7.6( 0.3 40( 3.7 7.1( 0.3 20( 7.0 7.0( 0.2 9.7( 2.2 - 5.3( 2.2 3.7( 2.1 14( 7.8

a Data represent the mean ((SEM) from three assays, each performed in triplicate. The functional data for xanomeline were collected at different times
using different receptor expression levels, resulting in slightly different values as compared with Table 3. Wild-type M1 and chimeric receptors were compared
using similar levels of receptor expression.

Table 8. Stimulation of Phosphoinositide Metabolism by Selected Muscarinic Agonists at Wild-Type and Mutant Muscarinic Receptorsa

M1(WT) M1(E170K) M1(Q185E) M5(WT)

ligand pEC50 Smax pEC50 Smax pEC50 Smax pEC50 Smax

carbachol 4.9( 0.0 100( 12 4.8( 0.1 100( 9.0 4.8( 0.1 100( 11 5.2( 0.3 100( 12
xanomeline 8.0( 0.0 79( 12 6.8( 0.1 31( 6.0 6.8( 0.2 86( 14 5.6( 0.2 46( 7.5
2c 8.1( 0.1 69( 12 8.0( 0.4 66( 13 7.3( 0.1 50( 13 - na
1 7.6( 0.3 40( 3.7 5.7( 0.1 27( 1.8 6.6( 0.2 14( 3.3 3.7( 2.1 14( 7.8

a Data represent the mean ((SEM) from three experiments, each performed in triplicate.
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a partner for hydrogen-bond formation. As a least unfavorable
arrangement, the ring sites are accommodated in a hydrophobic
pocket allowing for intense van der Waals interactions.

Effect of Spacer and Terminal Thiadiazole.Considering
their selectivity and activity,1 and13ewere subjected to further
structural modifications. The correlation between the potency
of the compounds to the overall lipophilicity and flexibility of
the linker was also investigated by using a tripropylene glycol
spacer. For the corresponding pair1 and18a, the replacement
of the spacer with tripropylene glycol resulted in relatively lower
binding affinity at M2, M3, and M4 receptors with a dramatic
decrease observed at the M4 receptor (Table 2). For the
corresponding pair13eand18b, a relative increase in M1 affinity
and a decrease in M4 affinity were observed. Compound18b
resulted in an interesting functional activity profile in that it is
essentially inactive at M2, M3, and M5 receptors but exhibited
modest efficacy at M1 receptors and relatively high efficacy at
M4 receptors (Table 3). Thus,18b appears to be a functionally
selective M4 agonist.

Behavioral Studies.Antipsychotic activity was assessed by
measuring the ability of compounds to reverse the effects of
apomorphine on prepulse inhibition of the startle response. The
paradigm serves as a measure of sensory motor gating deficitss
deficits associated with schizophrenia.21 A brief tone presented
immediately prior to a startle stimulus (e.g., loud noise) dampens
the startle response. The dopamine agonist apomorphine limits
the impact of the tone on the startle response (Figure 4). To
verify the validity of the paradigm to identify antipsychotic
activity, the classical antipsychotic haloperidol and the atypical
antipsychotic clozapine were examined in the prepulse inhibition
paradigm. Both antipsychotics reversed the effects of apomor-
phine on the prepulse inhibition of the startle response (Figure
4). In contrast, the clozapine metaboliteN-desmethylclozapine
and xanomeline, an M1 and M4 agonist, did not reverse the
effects of apomorphine on the prepulse inhibition of the startle
response (Figures 4 and 5).

Compound1 reversed the effects of apomorphine on the
prepulse inhibition of the startle response at doses of 1.0 and
3.0 mg/kg (Figure 6). Since1 displays activity at M1, M2, and
M4 receptors, the data suggest that M2 activity may be an
important factor for the ability of muscarinic agonists to exhibit
antipsychotic activity. These data indicate that1 has the potential
to treat psychotic symptoms associated with schizophrenia.

Conclusions

In conclusion, the initial SAR studies of the new class of
muscarinic agonists conducted to identify more subtype-selective

compounds compared to1 led to the identification of13e, which
might offer similar utility in treating the cognitive deficits
associated with schizophrenia with possibly fewer M2 and M3

side effects. In addition, the distance of the terminal thiadiazole
and the positioning of the methoxy group can increase binding
affinity for certain mAChRs subtypes (e.g., M2 receptors for
13d and M4 receptors for1) and enhance functional efficacy at
M4 for 13e and 18b. In addition, 13e exhibited significant
functional selectivity for M1 receptors versus M5 receptors.
Compound18b resulted in an interesting functional activity
profile with modest functional efficacy at M1 receptors and
relatively high efficacy at M4 receptors. The modeling results
are in line with the experimental finding that the o2 and/or o3
mutations weaken the receptor-ligand interactions. Further SAR
studies around the terminal thiadiazole as well as the tetrahy-
dropyridine moiety are in progress.

Experimental Section

Chemistry. Reactions were carried out under nitrogen. Melting
points were determined on a Fisher-Johns melting point apparatus
and are presented uncorrected.1H and 13C NMR spectra were
obtained with a Bruker ACF 400-MHz spectrometer. Elemental
analyses (C, H, N) were performed by Atlantic Microlab, Inc., GA;
the analytical results were within 0.4% of the theoretical values
for the formula given (except for18b, where results were within
0.47%). Precoated silica gel GHLF uniplates (250µm), purchased
from Analtech, Inc., were used for TLC, and spots were examined
with UV light at 254 nm or iodine vapor. Column chromatography
purification was performed on Davisil silica gel 200-425 mesh
obtained from Fisher Scientific. Tetrahydrofuran (THF) was dried
over sodium benzophenone ketyl and distilled. All other com-
mercially available solvents and reagents were used without further

Figure 4. Haloperidol and clozapine (both at 1.0 mg/kg) reversed the
effects of apomorphine (Apo) on the prepulse inhibition of the startle
response.N-Desmethylclozapine was ineffective at 1.0 mg/kg. *, p<
0.05.

Figure 5. Xanomeline (Xan) did not reverse the effects of apomorphine
on the prepulse inhibition of the startle response.

Figure 6. Compound1 reversed the effects of apomorphine on the
prepulse inhibition of the startle response. *, p< 0.05.
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purification unless otherwise specified. No particular attempts were
made to optimize reaction conditions for most of the reactions
described.

The key starting materials (Figure 1B), 3-(3-chloro-1,2,5-
thiadiazol-4-yl)pyridine (4), 3-chloro-4-methoxy-1,2,5-thiadiazole
(5), and 5-chloro-3-methoxy-1,2,4-thiadiazole (6) were synthesized
using published procedures.26-28 The various ethylene glycol spacers
were commercially available, while the tripropylene glycol spacer
(7) was prepared from 1,3-propanediol.29 All other commercially
available solvents and reagents were used without further purifica-
tion unless otherwise specified.

General Procedure for the Preparation of Di(ethylene glycol)-
ethyl [3-(Pyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (9a).A suspen-
sion of 60% NaH in mineral oil (890 mg, 22.2 mmol) was washed
with anhydrous hexane and suspended in freshly distilled THF (30
mL). Then,8a (2.15 g, 20.2 mmol) in THF (100 mL) was added
to the above suspension and the reaction mixture was refluxed for
1 h. Compound4 (1.0 g, 5.1 mmol) in THF (100 mL) was added,
and the reaction mixture was refluxed for 24 h. The mixture was
evaporated under a vacuum and quenched with ice water (50 mL).
The aqueous solution was extracted twice with CHCl3. The
combined organic extract was washed with brine, dried over

Figure 7. Stimulation of phosphoinositide metabolism at wild-type and chimeric muscarinic receptors expressed in A9 L cells: (A) schematic
depiction of M1 (gray), M5 (black) and chimeric receptors, (B) wild-type M1 receptors, (C) M1(o2M5) receptors, (D) M1(o3M5) receptors, (E)
M1(o2o3M5) receptors, and (F) wild-type M5 receptors.
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anhydrous Na2SO4, and concentrated to yield the crude compound.
After silica gel chromatography with CHCl3/MeOH (97:3),9awas
obtained as a pale yellow solid (1.30 g, 96.1%): mp 53-56 °C; Rf

) 0.22 [CHCl3/MeOH (97:3)];1H NMR (CDCl3) δ 3.70-3.85 (m,
4H), 3.96-4.00 (m, 2H), 4.69-4.74 (m, 2H), 7.50-7.56 (m, 1H),
8.56 (d,J ) 8.2 Hz, 1H), 8.67 (dd,J ) 1.4 and 5.0 Hz, 1H), 9.54
(s, 1H); ESI-MSm/z 268.0 [M + H+], 290.0 [M + Na].

Tri(ethylene glycol)ethyl [3-(Pyrid-3-yl)-1,2,5-thiadiazol-4-yl]
Ether (9b). Compound9b was prepared from4 (1.0 g, 5.0 mmol),
8b (3.04 g, 20.2 mmol), and NaH (0.89 g, 22.2 mmol) using a
procedure similar to that described earlier to afford the title
compound as a yellow oil (1.72 g, 21%):Rf ) 0.14 [CHCl3/MeOH
(97:3)]; 1H NMR (CDCl3) δ 3.59-3.63 (m, 2H), 3.68-3.75 (m,
6H), 3.89-3.92 (m, 2H), 4.65-4.67 (m, 2H), 7.39-7.42 (m, 1H),
8.41 (d,J ) 8.0 Hz, 1H), 8.60 (dd,J ) 1.6 and 5.2 Hz, 1H), 9.46
(s, 1H); ESI-MSm/z 312.1 [M + H+], 334.0 [M + Na].

Penta(ethylene glycol)ethyl [3-(Pyrid-3-yl)-1,2,5-thiadiazol-
4-yl] Ether (9d). Compound9d was prepared from4 (1.0 g, 5.0
mmol),8d (3.04 g, 20.2 mmol), and NaH (0.89 g, 22 mmol) using
a procedure similar to that described earlier to afford the title
compound as a yellow oil (1.72 g, 85%):Rf ) 0.17 [CHCl3/MeOH
(95:5)]; 1H NMR (CDCl3) δ 3.59-3.76 (m, 16H), 3.94-3.99 (m,
2H), 4.69-4.74 (m, 2H), 7.53-7.59 (m, 1H), 8.60 (d,J ) 8.0 Hz,
1H), 8.70 (d,J ) 1.6 and 5.0 Hz, 1H), 9.44 (s, 1H); ESI-MSm/z
400.2 [M + H+], 422.1 [M + Na].

Tri(propylene glycol)ethyl [3-(Pyrid-3-yl)-1,2,5-thiadiazol-4-
yl] Ether (14). Compound14 was prepared from4 (0.60 g, 3.0
mmol), 7 (1.70 g, 8.8 mmol), and NaH (0.42 g, 10 mmol) using a
procedure similar to that described earlier to afford the title
compound as a yellow oil (0.59 g, 54% yield):Rf ) 0.42 [CH2-
Cl2/MeOH (90:10)];1H NMR (CDCl3) δ 1.80-1.86 (m, 4H), 2.15-
2.18 (m, 2H), 3.49-3.53 (m, 4H), 3.58-3.67 (m, 4H), 3.74-3.78
(m, 2H), 4.62-4.66 (m, 2H), 7.39-7.42 (m, 1H), 8.41 (d,J ) 8.0
Hz, 1H), 8.64 (dd,J ) 1.6 and 4.8 Hz, 1H), 9.39 (s, 1H);13C NMR
(CDCl3) 29.52, 30.20, 32.23, 62.21, 67.47, 68.18, 68.37, 68.78,
70.42, 123.70, 127.91, 135.06, 145.18, 148.72, 150.35, 162.91.

General Procedure for the Preparation of Di(ethylene glycol)-
(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(Pyrid-3-yl)-1,2,5-thiadiazol-
4-yl] Ether(10a). A suspension of 60% NaH (220 mg, 5.5 mmol)
in mineral oil was washed with anhydrous hexane and suspended
in freshly distilled THF (30 mL). Then,9a (0.75 g, 2.8 mmol) in
THF (30 mL) was added to the above suspension. The reaction
mixture was refluxed for 30 min. Compound5 (0.63 g, 4.21 mol)
in THF (30 mL) was added, and the reaction mixture was refluxed
for 24 h. The mixture was evaporated under vacuum and quenched
with ice water (20 mL), and the aqueous solution was extracted
twice with CHCl3. The combined organic extract was washed with
water, dried over anhydrous Na2SO4, and concentrated to yield the
crude compound. After silica gel chromatography with CH2Cl2/
MeOH (100:3),10a was obtained as a yellow solid (0.526 g,
49%): Rf ) 0.21 [CH2Cl2/MeOH (100:3)]; 1H NMR (CDCl3) δ
3.87-3.89 (t, 2H), 3.91-3.93 (t, 2H), 3.96 (s, 3H), 4.50-4.52 (t,
2H), 4.62-4.64 (t, 2H), 7.29-7.32 (m, 1H), 8.35 (d,J ) 8.0 Hz,
1H), 8.56 (d,J ) 4.0 Hz, 1H), 9.31 (s, 1H);13C NMR (CDCl3) δ
57.6, 69.3, 69.4, 69.8, 70.2, 123.5, 127.6, 134.8, 145.2, 148.8, 150.2,
151.5, 151.4, 162.6.

Tri(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(Py-
rid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (10b). Compound10b was
prepared from9b (0.317 g, 1.02 mmol),5 (0.23 g, 1.53mmol), and
NaH (0.081 g, 2.0 mmol) using a procedure similar to that described
earlier to afford the title compound as a yellow oil (0.17 g, 18%):
Rf ) 0.52 [CH2Cl2/MeOH (95:5)]; 1H NMR (CDCl3) δ 3.48 (s,-
2H), 3.76 (s, 2H), 3.86-3.88 (m, 2H), 3.94-3.96 (m, 2H), 4.05
(s, 3H), 4.51-4.54 (m, 2H), 4.70-4.72 (m, 2H), 7.78-7.82 (m,
1H), 8.69 (d,J ) 8.0 Hz, 1H), 8.92 (dd,J ) 1.6 and 5.2 Hz, 1H),
9.52 (s, 1H);13C NMR (CDCl3) 57.6, 69.3, 69.4, 69.8, 70.4, 70.9,
71.0, 123.6, 127.7, 135.1, 145.1, 148.6, 150.1, 151.6, 152.4, 162.6.

Penta(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(Py-
rid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (10d). Compound10d was
prepared from9d (0.72 g, 1.80 mmol),5 (0.41 g, 2.7 mmol), and
NaH (0.14 g, 3.6 mmol) using a procedure similar to that described

earlier to afford the title compound as yellow oil (0.17 g, 18%):
Rf ) 0.11 [CH2Cl2/MeOH (100:3)]; 1H NMR (CDCl3) δ 3.61-
3.71 (m, 12H), 3.82-3.85 (m, 2H), 3.91-3.93 (m, 2H), 4.06 (s,
3H), 4.51-4.54 (m, 2H), 4.65-4.67 (m, 2H), 7.36-7.39 (m, 1H),
8.40 (d,J ) 8.0 Hz, 1H), 8.62 (dd,J ) 1.6 and 4.8 Hz, 1H), 9.37
(s, 1H);13C NMR (CDCl3) 62.23, 69.38, 69.93, 70.46, 70.78, 70.83,
70.85, 70.87, 70.91, 70.98, 123.61, 127.75, 134.98, 145.31, 148.96,
150.39, 151.71, 152.54, 162.74.

Tri(propylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(Py-
rid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (15a). Compound15a was
prepared from14 (0.32 g, 1.0 mmol),5 (0.27 g, 2.0 mmol), and
NaH (0.07 g, 2.0 mmol) using a procedure similar to that described
earlier to afford the title compound as a yellow oil (0.126 g, 29%):
Rf ) 0.60 [CHCl3/MeOH (95:5)];1H NMR (CDCl3) δ 1.80-1.83
(m, 2H), 2.04-2.10 (m, 2H), 2.12-2.28 (m, 2H), 3.47-3.55 (m,
6H), 3.59-3.62 (t, 2H), 4.09 (s, 3H), 4.46-4.50 (t, 2H), 4.61-
4.64 (t, H), 7.38-7.41 (m, 1H), 8.41 (d,J ) 8.0 Hz, 1H), 8.64
(dd, J ) 1.6 and 4.8 Hz, 1H), 9.39 (s, 1H);13C NMR (CDCl3) δ
29.44, 29.58, 30.25, 57.72, 67.25, 67.39, 68.03, 68.19, 68.81,
123.63, 127.86, 134.92, 145.20, 148.85, 150.40, 151.88, 152.56,
162.92.

General Procedure for the Preparation of Di(ethylene glycol)-
(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-Methyl-1,2,5,6-tetrahy-
dropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (12a). To a solution
of 10a (0.526 g, 1.37 mmol) in acetone (10 mL) and CHCl3 (5
mL) was added CH3I (6 mL, 96 mmol), the solution was stirred
under nitrogen for 4 days at room temperature, and the reaction
was monitored by TLC. The residual quaternary iodide11a was
obtained by removing the solvents under reduced pressure to afford
a pale yellow solid and was used immediately without further
purification: Rf ) baseline [CH2Cl2/MeOH (100:3)];1H NMR
(CDCl3) 3.98-4.00 (m, 2H), 4.02 (s, 3H, OCH3), 4.04-4.06 (m,
2H), 4.59-4.61 (m, 2H), 4.75-4.76 (m, 3H), 4.78 (s, 3H, NCH3),
8.24-8.27 (m, 1H), 9.15 (d,J ) 8.4 Hz, 1H), 9.51 (s, 1H), 9.53
(s, 1H). The pyridinium iodide11a (550 mg, 1.38 mmol) was
dissolved in a mixture of CH3OH (10 mL) and CHCl3 (10 mL).
The solution was cooled to 0-5 °C, and NaBH4 (210 mg, 5.55
mmol) was added. After the mixture was stirred at 0-5 °C for 1 h,
another 210 mg of NaBH4 was added, followed by another 210
mg after 1 h. The reaction continued for 2 h. Ice water was added
to the reaction mixture, which was then extracted twice with CHCl3.
The combined organic extract was washed with water, dried over
anhydrous Na2SO4, and concentrated to give the crude compound.
After the silica gel chromatography with CH2Cl2/MeOH (97:3),12a
was obtained as a yellow oil (141 mg, 25%):Rf ) 0.10 [CH2Cl2/
MeOH (97:3)]; 1H NMR (CDCl3) δ 2.39-2.43 (m, 2H), 2.45 (s,
3H), 2.54-2.56 (t, 2H), 3.43 (m, 2H), 3.91-3.95 (m, 4H), 4.08 (s,
3H), 4.55-4.58 (m, 2H), 4.60-4.63 (m, 2H), 7.05-7.07(m, 1H);
13C NMR (CDCl3) δ 26.81, 46.13, 51.45, 55.22, 57.68, 69.28, 69.55,
69.92, 69.94, 128.90, 147.16, 151.63, 162.34, 194.79.

Tri(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
(12b).Compound11bwas prepared from10b (84 mg, 0.197 mmol)
and CH3I (3 mL, 48 mmol) using a procedure similar to that
described earlier to provide the pyridinium iodide compound as a
yellow oil: Rf ) baseline [CH2Cl2/MeOH (100:3)]; 1H NMR
(CDCl3) δ 3.72-3.77 (m, 4H), 3.83-3.96 (t, 2H), 3.98-4.00 (t,
2H), 4.05 (s, 3H, OCH3), 4.47-4.50 (t, 2H), 4.72-4.74 (t, 2H),
4.79 (s, 3H, NCH3), 8.24 (m, 1H), 9.12 (d,J ) 8.4 Hz, 1H), 9.51
(s, 1H), 9.53 (s, 1H). The pyridinium iodide11b (98 mg, 0.172
mmol) was reduced with NaBH4 (26 mg, 0.687 mmol) using a
procedure similar to that described earlier to afford the title
compound12b as brown oil (50 mg, 57%):Rf ) 0.13 [CH2Cl2/
MeOH (95:5)]; 1H NMR (CDCl3) δ 2.42-2.44 (m, 5H), 2.53-
2.56 (t, 2H), 3.43 (s, 2H), 3.70 (s, 4H), 3.86-3.90 (m, 4H), 4.08
(s, 3H), 4.54-4.61 (m, 4H), 7.07-7.09 (m, 1H);13C NMR (CDCl3)
δ 26.69,46.03, 51.37, 57.66, 69.31, 69.50, 69.88, 70.01, 70.89,
71.00, 128.84, 129.25, 147.05, 151.67, 152.53, 162.39, 194.79.

Penta(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
(12d). Compound11d was prepared from10d (170 mg, 0.331
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mmol) and CH3I (3 mL, 48 mmol) using a procedure similar to
that described earlier to provide the pyridinium iodide as a yellow
oil: Rf ) baseline [CH2Cl2/MeOH (100:3)];1H NMR (CDCl3) δ
3.54-3.70 (m, 10H), 3.76-3.78 (m, 2H), 3.84-3.87 (m, 2H),
4.00-4.02 (m, 2H), 4.07 (s, 3H, OCH3), 4.54-4.57 (t, 2H), 4.74-
4.76 (t, 2H), 4.79 (s, 3H, NCH3), 8.18-8.22 (m, 1H), 8.12-9.14
(d, J ) 8.4 Hz, 1H), 9.44-9.47 (d,J ) 5.6 Hz, 1H), 9.59 (s, 1H).
The pyridinium iodide11d (190 mg, 0.289 mmol) was reduced
with NaBH4 (120 mg, 3.17 mmol) using a procedure similar to
that described earlier to afford the title compound12d as a yellow
oil (91 mg, 51%): Rf ) 0.28 [CH2Cl2/MeOH (97:3)]; 1H NMR
(CDCl3) δ 2.49-2.51 (m, 5H), 2.63-2.66 (t, 2H), 3.52 (s, 2H),
3.62-3.68 (m, 12H), 3.84-3.89 (m, 4H), 4.07 (s, 3H), 4.52-4.55
(m, 2H), 4.57-4.60 (m, 2H), 7.09-7.11 (m, 1H); 13C NMR
(CDCl3) δ 26.44, 45.85, 51.30, 54.87, 57.68, 69.25, 69.44, 69.95,
70.08, 70.81, 70.86, 70.88, 70.91, 70.93, 128.71, 128.78, 146.79,
151.70, 152.54, 162.39.

Tri(propylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
(17a). Compound16a was prepared from15a (126 mg, 0.342
mmol) and CH3I (2 mL, 32 mmol) using a procedure similar to
that described earlier to provide the title compound as a yellow
solid: Rf ) 0.37 [CH2Cl2/MeOH (90:10)]; 1H NMR (CDCl3) δ
1.79-1.81 (m, 2H), 2.05-2.07 (m, 2H), 2.18-2.20 (m, 2H), 3.46-
3.54 (m, 6H), 3.59-3.61 (t, 2H), 4.09 (s, 3H, OCH3), 4.45-4.48
(t, 2H), 4.69-4.71 (t, 2H), 4.77 (s, 3H, NCH3), 8.22-8.24 (m, 1H),
9.14 (d,J ) 8.4 Hz, 1H), 9.39 (s, 1H), 9.57 (d,J ) 6 Hz, 1H). The
pyridinium iodide17a (126 mg, 0.206 mmol) was reduced with
NaBH4 (32 mg, 0.845 mmol) using a procedure similar to that
described earlier to afford the title compound17a as yellow oil
(75 mg, 57%): Rf ) 0.54 [CHCl3/MeOH (90:10)]; 1H NMR
(CDCl3) δ 1.79-1.85 (m, 2H0, 2.04-2.12 (m, 4H), 2.43-2.45 (br
s, 5H0, 2.54-2.57 (m, 2H), 3.43-3.57 (m, 10H), 4.47-4.55 (m,
4H), 7.03-7.05 (m, 1H);13C NMR (CDCl3) δ 26.87, 29.44, 29.54,
30.25, 46.15, 51.47, 55.27, 57.69, 67.25, 67.46, 68.04, 68.14, 68.19,
68.28, 128.54, 129.63, 147.06, 151.09, 152.58, 162.61

Di(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
Hydrochloride (13a, CDD-0309A).The free base12a (141 mg,
0.352 mmol) was redissolved in a mixture of CH3OH/CHCl3 (10
mL, 5:5) and was cooled to 0°C. Then, dry HCl gas was bubbled
through the solution for 3 min, and the title compound13a was
recrystallized from anhydrous acetone/ether to afford a white
powder (97 mg, 88% yield): mp 130-131 °C; 1H NMR (CDCl3)
δ 2.56 (s, 1H), 2.93 (s, 3H), 2.96 (s 1H), 3.20 (s, 1H), 3.53 (s,
1H), 3.75 (s, 1H), 3.90-3.94 (m, 4H), 4.07 (s, 1H), 4.45 (s, 1H),
4.56-4.58 (t, 2 H), 4.62 (m, 2H);13C NMR (CDCl3) δ 22.78, 43.17,
49.88, 51.89, 57.56, 69.26, 69.39, 69.97, 70.19, 123.70, 127.37,
144.27, 151.61, 152.52, 162.32; ESI-MSm/z (free base) 400.3 [M
+ H+]. Anal. (C15H21N5O4S2‚HCl) C, H, N.

Tri(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
Hydrochloride (13b, CDD-0311A). The free base12b (50 mg,
0.113 mmol) was recrystallized from anhydrous acetone/ethereal
HCl solution at 0°C to afford a pale yellow solid (46 mg, 75%
yield): mp 84-85 °C; 1H NMR (CDCl3) δ 2.54 (m, 1H), 3.08 (m,
5H), 3.70 (s, 4H), 3.80 (m, 6H), 4.07 (s, 3H), 4.52 (m, 5H), 7.27
(s, 1H); ESI-MSm/z (free base) 444.3 [M+ H+], 466.2 [M +
Na]. Anal. (C17H25N5O5S2‚HCl‚1.5 H2O‚0.5C4H10O) C, H, N.

Penta(ethylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
Hydrochloride (13d, CDD-0310A). The free base12d (91 mg,
0.171 mmol) was recrystallized from anhydrous acetone/ethereal
HCl solution at 0°C to afford a pale yellow semisolid (70 mg,
69% yield): 1H NMR (CDCl3) δ 2.55 (m, 1H), 2.93 (m, 3H), 2.99
(m, 1H), 3.22 (m, 1H), 3.52 (m, 1H), 3.62 (m, 12H), 3.67 (m, 1H),
3.84 (s, 4H), 4.07 (s, 3H), 4.46 (m, 1H), 4.53 (m, 2H), 4.57 (m,
2H), 7.27 (s, 1H); ESI-MSm/z (free base) 532.1 [M+ H], 554.1
[M + Na]. Anal. (C21H33N5O7S2‚HCl‚1.25 H2O) C, H, N.

Tri(propylene glycol)(3-methoxy-1,2,5-thiadiazol-4-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether

Hydrochloride (18a, CDD-0314A).The free base17a (75 mg,
0.154 mmol) was recrystallized from anhydrous acetone/ethereal
HCl solution at 0°C to afford a pale yellow solid (60 mg, 73%
yield): mp 62-64 °C; 1H NMR (CDCl3) δ 1.78-1.83 (m, 2H),
2.04-2.10 (m, 4H), 2.53-2.57 (br s, 1H), 2.93 (s, 3H), 2.98 (br s,
1H), 3.21 (br s, 1H), 3.46-3.49 (m, 4H), 3.52-3.55 (m, 5H), 3.73
(br s, 1H), 4.07 (s, 3H), 4.46 (t, 3H), 4.53 (t, 3H), 7.22 (br s, 1H);
13C NMR (CDCl3) δ 22.81, 29.44, 29.49, 30.24, 43.25, 49.93, 51.96,
57.74, 67.24, 67.39, 68.03, 68.19, 68.94, 123.96, 126.91, 144.10,
151.90, 152.58, 162.60; ESI-MSm/z (free base) 486.1 [M+ H+],
508 [M + Na]. Anal. (C20H31N5O5S2‚HCl‚0.5H2O) C, H, N.

Tetra(ethylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(Py-
rid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (10e).A suspension of 60%
NaH in mineral oil (128 mg, 3.20 mmol) was washed with
anhydrous hexane and suspended in freshly distilled THF (30 mL).
Then,9c (280 mg, 0.787 mmol) in THF (50 mL) was added to the
above suspension and the reaction mixture was refluxed for 1 h.
Compound6 (275 mg, 1.82 mmol) in THF (40 mL) was added,
and the reaction mixture was refluxed for 5 days. The mixture was
evaporated under vacuum and quenched with ice water (50 mL).
The aqueous solution was extracted twice with CHCl3, and the
combined organic extracts were dried over anhydrous Na2SO4 and
concentrated to yield the crude compound. After silica gel chro-
matography with CH2Cl2/MeOH (10 mL:15 drops),10e was
obtained as yellow oil (250 mg, 50%):Rf ) 0.24 [CH2Cl2/MeOH
(10:0.2)]; 1H NMR (CDCl3) δ 3.63 (s, 4H), 3.65-3.66 (t, 2H),
3.69-3.71 (t, 2H), 3.80-3.82 (t, 2H), 3.91-3.93 (t, 2H), 3.97 (s,
3H), 4.57-4.59 (t, 2H), 4.65-4.68 (t, 2H), 7.36-7.39 (m, 1H),
8.41-8.44 (d,J ) 8.4, 1H), 8.62-8.63 (dd,J ) 1.6 and 4.8, 1H),
9.38 (s, 1H);13C NMR (CDCl3) δ 56.33, 69.39, 70.45, 70.84, 70.94,
70.98, 73.08, 123.61, 127.78, 135.01, 145.30, 148.91, 150.36,
162.72, 166.29, 190.37, 194.80.

Tri(propylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(Py-
rid-3-yl)-1,2,5-thiadiazol-4-yl] Ether (15b). Compound15b was
prepared from14 (415 mg, 1.17 mmol),6 (265 mg, 1.76 mmol),
and NaH (90 mg, 2.25 mmol) using a procedure similar to that
described earlier to afford the title compound15b as yellow oil
(142 mg, 26%): Rf ) 0.51 [CHCl3/MeOH (95:5)]; 1H NMR
(CDCl3) δ 1.78-1.85 (m, 2H), 2.02-2.08 (m, 2H), 2.12-2.18 (2H),
3.46-3.53 6H), 3.59-3.62 (t, 2H), 3.98 (s, 3H), 4.51-4.54 (t, 2H),
4.61-4.64 (t, 2H), 7.38-7.41 (m, 1H), 8.41 (d,J ) 8.0 Hz, 1H),
8.64 (dd,J ) 1.6 and 5.2 Hz, 1H), 9.38 (s, 1H);13C NMR (CDCl3)
δ 29.23, 29.50, 30.16, 56.29, 66.74, 67.35, 68.07, 68.75, 71.45,
123.62, 127.80, 134.90, 145.11, 148.75, 150.33, 162.87, 166.47,
190.45

Tetra(ethylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
(12e).To a solution of10e(250 mg, 0.532 mmol) in acetone/CHCl3

(10:2 mL) was added CH3I (4 mL, 64 mmol), and the solution was
stirred under nitrogen for 1 week at room temperature. The residual
quaternary iodide11ewas obtained by removing the solvents under
reduced pressure to afford a pale yellow solid and was used
immediately without further purification:Rf ) 0.27 [CH2Cl2/MeOH
(9:1)]; 1H NMR (CDCl3) 3.64-3.68 (m, 4H), 3.72-3.74 (m, 2H),
3.79 (s, 2H), 3.82-3.84 (m, 2H), 3.96-3.99 (m, 5H), 4.54-4.57
(m, 2H), 4.73-4.75 (m, 2H), 4.78 (s, 3H), 8.23-8.27 (m, 1H),
9.14 (d,J ) 8.4 Hz, 1H), 9.52-9.54 (m, 2H). The pyridinium iodide
11e (320 mg, 0.52 mmol) was dissolved in a mixture of CH3OH
(10 mL) and CHCl3 (5 mL). The solution was cooled to 0-5 °C,
and NaBH4 (73 mg, 1.93 mmol) was added. After the mixture was
stirred at 0-5 °C for 1 h, another 73 mg of NaBH4 was added and
then another 73 mg after 1 h. The reaction continued for 2 h. Ice
water was added to the reaction mixture, which was then extracted
twice with CHCl3. The combined organic extract was washed with
water, dried over anhydrous Na2SO4, and concentrated to give the
crude compound. After the silica gel chromatography with CH2-
Cl2/MeOH (90:10),12e was obtained as a yellow oil (104 mg,
40%): Rf ) 0.57 [CH2Cl2/MeOH (9:1)];1H NMR (CDCl3) δ 2.42-
2.44 (m, 5H), 2.54-2.56 (t, 2H), 3.43 (m, 2H), 3.64-3.70 (m, 8H),
3.83-3.85 (t, 2H), 3.88-3.90 (t, 2H), 3.99 (s, 3H), 4.59-4.62 (m,
4H), 7.07-7.09 (m, 1H);13C NMR (CDCl3) δ 26.70, 46.04, 51.40,
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55.09, 56.36, 69.04, 69.47, 70.05, 70.86, 70.92, 70.97, 71.02, 73.10,
128.78, 129.19, 147.00, 162.41, 166.29, 190.38.

Tri(propylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
(17b). Compound16b was prepared from15b (142 mg, 0.304
mmol) and CH3I (2 mL, 24 mmol) using a procedure similar to
that described earlier to provide the pyridinium iodide compound
as a yellow oil: Rf ) 0.31 [CH2Cl2/MeOH (90:10)]; 1H NMR
(CDCl3) δ 1.74-1.85 (m, 2H), 2.04-2.10 (m, 2H), 2.18-2.25 (m,
2H), 3.46-3.64 (m, 8H), 3.99 (s, 3H), 4.50-4.56 (t, 2H), 4.68-
4.74 (t, 2H), 4.82 (s, 3H), 8.26-8.33 (m, 1H), 9.14 (d,J ) 8.4 Hz,
1H), 9.48 (s, 1H), 9.61 (d,J ) 6.0 Hz, 1H). The pyridinium iodide
16b (189 mg, 0.31 mmol) was reduced with NaBH4 (50 mg, 1.31
mmol) using a procedure similar to that described earlier to afford
the title compound17b as yellow oil (60 mg, 41%):Rf ) 0.43
[CH2Cl2/MeOH (90:10)];1H NMR (CDCl3) δ 1.78-1.85 (m, 2H),
2.02-2.12 (m, 4H), 2.43-4.45 (br s, 5H), 2.54-2.57 (t, 2H), 3.43-
3.58 (m, 10H), 3.99 (s, 3H), 4.52-4.55 (t, 4H), 7.03-7.04 (m,
1H); 13C NMR (CDCl3) δ 26.89, 29.29, 29.53, 30.21, 46.16, 51.47,
55.28, 56.32, 66.80, 67.47, 68.09, 68.13, 68.27, 71.48, 128.56,
129.63, 147.05, 162.61, 166.54, 190.52.

Tetra(ethylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
Hydrochloride (13e, CDD-0313A).The free base12e (104 mg,
0.213 mmol) was redissolved in a mixture of CH3OH/CHCl3 (10
mL, 5:5) and was cooled to 0°C. Then, dry HCl gas was bubbled
through the solution for 3 min, and the title compound13e was
recrystallized from anhydrous acetone/ether to afford a white
semisolid (90 mg, 72% yield):1H NMR (CDCl3) δ 2.54 (m, 1H),
2.92 (m, 3H), 2.98 (m, 1H), 3.17 (m, 1H), 3.52 (m, 1H), 3.59 (m,
10H), 3.71 (m, 3H), 3.82 (m, 1H), 3.85 (m, 2H), 3.96 (s, 1H), 4.44
(m, 1H), 4.57 (m, 3H), 7.26 (s, 1H);13C NMR (CDCl3) δ 22.77,
43.05, 43.17, 49.91, 51.93, 55.55, 56.37, 69.32, 70.34, 70.81, 70.85,
70.92, 71.55, 73.11, 123.714, 127.40, 144.28, 162.39; ESI-MSm/z
(free base) 488.1 [M+ H+]. Anal. (C19H29N5O6S2‚HCl‚1.25H2O‚
0.5C4H10O) C, H, N.

Tri(propylene glycol)(3-methoxy-1,2,4-thiadiazol-5-yl) [3-(1-
Methyl-1,2,5,6-tetrahydropyrid-3-yl)-1,2,5-thiadiazol-4-yl] Ether
Hydrochloride (18b, CDD-0316A). The free base17b (60 mg,
0.124 mmol) was recrystallized from anhydrous acetone/ethereal
HCl solution at 0°C to afford a pale yellow solid (40 mg, 53%
yield): mp 77-80 °C; 1H NMR (CDCl3) δ 1.79-1.85 (m, 2H),
2.03-2.13 (m, 4H), 2.94-2.95 (d, 4H), 3.26 (br s, 1H), 3.46-
3.57 (m, 10H), 3.75 (br s, 1H), 3.99 (s, 3H), 4.52-4.57 (m, 4H),
7.26 (s, 1H); ESI-MSm/z (free base) 486.3 [M+ H+]. Anal.
(C20H31N5O5S2‚1.75HCl‚0.5H2O‚0.75C4H10O) C, H, N: calcd, 6.77;
found, 6.30.

Pharmacology. Receptor Binding.Plasmids for muscarinic
receptor subtypes were obtained either as a gift from Dr. Tom I.
Bonner of the National Institutes of Health or from the UMR cDNA
Resource Center (www.cdna.org). Membrane homogenates were
prepared from transfected cells using established procedures.33 All
binding assays were conducted in a 1 mLmixture of binding buffer
[25 mM sodium phosphate (pH 7.4) containing 5 mM magnesium
chloride]. In ligand inhibition binding assays, 0.1 nM of [3H]-(R)-
QNB and 14 points for the test ligand (ranging from 0.01 nM to 3
mM) were used. The mixture was incubated for 2 h at room
temperature. Total binding and nonspecific binding were determined
in the absence and presence of 1000-fold excess of unlabeled (R)-
QNB. Radioactivity was counted using a TopCount NXT system
(Packard, Meriden, CT).

Phosphoinositide Hydrolysis Assays.To ascertain the functional
properties of the novel compounds at the M1, M3, and M5 mAChRs,
assays of mAChR-mediated PI hydrolysis were conducted. The
method is described as follows: A9 L cells stably expressing
particular human muscarinic receptor subtypes were seeded into
96-well tissue culture plates for 24 h. Then 100µL of inositol-free
(IF) DMEM was added to each well, which was supplemented with
25 mM d-glucose, 4 mML-glutamine, 0.6% BSA, and 10µCi/mL
[3H]Ins. Cells were further incubated overnight. Test ligand dilutions
were prepared in HBSS buffer supplemented with 10 mM LiCl

and 20 mM HEPES. Incubation was initiated by addition of 100
µL of the proper concentration of test ligands (with the dilution
buffer serving to measure basal levels) to each well in triplicate
sets and carried out at 37°C for 1 h. The incubation was stopped
by rapid removal of all media. Then, 100µL of ice-cold 50 mM
formic acid was added to each well and allowed to sit at room
temperature for 20 min. To 96 white solid plates was added 80µL
of YSi-SPA beads at 1 mg/80µL water, followed by 20µL of cell
extract in formic acid. The plate was sealed with Topseal A, and
the contents were mixed by shaking for 1 h in 4 °C room. After
standing for 2 h, radioactivity in counts per minute (cpm) was
determined using a TopCount NXT system. Activity is presented
as the percentage activation above basal levels. Carbachol was
utilized in each assay as a positive control for muscarinic receptor
activation.

Cyclic AMP Assay. The M2 and M4 mAChRs signal preferen-
tially through the cAMP pathway. Hence, ligands were investigated
for their ability to inhibit forskolin-stimulated cAMP accumulation
in cells expressing the human M2 or M4 mAChR.34 The DiscovRx’s
HitHunter cAMP kit was used to test cyclic AMP levels. Carbachol
was utilized in each assay as a positive control for muscarinic
receptor activation.

Site-Directed Mutagenesis and Chimeric Receptor Studies.
Site-directed mutagenesis and chimeric receptor studies were
conducted using HM1pcD and HM5pcD plasmids using the
Quikchange Site-Directed Mutagenesis Kit from Stratagene (La
Jolla, CA). Mutations were confirmed by unique restriction digestion
(if applicable) and dideoxynucleotide sequencing using the T7
Sequenase sequencing kits from Amersham Life Science Inc.
(Arlington Heights, IL). A9 L cells were cotransfected with plasmids
encoding mutant muscarinic receptors and pNEOâGal using the
LIPOFECTIN reagent from Life Technologies (Gaithersburg, MD)
or the calcium phosphate method.35 The transfected A9 L cells were
selected in DMEM (supplemented with 10% FBS, 4 mML-
glutamine, 50 unit/mL penicillin, and 50µg/mL streptomycin)
containing 800µg/mL G418. Single cell colonies were transferred
into 24-well plates for screening in both intact cell binding assays
and functional assays.32

Data Analysis. Nonlinear least-squares curve-fitting was per-
formed using DeltaGraph Version 4.5 for Macintosh and/or
GraphPad Prism version 4 for PC. [3H]-(R)-QNB saturation binding
data were fit to a one-site binding model for determiningBmax and
Kd values.Bmax is the maximal specific binding in femtomole per
milligram of membrane protein;Kd (equilibrium dissociation
constant) is the concentration of [3H]-(R)-QNB at which 50% of
the maximal specific binding sites were occupied by [3H]-(R)-QNB.

Ligand inhibition binding data were fit to one-site and/or two-
site competitive binding models. Statistical comparisons between
one-site and multiple-site models were carried out using anF test
with R set at the 0.05 level.Ki values (competitor-receptor
dissociations equilibrium constant) were calculated from IC50 values
(medium affinity values) according to the formulaKi ) IC50/(1+
[D]/Kd), in which [D] and Kd denote the concentration and
dissociation equilibrium constant of the radioligand, which were
tested in the saturation binding assay. The pKi values are the
negative logarithm of theKi. Statistical comparisons in receptor
binding affinity and receptor activation were applied using analysis
of variance by post-hoc Turkey-Kramer tests withR set at the
0.05 level. More complex models were chosen only if they provided
a significantly better fit to the data from each experiment.

In PI hydrolysis assays, the stimulation levels of a series of
concentrations were plotted versus the logarithm of the concentra-
tion. Data were fit to a one-site stimulation model as described in
the equationY ) (SmaxX)/(EC50 + X), in which Y is the recorded
stimulation at concentrationX of the tested ligand,Smax is the
maximal stimulation above basal level, and pEC50 is the negative
logarithm of the concentration of ligand needed to elicit 50% of
the maximal response (EC50). In cAMP assays, cAMP levels of a
series of concentrations were plotted versus the logarithm of the
concentration. Data were fit to sigmoidal dose-response curve with
a variable slope model as described in the following:Y ) bottom
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+ (top - bottom)/(1+ 10((log EC50-X)Hill slope)), in which Y is the
recorded release at concentrationX of the tested ligand, bottom is
the baseline response, top is the maximum response,Imax is the
maximal inhibition above control level for the given ligand, and
pIC50 is the negative logarithm of the concentration that evokes a
response halfway between baseline and maximum (EC50).

A two-way (ligand× receptor) analysis of variance (ANOVA)
followed by Bonferroni post-test was performed to analyze differ-
ences in functional activities and receptor binding affinities.P values
were set at 0.05 for determining significant differences.

Behavioral Studies. Animals and Equipment.Young, male
Sprague-Dawley rats weighing 250-300 g were used in the
prepulse inhibition studies using methods adapted from Stanhope
et al.22 Rats were tested in startle chambers (SR-LAB, San Diego
Instruments, San Diego, CA), using piezoelectric accelerometers
to record movement of the rat in response to startle stimuli. A
loudspeaker was used to deliver background white noise and the
prepulse and startle stimuli, all controlled by SR-LAB software.
Responses were digitized and recorded to measure the peak startle
amplitude during the first 200 ms following the pulse stimulus.
Sound levels and accelerometer responses were calibrated prior to
use.

Prepulse Inhibition Testing. Rats were habituated to the startle
apparatus 1 day prior to testing. After 5 min of background noise
(70 dB) to initiate the habituation session, animals were exposed
to different auditory stimuli. Animals received 10 consecutive startle
stimulus trials (120 dB) that last 100 ms. Then animals received
15 of each of two trial types: (i) startle stimulus (120 dB, 100 ms)
and (ii) startle stimulus preceded 200 ms by a 20-ms prepulse 12
dB above background noise. The trial types were interspersed
throughout the testing period. The intertrial interval varied between
30 and 60 s, and sessions lasted approximately 25 min. For testing,
animals were habituated for 5 min with background noise before
exposure to different auditory stimuli. During the session, rats
received 15 each of two trial types: (i) startle stimulus (120 dB,
100 ms) and (ii) startle stimulus preceded 200 ms by prepulses of
12 dB above background noise. Each prepulse lasted 20 ms. The
two trial types were given pseudorandomly throughout the testing
period. The intertrial interval varied between 30 and 60 s and
sessions lasted approximately 25 min. A null stimulus (same as
background) also was included. Up to two animals were tested at
a single time in separate chambers.

Drugs. Drugs were prepared in distilled water or physiological
saline and administered sc at a dose volume of 1 mL/kg. Twelve
animals were tested for each treatment group. When tested alone,
all drugs were administered 25 min prior to testing. When tested
for the ability to block the effects of apomorphine, drugs were
administered 25 min prior to testing, while apomorphine was
administered 5 min before testing. Control animals were given the
appropriate vehicle at the appropriate time point. The dose for
apomorphine was 1.0 mg/kg, while the dose tested for haloperidol,
clozapine, andN-desmethylclozapine was 1.0 mg/kg. Muscarinic
agonists were tested in a dose range from 0.1 to 3 mg/kg.

Analyses.Apomorphine increases the mean startle amplitude and
impairs the percentage of prepulse inhibition [100- (startle
amplitude on prepulse- pulse trials/startle amplitude on pulse alone
trials) × 100]. Compounds with antipsychotic activity should not
affect the percentage of prepulse inhibition when given alone but
should reverse the effects of apomorphine.21,36Analysis of variance
was used to compare the effects of compounds on prepulse
inhibition in the presence or absence of apomorphine.

Molecular Modeling. Molecular dynamics simulations, using
the Sybyl 7.1 software,37 were performed for bifunctional ligands
in the gas phase, in aqueous solution, and in the hypothesized
binding pocket of the muscarinic receptor subtypes. Atomic charges
for the ligand molecules and the receptor protein were accepted
from the MMFF94 and the AMBER sets of Sybyl, respectively. In
all calculations the Tripos force field was utilized. Gas-phase
simulations that were 130 ps long with 1 fs time step were
performed atT ) 310 K, applying a nonbonded cutoff of 20 Å.
The starting structures represented all-trans conformations along

the spacer with the exception of a gauche OCCO moiety nearly at
the mid of the molecules. The large nonbonded cutoff allowed
consideration of the interactions for the end groups, resulting in
spacer folding throughout the simulations.

In-solution MD simulations started from the last gas-phase
conformations. Each solute was placed in a pre-equilibrated box
of about 1050 TIP3P water molecules. Periodic boundary conditions
were applied in NpT simulations atT ) 310 andp ) 1 atm. One
or two chloride counterions were considered for neutralization, and
3 Na+···Cl- ion pairs were added to the system to mimic the isotonic
saline concentration. For keeping the calculations tractable at 2 fs
time step, a nonbonded cutoff of 8 Å and the SHAKE restrictions
for single bonds were applied. With these simulation parameters
450 ps long equilibration phases were followed by 300 ps long
production phases. Different atom···atom distance trajectories were
calculated for characterizing the solute structures.

Binding modes for compounds1, 2c, and13ewere studied within
the wild-type (WT) muscarinic-1 receptor and in the o2, o3, and
o2+o3 chimeric receptors. For the WT receptor, we used our
previous model25 based on the experimental rhodopsin structure.38

The chimeric receptors were developed by modifying the corre-
sponding side chains on the basis of the primary structure of the
M5 subtype of the WT muscarinic receptor. The calculations were
carried out by implicit consideration of the solvent effect through
a distance-dependent dielectric constant with the formulaε ) 4r.
The protonated tetrahydropyrimidene sites of the ligands were
arranged in the hypothesized acetylcholine binding site so that the
formation of an N-H···O hydrogen bond with the carboxylate group
of the Asp105 residue was feasible. The other cationic or polar
neutral site was located in the region between the o2 and o3 loops.
Two series of 50-ps simulations followed by energy minimizations
were carried out consecutively in each case, using 1-fs time-step
without SHAKE restrictions and applying nonbonded cutoff of 8
Å. The temperature was targeted at 310 K, and a strong coupling
to a thermal-bath was mimicked by a coupling parameter of 0.1
ps. The calculations were continued for 100 ps and applying a
nonbonded cutoff of 20 Å. The large cutoff facilitated consideration
of the interaction of the remote polar sites of the bound ligands.
The final results (Table 4) were obtained from 400-ps calculations
with applying the still large 14 Å nonbonded cutoff.
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