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ABSTRACT

a7 nicotinic acetylcholine receptors (NAChRS) arkevant therapeutic targets for a variety of
disorders including neurodegeneration, cognitivepdinment, and inflammation. Although
traditionally identified as an ionotropic receptahe a7 subtype showed metabotropic-like
functions, mainly linked to the modulation of imneumesponses. In the present work, we
investigated the structure-activity relationshipsaiset of noved7 ligands incorporating the 5-
(quinuclidin-3-ylmethyl)-1,2,4-oxadiazole scaffold,e. derivatives 21a-34a and 21b-34b,
aiming to identify the structural requirements albde preferentially trigger one of the two
activation modes of this receptor subtype. The nemipounds were characterized as partial and
silent a7 nAChR agonists in electrophysiological assays,iclwhallowed to assess the
contribution of the different groups towards thenafi pharmacological profile. Overall,
modifications of the selected structural backborsnhy afforded partial agonists, among them
tertiary bases27a-33a, whereas additional hydrogen-bond acceptor granpgpermanently

charged ligands, such 28b and31b, favored a silent desensitizing profile at tifenAChR.



1. Introduction

The a7 nicotinic acetylcholine receptor (nNAChR) is claesized by low probability of
channel opening, rapid concentration-dependentnddsmtion, and high calcium permeability,
which differentiates it from other nicotinic receptsubtypes [1-3]. Besides being widely
distributed in the central and peripheral nervoystesns, then7 nAChR is present in non-
neuronal cells including immune cells, adipocyseg] intestinal and lung cells [4]. Investigation
of this receptor subtype evidenced its crucialgoteneuroprotection [5] and neurogenesis [6],
cognitive processes [7], and modulation of inflartoma responses [8,9]. Agonists and partial
agonists of the7 receptor displayed favorable profiles for berafireatment of disorders with
neurological, neurodegenerative, and neuroinflamrgatomponents [10]. A number o full
and partial agonists including GTS-21)) (11,12], BMS-9330433) [13], TC-5619 8) [14-16],
PNU-282987 4) [17], EVP-6124 ) [18], MEM3454 6) [19], and AR-R177797) [20] have
moved into clinical trials (Fig. 1A). We designeadatested spiroisoxazolinR§¢ICH-3 (8) (Fig.
1B), which behaved as a potent and selectivagonist and was able to reduce pain and protect
nervous tissue in animal models of oxaliplatin-defsnt neuropathy. Preclinical eADMET
studies and preliminary pharmacokinetic assaysatdd the promising drug-like profile 8fin
view of its potential application to CNS disordg4-23]. Moreover, other scaffolds such as the
quinuclidinyl-3(1,2,3-triazole) nucleus (Fig. 1Ajgvided nicotinic ligands%13) characterized
by nanomolar binding affinity for the7 receptor subtype and promising activity in cageit
impairment models [24-26].

A growing number of literature reports supportatopic-independent functions of tla&
NAChRs and their involvement in the regulation mflammatory and immune responses [27].
First evidenced in various non-neuronal cells idiolg microglia and macrophages, these
metabotropic-like mechanisms have been furtheifiddrby recent studies on direct coupling of
the a7 nAChR subtype to G proteins, both &d G,, through the M3-M4 loop [28-32]. In
addition, a7 ligands able to selectively induce non-ionotropitivation of the receptor by
promoting and stabilizing its desensitized confdrares showed interesting anti-inflammatory
properties and were proposed as promising therapageéents [33—-35]. Identified as/ silent
agonists, these compounds show very little paaginism on their own and favor the positive
allosteric modulator (PAM)-sensitive nonconductiidy state. Indeed, the desensitizing
properties of am7 silent agonist are revealed by co-applicatioa tfpe 1l PAM, which evokes
channel current activation [36,37]. Different sil@mpounds (Fig. 1B) such as NS-6748)(
[38], KC-1 (15) [36], ASM-024 (6) [39], dIEPP 17) [40], p-CFs-diEPP (8) [41], the sulfonium
salt 19 [42], and the spirocyclic quinuclidine derivative@a and20b [43] were identified, and

some of them proved to be effectiveimvivo anti-inflammatory chronic pain models [44,45].
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The study of ligands selective for the/ receptor evidenced the presence of common
pharmacophoric elements in the structures of mdkpértial [20,21,25,46-49] as well as silent
agonists [36,38-43], including a basic amine, atreérgroup with hydrogen-bond acceptor

properties and a lipophilic aryl moiety extendimgrh the amine (Fig. 1AndB).
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Fig. 1. Structures of selectad? nAChR full and partial agonisis13 (Panel A) and silent agonistd-20 (Panel B).

The possibility of targeting the7 nAChR by means of dual distinct mechanisms, ssch

the above mentioned ionotropic and metabotropee-diktivation modes, encouraged us to design



new compounds containing the general pharmacoplieaitres highlighted above. Our goal
was to identify noveb7 ligands and focus on the structural requiremabts to tune the full,
partial, and silent agonist profiles. For the desij the new derivatives we selected the rigid
quinuclidine basic nucleus, which is a pivotal nipi@ the molecular skeleton of a varietyoof
NAChR ligands [24,50]. Moreover, based on our presistudies on spirocyclic quinuclidinyl-
A*isoxazoline analogs [21,43,48], such &s20a, and 20b which showed full and silent
agonism, respectively, we planned to increase igtartte between the positive ionizable/ionized
quinuclidine ring system and the hydrogen-bond piccanoiety (Fig. 2). Thus, we explored the
insertion of a methylene group between the azahecyricleus and the heterocyclic ring to
enhance ligand flexibility and thereby the chanoe ddditional interactions with the receptor
protein. Thus, in the new designed derivatigi®-34a and 21b-34b (Fig. 2), the basic
quinuclidine nucleus was connected through a meftteyl bridge to a 1,2,4-oxadiazole
heterocyclic moiety, bearing at the 3-positiometasubstituted phenyl or a heterocyclic ring in
analogy to the previously studied ligands related t@0a and20b. The metaposition of the
phenyl ring was probed with different substituetotsnvestigate the7 binding pocket and tune
the electrophysiological activity by favoring addital interactions within the orthosteric
recognition domain (Table 1). Substituents wereedetl to cover a variety of possible

connections, spanning from hydrogen bond to halbgen and-n interactions.
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Fig. 2. Conception of novel 5-(quinuclidin-3-ylmethyl)-142oxadiazole derivative@la-34a and 21b-34b (for

structures see Table 1).



Herein we describe the synthesis of target comg®@as tertiary amine&la-34a and their
corresponding quaternary saRsb-34b and discuss the changes in ti& nAChR activation
mode following the introduction of different groups the 5-(quinuclidin-3-ylmethyl)-1,2,4-

oxadiazole scaffold.

2. Resultsand discussion

2.1. Chemistry

The 5-(quinuclidin-3-ylmethyl)-1,2,4-oxadiazole detives 21a-34a and 21b-34b were
synthesized as racemates according to a one-pbtatj@n reaction of a quinuclidine methyl
ester intermediate and the appropriate amidoximegmubasic conditions [51,52]. The synthetic
route for the preparation of the methyl ester ddive 38 is outlined in Scheme 1. Commercially
available quinuclidin-3-one35 was reacted with trimethyl phosphonoacetate in dry
tetrahydrofuran and in the presence of sodium dgdfb3]. The Wittig reaction afforded in
excellent yield the alken® as a 1:1 mixture of th€e] and &) isomers, which was reduced by
hydrogenation over palladium on carbon to givermediate37. Subsequent protection of the
quinuclidine ring nitrogen atom with a 1.0 M sotutiof borane-THF complex yielded the 3-

acetic acid methyl ester quinuclidibheborane38 [21,43].
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Scheme 1. Synthetic route to key intermedia38. Reagents and conditiona) Trimethyl phosphonoacetate (1.2
equiv), NaH (1.2 equiv), dry THF, 0 °C to rt, 1then35 (1 equiv), rt, 12 h; b) 5 10% Pd/C, MeOH, rt, 1 h; c) 1
M BHs- THF complex (1 equiv), dry THF, 0 °C to rt, 1.5 h.

The amidoximesd7, 48, 51 were purchased, while their analdg8®46, 49, 50, 52 were
quantitatively synthesized by refluxing the cor@sging nitrile precursors with hydroxylamine

in ethanol (Scheme 2), according to a standandhtitee procedure [52].
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Scheme 2. General procedure for preparation of amidoxinm38s46, 49, 50, 52. Reagents and conditiong)
NH,OH-H,0O (4 equiv), EtOH, 90 °C, 1 h. Amidoximédg, 48 and51 are commercially available.

Key intermediate3-65 were prepared by employing the quinuclididdsorane methyl
ester38 and the suitable amidoximes in the presence oficesarbonate or sodium hydride as
base (Scheme 3). Cesium carbonate did not requingdeous conditions and allowed the
reaction between methyl ester and amidoxime togadcsmoothly and in high yields affording
the 1,2,4-oxadiazole intermediates3-56, 58-60, 43, 65, 34 (Method A). Conversely,
amidoximes43, 47, 48, 50 did not react efficiently under these conditiomsl avere therefore
treated with sodium hydride in the presence of 3dlerular sieves in dry tetrahydrofuran to
give the corresponding derivativeg, 61, 62, 64 (Method B). The borane-protecting group was
quantitatively removed by treatment 58-65 with trifluoroacetic acid in acetone and led te th
quinuclidinyl free base®1-33. Compound34 was directly prepared in excellent yield by
reacting the unprotected quinuclidine methyl e8with methyl amidoximeés2. On the other
hand, the base-promoted cyclization reaction appbe&7 with the other amidoximes proceeded
in poor yields and required tricky purification g¢e Finally, the free bas@4-34 were converted
into the corresponding fumarat2®a-34a or quaternary methyl ammonium derivatid$-34b

by treatment with fumaric acid or methyl iodidenn@thanol, respectively.
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Scheme 3. General synthetic route to 5-(quinuclidin-3-ylmgjHkl,2,4-oxadiazole&1a-34a and21b-34b. Reagents
and conditionsa) 39-52, 44-46, 49, 51 (3 equiv), CgCO; (3 equiv), dry THF, 50°C, 20 min, th&8 (1 equiv.), 0°C
to 80°C, 12 h; b3, 47, 48, 50, 52 (3 equiv), 3A molecular sieves, dry THF, rt, 30nmihen NaH (3 equiv), rt to
50°C, 20 min and theB88 (or 37 for 52) (1 equiv.), rt to 80°C, 12 h; ¢) GEOOH (5 equiv), acetone, 0°C to rt, 12 h;
d) fumaric acid (1 equiv), MeOH, rt, 2 h; e) ¢KiB equiv), MeOH, rt, 12 h.

2.2. Electrophysiology studies

The new 5-(quinuclidin-3-yImethyl)-1,2,4-oxadiaze®la-34a and 21b-34b were assayed
on human7 nAChRs expressed Kenopudaevisoocytes with two-electrode voltage clamping.
To investigate the partial agonism, compounds wetially tested at the standard concentration
of 30 uM, and the resulting responses were normalizedhéocontrol ACh 6QuM (Table 1).
Data were analyzed considering both peak ampliame net charge of the evoked responses,
and the ratios of peak to net charge were usednelate the tested concentration of 3@ to
the compound E& (half maximal effective concentration) [54]. Mowews, the newly
synthesized derivatives were tested in co-apptioatiwvith 10 uM N-(5-Chloro-2,4-
dimethoxyphenyl)N'-(5-methyl-3-isoxazolyl)-urea (PNU-120596) to twet characterize their
activity at thea7 nAChRs (Table 2). Type Il PAMSs, like PNU-120598NU), are known to
modulate compound agonism by interacting at thepte allosteric binding site and affecting
the equilibria of receptor states. Indeed, PAMs induce prolonged receptor activation by
increasing receptor opening probability and deBtzihg the desensitized PAM-sensitives D
receptor conformational state. These two mechanigsslt in potentiated evoked responses
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compared to those induced by application of thenmsg® alone. Destabilization of thes D
receptor state and conversion to the kineticallypted PAM-dependent conductive state
induced by type Il PAMs allow identification of treo-calleda7 silent agonists [36]. Silent
compounds are intrinsically weak/ agonists able to promote receptor desensitizatidmch

can be revealed by co-application of a type Il PAMe threshold for silent agonism was set to
one tenth of the response evoked byiBAChH applied alone. Compounds characterized by net
charge responses greater than this value are evadighartial agonists. Previous experiments
[55] identified 10uM PNU to yield optimal potentiation of a range ancentrations of ACh-
evoked currents over a range of ACh concentratibherefore, the target derivatives were tested
at 30 uM in co-application with 10uM PNU, and the evoked net-charge responses were
normalized to receptor responses to |80 ACh applied alone. The degree of potentiation
achieved in the presence of the PAM is quantifiedPBlU effectiveness and calculated as the
ratio of responses evoked in co-application withUPté responses evoked by the compound
applied alone.

The detaileda7 NAChR activity profiles of the new derivativespipd alone or in co-
application with PNU are reported in Tables 1 ande8pectively. Derivative®1-34 displayed
varying degrees of partial and silent agonism, kgadepending on both the nature of the
substituents on position 3 of the 1,2,4-oxadiazuhg and the presence or absence of the

ammonium group.



Tablel

Structures and electrophysiological data for theigdaagonist properties of derivative$a-34a and21b-34b.

[Néj/\FN/%R My P

B lll O\N ~ | O\N
C4H304 I
21a-34a 21b-34b
Compd R Relative response Relative resporfse
Peak Net charge Ratic Peak Net charge  Ratio
F
21 §© 2.047 £0.348 0.458 + 0.022 4.47 0.067 £ 0.012 0.063 £ 0.007 1.06
cl
22 §O 1.202 + 0.330 0.320 £ 0.027 3.76 0.293+0.046 0.151+0.011 1.94
Br
23 EO 0.920 £+ 0.151 0.274 + 0.009 3.36 0.440 £0.070 0.177 £0.013  2.49
|
24 §O 1.211 +0.118 0.245 £ 0.011 4.94 0.866 £ 0.251 0.239+0.017 3.62
CF,
25 EAC} 0.144 + 0.036 0.055 + 0.008 2.62 0.077 £0.031 0.035+0.004 2.20
CHs3
26 §O 2.107 £ 0.699 0.434 +0.020 4.85 0.079 £ 0.010 0.077 £ 0.005 1.03
OCHs
27 ;O 1.415+£0.215 0.511 + 0.031 2.77 0.119£0.024 0.129 £0.017 0.92
28 §OOCH3 1.975+£0.375 0.401 + 0.020 4.93 0.051 £0.011 0.075£0.009 0.68
29 ¢ \_N/ 0.867 £ 0.143 0.483 £ 0.025 1.80 0.023 £0.002 0.048 £+0.019 0.48
30 E@N 0.553 £ 0.106 0.703 £ 0.247 0.79 0.034 £0.013 0.047 £0.029 0.72
31 5@ 2.143 + 0.508 0.575+0.038 3.73 0.010+£0.002 0.014+0.001 0.71
32 ?@ 2.064 + 0.325 0.508 + 0.029 4.06 0.103 £0.012 0.127 £ 0.026  0.81
33 EO 1.299 £ 0.226 0.602 + 0.041 2.16 0.069 £0.015 0.112 £0.016  0.62
34 %—CH3 0.026 + 0.005 0.042 + 0.008 0.62 0.003 £0.001 0.001 £0.002 3.00

¢ “Relative response” refers to receptor response306uM application of test compound. The values areniean + SEM for N>
4 experiments and are relative to the responséefdceptor to 6@M control applications of ACh. Details are giventhe

experimental section.



Table2
Structures and electrophysiological data for thensiagonist properties of derivative®a-34a and21b-34b.

[MN)—R [MN)‘R

) |l| O\N B | O\N
C4H304 I
21a-34a 21b-34b
Relative Potentiated PNU Relative Potentiatec PNU
Compd R . :
responsg responsg effectiveness responsg responst effectiveness
F
21 EO 0.458 + 0.022 0.9+0.3 2 0.063 + 0.007 0.3+0.1 5
Cl
22 §© 0.320 £ 0.027 0.6+0.1 2 0.151 +0.011 0.7+0.1 5
Br
23 ;4@ 0.274 + 0.009 05+0.1 2 0.177 £0.013 0.3+0.0 2
[
24 EG 0.245 £ 0.011 0.5+£0.0 2 0.239 £ 0.017 0.3+0.0 1
CF,
25 EO 0.055 + 0.008 0.1+0.0 2 0.035 +0.004 0.1+0.0 3
CH,
26 §© 0.434 £ 0.020 77.3x17.7 178 0.077 £ 0.005 1.2+£0.3 16
OCH;
27 E‘C} 0.511 £0.031 1.0+£0.1 2 0.129 £ 0.017 1.8+04 14
28 EOOCH3 0.401 £ 0.020 1.6+0.3 4 0.075 £ 0.009 22205 9 2
29 \—N/ 0.483 + 0.025 13.7£3.1 28 0.048 +0.019 39:09 81
30 §@N 0.703 £ 0.247 255+ 15.9 36 0.047 £0.029 2.68t 0. 55
31 %@ 0.575+0.038 32.3+12.3 56 0.014 +0.001 27.%81 1993
32 §@ 0.508 + 0.029 5.0+ 1.0 10 0.127 +0.026 02+00 2
33 §~© 0.602 £ 0.041 1.7+£0.4 3 0.112 £ 0.016 2405 12
34 %—CH3 0.042 £ 0.008 51+0.3 121 0.001 £ 0.002 0.1+0.0 100

a

The values are the mean + SEM fopM experiments. All data are relative to the netrgk response of the receptor toud0 control
applications of ACh. “Relative response” refergageptor response to a M application of test compound. Potentiated respons
refers to receptor response with 3@ test compound and 1tM PNU-120596 co-application. Details are givenhe £xperimental
section.
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2.2.1. Partial agonists

According to the experimental protocol describedva) we characterized as partial agonists
those compounds inducing net-charge responsesgitean 0.1 ACh controls. The majority of
the tested derivatives belonging aoand b series displayed weak to strong partial agonist
activation of then7 nAChR (Table 1, Fig. 3). Compounds of @heeries showed both higher
agonist activity and potency compared to their egponding methylated analogs of theeries
as evidenced by their peak-to-net-charge ratiobl€Ta). As it can be observed after an initial
inspection of the data, the nature of the substite®m the oxadiazole ring deeply affects the

resulting responses at thé nAChR subtype.
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Fig. 3. Agonist activity of the new 5-(quinuclidin-3-ylnietl)-1,2,4-oxadiazole derivatives at thd nAChR.
Compounds of both (tertiary amines) and (quaternary ammonium salts) series are report@gdending order of
response magnitude. The vertical axis refers tin#iecharge response evoked by compoundsgik80 relative to
ACh controls. Yellow bars represent net charge aeses lower than 0.50 relative to ACh controls; bedls
represent responses higher than 0.50 relative to édbtrols. Experimental values are the averagat ¢téast four

independent measurements, and the error barstréfiestandard deviation of the mean.

As far as the halogen-containing derivati2&s?4 are considered, although they all behaved
as partial agonists, tertiary amines of gheeries and quaternary ammonium salts obtlseries
showed opposite trends @f activation. The increment in halogen size, fradworine to iodine,
promoted a significant reduction of partial agonismhe first series, while keeping potency
almost constant. On the other hand, the same matidns resulted in a significant increase of
partial agonism and potency in the series, with the permanently positively charged
quinuclidine. Interestingly, the trifluoromethylisstituted analog5 failed to evoke anw7-

12



mediated response in both series. Generally, tlikiotomethyl group is considered a
bioisosteric surrogate of the methyl group. Howewerour case, the two groups gave rise to
quite different properties of the resulting liganashile the 3-Chk-substituted derivative@5a
and 25b showed no activation, thertolyl derivative 26a displayed partial agonism at tl&
NAChR. Introduction of hydrogen-bonding groups, sas in the 3-OMe-substituted analogs
27a, 27b and28a, resulted in the partial activation of the receobtype under investigation.
Both unsubstituted phenyl derivativé3a and33b displayed partial agonism at th& receptor,
but they differed in the magnitude of the evokespomses, with the tertiary amiBda showing

a 5-fold greater receptor activation compared ® dmmonium analo83b. The effects of a
heteroaromatic ring substitution on the 1,2,4-oaadie moiety was evaluated by insertion of
pyridine, furan, and thiophene (analog3-32). These structural variations caused relevant
differences within the two series of compoundsthima series, the heteroaromatic rings evoked
partial agonism with a wide range of potencies careg to ACh; on the contrary, the same
substitution pattern resulted in no or negligibdéation if the methylated quinuclidine salts of
theb series are taken into account. Finally, replacéroéthe substituted aromatic ring with an
aliphatic moiety, i.e. the two methyl analog$a and 34b, resulted in a lack of any agonist
activation of thex7 subtype, thus suggesting the crucial role ofatteenatic ring in that position
to gain the wanted receptor activation.

The compounds showing partial agonism in the twe e€ nicotinic ligands were further
investigated to assess the degree/feceptor desensitization induced by their appboaat 30
uM (Table 2, Fig. 4). Partial and full agonists bet7 nAChRs are known to induce rapid
desensitization of the receptor, which preventdutgher activation upon subsequent application
of orthosteric ligands. At least two distinct typefk desensitization have been identified and
distinguished for their sensitivity por insensitivity () to type Il PAMs like PNU-120596
(PNU) [55,56]. In the presence of a suitable alostmodulator, Ris converted into an open
and conductive state, detectable as an ion flwutyir the channel. On the other handishnot
affected by PAMs and no current is measured. Bgmaying 10uM PNU, we investigated the
ratio of D, and D induced by each compound at the given concentraifo30 uM; partial
agonists with low PNU responsiveness emerged dsrlstbilizers of Pover . In spite of
evoking significant channel activation, some of siedied compounds, i.81a-24a, 27a, 22b-
24b, and 32b, were unable to desensitize thé subtype at 3QuM, with responses in co-
application with the PAM equal or lower than the lA€ontrols. The poor desensitizations\D
observed for these derivatives may be ascribed ecul@rities of partial agonist PAM-
potentiated responses. Indeed, such responsedtanecbaracterized by an inverted U-shaped
curve, with large responses over a limited coneiotn range and sharp decrease in channel

opening at lower and higher agonist concentratif8®. The low channel opening in the

13



presence of a type Il PAM indicates @ be predominant oversPwhile at the apex of the
potentiated response,sPrevails over R The tested partial agonists displayed shortrgsti
desensitization of the7 nAChR since post-control ACh was not significgritihibited after

compound application (data not shown).
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Fig. 4. Activity of the new 5-(quinuclidin-3-ylmethyl)-1,2-oxadiazole tertiary amines of theseries (Panel A) and
guaternary ammonium salts of theseries (Panel B) at the/ nAChR. The vertical axis refers to the net-charge
response evoked by compounds (3@) applied alone (red bars) or co-applied with @@ PNU-120596 (green
bars), relative to ACh controls. Experimental valaee the average of at least four independentureasnts, and

the error bars reflect the standard deviation efrtiean.

Derivatives28a, 31a, 32a, and 33a showed similar partial agonist net charge response
(0.401 £ 0.020, 0.575 + 0.038, 0.508 £ 0.029, a®D + 0.041, respectively) (Table 1) and for
all four compounds the peak-to-net-charge ratiaceteéd an EG value lower than 3QM.

Despite all compounds being potentiated by co-appbtn of 10uM PNU, differences emerged
14



in the magnitude of responses (Table 2), with therf derivative3la displaying a 20-fold
higher potentiated response (32.3 £+ 12.3) thanghaivn by compound28a and33a (1.6 = 0.3
and 1.7 + 0.4) and 6-fold higher than that of tbhere&sponding thiophene isosteric anaBaa
(5.0 £ 1.0). We further investigated these compauatich lower concentration and tested them at
3 uM on a7 nAChRs alone and co-applied with 4B PNU (Fig. 5). At 3uM, 28a, 31a, 32a
and 33a retained their partial agonist behavior, with diceably decreased response affecting
derivative 31a exclusively (0.15 + 0.03 at 8M vs 0.58 + 0.04 at 3@M). Indeed, PAM co-
application uncovered the hypothesized invertechépsd responses for compourgss, 32a,
and 33a by displaying evoked currents of 4.4 + 1.5, 13.4.8, and 17.4 + 3.0, respectively.
Therefore, application of tested compound apMN resulted in a 3-fold enhancement of
potentiated response f@8a and32a, and a 10-fold increase f8Ba compared to the potentiated

evoked currents at 30M.
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Fig. 5. Activity of the new 5-(quinuclidin-3-ylmethyl)-1,2-oxadiazoles derivativez8a, 31a-33a at thea7 nAChR.
A) The vertical axis refers to the net-charge respoevoked by compounds (3 and @@), relative to ACh
controls. B) The vertical axis refers to the negrcje response evoked by compounds (3 andvB0co-applied with
10 uM PNU-120596, relative to ACh controls. Experiméntalues are the average of at least four indepsnde

measurements, and the error bars reflect the sthadaiation of the mean.

Two partial agonist derivatives30a and 3la, were selected for representative
electrophysiological traces to show the effect BfJPco-application at the7 nAChR and stress
the differences in partial agonist responses evaltethis subtype (Fig. 6). The peak-to-net-
charge analyses implied an &@alue close to 3QM for 30a (peak/net charge = 0.8) and lower
than 30uM for 31a (peak/net charge = 3.7). The different potenciethe two compounds are
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highlighted by the corresponding response shapesdband longer foBOa while sharp and
shorter for31a.

A 30 uM 30a +
60 uM ACh 30 UM 30a 10 uM PNU-120596
= - (=]
L” S B
B 30 M 31a +
60 pM ACh 30 uM 31a 10 pM PNU-120596
= - =
A\ Vo
30 uM 30a
30 uM 31a

Fig. 6. Electrophysiological responses of partial agor88esand31a. The multi-cell averaged data traces represent
the averaged normalized responses (see method&®naipus laevi®ocytes expressing humaid nAChRs to the
application of the compound30a (Panel A) and3la (Panel B) at a probe concentration of @@ and in co-
application with 10uM PNU-120596, relative to averaged responses fitwanseme cells to 60M ACh controls
applied 4 minutes prior to experimental applicatibhe ACh and drug-evoked responses were scalathplitude

to the responses evoked in co-application with PI0596. The inset (Panel C) shows at a higher stale
superimposition of the traces to the applicatiorB@d and 31la at 30uM to better highlight the different partial
agonist response of the two compounds.

2.2.2. Silent agonists

Some analogs of theeandb series showed no activation of e nAChR or induced very
weak responses at 3M. Various derivatives with poor or n@/ channel activation and the
ability to induce receptor desensitization as silagonists have been reported in the recent
literature [34,36,4043]. To study their behavior a& receptor desensitizers, derivati&s34
were tested in co-application with the type Il PARNU-120596 (PNU) (Table 2, Fig. 7).

Tertiary amine®1a-34a and their corresponding-methyl ammonium salt®1b-34b displayed
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quite distinct properties at 30M. Among the tertiary amines, the 3-methyl substiuanalog
34a, the only derivative characterized by the absefi@n aromatic or a heteroaromatic moiety,
emerged as the sal@ silent agonist (3QM: 0.042 + 0.008), with a PNU-potentiated net-clearg
response of 5.1 £ 0.3. On the other hand, quatgraammonium derivatives of the series
provided various compounds with silent activity 2@ pM. Derivatives 26b and 28b-30b
displayed weak potentiated responses in co-apgicatith PNU, with net-charge current lower
than 4. Worth noting, the furan derivati8&b emerged as a stronger desensitizer as revealed
by PAM co-application (27.9 £ 15.8).

3 uM +10 pM PNU-120596
25 4

B 10 uM + 10 uM PNU-120596
20 -

M 30 uM + 10 uM PNU-120596

Potentiated net charge relative to
ACh response
=
w
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Fig. 7. Activity of the new 5-(quinuclidin-3-ylmethyl)-1,2-oxadiazoles silent derivativ8da, 26b, 28b-31b at the
a7 nAChR @ series: tertiary amineb; series: quaternary ammonium salts). The vertixial r@fers to the net-charge
response evoked by compoundsu{3, 10 uM and 30uM) co-applied with 1QuM PNU-120596, relative to ACh
controls. Experimental values are the average tdagt four independent measurements, and the learsrreflect

the standard deviation of the mean.

Analogously to partial agonists, silent ligands a@redesensitizers and selectively stabilize
the D, and D receptor conformational states in different ratibspending on the induced ratio
of Ds and D) at a given concentration, each ligand is moress fesponsive to PNU application,
thus resulting in concentration-response invertedhbped curves. To investigate their silent
activity over a wider range of concentrations andarstand where 30M is on the U-shaped
PNU responses, compoun84a, 26b, 28b, and31b were further tested at lower concentrations
(3 and 10uM). The lower concentrations resulted in the latkpotentiated response f@4a,
thus suggesting either preferable stabilizatioD;afr a closed state at 3 and @M. On the other
hand, the three permanently charged ligands shoavedriety of results over the tested
concentrations. While behaving as a very weak sisgonist at 3 and 3QM, the m-tolyl
derivative26b evoked a potentiated response of 10.9 + 2.8 wheapplied with PNU at 1QM,
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thus proving that this concentration is at the apiethe above-mentioned inverted U PAM curve
for 26b. The 4-OMe-phenyl anald2Bb induced comparable weak PNU-potentiated respaatses
10 and 30uM and no potentiation at the lowestu81 concentration. We confirmed that the
permanently charged furan derivat®h is the most potent7 silent agonist in the whole group
of analogs, achieving an optimal concentrationAiU potentiation at 3QM. Interestingly, the
furan motif is also present in the/ prototypical silent agonist NS-6740 (Fig. 1B) ands
associated to hydrogen-bonding acceptor propentittsn the receptor binding pocket [36]. Our
data on compoundlb, together with those collected @B8b-30b, indicate a suitable hydrogen-
bonding moiety as a structural requirement to &rgfpea7 nAChR silent activation. Indeed, in
the entire set of derivatives, compounds with stuEsits unable to give a hydrogen-bonding
interaction, i.e. halogens or methyl groups, welaracterized by higher partial agonist

responses and lower receptor desensitization aM3(lrable 2).

2.3. Structure-activity relationships

The electrophysiological data from whole-cell tweetrode voltage-clamp recordings
allowed us to perform a structure-activity relasbip (SAR) for the agonist, either partial or
silent, profile of the set of novel 5-(quinuclid@ylmethyl)-1,2,4-oxadiazole analo@ia-34a
and 21b-34b under investigation. If the results on spirocyctjginuclidinyl-A*isoxazoline
derivatives are considered [43], lengthening of thstance between the positive ionized
quinuclidinyl group and variation of the hydrogeond acceptor heterocyclic moiety (Fig. 2)
mostly led to partial agonists at thé NnAChR while preventing its silent activation. Ban the
unsubstituted phenyl derivativ88a and33b suggested that partial agonism is the defaultlprof
at a7 nAChRs for ligands containing the 3-phenyl-5-(qualidin-3-ylmethyl)-1,2,4-oxadiazole
scaffold, since the majority of the tested compaubéhaved as moderate to strong partial
agonists. However, the nature of the substituemsth®e phenyl ring, together with its
replacement with heteroaromatic moieties, allowsdaitune the electrophysiological profile
towards silent agonism or led to inactive compourddetailed analysis of the new derivatives
evidenced six silent agonist84b, 26b and 28b-31b) of the a7 receptor subtype and four
compoundsZlb, 25a, 25b and34b) devoid of the ability to activate the receptor.

We compared the agonist net-charge responses fisryeamines of thea series and
quaternary ammonium salts of theseries (Fig. 8). With the exception of the tworp&b and
34, characterized by the lowest agonist responsesietbulting scatter plot indicated an inverse

relationship between the net-charge responsesnelotavith the two series when the compounds
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have the same substituent on the oxadiazole rings suggesting that multiple features may
concur in determining the magnitude of ttfeagonism.
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Fig. 8. Agonist activity relationship at the&7 nAChR of compounds of theeandb series. The traces represent the
averaged normalized responses (see methodsjeabpus laevisoocytes expressing human nAChRs to the
application of the compoun@la-34a and 21b-34b at a probe concentration of 3M. The horizontal axis
represents the7 agonist activity of tertiary amine derivative$a-34a, expressed as net charge. The vertical axis
represents thex7 agonist activity of quaternary ammonium derivasiv21b-34b, expressed as net charge.
Experimental values are the average of at least ifmdependent measurements, and the error baectefie

standard deviation of the mean.

Halogen-substituted ligands were endowed with nmetdepartial agonism, with increasing
size of the halogen atom inducing opposite tremusthe a and b series. Methyl- and
trifluoromethyl-substituted analogs failed to despl bioisosterism, since Gfontaining
derivatives25a and 25b were inactive while Ckicontaining ligand26a and 26b behaved as
partial and silent agonists, respectively. The gmes of a polar methoxy group on the phenyl
ring strongly promoted partial agonist activity the a7 receptor, with the exception @8b
which showed a good silent agonist profile at #sted (10 and 3@M) concentrations.

A relevant difference among tertiary amines andr tberresponding permanently charged
analogs emerged by comparing the data on derigatvig@ich incorporate a heteroaromatic
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moiety, which gave rise to partial agonism in gheubgroup or to the absence of any receptor
activation in theb subgroup. However, excluding the thiophene an8Rig these ligands, i.e.
29b, 30b, and31b, displayed good silent agonist properties, hidtiligg the relevant role of a
further hydrogen-bonding acceptor group, in additio the 5-(quinuclidin-3-ylmethyl)-1,2,4-
oxadiazole scaffold, in triggering receptor desizreion. Therefore, as a general observation
and in accordance with previously reported regdl8, the presence of a methyl ammonium
function is most effective in affording compoundsspessing a silent profile a? nAChRs.
However, the absence of an aromatic substituentthen 5-(quinuclidin-3-ylmethyl)-1,2,4-
oxadiazole skeleton coupled with the presence tefteary amine core caused silent activity in
compound34a. These results are in agreement with previous kiadan for amine-containing
silent agonism pharmacophores [41,43], thus evidgrtat a permanent positive charge on the
nitrogen nucleus is an important but not essergg@lirement fon7 silent receptor activation.
Finally, the mtrifluoromethyl-phenyl substituted analo@$a and 25b, besides lacking
partial agonist activity (0.055 + 0.008 and 0.038.@04, respectively, Table 1), did not induce
desensitization of the7 receptor subtype and displayed no potentiatiooosapplication with
PNU (0.1 £ 0.0 and 0.1 = 0.0, respectively, TableThese results underline the differences of
the present set of quinuclidinyl-1,2,4-oxadiazatespared to the spirocyclic quinuclidingf-
isoxazolines recently reported by our research grovhere them-trifluoromethyl-phenyl
substituted derivative showed the properties dafeatsagonist [43]. We further investigated the
quaternary ammonium sabb at thea7 nAChR co-applied with ACh to assess its antagonis
activity (Fig. 9, Panel A). In the presence of the tested compour@h Ahowed a residual
activity of only 10% at the7 receptor subtype and the post-control ACh wadlssaginificantly
inhibited (60% residual activity). Once identifiad an antagonist at th& nAChR, derivative
25b was tested at the ganglioniBp4 nAChR to evaluate its selectivity towards the two
nicotinic receptor subtypes (Fig. 9, Panel B).is{ppthyed relevant antagonist activity at 884
receptor as indicated by the inhibition of ACh-esdkchannel activation. However, the
antagonist component @bb at thea3p4 subtype was brief in duration, as proved by theeace
of ACh post-control inhibition. The ACh co-applicat experiments indicat@5b as an
antagonist of the nAChRs devoid of subtype speatyfic
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Fig. 9. Electrophysiological antagonist responses of campg@5b at thea7 (Panel A) and the3p4 nAChR (Panel
B). The traces represent the averaged normalizggbnses (see methods) X€nopus laevi®ocytes expressing
human nAChRs to the application of the compo@Bd at a probe concentration of 3 and in co-application
with 60 uM or 100 uM ACh for a7 anda3B4 nAChRs, respectively. The responses are rep@secklative to
averaged responses from the same cells fdv6@nd 100uM ACh controls applied 4 minutes prior to experirtan
application. The ACh and drug-evoked responses weaded in amplitude to the responses evoked by ACh

controls.

3. Conclusion
Selective activation of the7 nAChR subtype is a therapeutic option for a wgrief

disorders including cognitive impairment, neurodegation, and inflammation. A dual
mechanism of activation, involving either the classonotropic channel opening or an
alternative metabotropic signaling pathway, haswbreported for this receptor subtype. Among
the ligands that mediate ion channel activationitiglaagonists retain robust efficacy in
preclinical models over a wider dose-exposure rahga agents with a high level of intrinsic
efficacy. Besides, silent agonists, which promwolereceptor desensitization over activation by
inducing non-conducting ligand-bound conformatiostdtes, appeared to be therapeutically
favorable for peripheral pain and inflammatory dses. Therefore, compounds characterized by
a partial or silent agonist profile at th& nAChR may represent better drug candidates7er
related disorders.

In the present study, we aimed at selecting a Bp@codulation of signal transduction of
a7 nAChRs between a dependent and an independembelhactivation pathway. To such an
end, we planned suitable chemical modifications tba 5-(quinuclidin-3-ylmethyl)-1,2,4-
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oxadiazole core skeleton, then synthesized an@det$te two series of structurally related
ligands2l1a-34a and 21b-34b. Overall, the set of novel derivatives showed arptacological
profile which differs from that of the previouslynestigated quinuclidinyh®*isoxazoline
spirocyclic compounds [21,43]. As a general tremdthe new group of nicotinic ligands,
increasing both ligand flexibility and distanceweén the cationic center and the functionalized
heterocyclic ring shifted the activity profile towds partial agonism, whereas the more
constrained spirocyclic quinuclidinp?-isoxazolines preferentially induced th@ desensitized
PAM-sensitive [Q state.

However, some of the investigated derivativé$a( 26b, and28b-31b) displayed a silent
agonist profile at the target nicotinic receptobtype. In agreement with previous data available
for the silenta7 derivative NS-674014), we found that an additional hydrogen-bond aamept
group within the binding pocket favors the sileesensitizing profile at the7 nAChR, such as
in ligands28b, 29b, 30b, and31b, incorporating a 4-OMe-phenyl ring, a 3- or 4- stitted
pyridine, and a furan ring, respectively. Converselerivatives bearing groups in the same
position unable to give hydrogen-bonding interadia.e. halogen and methyl in bahandb

series, did not induce receptor PAM-sensitive dgisieation.

4. Experimental section

4.1. Chemistry

All reagents and solvents were purchased from Sigldach Srl (Milan, Italy) and were
used without further purification. All reactions keecarried out under inert atmosphere of argon
or nitrogen and monitored by thin-layer chromatpgsa(TLC) on commercial aluminum plates
precoated with silica gel 60 (F-25Mlerck) or with aluminum oxide (F-254, Fluka).
Visualization was performed with UV light at 254 n8pots were further evidenced by spraying
with a dilute alkaline potassium permanganate goiutr a phosphomolybdic acid solution and,
for tertiary amines, with the Dragendorff reagébliassware was oven-dried or flame-dried prior
to use. The synthesized compounds were purifiedglass flash chromatography columns
packed with silica gel (230-400 mesh particle sprwe size 60 A, Merck). Melting points of
solid products were measured in capillary tubes \aitmodel B 540 Bichi apparatus and are
uncorrected NMR and**C NMR spectra were recorded with a Varian Mercud® $H,
300.063;*C, 75.451 MHz) spectrometer at 20 °C. Abbreviatiosed for peak multiplicities are
given as follows: s (singlet), bs (broad singldt{doublet), t (triplet), g (quartet), m (multiplet
Coupling constantsJ] are given in Hz, chemical shiftg)(are expressed in parts per million

(ppm) and calibrated fdH using TMS and fof*C using residual deuterated solvent as internal
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standard (CDG| 77.16 ppm; CBOD, 49.00 ppm; DMSQ@k, 39.52 ppm). ESI mass spectra
were obtained on a Varian 320 LC-MS/MS instrum®atta are reported as mass-to-charge ratio
(m/2) of the corresponding positively charged molecidas. The purity of final compounds was
determined using an Agilent Technologies 1200 sadPLC instrument. The HPLC analyses
were performed using two different methods: methddr tertiary amine2l1a-34a and method

2 for quaternary ammonium saltglb-34b. Method 1: Analysis was performed on a
LiChroCART 250-4 LiChrosher 100 RP-18 analyticaluron (5 um) operating at 25 °C. The
injection volume of the sample was Q. Elution was carried out with 3 mM ammonium
formate buffer containing 0.1% formic acid as melphase A and methanol as mobile phase B
(A/B 10:90) at a flow rate of 1 mL/min. Method 2:nAlysis was performed on a Supelco
Supelcosil LC-SCX analytical column (3 x 250 mmurh) operating at 40 °C. The injection
volume of the sample was 1. Elution was carried out with 50 mM monobasic gesium
phosphate buffer (pH = 3) containing 20 mM potassichloride as mobile phase A and
acetonitrile as mobile phase B (A/B 60:40) at avflate of 1 mL/min. All final compounds
tested for biological activity showed > 95% pufitietection by UV absorption at 207 nm).

4.1.1. 2-(1-Azabicyclo[2.2.2]oct-3-ylidene)-aceaticid methyl ester36)

A stirred solution of trimethyl phosphonoacetate747mL, 48.0 mmol, 1.2 equiv) in dry
tetrahydrofuran (750 mL) under an argon atmosplaré °C was treated portionwise with
sodium hydride 60% dispersion in mineral oil (1g0218.0 mmol, 1.2 equiv). After stirring for 1
h at room temperature (rt), quinuclidin-3-086 (5.00 g, 40.0 mmol, 1 equiv) was added
dropwise via a syringe to the mixture and stirnmgs continued overnight at rt. The reaction
completion was confirmed by TLC (dichloromethanetimeol 9:1) and the mixture was cooled
to 0 °C and quenched with deionized water (100 nilbe aqueous layer was extracted with
dichloromethane (3 x 300 mL) and the organic layeese collected and treated with 1 N HCI
(500 mL). The acidic aqueous phase was separatécbasified to pH = 9 by portionwise
addition of potassium carbonate at 0 °C and théraeted with dichloromethane (3 x 300 mL).
The pooled organic phases were dried over anhydNaiSOy, filtered and concentrateith
vacuoto obtain compoun@®6 as a 1:1 mixture ofH) and ¥) stereoisomers, which was used
without further purification in the next reactioteg. Yellow, very viscous oil; yield: 7.25 g,
100%;R; = 0.40 (dichloromethane/methanol 9:H. NMR (300 MHz, CDC}) § (ppm): 5.63 (t,

J =25 Hz, 1H), 5.61 (1) = 1.7 Hz, 1H), 3.94-3.85 (m, 3H), 3.66 (s, 3HR3(s, 3H), 3.47—
3.41 (m, 2H), 2.98-2.71 (m, 8H), 2.48-2.38 (m, 1HB4-1.56 (m, 8H)**C NMR (75 MHz,
CDCl) 6 (ppm): 169.6, 167.9, 166.8, 166.3, 110.6, 11063,%50.7, 47.4, 47.2, 33.5, 27.1, 26.1,
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26.1. Note: in thé*C NMR spectrum, the following pairs of peaks, 1688 167.9, 166.8 and
166.3, 110.6 and 110.3, represent the same canltbe two stereoisomeEandZ.

4.1.2. 1-Azabicyclo[2.2.2]octane-3-acetic acid nyétster 87)

To a solution of 2-(1-azabicyclo[2.2.2]oct-3-ylidgracetic acid methyl esteZ/E mixture)
36 (7.25 g, 40.0 mmol, 1 equiv) in methanol (500 nllQ% Pd/C (725 mg) was added under an
argon atmosphere. The resulting mixture was stiated for 1 h under a balloon of hydrogen.
The catalyst was filtered off over a celite pack tielite was washed with methanol and the
solvent was removed under vacuum. The residue vgaslded in dichloromethane (200 mL)
and the solution was treated with 1 N HCI (200 mIhe organic layer was separated, and the
residual aqueous phase was washed with dichlor@metf2 x 200 mL) and then basified to pH
= 9 with NaCQO; and extracted with dichloromethane (3 x 200 mL)e Tombined organic
layers were dried over anhydrous ,N@), filtered and concentratech vacuo to obtain
compound37. Colorless oil; yield: 7.33 g, 100%; = 0.19 (dichloromethane/methanol 7:3).
NMR (300 MHz, CDCY) ¢ (ppm): 3.67 (s, 3H), 3.22-3.07 (m, 1H), 2.91-2(l 4H), 2.43—
2.29 (m, 3H), 2.19-2.02 (m, 1H), 1.72-1.52 (m, 4H%8-1.32 (m, 1H)**C NMR (75 MHz,
CDCl) ¢ (ppm): 173.3, 54.7, 51.6, 47.7, 46.8, 38.5, 3281, 25.2, 21.2.

4.1.3. Borane 1-azabicyclo[2.2.2]octane-3-acetidanethyl ester comple$g)

A 1.0 M solution of BH in tetrahydrofuran (40 mL, 40.0 mmol, 1 equiv) vealed dropwise
via a syringe under an argon atmosphere to a égtsodution of 1-azabicyclo[2.2.2]octane-3-
acetic acid methyl est&7 (7.33 g, 40.0 mmol, 1 equiv) in dry tetrahydrofuf&00 mL) at O °C.
After stirring for 1.5 h at rt (TLC in dichloromethe/methanol 7:3), the mixture was quenched
by addition of a saturated aqueous solution of N@klMichloromethane was added and the
organic layer was separated. The aqueous layerthes extracted two more times with
dichloromethane. The collected organic phases dreel over anhydrous N8O, filtered and
concentrated under reduced pressure affordingNHeranyl derivative38. Colorless solid;
yield: 7.65 g, 97%; mp 87—88 °C; R0.30 (cyclohexane/ethyl acetate 4*H.NMR (300 MHz,
CDCl) 6 (ppm): 3.62 (s, 3H), 3.31-3.14 (m, 1H), 3.03-282 4H), 2.54-2.41 (m, 1H), 2.41-
2.22 (m, 3H), 1.85-1.67 (m, 4H), 1.67-1.47 (m, 1HE NMR (75 MHz, CDGJ)) 6 (ppm):
172.1, 59.7, 53.5, 52.9, 51.8, 37.8, 31.5, 26.3,22D.1.

4.1.4. General procedure for the synthesis of arirdes 89-52)

In a pressurized sealed vial, aqueous hydroxylarbid®d w/w (4 equiv) was added to a
stirred solution of the appropriate carbonitrile €fjuiv) in absolute ethanol. The resulting
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mixture was heated at 90 °C for 1 h. The solverd th@n evaporated to dryness providing the

desired amidoxime quantitatively, which was usettheut further purification.

4.1.4.1. 3-Fluoro-N'-hydroxybenzimidamide 39). According to general procedure,
hydroxylamine (2.29 mL, 37.42 mmol) was reactedhwatfluorobenzonitrile (1.0 mL, 9.35
mmol) in absolute ethanol (8 mL) at 90 °C for lohafford the desired compoud. Colorless
oil; yield: 1.44 g, 100%R; = 0.51 (cyclohexane/ethyl acetate 1’H.NMR (CDCk, 300 MHz)

d (ppm): 7.64 (br s, 1H), 7.43-7.28 (m, 3H), 7.1896(m, 1H), 4.96 (br s, 2H}:3C NMR
(CDCls, 75 MHz)6 (ppm): 162.8 (dJ = 246.4 Hz), 151.9, 134.7 (d,= 8.1 Hz), 130.4 (d] =
8.2 Hz), 121.7 (dJ = 3.0 Hz), 117.0 (d] = 21.2 Hz), 113.2 (d] = 23.4 Hz).

4.1.4.2. 3-Chloro-N'-hydroxybenzimidamide40), According to general procedure,
hydroxylamine (2.67 mL, 43.62 mmol) was reactedhw8tchlorobenzonitrile (1.50 g, 10.90
mmol) in absolute ethanol (8 mL) at 90 °C for lohafford the desired compoud@. Colorless
oil; yield: 1.86 g, 100%f; = 0.51 (cyclohexane/ethyl acetate 1:H. NMR ((CDs),SO, 300
MHz) ¢ (ppm): 9.77 (s, 1H), 7.73—-7.69 (m, 1H), 7.65 Mt 6.7, 1.8 Hz, 1H), 7.44-7.35 (m,
2H), 5.88 (s, 2H)C NMR ((CDs);SO, 75 MHz)d (ppm): 149.6, 135.4, 132.9, 130.0, 128.6,
125.1, 123.9.

4.1.4.3. 3-Bromo-N'-hydroxybenzimidamide4l)( According to general procedure,
hydroxylamine (2.02 mL, 32.96 mmol) was reactedhwdtbromobenzonitrile (1.50 g, 8.24
mmol) in absolute ethanol (8 mL) at 90 °C for lohafford the desired compoudd. Colorless
oil; yield: 1.77 g, 100%R; = 0.51 (cyclohexane/ethyl acetate 1’H.NMR (CDCk, 300 MHz)

o (ppm): 7.75-7.69 (m, 1H), 7.53—-7.45 (m, 2H), 7(@0,J = 9.4, 6.4 Hz, 1H), 4.79 (br s, 2H).
13C NMR (CDCB, 75 MHz)5 (ppm): 151.6, 134.6, 133.2, 130.3, 129.2, 12428,4.

4.1.4.4. N'-Hydroxy-3-iodobenzimidamid®); According to general procedure, hydroxylamine
(1.60 mL, 26.2 mmol) was reacted with 3-iodobentzdai (1.50 g, 6.55 mmol) in absolute
ethanol (8 mL) at 90 °C for 1 h to afford the dedicompoundi2. Colorless oil; yield: 1.72 g,
100%;R; = 0.51 (cyclohexane/ethyl acetate 1*H.NMR (CDCk, 300 MHz)d (ppm): 8.57 (br

s, 1H), 7.97 (tJ = 1.7 Hz, 1H), 7.74 (ddd} = 7.9, 1.7, 1.0 Hz, 1H), 7.58 (dd#i= 7.8, 1.5, 1.1
Hz, 1H), 7.12 (tJ = 7.9 Hz, 1H), 4.91 (br s, 2H)*C NMR (CDCk, 75 MHz)5 (ppm): 151.6,
139.1, 135.0, 134.5, 130.4, 125.3, 94.5.

4.1.4.5. N'-Hydroxy-3-(trifluoromethyl)benzimidamid43). According to general procedure,
hydroxylamine (43QuL, 7.01 mmol) was reacted with 3-(trifluoromethydjizonitrile (234uL,
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1.75 mmol) in absolute ethanol (6 mL) at 90 °C Ids h to afford the desired compou#8l
Pale yellow oil; yield: 350 mg, 98%R; = 0.45 (cyclohexane/ethyl acetate 1'H.NMR (CDCl,
300 MHz)é (ppm): 8.77 (br s, 1H), 7.87—-7.80 (m, 1H), 7.7897(m, 1H), 7.65-7.57 (m, 1H),
7.50-7.41 (m, 1H), 4.87 (br s, 2HJC NMR (CDCk, 75 MHz)4 (ppm): 151.8, 133.4, 131.3 (d,
J=32.6 Hz), 129.4, 129.3, 126.8 (b5 3.7 Hz), 124.0 (q] = 272.3 Hz), 123.1 (g} = 3.9 Hz).

4.1.4.6. N'-Hydroxy-3-methylbenzimidamide44)( According to general procedure,
hydroxylamine (3.06 mL, 50.0 mmol) was reacted wdtmethylbenzonitrile (1.50 mL, 12.50
mmol) in absolute ethanol (8 mL) at 90 °C for lohafford the desired compou#dd. Colorless
oil; yield: 1.80 g, 96%R; = 0.46 (cyclohexane/ethyl acetate 1'H.NMR (CDCk, 300 MHz)é
(ppm): 7.50-7.38 (m, 2H), 7.34-7.18 (m, 2H), 4.B4¢, 2H), 2.37 (s, 3H}°C NMR (CDCE,
75 MHz) 6 (ppm): 152.9, 138.4, 132.5, 130.8, 128.6, 12623,1, 21.5.

4.1.4.7. N'-Hydroxy-3-methoxybenzimidamide&5).( According to general procedure,
hydroxylamine (1.84 mL, 30.04 mmol) was reactednhwdtmethoxybenzonitrile (1.0 g, 7.51
mmol) in absolute ethanol (8 mL) at 90 °C for 1.Bdhafford the desired compounib;
Colorless solid; yield: 1.22 g, 98%; mp 104-105 Re= 0.30 (cyclohexane/ethyl acetate 1:4).
'H NMR (CDCk, 300 MHz)6 (ppm): 7.39 (br s, 1H), 7.16—7.08 (m, 1H), 7.0047(m, 2H),
6.85-6.69 (m, 1H), 4.96 (br s, 2H), 3.63 (s, 3HE NMR (CDCE, 75 MHz)4 (ppm): 159.5,
152.9, 133.7, 129.6, 118.2, 115.9, 111.2, 55.2.

4.1.4.8. N'-Hydroxy-4-methoxybenzimidamide&6).( According to general procedure,
hydroxylamine (1.84 mL, 30.04 mmol) was reactedhwdtmethoxybenzonitrile (1.0 g, 7.51
mmol) in absolute ethanol (8 mL) at 90 °C for 1.5dhafford the desired compourdb.
Colorless solid; yield: 1.21 g, 97%; mp 121-122 Rc= 0.30 (cyclohexane/ethyl acetate 1:4).
'H NMR (CDCk, 300 MHz)d (ppm): 7.57 (dJ) = 8.9 Hz, 2H), 6.91 (d] = 8.9 Hz, 2H), 4.90 (s,
2H), 3.83 (s, 3H)**C NMR (CDCE, 75 MHz)d (ppm): 161.1, 152.7, 127.4, 125.1, 114.2, 55.5.

4.1.4.9. N'-Hydroxyfuran-2-carboximidamide 49)]. According to general procedure,
hydroxylamine (50% w/w in water, 790, 12.89 mmol) was reacted with 2-furonitrile (282,
3.22 mmol) in absolute ethanol (6 mL) at 90 °C Ids h to afford the desired compous@l
Colorless solid; yield: 400 mg, 99%; mp 57-58 Rc= 0.32 (cyclohexane/ethyl acetate 1'H.
NMR (CDCl, 300 MHz)é (ppm): 8.67 (br s, 1H), 7.30 (dd,= 1.7, 0.7 Hz, 1H), 6.69 (dd,=
3.4, 0.6 Hz, 1H), 6.29 (dd, = 3.5, 1.8 Hz, 1H), 5.05 (br s, 2HJC NMR (CDCE, 75 MHz) 4
(ppm): 145.9, 145.5, 142.9, 111.6, 108.4.
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4.1.4.10. Thiophene-2-amidoximg0). According to general procedure, hydroxylamine (50%
w/w in water, 2.63 mL, 42.96 mmol) was reacted witthiophenecarbonitrile (1.0 mL, 10.74
mmol) in absolute ethanol (8 mL) at 90 °C for 1.5dhafford the desired compourkd.
Colorless solid; yield: 1.53 g, 100%; mp 90-96 Re= 0.52 (cyclohexane/ethyl acetate 1'H.
NMR (CDClL, 300 MHz)s (ppm): 7.52—7.08 (m, 3H), 7.01 (dii= 4.9, 3.9 Hz, 1H), 4.98 (br s,
2H). *C NMR (CDCk, 75 MHz)d (ppm): 148.6, 134.9, 127.2, 126.8, 125.3.

4.1.4.11. N'-HydroxyacetimidamidB2j. According to general procedure, hydroxylamine (50%
w/w in water, 25.0 mL, 384.0 mmol) was reacted wattetonitrile (5.0 mL, 96.0 mmol) in
absolute ethanol (50 mL) at 90 °C for 3h. The @esacetamidoximB2 was recrystallizedrom
propan-2-ol. Colorless solid; yield: 7.10 g, 1008p 134-136 °CR: = 0.54 (CHCIl,/MeOH
4:1).*H NMR ((CDs),SO, 300 MHz) (ppm): 8.76 (br s, 1H), 5.33 (br s, 2H), 1.623H). *C
NMR ((CDs3),SO, 75 MHz) (ppm): 149.6, 16.7.

4.1.5. General procedure for the synthesis of bgrartermediates$3-65)

Method A.Cesium carbonate (3 equiv) was added to a susperdfi the appropriate
amidoxime (3 equiv) in tetrahydrofuran. The mixtuvas heated at 50 °C for 20 min and then
cooled to rt before adding, dropwise via a syringesolution of methyl ester (1 equiv) in
tetrahydrofuran. The final mixture was stirred fat2 h at 80 °C (TLC in
dichloromethane/methanol 7:3) and then standar#wpowas applied.

Method B.In anhydrous conditions, under an atmosphere géraiand in presence &R
molecular sieves, the appropriate amidoxime (3vguas suspended in dry tetrahydrofuran and
stirred at rt for 30 min. 60% NaH dispersion in sral oil (3 equiv) was then added portionwise
and the resulting reaction mixture was heated &@r 20 min. A solution of methyl ester (1
equiv) in dry tetrahydrofuran was subsequently dddit®pwise via a syringe at rt and the final
suspension was stirred for 2 h at 80 °C (TLC inhldimomethane/methanol 7:3). Standard
workup was then applied.

Standard workupThe reaction was quenched with saturated aquedutiosoof NaHCQ
and diluted with dichloromethane. The mixture waslified with 1N HCI (pH = 1), the organic
phase removed and then extracted two more timés Mit HCI. The combined aqueous layers
were basified with N& Oz and extracted with dichloromethane (x 3). Altenrely, the reaction
mixture was directly extracted three times withhitbtcomethane. Upon complete extraction, the
organic phases were combined, dried over anhydiauSO,, filtered and concentrated under

vacuum. The residue was purified by silica gel oolichromatography.
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4.1.5.1. Borane 3-(3-fluorophenyl)-5-(quinuclidiryBnethyl)-1,2,4-oxadiazole comple®3].
Following method A, methyl este38 (500 mg, 2.54 mmol) was reacted with 3-fludve-
hydroxy-benzimidamide39 (1.17 g, 7.61 mmol) and €30; (2.48 g, 7.61 mmol). Standard
workup and silica gel column chromatography gaittezl desired compound. Pale yellow olil;
yield: 589 mg, 77%R; = 0.43 (cyclohexane/ethyl acetate 73).NMR (CDCk, 300 MHz)o
(ppm): 7.82—7.75 (m, 1H), 7.69 (dddi= 9.4, 2.6, 1.5 Hz, 1H), 7.39 (td,= 8.0, 5.7 Hz, 1H),
7.14 (tdd,J = 8.4, 2.6, 1.0 Hz, 1H), 3.39-3.24 (m, 1H), 3.0842(m, 6H), 2.62 (ddd] = 13.6,
6.9, 2.0 Hz, 1H), 2.57-2.43 (m, 1H), 1.97-1.85 2id), 1.85-1.74 (m, 2H), 1.74-1.59 (m, 1H).
3C NMR (CDCk, 75 MHz)é (ppm): 177.8, 167.6, 162.9 (d,= 246.7 Hz), 130.7 (d] = 8.1
Hz), 128.6 (dJ = 8.6 Hz), 123.2 (d) = 3.2 Hz), 118.4 (dJ = 21.2 Hz), 114.5 (d] = 23.7 Hz),
59.4, 53.6, 52.9, 33.1, 30.1, 26.2, 24.6, 20.0.

4.1.5.2. Borane 3-(3-chlorophenyl)-5-(quinuclidin/Bnethyl)-1,2,4-oxadiazole comple&4).
Following method A, methyl este38 (400 mg, 2.03 mmol) was reacted with 3-chldfe-
hydroxybenzimidamidetO (1.04 g, 6.09 mmol) and &30; (1.98 g, 6.09 mmol). Standard
workup and silica gel column chromatography gaittezl desired compound. Colorless solid;
yield: 609 mg, 95%:; mp 159-160 °® = 0.42 (cyclohexanelethyl acetate 7:3). NMR
(CDCls, 300 MHz)d (ppm): 8.01-7.97 (m, 1H), 7.88 (dt= 7.5, 1.5 Hz, 1H), 7.42 (ddd= 8.1,
2.0, 1.4 Hz, 1H), 7.35 (] = 7.8 Hz, 1H), 3.39-3.24 (m, 1H), 3.09-2.86 (m),6M61 (ddd,) =
13.6, 6.9, 2.1 Hz, 1H), 2.57-2.42 (m, 1H), 1.995118, 2H), 1.85-1.73 (m, 2H), 1.73-1.59 (m,
1H). *C NMR (CDCk, 75 MHz) 6 (ppm): 177.9, 167.6, 135.1, 131.5, 130.4, 1282%.1,
125.6, 59.5, 53.7, 53.0, 33.2, 30.2, 26.3, 24.71..20

4.1.5.3. Borane 3-(3-bromophenyl)-5-(quinuclidir@iethyl)-1,2,4-oxadiazole comple&5).
Following method A, methyl este38 (300 mg, 1.52 mmol) was reacted with 3-broNie-
hydroxybenzimidamidetl (982 mg, 4.57 mmol) and &30; (1.49 g, 4.57 mmol). Standard
workup and silica gel column chromatography gaittesl desired compound. Colorless solid;
yield: 490 mg, 89%:; mp 155-156 °® = 0.42 (cyclohexanelethyl acetate 7:3). NMR
(CDCls, 300 MHz)6 (ppm): 8.15 (tJ = 1.8 Hz, 1H), 7.96-7.89 (m, 1H), 7.57 (ddd; 8.0, 2.0,
1.0 Hz, 1H), 7.29 (t) = 7.9 Hz, 1H), 3.38-3.23 (m, 1H), 3.07-2.87 (m),6H62 (ddd,) = 13.7,
6.9, 2.1 Hz, 1H), 2.57-2.41 (m, 1H), 1.99-1.85 2id), 1.85-1.73 (m, 2H), 1.73-1.58 (m, 1H).
3C NMR (CDCE, 75 MHz)s (ppm): 177.9, 167.5, 134.4, 130.6, 128.7, 12628,1, 59.6, 53.7,
53.1, 33.3, 30.3, 26.4, 24.8, 20.2.

4.1.5.4. Borane 3-(3-iodophenyl)-5-(quinuclidind{agthyl)-1,2,4-oxadiazole complex56y.
Following method A, methyl este88 (500 mg, 2.54 mmol) was reacted witfrhydroxy-3-
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iodobenzimidamidel2 (1.99 g, 7.61 mmol) and &30; (2.48 g, 7.61 mmol). Standard workup
and silica gel column chromatography gained thereldsompound. Pale yellow olil; yield: 873
mg, 84%;R; = 0.43 (cyclohexane/ethyl acetate 7 8).NMR (CDCk, 300 MHz)5 (ppm): 8.37—
8.32 (m, 1H), 7.99-7.93 (m, 1H), 7.82-7.73 (m, 1AH}L9-7.11 (m, 1H), 3.38-3.23 (m, 1H),
3.09-2.86 (m, 6H), 2.61 (ddd= 13.6, 6.9, 1.7 Hz, 1H), 2.56-2.42 (m, 1H), 1285 (m, 2H),
1.85-1.74 (m, 2H), 1.74-1.59 (m, 1HYC NMR (CDCk, 75 MHz)é (ppm): 177.8, 167.2,
140.3, 136.3, 130.6, 128.6, 126.6, 94.5, 59.5,,%3®, 33.2, 30.2, 26.3, 24.7, 20.1.

4.1.55. Borane 5-(quinuclidin-3-ylmethyl)-3-(3#{troromethyl)phenyl)-1,2,4-oxadiazole
complex 7). Following method B, methyl est& (421 mg, 2.14 mmol) was reacted with
hydroxy-3-(trifluoromethyl)-benzimidamidé3 (1.31 g, 6.41 mmol) and 60% NaH dispersion in
mineral oil (256 mg, 6.41 mmol). Standard workum ailica gel column chromatography
(cyclohexane/ethyl acetate 3:2 to 1:1) gained #®redd compound. Pale yellow oil; yield: 355
mg, 47%;R; = 0.63 (cyclohexane/ethyl acetate 1’H.NMR (CDCk, 300 MHz)5 (ppm): 8.29—
8.22 (m, 1H), 8.21-8.14 (m, 1H), 7.69 (dds 7.9, 0.5 Hz, 1H), 7.55 (§,= 7.8 Hz, 1H), 3.37—
3.23 (m, 1H), 3.07-2.86 (m, 6H), 2.61 (ddg; 13.5, 6.9, 1.9 Hz, 1H), 2.57-2.43 (m, 1H), 1.97—
1.85 (m, 2H), 1.85-1.73 (m, 2H), 1.73-1.58 (m, 1HE NMR (CDCk, 75 MHz) 5 (ppm):
178.1, 167.5, 131.6 (4,= 32.9 Hz), 130.7, 129.6, 128.0 (Ig= 3.8 Hz), 127.6, 124.5 (4,= 3.9
Hz), 123.8 (qJ = 272.6 Hz), 59.5, 53.6, 53.0, 33.2, 30.2, 26437 220.1.

4.1.5.6. Borane 5-(quinuclidin-3-ylmethyl)-3-(myipl1,2,4-oxadiazole comple%g). Following
general method A, methyl est88 (300 mg, 1.52 mmol) was reacted wiki-hydroxy-3-
methylbenzimidamidet4 (686 mg, 4.57 mmol) and &30; (1.49 g, 4.57 mmol). Standard
workup and silica gel column chromatography (cyekdme/ethyl acetate 3:2 to 1:1) gained the
desired compound. Pale yellow oil; yield: 406 m@%® R = 0.51 (cyclohexane/ethyl acetate
7:3)."H NMR (CDCk, 300 MHz)é (ppm): 7.83-7.74 (m, 2H), 7.34-7.21 (m, 2H), 3322 (m,
1H), 3.06-2.86 (m, 6H), 2.61 (dddi= 13.7, 6.9, 2.0 Hz, 1H), 2.56-2.42 (m, 1H), 2(853H),
1.96-1.81 (m, 2H), 1.81-1.71 (m, 2H), 1.71-1.551Ah). *C NMR (CDCE, 75 MHz)4 (ppm):
177.4, 168.6, 138.8, 132.2, 128.9, 128.1, 126.8,7.59.5, 53.6, 53.0, 33.3, 30.2, 26.3, 24.7,
21.4, 20.1.

4.1.5.7. Borane 3-(3-methoxyphenyl)-5-(quinucliighnethyl)-1,2,4-oxadiazole comples9y.
Following method A, methyl este88 (500 mg, 2.54 mmol) was reacted witt+hydroxy-3-
methoxybenzimidamidd5 (1.26 g, 7.61 mmol) and &30; (2.48 g, 7.61 mmol). Standard
workup and silica gel column chromatography (cyekdme/ethyl acetate 4:1 to 3:2) gained the

desired compound. Colorless oil; yield: 487 mg, 6 R/ 0.39 (cyclohexane/ethyl acetate 7:3).
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'H NMR (CDCk, 300 MHz)é (ppm): 7.58 (dt,) = 7.7, 1.1 Hz, 1H), 7.50 (dd,= 2.5, 1.5 Hz,
1H), 7.32 (t,J = 8.0 Hz, 1H), 6.98 (ddd) = 8.3, 2.6, 0.9 Hz, 1H), 3.80 (s, 3H), 3.36-3.81, (
1H), 3.05-2.85 (m, 6H), 2.61 (dddi= 13.6, 6.9, 1.9 Hz, 1H), 2.56-2.42 (m, 1H), 1882 (m,

2H), 1.82-1.72 (m, 2H), 1.72-1.56 (m, 1AC NMR (CDCk, 75 MHz)d (ppm): 177.5, 168.1,
159.7, 129.9, 127.6, 119.7, 117.4, 112.0, 59.33,58.4, 52.8, 32.9, 29.9, 26.0, 24.4, 19.8.

4.1.5.8. Borane 3-(4-methoxyphenyl)-5-(quinucli@ighnethyl)-1,2,4-oxadiazole comple&Oy.
Following method A, methyl este88 (152 mg, 0.77 mmol) was reacted witt+hydroxy-4-
methoxybenzimidamidd6 (384 mg, 2.31 mmol) and &30; (753 mg, 2.31 mmol). Standard
workup and silica gel column chromatography (cyelkdme/ethyl acetate 4:1 to 3:2) gained the
desired compound. Yellow oil; yield: 75 mg, 31%;= 0.43 (cyclohexane/ethyl acetate 1.
NMR (CDCls, 300 MHz)¢ (ppm): 7.92 (dJ = 8.9 Hz, 2H), 6.92 (d] = 9.0 Hz, 2H), 3.80 (s,
3H), 3.36-3.24 (m, 1H), 3.04-2.88 (m, 6H), 2.62ddb= 13.7, 7.0, 2.1 Hz, 1H), 2.56-2.43 (m,
1H), 1.99-1.82 (m, 2H), 1.82-1.72 (m, 2H), 1.7271(%, 1H).*C NMR (CDCk, 75 MHz) 45
(ppm): 177.2, 168.2, 162.2, 129.2, 119.1, 114.46,5985.5, 53.7, 53.0, 33.3, 30.2, 26.3, 24.7,
20.1.

4.1.5.9. Borane 3-(pyridin-3-yl)-5-(quinuclidin-3ayethyl)-1,2,4-oxadiazole complex61j.
Following method B, methyl esteB8 (350 mg, 1.78 mmol) was reacted with 3-
pyridylamidoxime47 (731 mg, 5.33 mmol) and 60% NaH dispersion in maheil (213 mg,
5.33 mmol). Standard workup and silica gel colummomatography gained the desired
compound. Yellow oil; yield: 258 mg, 51%; = 0.28 (cyclohexane/ethyl acetate 1'H.NMR
(CDCl3, 300 MHz)6 (ppm): 9.22 (dJ = 2.1 Hz, 1H), 8.68 (dd} = 4.9, 1.7 Hz, 1H), 8.26 (di,=
8.0, 1.9 Hz, 1H), 7.37 (ddl = 7.9, 4.9 Hz, 1H), 3.38-3.25 (m, 1H), 3.10-2.8Y, 6H), 2.62
(ddd,J = 13.5, 6.9, 2.0 Hz, 1H), 2.57-2.43 (m, 1H), 1886 (m, 2H), 1.86-1.75 (m, 2H),
1.75-1.56 (m, 1H)**C NMR (CDCk, 75 MHz) ¢ (ppm): 178.0, 166.4, 152.1, 148.5, 134.6,
123.7, 122.8, 59.3, 53.5, 52.8, 33.0, 30.0, 26416,219.9.

4.1.5.10. Borane 3-(pyridin-4-yl)-5-(quinuclidiny®@methyl)-1,2,4-oxadiazole complex62].
Following method B, methyl esteB8 (350 mg, 1.78 mmol) was reacted with 4-
pyridylamidoxime48 (731 mg, 5.33 mmol) and 60% NaH dispersion in maheil (213 mg,
5.33 mmol). Standard workup and silica gel colurhromatography (cyclohexane/ethyl acetate
1:1) gained the desired compound. Yellow oil; yi&d82 mg, 78%R: = 0.33 (cyclohexane/ethyl
acetate 3:7)"H NMR ((CDs),SO, 300 MHz) (ppm): 8.79 (ddJ = 4.5, 1.6 Hz, 2H), 7.91 (dd,

= 4.4, 1.7 Hz, 2H), 3.29-3.08 (m, 3H), 2.99-2.74 4H), 2.66-2.54 (m, 1H), 2.53-2.38 (m,
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1H), 1.98-1.78 (m, 1H), 1.78-1.65 (m, 2H), 1.6421(#, 2H)."*C NMR ((CDs).SO, 75 MHz)
d (ppm): 179.9, 166.2, 150.9, 133.5, 120.9, 58.7 5.4, 32.3, 29.1, 25.4, 24.1, 19.3.

4.1.5.11. Borane 3-(furan-2-yl)-5-(quinuclidin-3ythyl)-1,2,4-oxadiazole complex63].
Following method Amethyl esteB8 (200 mg, 1.01 mmol) was reacted wiNkhhydroxyfuran-2-
carboxyimidamidet9 (384 mg, 3.04 mmol) and &30; (992 mg, 3.04 mmol). Standard workup
and silica gel column chromatography (cyclohexahgleacetate 7:3 to 3:2) gained the desired
compound. Yellow oil; yield: 158 mg, 57% = 0.24 (cyclohexane/ethyl acetate 78).NMR
(CDCls, 300 MHz)é (ppm): 7.55 (ddJ = 1.8, 0.8 Hz, 1H), 7.05 (dd,= 3.5, 0.5 Hz, 1H), 6.50
(dd,J = 3.3, 1.8 Hz, 1H), 3.36-3.22 (m, 1H), 3.06-2.86 6H), 2.59 (dddJ = 13.5, 7.0, 2.1 Hz,
1H), 2.55-2.41 (m, 1H), 1.95-1.83 (m, 2H), 1.8321(ih, 2H), 1.72-1.57 (m, 1H}*C NMR
(CDCls, 75 MHz)o (ppm): 177.6, 161.5, 145.4, 142.1, 114.1, 112904,5%3.6, 53.0, 33.2, 30.1,
26.3, 24.7, 20.1.

4.1.5.12. Borane 5-(quinuclidin-3-ylmethyl)-3-(thfeen-2-yl)-1,2,4-oxadiazole compleg4).
Following method B,methyl ester38 (350 mg, 1.78 mmol) was reacted with thiophene-2-
amidoxime50 (758 mg, 5.33 mmol) and 60% NaH dispersion in maheil (213 mg, 5.33
mmol). Standard workup and silica gel column chrmgephy (cyclohexane/ethyl acetate
75:15) gained the desired compound. Pale yellow ygld: 336 mg, 65%;R = 0.39
(cyclohexane/ethyl acetate 7:341 NMR (CDCk, 300 MHz)é (ppm): 7.71 (ddJ = 3.7, 1.2 Hz,
1H), 7.44 (ddJ = 5.0, 1.2 Hz, 1H), 7.09 (dd,= 5.0, 3.7 Hz, 1H), 3.37-3.21 (m, 1H), 3.07-2.85
(m, 6H), 2.60 (dddJ = 13.6, 7.0, 2.1 Hz, 1H), 2.55-2.41 (m, 1H), 1284 (m, 2H), 1.84-1.72
(m, 2H), 1.72-1.53 (m, 1H}*C NMR (CDCk, 75 MHz)§ (ppm): 177.5, 164.5, 129.7, 129.5,
128.1, 128.0, 59.3, 53.5, 52.9, 33.1, 30.0, 26415,20.0.

4.1.5.13. Borane 3-phenyl-5-(quinuclidin-3-ylmejHyR 4-oxadiazole comple®s). Following
method A, methyl este38 (500 mg, 2.54 mmol) was reacted with benzamidox&h€1.04 g,
7.61 mmol) and GE€0O; (2.48 g, 7.61 mmol). Standard workup and silicd gelumn
chromatography gained the desired compound. Cskielid; yield: 370 mg, 51%; mp 129—
131 °C; R = 0.42 (cyclohexane/ethyl acetate 73).NMR (CDCk, 300 MHz)s (ppm): 8.03—
7.95 (m, 2H), 7.48-7.37 (m, 3H), 3.36-3.24 (m, 1BI6-2.87 (m, 6H), 2.62 (ddd,= 13.7,
7.0, 2.0 Hz, 1H), 2.57-2.43 (m, 1H), 1.95-1.84 2id), 1.84-1.72 (m, 2H), 1.72-1.57 (m, 1H).
3C NMR (CDCk, 75 MHz)4 (ppm): 177.5, 168.2, 131.2, 128.8, 127.3, 126%53,553.4, 52.8,
32.9, 30.00, 26.0, 24.5, 19.8.

4.1.6. General procedure for borane complex cleav@i-33)
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Under argon atmosphere and at 0 °C, a solution BCOOH (5 equiv) in acetone (3.5
mL/mmol) was added dropwise to a solution of thprapriate 1,2,4-oxadiazole intermediate
(53-65) (1 equiv) in acetone (3.5 mL/mmol). The resultmgture was allowed to stir overnight
at rt (TLC in cyclohexane/ethyl acetate 2:3 or thobmethane/methanol 95:5) and then was
concentrated under reduced pressure. The residaedinged with deionized water and the
aqueous solution (pH = 1-2) was extracted once digthyl ether. The agueous phase was then
basified with NaCO; and extracted three times with dichloromethanee dlthloromethane
organic phases were combined, dried over anhyd¥axS80O,, filtered and evaporated to dryness

to afford the pure compound, which was used withioher purification.

4.1.6.1. 3-(3-Fluorophenyl)-5-(quinuclidin-3-yimgthl,2,4-oxadiazole 21). Applying the
general procedur&3 (589 mg, 1.96 mmol, 1 equiv) was treated withq@BOH (753uL, 9.78
mmol) in acetone. After disappearance of the stgnnaterial (TLC in cyclohexane/ethyl acetate
1.1), standard workup provided the desired comp@ind/ellow oil; yield: 529 mg, 94%k; =
0.48 (dichloromethane/methanol 95:5, alumirté).NMR (CDCk, 300 MHz)J (ppm): 7.79—
7.72 (m, 1H), 7.65 (dddl = 9.5, 2.5, 1.5 Hz, 1H), 7.33 (td,= 8.1, 5.8 Hz, 1H), 7.07 (tdd,=
8.4, 2.6, 0.9 Hz, 1H), 3.17-3.03 (m, 1H), 2.89)d,7.9 Hz, 2H), 2.84-2.62 (m, 4H), 2.39 (ddd,
J=13.7, 6.2, 1.8 Hz, 1H), 2.25-2.09 (m, 1H), 17387 (m, 2H), 1.57-1.43 (m, 2H), 1.43-1.28
(m, 1H).*C NMR (CDCE, 75 MHz)6 (ppm): 179.0, 167.2, 162.6 (@= 246.7 Hz), 130.4 (dl

= 8.2 Hz), 128.7 (d) = 8.6 Hz), 122.9 (d] = 3.1 Hz), 117.8 (d) = 21.2 Hz), 114.2 (d] = 23.6
Hz), 54.3, 47.4, 46.6, 34.0, 30.4, 27.7, 24.8, 20.7

4.1.6.2. 3-(3-Chlorophenyl)-5-(quinuclidin-3-yimgh1,2,4-oxadiazole 22). Applying the
general proceduré&4 (609 mg, 1.92 mmol) was treated with4CIOOH (740uL, 9.59 mmol) in
acetone. After disappearance of the starting natéfiLC in cyclohexane/ethyl acetate 1:1),
standard workup provided the desired compoRhdColorless solid; yield: 531 mg, 91%; mp
91-93 °C;R = 0.57 (dichloromethane/methanol 9:1, alumirie) NMR (CDCk, 300 MHz) 4
(ppm): 8.04-7.96 (m, 1H), 7.94-7.84 (m, 1H), 7.42871m, 2H), 3.21-3.06 (m, 1H), 2.94 (#,
= 7.8 Hz, 2H), 2.88-2.67 (m, 4H), 2.50-2.37 (m, 1M?3 (ddJ = 15.4, 7.4 Hz, 1H), 1.80-1.49
(m, 4H), 1.49-1.32 (m, 1H}*C NMR (CDCk, 75 MHz)s (ppm): 179.2, 167.3, 134.9, 131.2,
130.2, 128.6, 127.5, 125.4, 54.6, 47.7, 46.8, D3R, 28.0, 25.0, 20.9.

4.1.6.3. 3-(3-Bromophenyl)-5-(quinuclidin-3-ylmdjkly,2,4-oxadiazole 23). Applying the
general procedur®5 (490 mg, 1.35 mmol) was reacted withsCBOH (521uL, 6.77 mmol) in
acetone. After disappearance of the starting n&t€fiLC in cyclohexane/ethyl acetate 1:1),
standard workup provided the desired compoRBdColorless solid; yield: 400 mg, 85%; mp
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108-109 °CR: = 0.51 (dichloromethane/methanol 9:1, alumin)NMR (CDCk, 300 MHz)d
(ppm): 8.19-8.14 (m, 1H), 7.97—7.90 (m, 1H), 7.6627m, 1H), 7.28 (t) = 7.9 Hz, 1H), 3.21—
3.07 (m, 1H), 2.94 (d] = 7.9 Hz, 2H), 2.89-2.68 (m, 4H), 2.43 (ddd; 13.7, 6.2, 1.1 Hz, 1H),
2.30-2.15 (m, 1H), 1.86-1.48 (m, 4H), 1.49-1.33 k). *C NMR (CDC}, 75 MHz)J (ppm):
179.3, 167.3, 134.2, 130.5, 128.9, 126.0, 123.8,3%.7, 46.9, 34.3, 30.7, 28.1, 25.0, 21.0.

4.1.6.4. 3-(3-lodophenyl)-5-(quinuclidin-3-ylmeth¥l2,4-oxadiazole2d). Applying the general
procedure,56 (873 mg, 2.13 mmol) was reacted with ;CBOH (822uL, 10.67 mmol) in
acetone. After disappearance of the starting natéfiLC in cyclohexane/ethyl acetate 1:1),
standard workup provided the desired compohdColorless solid; yield: 768 mg, 91%; mp
149-151 °CR; = 0.50 (dichloromethane/methanol 95:5, alumiftd)NMR (CDCk, 300 MHz)Jd
(ppm): 8.44-8.40 (m, 1H), 8.06—7.99 (m, 1H), 7.8391m, 1H), 7.24-7.16 (m, 1H), 3.20 (dd,
= 13.5, 9.8 Hz, 1H), 3.00 (d,= 7.9 Hz, 2H), 2.95-2.74 (m, 4H), 2.49 (ddds 13.7, 6.2, 1.8
Hz, 1H), 2.35-2.20 (m, 1H), 1.84-1.72 (m, 1H), £¥35 (m, 3H), 1.55-1.39 (m, 1HYC
NMR (CDCk, 75 MHz)d (ppm): 179.3, 167.1, 140.2, 136.3, 130.6, 1282%5.6, 94.5, 54.7,
47.8,47.0, 34.4, 30.8, 28.1, 25.1, 21.1.

4.1.6.5. 5-(Quinuclidin-3-ylmethyl)-3-(3-(trifluoneethyl)phenyl)-1,2,4-oxadiazole  25).
Applying the general the procedufs, (355 mg, 1.01 mmol) was treated with CEOOH (389
puL, 5.05 mmol) in acetone. After disappearance o thtarting material (TLC in
cyclohexane/ethyl acetatel:1), standard workupigealvthe desired compour2®. Yellow oil;
yield: 340 mg, 100%&; = 0.55 (dichloromethane/methanol 9:1, alumifid)NMR (CDCk, 300
MHz) 6 (ppm): 8.30—-8.22 (m, 1H), 8.17 @z 7.8 Hz, 1H), 7.66 (d] = 7.9 Hz, 1H), 7.51 () =
7.8 Hz, 1H), 3.13 (dd] = 13.5, 9.9 Hz, 1H), 2.94 (d,= 7.8 Hz, 2H), 2.87-2.66 (m, 4H), 2.43
(ddd,J = 13.7, 6.2, 1.7 Hz, 1H), 2.31-2.14 (m, 1H), 1788 (m, 4H), 1.48-1.30 (m, 1Hy'C
NMR (CDChk, 75 MHz)é (ppm): 179.4, 167.3, 131.5 (@= 32.9 Hz), 130.6, 129.5, 127.8, 127.7
(q,J = 3.7 Hz), 124.4 (q) = 3.8 Hz), 123.8 (q) = 272.4 Hz), 54.5, 47.6, 46.8, 34.3, 30.6, 27.9,
25.0, 20.9.

4.1.6.6. 5-(Quinuclidin-3-ylmethyl)-3-(m-tolyl)-142o0xadiazole 26). Applying the general
procedure,58 (406 mg, 1.37 mmol) was reacted with ;CBOH (526 uL, 6.83 mmol) in
acetone. After disappearance of the starting natéfiLC in cyclohexane/ethyl acetate 1:1),
standard workup provided the desired compo2@dyYellow oil; yield: 357 mg, 92%R: = 0.33
(dichloromethane/methanol 94:6, alumin&).NMR (CDCk, 300 MHz)d (ppm): 7.82—7.72 (m,
2H), 7.33-7.20 (m, 2H), 3.72-3.57 (m, 1H), 3.49719, 7H), 2.75-2.58 (m, 1H), 2.34 (s, 3H),
2.18-2.01 (m, 2H), 2.01-1.89 (m, 2H), 1.89—1.741H). °C NMR (CDCk, 75 MHz)d (ppm):
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176.9, 168.5, 138.8, 132.2, 128.9, 128.0, 126.3,5151.8, 46.4, 45.8, 31.7, 29.6, 24.2, 24.2,
21.4,18.3.

4.1.6.7. 3-(3-Methoxyphenyl)-5-(quinuclidin-3-ylingdj-1,2,4-oxadiazole 27). Applying the
general procedur&9 (755 mg, 2.41 mmol) was treated with {LOOH (923uL, 12.05 mmol)

in acetone. After disappearance of the startingermat(TLC in cyclohexane/ethyl acetate 3:2),
standard workup provided the desired compozindYellow oil; yield: 505 mg, 70%R = 0.30
(dichloromethane/methanol 95:5, alumind). NMR (CDCk, 300 MHz)J (ppm): 7.58 (dt,] =
7.7, 1.1 Hz, 1H), 7.51 (dd,= 2.6, 1.5 Hz, 1H), 7.30 (§,= 8.0 Hz, 1H), 6.96 (ddd, = 8.3, 2.6,
1.0 Hz, 1H), 3.79 (s, 3H), 3.22-3.07 (m, 1H), 2(83J = 7.8 Hz, 2H), 2.88-2.67 (m, 4H), 2.44
(ddd, J = 13.7, 6.3, 1.7 Hz, 1H), 2.30-2.15 (m, 1H), 1782 (m, 2H), 1.62-1.48 (m, 2H),
1.48-1.33 (m, 1H)C NMR (CDCE, 75 MHz) ¢ (ppm): 178.8, 168.3, 159.9, 130.0, 128.0,
119.9, 117.6, 112.0, 55.5, 54.5, 47.6, 46.8, 304K, 27.9, 25.0, 20.8.

4.1.6.8. 3-(4-Methoxyphenyl)-5-(quinuclidin-3-ylimg}-1,2,4-oxadiazole 28). Applying the
general procedurd0 (61 mg, 0.19 mmol) was treated with LLOOH (73uL, 0.95 mmol) in
acetone. After disappearance of the starting nat€fiLC in cyclohexane/ethyl acetate 3:2),
standard workup provided the desired compo2@idYellow oil; yield: 57 mg, 100%R = 0.30
(dichloromethane/methanol 95:5, alumind). NMR (CDCk, 300 MHz)é (ppm): 7.93 (dJ =
8.9 Hz, 2H), 6.91 (d) = 8.9 Hz, 2H), 3.79 (s, 3H), 3.24-3.07 (m, 1HRR(d,J = 7.9 Hz, 2H),
2.88-2.67 (m, 4H), 2.52-2.41 (m, 1H), 2.32-2.18 {id), 1.82-1.64 (m, 2H), 1.64-1.36 (m,
3H). **C NMR (CDCE, 75 MHz)é (ppm): 178.5, 168.1, 162.0, 129.1, 119.3, 114545554.2,
47.5,46.7, 34.1, 30.6, 27.7, 24.9, 20.7.

4.1.6.9. 3-(Pyridin-3-yl)-5-(quinuclidin-3-ylmethyl,2,4-oxadiazole29). Applying the general
procedurefl (258 mg, 0.91 mmol) was treated with4CPOOH (351uL, 4.55 mmol) in acetone.
After disappearance of the starting material (TloCcyclohexane/ethyl acetate 1:1), standard
workup provided the desired compou2. Yellow oil; yield: 225 mg, 92%;R = 0.30
(dichloromethane/methanol 85:15, alumiri#).NMR (CDCk, 300 MHz)d (ppm): 9.23 (d,) =

2.0 Hz, 1H), 8.70-8.63 (m, 1H), 8.27 (dtz 8.0, 2.0 Hz, 1H), 7.35 (ddd,= 8.1, 4.9, 0.8 Hz,
1H), 3.21-3.07 (m, 1H), 2.96 (d,= 7.9 Hz, 2H), 2.89-2.67 (m, 4H), 2.44 (ddds 13.7, 6.2,
1.9 Hz, 1H), 2.32-2.15 (m, 1H), 1.79-1.67 (m, 1HpK7-1.63 (m, 1H), 1.63-1.49 (m, 2H),
1.49-1.34 (m, 1H)C NMR (CDCE, 75 MHz) ¢ (ppm): 179.5, 166.5, 152.1, 148.7, 134.7,
123.7,123.2,54.6, 47.7, 46.9, 34.4, 30.7, 2&11,21.0.
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4.1.6.10. 3-(Pyridin-4-yl)-5-(quinuclidin-3-ylmethnyi ,2,4-oxadiazole30). Applying the general
procedure62 (392 mg, 1.38 mmol) was treated with4CPOOH (532uL, 6.90 mmol) in acetone.
After disappearance of the starting material (TloCcyclohexane/ethyl acetate 1:1), standard
workup provided the desired compoud. Yellow oil; yield: 340 mg, 91%R = 0.47
(dichloromethane/methanol 95:5, alumind).NMR (CDCk, 300 MHz)J (ppm): 8.69 (dd,) =
4.4, 1.7 Hz, 2H), 7.85 (dd, = 4.5, 1.7 Hz, 2H), 3.20-3.06 (m, 1H), 2.96 {d 7.9 Hz, 2H),
2.86-2.67 (m, 4H), 2.42 (ddd= 13.8, 6.2, 1.9 Hz, 1H), 2.28-2.14 (m, 1H), 1751 (m, 2H),
1.61-1.48 (m, 2H), 1.48-1.33 (m, 1HJC NMR (CDCk, 75 MHz) 6 (ppm): 179.8, 166.9,
150.6, 134.2, 121.2, 54.5, 47.6, 46.8, 34.2, 30/, 24.9, 20.9.

4.1.6.11. 3-(Furan-2-yl)-5-(quinuclidin-3-ylmethll)2,4-oxadiazole3l). Applying the general
procedure63 (158 mg, 0.58 mmol) was treated with4CPOH (223uL, 2.89 mmol) in acetone.
After disappearance of the starting material (TloCcyclohexane/ethyl acetate 7:3), standard
workup provided the desired compoud. Yellow oil; yield: 146 mg, 97%;R = 0.39
(dichloromethane/methanol 85:15, alumiri&).NMR (CDCk, 300 MHz)s (ppm): 7.54 (dd)) =
1.7, 0.8 Hz, 1H), 7.05 (dd,= 3.5, 0.7 Hz, 1H), 6.49 (ddd= 3.4, 1.8, 0.7 Hz, 1H), 3.13 (ddi=
13.0, 10.3 Hz, 1H), 2.93 (d,= 7.9 Hz, 2H), 2.89-2.67 (m, 4H), 2.43 (dd; 13.6, 6.3 Hz, 1H),
2.32-2.14 (m, 1H), 1.80-1.66 (m, 1H), 1.66-1.48 @Hl), 1.48-1.34 (m, 1H)"*C NMR
(CDCls, 75 MHz)6 (ppm): 179.0, 161.4, 145.2, 142.4, 113.7, 1114% 547.7, 46.9, 34.3, 30.6,
27.9, 25.0, 20.9.

4.1.6.12. 5-(Quinuclidin-3-ylmethyl)-3-(thiopheny-1,2,4-oxadiazole 3). Applying the
general procedur®&4 (336 mg, 1.16 mmol) was treated with4COOH (447uL, 5.80 mmol) in
acetone. After disappearance of the starting nat€riLC in cyclohexane/ethyl acetate 3:2 and
dichloromethane/methanol 9:1), standard workup igex’the desired compou3@. Yellow oil;
yield: 320 mg, 100%R; = 0.38 (dichloromethane/methanol 85:15, alumifid) NMR (CDCl,
300 MHz)6 (ppm): 7.71 (dJ = 3.7 Hz, 1H), 7.42 (d] = 5.0 Hz, 1H), 7.08 (dd] = 5.0, 3.7 Hz,
1H), 3.19-3.03 (m, 1H), 2.92 (d,= 7.8 Hz, 2H), 2.86-2.65 (m, 4H), 2.41 (ddds 13.6, 6.3,
1.8 Hz, 1H), 2.29-2.13 (m, 1H), 1.77-1.47 (m, 4H%7-1.31 (m, 1H)**C NMR (CDC}, 75
MHz) ¢ (ppm): 179.0, 164.5, 129.6, 129.3, 128.5, 12841647.8, 46.9, 34.4, 30.7, 28.1, 25.1,
21.0.

4.1.6.13. 3-Phenyl-5-(quinuclidin-3-yImethyl)-12xadiazole 33). Applying the general
procedure,65 (370 mg, 1.31 mmol) was reacted with ;CBOH (503 puL, 6.53 mmol) in
acetone. After disappearance of the starting n&t€fiLC in cyclohexane/ethyl acetate 1:1),
standard workup provided the desired compos®dYellow oil; yield: 327 mg, 93%R: = 0.51
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(dichloromethane/methanol 95:5H NMR (CDCk, 300 MHz)é (ppm): 8.04-7.95 (m, 2H),
7.47-7.35 (m, 3H), 3.21-3.08 (m, 1H), 2.94Jd; 7.9 Hz, 2H), 2.89-2.69 (m, 4H), 2.45 (ddd,
= 13.7, 6.3, 1.9 Hz, 1H), 2.31-2.15 (m, 1H), 1.7831(m, 2H), 1.63-1.49 (m, 2H), 1.49-1.35
(m, 1H).*C NMR (CDCE, 75 MHz)é (ppm): 178.9, 168.4, 131.2, 128.9, 127.5, 126465
47.7, 46.9, 34.3, 30.7, 28.0, 25.0, 21.0.

4.1.7. Synthesis of 3-methyl-5-(quinuclidin-3-ylmyBt1,2,4-oxadiazole34). Following method
B, methyl esteB7 (50 mg, 0.27 mmol) was reacted with acetamidoxtiz¢61 mg, 0.82 mmol)
and 60% NaH dispersion in mineral oil (33 mg, 0m8nol). After standard extraction,
compound34 was obtained as a pure viscous oil. Light brownyadld: 55 mg, 100%R; = 0.34
(dichloromethane/methanol 7:3H NMR (CDCk, 300 MHz)s (ppm): 3.17-3.01 (m, 1H), 2.84
(d,J=7.9 Hz, 2H), 2.81-2.65 (m, 4H), 2.37 (ddd&; 13.7, 6.3, 1.9 Hz, 1H), 2.30 (s, 3H), 2.23-
2.07 (m, 1H), 1.73-1.46 (m, 4H), 1.46-1.31 (m, 1HL NMR (CDCE, 75 MHz) 6 (ppm):
178.5, 167.0, 54.5, 47.6, 46.8, 34.1, 30.5, 2749,20.9, 11.5.

4.1.8. General procedure for the preparation of émates @la-34a)

A methanol (2 mL/mmol) solution of fumaric acid €fuiv) was added to a solution of the
free base21-34 (1 equiv) in methanol (5 mL/mmol). After stirringt rt for 2 h, additional
amounts of fumaric acid (0.5 equiv) were added wh@immprovement was observed to achieve
reaction completion. The crude salts were obtagqehtitatively after solvent removal and then

recrystallized to give the desired final compouBiiz-34a as crystalline derivatives.

4.1.8.1. 3-(3-Fluorophenyl)-5-(quinuclidin-3-ylmgthl,2,4-oxadiazole fumarate2ia). The
free base2l (220 mg, 0.77 mmol) and fumaric acid (89 mg, Oriihol) were reacted in
methanol. The crude salt was recrystallized frofyleacetatei-hexane to provide the pure
compound2la (21 x C,H404). Colorless solid; yield: 89 mg, 29%; mp 158—1€0 *H NMR
(CDs0OD, 300 MHz)d (ppm): 7.92—7.85 (m, 1H), 7.76 (ddb= 9.6, 2.6, 1.5 Hz, 1H), 7.55 (td,

= 8.0, 5.7 Hz, 1H), 7.30 (tdd,= 8.5, 2.7, 1.0 Hz, 1H), 6.68 (s, 2H), 3.72 (ddd&; 12.8, 10.2,
2.4 Hz, 1H), 3.46-3.17 (m, 6H), 3.12 (ddds 13.0, 7.1, 1.8 Hz, 1H), 2.89-2.72 (m, 1H), 2.26—
2.09 (m, 2H), 2.09-1.99 (m, 2H), 1.99-1.84 (m, 18¥E NMR (CD:0OD, 75 MHz)d (ppm):
179.9, 171.4, 168.6, 164.3 @z 245.4 Hz), 136.2, 132.2 (d,= 8.2 Hz), 130.2 (d] = 8.5 Hz),
124.2 (dJ=3.1 Hz), 119.3 (d) = 21.5 Hz), 115.0 (d] = 24.1 Hz), 53.0, 47.5, 47.0, 32.6, 30.1,
25.3, 24.9, 19.0. MS (ESHWz calcd. for GeH1oFNsO" [M+H] *: 288.2; found: 288.0.

4.1.8.2. 3-(3-Chlorophenyl)-5-(quinuclidin-3-ylmeh1,2,4-oxadiazole fumarate2Za). The

free base22 (250 mg, 0.82 mmol) and fumaric acid (96 mg, OrBthol) were reacted in
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methanol. The crude salt was recrystallized frorsollie ethanol/acetone to provide the pure
compound22a (22 x 0.75 GH404). Colorless solid; yield: 153 mg, 48%; mp 152—F&4 *H
NMR (CDsOD, 300 MHz)d (ppm): 8.04 (m, 1H), 7.98 (di,= 7.2, 1.5 Hz, 1H), 7.59—7.54 (m,
1H), 7.54-7.47 (m, 1H), 6.67 (s, 1.5H), 3.72 (ddi¢s 12.8, 10.2, 2.4 Hz, 1H), 3.46-3.17 (m,
6H), 3.11 (dddJ = 13.1, 7.1, 1.6 Hz, 1H), 2.88-2.72 (m, 1H), 2209 (m, 2H), 2.09-1.99 (m,
2H), 1.99-1.85 (m, 1H)"*C NMR (CD;OD, 75 MHz)s (ppm): 179.9, 171.5, 168.5, 136.2,
136.0, 132.4, 131.8, 129.9, 128.2, 126.6, 53.(%B,47.0, 32.6, 30.1, 25.3, 25.0, 19.0. MS (ESI)
m/z calcd. for GeH19CIN3O" [M+H]™: 304.1; found: 304.1.

4.1.8.3. 3-(3-Bromophenyl)-5-(quinuclidin-3-ylmdjkly,2,4-oxadiazole fumarate23a). The
free base23 (200 mg, 0.57 mmol) and fumaric acid (67 mg, OrBihol) were reacted in
methanol. The crude salt was recrystallized frorsolilie ethanol/acetone to provide the pure
compound23a (23 x 0.75 GH40,). Colorless solid; yield: 137 mg, 55%; mp 142—P@4 *H
NMR (CD;0OD, 300 MHz)s (ppm): 8.19 (tJ = 1.8 Hz, 1H), 8.03 (dt] = 7.8, 1.2 Hz, 1H), 7.71
(ddd,J = 8.0, 1.9, 1.0 Hz, 1H), 7.44 (= 7.9 Hz, 1H), 6.67 (s, 1.5H), 3.72 (ddd; 12.8, 10.2,
2.4 Hz, 1H), 3.45-3.17 (m, 6H), 3.11 (ddds 13.0, 7.0, 1.6 Hz, 1H), 2.88-2.71 (m, 1H), 2.26—
2.10 (m, 2H), 2.10-1.99 (m, 2H), 1.99-1.85 (m, 18& NMR (CD;OD, 75 MHz)4 (ppm):
180.0, 171.5, 168.4, 136.2, 135.4, 132.0, 131.0,11327.0, 123.9, 53.0, 47.6, 47.1, 32.6, 30.1,
25.3, 24.9, 19.0. MS (ESiiz calcd. for GeH19BrN2O" [M+H]™": 348.1; found: 348.3.

4.1.8.4. 3-(3-lodophenyl)-5-(quinuclidin-3-ylmeth¥l2,4-oxadiazole fumarat&4a). The free
base24 (294 mg, 0.74 mmol) and fumaric acid (86 mg, 0.7#at) were reacted in methanol.
The crude salt was recrystallized from methanb&xane to provide the pure compowdd (24

x C4H40,). Colorless solid:; yield: 321 mg, 85%; mp 154—186'H NMR (CD;0OD, 300 MHz)

o (ppm): 8.38 (tJ = 1.7 Hz, 1H), 8.07-8.01 (m, 1H), 7.93-7.87 (m),IH29 (t,J = 7.9 Hz, 1H),
6.69 (s, 2H), 3.72 (ddd,= 12.8, 10.2, 2.4 Hz, 1H), 3.45-3.16 (m, 6H), 3ddd,J = 13.1, 7.0,
1.7 Hz, 1H), 2.88-2.72 (m, 1H), 2.26—2.09 (m, 2MN9—1.98 (m, 2H), 1.98-1.84 (m, 1HC
NMR (CDsOD, 75 MHz)¢ (ppm): 179.9, 169.9, 168.2, 141.4, 137.1, 13531,9, 129.9, 127.5,
95.0, 52.9, 47.5, 47.0, 32.6, 30.1, 25.3, 24.90.181S (ESI)mVz calcd. for GgHiolN3O"
[M+H]™: 396.1; found: 396.0.

4.1.8.5. 5-(Quinuclidin-3-ylmethyl)-3-(3-(trifluoneethyl)phenyl)-1,2,4-oxadiazole  fumarate
(25a). The free bas@5 (180 mg, 0.53 mmol) and fumaric acid (62 mg, 0.58at) were reacted

in methanol. After 2 h, additional fumaric acid (81, 0.27 mmol) was added. The crude salt
was recrystallized from ethyl acetatdélexane to provide the pure compouzieh (25 x 1.5
C4H40,). Colorless solid; yield: 111 mg, 41%; mp 129—280'H NMR (CD;OD, 300 MHz)s
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(ppm): 8.30-8.19 (M, 2H), 7.84-7.74 (m, 1H), 7.7847m, 1H), 6.63 (s, 3H), 3.75-3.58 (m,
1H), 3.40-3.11 (m, 6H), 3.11-2.98 (m, 1H), 2.85621%, 1H), 2.07 (s, 2H), 1.98 (s, 2H), 1.87
(s, 1H).**C NMR (CD;OD, 75 MHz)4§ (ppm): 180.2, 170.0, 168.5, 135.8, 132.5Jq; 32.8
Hz), 131.8, 131.2, 129.1, 129.0 (= 3.6 Hz), 125.3 (o) = 271.6 Hz), 124.9 (g] = 3.9 Hz),
53.0, 47.6, 47.1, 32.6, 30.1, 25.3, 24.9, 19.0. (@SI) m/z calcd. for G/H1gFsN;O" [M+H]™:
338.2; Found: 338.1.

4.1.8.6. 5-(Quinuclidin-3-ylmethyl)-3-(m-tolyl)-142oxadiazole fumarate2ga). The free base
26 (68 mg, 0.24 mmol) and fumaric acid (28 mg, 0.2%at) were reacted in methanol. After 2
h, additional fumaric acid (14 mg, 0.12 mmol) wadded twice. The crude salt was
recrystallized from acetone to provide the pure poumd26a (26 x 2 GH40O,). Colorless solid;
yield: 109 mg, 88%:; mp 210-215 °C (de¢t. NMR (CD;OD, 300 MHz)s (ppm): 7.91-7.86
(m, 1H), 7.86-7.80 (m, 1H), 7.44-7.34 (m, 2H), 6(64H), 3.74 (ddd) = 12.8, 10.2, 2.5 Hz,
1H), 3.48-3.33 (m, 4H), 3.25 (dd,= 7.7, 5.7 Hz, 2H), 3.14 (ddd,= 13.0, 7.1, 1.8 Hz, 1H),
2.89-2.74 (m, 1H), 2.42 (s, 3H), 2.28-2.11 (m, 2H4)1-2.01 (m, 2H), 2.01-1.85 (m, 1HC
NMR (CDsOD, 75 MHz)¢ (ppm): 179.4, 169.6, 168.1, 140.1, 135.2, 1333D.@, 128.8, 127.8,
125.5, 53.1, 47.7, 47.2, 32.6, 30.1, 25.2, 24.94,218.9. MS (ESI)Wz calcd. for G/H2N3sO"
[M+H]™: 284.2; found: 284.4.

4.1.8.7. 3-(3-Methoxyphenyl)-5-(quinuclidin-3-ylmdj-1,2,4-oxadiazole fumarate2qa). The
free base27 (375 mg, 1.25 mmol) and fumaric acid (145 mg, 1l@&ol) were reacted in
methanol. The crude salt was recrystallized fromthameolh-hexane to provide the pure
compound27a (27 x 1.5 GH40,). Colorless solid; yield: 140 mg, 24%; mp 148-r@ 'H
NMR (CDsOD, 300 MHz)d (ppm): 7.62 (dtJ = 7.7, 1.1 Hz 1H), 7.57 (dd,= 2.6, 1.5 Hz, 1H),
7.42 (t,J = 8.0 Hz, 1H), 7.10 (ddd} = 8.3, 2.6, 0.9 Hz, 1H), 6.68 (s, 1.5H), 3.853), 3.71
(ddd,J = 12.8, 10.2, 2.4 Hz, 1H), 3.45-3.28 (m, 4H), 3@d,J = 7.7, 6.5 Hz, 2H), 3.11 (ddd,

= 13.0, 7.0, 1.6 Hz, 1H), 2.87-2.72 (m, 1H), 2.2892(m, 2H), 2.09-1.98 (m, 2H), 1.98-1.84
(m, 1H).**C NMR (CD;0OD, 75 MHz)é (ppm): 179.5, 171.4, 169.5, 161.5, 136.2, 13129,1,
120.6, 118.2, 113.5, 55.9, 53.0, 47.6, 47.1, 33071, 25.3, 24.9, 19.0. MS (ESt)yz calcd. for
C17H2oN30," [M+H]™: 300.2; found: 300.0.

4.1.8.8. 3-(4-Methoxyphenyl)-5-(quinuclidin-3-ylimdj-1,2,4-oxadiazole fumarat®8a). The
free bas&8 (57 mg, 0.19 mmol) and fumaric acid (22 mg, 0.18at) were reacted in methanol.
After 2 h, additional fumaric acid (11 mg, 0.10 minewvas added. The crude salt was
recrystallized from methanokhexane to provide the pure compot@h (28 x 1.25 GH40,).
Colorless solid; yield: 25 mg, 30%; mp 175-176 %€ NMR (CD;0D, 300 MHz)s (ppm): 7.97
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(d, J = 9.0 Hz, 2H), 7.04 (d] = 9.0 Hz, 2H), 6.69 (s, 2.5H), 3.86 (s, 3H), 3.3B4 (m, 1H),
3.46-3.26 (M, 4H), 3.22 (dd,= 7.7, 5.5 Hz, 2H), 3.18-3.05 (m, 1H), 2.87-2.i#1 {H), 2.27—
2.09 (M, 2H), 2.09-1.99 (m, 2H), 1.99-1.84 (m, 18 NMR (CD;OD, 75 MHz)4 (ppm):
179.2, 170.6, 169.3, 163.8, 136.0, 130.0, 120.8,41156.0, 53.1, 47.7, 47.1, 32.7, 30.1, 25.2,
24.9, 19.0. MS (ESiwz calcd. for G7H2:N30," [M+H]™: 300.2; found: 300.0.

4.1.8.9. 3-(Pyridine-3-yl)-5-(quinuclidin-3-yImetl,2,4-oxadiazole fumarate29a). The free
base29 (225 mg, 0.83 mmol) and fumaric acid (97 mg, h&3ol) were reacted in methanol.
After 2 h, additional fumaric acid (48 mg, 0.42 minwvas added. The crude salt was
recrystallized from methanol/propan-2-ol to provile pure compoun2Pa (29 x 1.25 GH40,).
Colorless solid; yield: 185 mg, 54%; mp 182-183 %&.NMR (CD;0OD, 300 MHz)d (ppm):
9.20 (d,J = 1.5 Hz, 1H), 8.72 (dd] = 4.9, 1.5 Hz, 1H), 8.51-8.42 (m, 1H), 7.61 (dd& 8.0,
5.0, 0.8 Hz, 1H), 6.71 (s, 2.5H), 3.74 (ddd&; 12.8, 10.2, 2.4 Hz, 1H), 3.47-3.32 (m, 4H), 3.29
(dd,J = 5.2, 2.8 Hz, 2H), 3.14 (ddd,= 13.1, 7.0, 1.9 Hz, 1H), 2.91-2.74 (m, 1H), 2314 (m,
2H), 2.11-2.00 (m, 2H), 2.00-1.85 (m, 1fC NMR (CD;0OD, 75 MHz)s (ppm): 180.3, 169.9,
167.5, 152.7, 148.8, 136.6, 135.7, 125.7, 124.9),5% .6, 47.1, 32.6, 30.1, 25.3, 24.9, 19.0. MS
(ESI)m/z calcd. for GsH1gN4O" [M+H]™: 271.2; found: 271.4.

4.1.8.10. 3-(Pyridin-4-yl)-5-(quinuclidin-3-ylmetint,2,4-oxadiazole fumarate8@a). The free
base30 (340 mg, 1.26 mmol) and fumaric acid (146 mg, In26ol) were reacted in methanol.
After 2 h, additional fumaric acid (73 mg, 0.63 mjnawvas added. The crude salt was
recrystallized from methanol/absolute ethanol tovjate the pure compoun80a (30 x 1.5
C4H.40.). Colorless solid; yield: 168 mg, 30%; mp 188—2@0'H NMR (CD;OD, 300 MHz)s
(ppm): 8.74 (ddJ = 4.7, 1.5 Hz, 2H), 8.04 (dd,= 4.6, 1.6 Hz, 2H), 6.71 (s, 3H), 3.73 (ddd;
12.8, 10.2, 2.4 Hz, 1H), 3.46-3.19 (m, 6H), 3.1@dd = 13.0, 7.0, 1.8 Hz, 1H), 2.89-2.73 (m,
1H), 2.26-2.10 (m, 2H), 2.10-1.99 (m, 2H), 1.9941(®, 1H).*C NMR (CD;OD, 75 MHz)$
(ppm): 180.6, 169.9, 167.9, 151.3, 136.4, 135.2,8,252.9, 47.5, 47.0, 32.6, 30.1, 25.3, 24.9,
19.0. MS (ESIyWz calcd. for GsH1gN4,O" [M+H]™: 271.2; found: 271.4.

4.1.8.11. 3-(Furan-2-yl)-5-(quinuclidin-3-yImethyl)2,4-oxadiazole fumarate3{a). The free
base3l (78 mg, 0.30 mmol) and fumaric acid (35 mg, 0.3@at) were reacted in methanol. The
crude salt was recrystallized from methandiéxane to provide the pure compoBig (31 x
C4H404). Colorless solid; yield: 93 mg, 83%; mp 158—-189 *H NMR (CD;OD, 300 MHz)s
(ppm): 7.75 (ddJ = 1.8, 0.8 Hz, 1H), 7.15 (dd,= 3.5, 0.6 Hz, 1H), 6.68 (s, 2H), 6.65 (dd;
3.5, 1.8 Hz, 1H), 3.69 (ddd,= 12.8, 10.2, 2.3 Hz, 1H), 3.45-3.27 (m, 4H), 3@ J=7.7,5.1
Hz, 2H), 3.09 (dddJ = 13.0, 7.0, 1.8 Hz, 1H), 2.87-2.69 (m, 1H), 2288 (m, 2H), 2.08-1.98
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(m, 2H), 1.98-1.82 (m, 1H}’C NMR (CD;0D, 75 MHz)d (ppm): 179.5, 171.3, 162.4, 147.0,
143.5, 136.2, 115.1, 113.0, 52.9, 47.6, 47.1, DA, 25.2, 24.9, 18.9. MS (ESH)z calcd. for
C14H18N302+ [M+H] +: 260.1; found: 260.0.

4.1.8.12. 5-(Quinuclidin-3-ylmethyl)-3-(thiophen-1,2,4-oxadiazole fumarat&4a). The free
base32 (320 mg, 1.16 mmol) and fumaric acid (135 mg, Inirf6ol) were reacted in methanol.
The crude salt was recrystallized from acetonertwvige the pure compoungRa (32 x 0.75
C4H40,). Colorless solid; yield: 303 mg, 72%; mp 145-2&7*H NMR (CD;OD, 300 MHz)s
(ppm): 7.79 (ddyJ = 3.6, 1.2 Hz, 1H), 7.68 (dd,= 5.0, 1.1 Hz, 1H), 7.20 (dd,= 5.0, 3.7 Hz,
1H), 6.68 (s, 1.5H), 3.70 (ddd= 12.8, 10.2, 2.4 Hz, 1H), 3.46-3.27 (m, 4H), 3a8,J = 7.7,
5.8 Hz, 2H), 3.11 (ddd] = 13.0, 7.0, 1.7 Hz, 1H), 2.86-2.71 (m, 1H), 2219 (m, 2H), 2.09-
1.99 (m, 2H), 1.99-1.85 (m, 1HY*C NMR (CD;0OD, 75 MHz)6 (ppm): 179.5, 171.4, 165.7,
136.2, 130.9, 130.8, 129.2, 129.1, 53.0, 47.6,,43216, 30.0, 25.3, 24.9, 19.0. MS (E8i
calcd. for G4H1gN3OS' [M+H]™: 276.1; found: 276.6.

4.1.8.13. 3-Phenyl-5-(quinuclidin-3-ylmethyl)-1xXadiazole fumarate3a). The free basd3
(327 mg, 1.21 mmol) and fumaric acid (141 mg, 1n&hol) were reacted in methanol. The
crude salt was recrystallized from methanol/diettyler to provide the pure compoush (33

x C4H404). Colorless solid; yield: 308 mg, 66%; mp 142—2€3'H NMR (CD;OD, 300 MHz)

o (ppm): 8.08-8.01 (m, 2H), 7.58-7.46 (m, 3H), 6($82H), 3.71 (ddd) = 12.8, 10.2, 2.4 Hz,
1H), 3.43-3.16 (m, 6H), 3.11 (dddi= 13.1, 7.0, 1.9 Hz, 1H), 2.86-2.72 (m, 1H), 2289 (m,
2H), 2.09-1.98 (m, 2H), 1.98-1.84 (m, 1HC NMR (CD;OD, 75 MHz)d (ppm): 179.6, 171.4,
169.5, 136.2, 132.5, 130.1, 128.3, 128.0, 53.(,47.0, 32.7, 30.1, 25.3, 24.9, 19.0. MS (ESI)
m/z calcd. for GeH2oN3O" [M+H]™: 270.2; found: 270.5.

4.1.8.14. 3-Methyl-5-(quinuclidin-3-yImethyl)-1,4adiazole fumarate3da). The free basd4
(55 mg, 0.27 mmol) and fumaric acid (31 mg, 0.27af)rvere reacted in methanol. After 2 h,
additional fumaric acid (16 mg, 0.14 mmol) was atdehe crude salt was recrystallized from
propan-2-ol to provide the pure compous#h (34 x 1.25 GH40,). Colorless solid; yield: 76
mg, 80%; mp 158-159 °GH NMR (CD;OD, 300 MHz)d (ppm): 6.70 (s, 2.5H), 3.64 (dddi=
12.8, 10.2, 2.4 Hz, 1H), 3.43-3.18 (m, 4H), 3.1d, (= 7.7, 4.4 Hz, 2H), 3.04 (ddd,= 13.0,
7.0, 2.0 Hz, 1H), 2.77-2.62 (m, 1H), 2.34 (s, 3H22-2.10 (m, 1H), 2.10-1.96 (m, 3H), 1.96—
1.82 (m, 1H)*C NMR (CD;0OD, 75 MHz)d (ppm): 179.1, 170.6, 168.5, 136.0, 52.9, 47.5) 47.
32.6, 29.9, 25.1, 24.9, 18.9, 11.3. MS (E®I} calcd. for G;H1gNsO" [M+H]™: 208.1; found:
208.2.
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4.1.9. General procedure for the preparation of iguaary salts 21b-34b)
Methyl iodide (8 equiv) was added to a solutiorited free bas@1-34 (1 equiv) in methanol
(5 mL/mmol). After stirring overnight at rt, the xtiire was evaporated under reduced pressure

to provide the crudbl-methylated analog&lb-34b quantitatively, which were recrystallized.

4.1.9.1. 3-(3-Fluorophenyl)-5-(quinuclidin-3-ylmgthl,2,4-oxadiazole methiodid@lp). CHsl
(433 uL, 6.96 mmol) was added to a solution of the fresd®l (250 mg, 0.87 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@ihd(21 x CHgl). Colorless solid; yield:
128 mg, 34%; mp 150-151 °&4 NMR (CD;0D, 300 MHz)d (ppm): 7.92—7.86 (m, 1H), 7.80—
7.74 (m, 1H), 7.55 (td) = 8.0, 5.9 Hz, 1H), 7.35-7.26 (m, 1H), 3.94-3.82 {H), 3.59-3.46
(m, 4H), 3.40-3.19 (m, 3H), 3.02 (s, 3H), 2.99-283 1H), 2.34-2.17 (m, 2H), 2.17-2.07 (m,
2H), 2.07-1.92 (m, 1H}*C NMR (CD;0D, 75 MHz)d (ppm): 179.7, 168.7, 164.3 (@= 245.4
Hz), 132.2 (dJ = 8.4 Hz), 130.1 (dJ = 8.4 Hz), 124.3 (dJ = 3.2 Hz), 119.3 (dJ = 21.5 Hz),
115.1 (d,J = 24.1 Hz), 63.0, 58.0, 57.6, 52.6, 33.6, 30.19285.2, 20.3. MS (EShvz calcd.
for Cy17H2:FNsO" [M] *: 302.2; found 302.0.

4.1.9.2. 3-(3-Chlorophenyl)-5-(quinuclidin-3yl-mglhl,2,4-oxadiazole methiodid@2p). CHsl
(466 puL, 7.48 mmol) was added to a solution of the fresd®2 (284 mg, 0.94 mmol) in
methanol. After evaporation of the solvent, thederguaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@2hd(22 x CHgl). Colorless solid; yield:
194 mg, 47%; mp 119-120 °&4 NMR (CD;0D, 300 MHz)d (ppm): 8.06—8.03 (m, 1H), 8.02—
7.97 (m, 1H), 7.59-7.54 (m, 1H), 7.54-7.47 (m, 18195-3.81 (m, 1H), 3.61-3.46 (m, 4H),
3.42-3.19 (m, 3H), 3.03 (s, 3H), 2.98-2.84 (m, 1HB6-2.17 (m, 2H), 2.17-2.08 (m, 2H),
2.08-1.92 (m, 1H)**C NMR (CD;OD, 75 MHz)4 (ppm): 179.7, 168.5, 136.0, 132.4, 131.8,
129.9, 128.2, 126.7, 63.0, 58.0, 57.6, 52.7, 33062, 25.9, 25.2, 20.3. MS (ESt)z calcd. for
C17H2:1CIN3O" [M]™: 318.1; found: 318.2.

4.1.9.3. 3-(3-Bromophenyl)-5-(quinuclidin-3-yImdjkl,2,4-oxadiazole methiodid@3b). CHsl
(286 uL, 4.59 mmol) was added to a solution of the fresd®23 (200 mg, 0.57 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
absolute ethanol/acetone to give the pure comp@8bd23 x CHgl). Colorless solid; yield: 160
mg, 57%; mp 171-173°C (decd NMR (CD;0OD, 300 MHz)s (ppm): 8.19 (t,) = 1.7 Hz, 1H),
8.06-8.01 (m, 1H), 7.71 (ddd,= 8.1, 2.0, 1.0 Hz, 1H), 7.45 (= 7.9 Hz, 1H), 3.94-3.81 (m,
1H), 3.59-3.47 (m, 4H), 3.42-3.19 (m, 3H), 3.033¢8), 3.00-2.83 (m, 1H), 2.34-2.18 (m, 2H),
2.18-2.08 (m, 2H), 2.08-1.92 (m, 1HJC NMR (CD;OD, 75 MHz)4 (ppm): 179.7, 168.4,
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135.4, 132.0, 131.1, 130.1, 127.1, 123.8, 63.0),38.6, 52.7, 33.6, 30.2, 25.9, 25.2, 20.3. MS
(ESI)mvz calcd. for G;H21.BrNzO™ [M] *: 362.1; found: 362.3.

4.1.9.4. 3-(3-lodophenyl)-5-(quinuclidin-3-ylmeth¥l2,4-oxadiazole methiodide24p). CHsl
(344 uL, 5.52 mmol) was added to a solution of the fresd®4 (271 mg, 0.69 mmol) in
methanol to give the pure compouBdb (24 x CHgl). After evaporation of the solvent, the
crude quaternary salt was recrystallized from meth&Bright colorless crystals; yield: 167 mg,
45%; mp 234-236 °C (dec)H NMR (CD;0D, 300 MHz)d (ppm): 8.39 (tJ = 1.6 Hz, 1H),
8.09-8.03 (m, 1H), 7.91 (ddd,= 7.9, 1.8, 1.1 Hz, 1H), 7.29 @,= 7.9 Hz, 1H), 3.95-3.76 (m,
1H), 3.58-3.42 (m, 4H), 3.40-3.15 (m, 3H), 3.013(8), 2.97-2.82 (m, 1H), 2.35-2.18 (m, 2H),
2.18-2.08 (m, 2H), 2.08-1.92 (m, 1HJC NMR (CD;OD, 75 MHz)d (ppm): 179.7, 168.3,
141.5, 137.1, 131.9, 129.9, 127.5, 95.0, 63.1,,38/06, 52.7, 33.6, 30.2, 25.9, 25.2, 20.3. MS
(ESI)m/z calcd. for G7H21IN3O" [M]™: 410.1; found: 410.3.

4.1.9.5. 5-(Quinuclidin-3-ylmethyl)-3-(3-(trifluoneethyl)phenyl)-1,2,4-oxadiazole methiodide
(25b). CH3l (224 uL, 3.60 mmol) was added to a solution of the frasd®5 (150 mg, 0.45
mmol) in methanol. After evaporation of the solyeghe crude quaternary salt was recrystallized
from methanol/absolute ethanol to give the puremmmd?25b (25 x CHgl). Colorless solid;
yield: 147 mg, 68%; mp 170-172 °C (de¢B. NMR (CD;OD, 300 MHz)s (ppm): 8.37-8.29
(m, 2H), 7.90-7.83 (m, 1H), 7.79-7.70 (m, 1H), 3381 (m, 1H), 3.61-3.47 (m, 4H), 3.42—
3.21 (m, 3H), 3.03 (s, 3H), 3.00-2.85 (m, 1H), 2388 (m, 2H), 2.18-2.09 (m, 2H), 2.09-1.93
(m, 1H).**C NMR (CD;0D, 75 MHz)d (ppm): 180.0, 168.5, 132.5 (4,= 32.7 Hz), 131.9,
131.2, 129.1, 129.0 (), = 3.8 Hz), 125.3 (¢ = 271.5 Hz), 124.9 (q] = 3.9 Hz), 63.0, 58.0,
57.6, 52.7, 33.6, 30.2, 25.9, 25.2, 20.3. MS (E8W calcd. for GgH21FsN3O" [M]™: 352.2;
found: 352.4.

4.1.9.6. 5-(Quinuclidin-3-ylmethyl)-3-(m-tolyl)-142oxadiazole methiodide2@b). CHsl (557
uL, 8.95 mmol) was added to a solution of the fraed26 (317 mg, 1.12 mmol) in methanol.
After evaporation of the solvent, the crude quatgrnsalt was recrystallized from
methanol/absolute ethanol to give the pure comp@aéhd(26 x CHgl). Colorless solid; yield:
191 mg, 40%; mp 162—164 °&4 NMR (CD;0D, 300 MHz)d (ppm): 7.90-7.81 (m, 2H), 7.42—
7.33 (m, 2H), 3.95-3.82 (m, 1H), 3.60-3.49 (m, 43¥41-3.18 (m, 3H), 3.03 (s, 3H), 3.00-2.83
(m, 1H), 2.41 (s, 3H), 2.35-2.22 (m, 1H), 2.22-2(m7 1H), 2.17-2.08 (m, 2H), 2.08-1.95 (m,
1H). *C NMR (CD;OD, 75 MHz)4é (ppm): 179.2, 169.6, 140.1, 133.2, 130.0, 128%.4,
125.5, 63.1, 58.0, 57.6, 52.6, 33.6, 30.2, 25.92,221.4, 20.3. MS (ESljw'z calcd. for
C18H24N30" [M] *: 298.2; found: 298.1.

42



4.1.9.7. 3-(3-Methoxyphenyl)-5-(quinuclidin-3-ylimgj)-1,2,4-oxadiazole methiodide27p).
CHal (237 uL, 3.47 mmol) was added to a solution of the frasd27 (130 mg, 0.43 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
methanol/absolute ethanol/diethyl ether to givepghee compoun@7b (27 x CHgl). Yellowish
solid; yield: 76 mg, 40%; mp 178-179 & NMR (CDs;OD, 300 MHz)J (ppm): 7.67-7.60 (m,
1H), 7.60-7.55 (m, 1H), 7.42 @,= 8.0 Hz, 1H), 7.11 (dd] = 8.3, 2.2 Hz, 1H), 3.93-3.79 (m,
4H), 3.52 (tJ = 7.9 Hz, 4H), 3.40-3.17 (m, 3H), 3.02 (s, 3H}&2.82 (M, 1H), 2.35-2.17 (m,
2H), 2.17-2.08 (m, 2H), 2.08-1.93 (m, 1*C NMR (CD:0OD, 75 MHz)é (ppm): 179.3, 169.5,
161.5, 131.3, 129.1, 120.6, 118.2, 113.6, 63.M,5W.5, 55.9, 52.6, 33.6, 30.1, 25.9, 25.2, 20.3.
MS (ESI)m/z calcd. for GgHo4N30," [M] *: 314.2; found: 314.2.

4.1.9.8. 3-(4-Methoxyphenyl)-5-(quinuclidin-3-ylimgj)-1,2,4-oxadiazole methiodide28p).
CHgsl (135 uL, 1.98 mmol) was added to a solution of the fresd28 (74 mg, 0.25 mmol) in
methanol. After evaporation of the solvent, thederwuaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@8hdq28 x CHl). Colorless solid; yield: 70
mg, 63%; mp 192-193°C (dec’H NMR (CD;OD, 300 MHz)s (ppm): 7.98 (dJ = 9.0 Hz,
2H), 7.04 (dJ = 9.0 Hz, 2H), 3.93-3.77 (m, 4H), 3.52 It 7.9 Hz, 4H), 3.39-3.13 (m, 3H),
3.01 (s, 3H), 2.97-2.80 (m, 1H), 2.35-2.17 (m, 2H),7-2.08 (m, 2H), 2.08-1.91 (m, 1HC
(CDs0OD, 75 MHz)¢ (ppm): 179.0, 169.3, 163.8, 130.0, 120.1, 115311,658.0, 57.6, 56.0,
52.6, 33.7, 30.1, 25.9, 25.2, 20.3. MS (EBIY calcd. for GgH24N3O," [M]™: 314.2; found:
314.2.

4.1.9.9. 3-(Pyridine-3-yl)-5-(quinuclidin-3-yImetil,2,4-oxadiazole methiodide29b). CHal
(232 uL, 3.73 mmol) was added to a solution of the fresd®9 (126 mg, 0.47 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@3bd29 x CHgl). Colorless solid; yield: 55
mg, 28%; mp 140-142 °GH NMR (CD;OD, 300 MHz)d (ppm): 9.20 (ddJ = 2.0, 0.7 Hz, 1H),
8.72 (dd,J = 4.9, 1.6 Hz, 1H), 8.48 (di,= 8.0, 1.9 Hz, 1H), 7.64-7.57 (m, 1H), 3.95-3.82 (
1H), 3.60-3.46 (m, 4H), 3.43-3.21 (m, 3H), 3.033(8), 2.99-2.84 (m, 1H), 2.34-2.19 (m, 2H),
2.19-2.08 (m, 2H), 2.08-1.94 (m, 1HJC NMR (CD;OD, 75 MHz)d (ppm): 180.1, 167.4,
152.7, 148.8, 136.6, 125.7, 124.9, 63.0, 58.0,,5267, 33.6, 30.13, 25.9, 25.2, 20.3. MS (ESI)
m/z calcd. for GeH21N4O" [M]™: 285.2; found: 285.0.

4.1.9.10. 3-(Pyridine-4-yl)-5-(quinuclidin-3-ylmgth1,2,4-oxadiazole methiodid&Qp). CHsl
(475 pL, 7.64 mmol) was added to a solution of the fresd80 (258 mg, 0.95 mmol) in
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methanol. After evaporation of the solvent, thederquaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@dbd(30 x CHgl). Yellowish solid; yield:
143 mg, 37%; mp 152—155 °&4 NMR (CD;0OD, 300 MHz)d (ppm): 8.77-8.71 (m, 2H), 8.10—
8.02 (m, 2H), 3.97-3.84 (m, 1H), 3.62—3.47 (m, 43444-3.23 (m, 3H), 3.04 (s, 3H), 3.00-2.84
(m, 1H), 2.35-2.19 (m, 2H), 2.19-2.09 (m, 2H), 2092 (m, 1H).**C NMR (CD;OD, 75
MHz) & (ppm): 180.4, 167.9, 151.3, 136.4, 122.8, 63.00,587.6, 52.7, 33.6, 30.1, 25.9, 25.2,
20.3. MS (ESIyn/z calcd. for GgH24N30" [M]™: 285.2; found: 285.0.

4.1.9.11. 3-(Furan-2-yl)-5-(quinuclidin-3-ylmethyll)2,4-oxadiazole methiodide31p). CHal
(250 pL, 4.01 mmol) was added to a solution of the fresd81 (130 mg, 0.50 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@lbd(31 x CHgl). Yellowish solid; yield:

56 mg, 28%; mp 203—-204 °¢éH NMR (CD;0D, 300 MHz)s (ppm): 7.76 (ddJ = 1.7, 0.6 Hz,
1H), 7.17 (dd,J = 3.5, 0.7 Hz, 1H), 6.65 (dd,= 3.5, 1.8 Hz, 1H), 3.91-3.77 (m, 1H), 3.58-3.46
(m, 4H), 3.38-3.16 (m, 3H), 3.02 (s, 3H), 2.94-280 1H), 2.33-2.17 (m, 2H), 2.17-2.07 (m,
2H), 2.07-1.92 (m, 1H)**C NMR (CD;OD, 75 MHz)é (ppm): 179.3, 162.4, 147.0, 143.5,
115.2, 113.0, 63.0, 58.0, 57.6, 52.6, 33.6, 30M9,225.2, 20.2. MS (ESIz calcd. for
C1sH20N30," [M]™: 274.2; found: 274.0.

4.1.9.12. 5-(Quinuclidin-3-ylmethyl)-3-(thiophenyd-1,2,4-oxadiazole methiodid&2pb). CHsl
(742 pL, 11.9 mmol) was added to a solution of the fresd82 (410 mg, 1.49 mmol) in
methanol. After evaporation of the solvent, thederwguaternary salt was recrystallized from
methanol/absolute ethanol to give the pure comp@2bd(32 x CHgl). Yellowish solid; yield:
156 mg, 25%; mp 151-152 °&4 NMR (CD;0D, 300 MHz)s (ppm): 7.82-7.76 (m, 1H), 7.71—
7.65 (m, 1H), 7.24-7.16 (m, 1H), 3.91-3.76 (m, 18ip1 (t,J = 8.1 Hz, 4H), 3.41-3.16 (m,
3H), 3.01 (s, 3H), 2.96-2.79 (m, 1H), 2.33-2.16 2i), 2.16—-2.07 (m, 2H), 2.07-1.91 (m, 1H).
13C NMR (CD;OD, 75 MHz)s (ppm): 179.3, 165.6, 130.9 (2C), 129.2, 129.10688.0, 57.6,
52.7, 33.6, 30.1, 25.9, 25.2, 20.2. MS (EBV} calcd. for GsH2oN30S™ [M]™: 290.1; found:
290.0.

4.1.9.13. 3-Phenyl-5-(quinuclidin-3-ylmethyl)-12xadiazole methiodide38b). CHsl (351 L,
5.64 mmol) was added to a solution of the free B8990 mg, 0.71 mmol) in methanol. After
evaporation of the solvent, the crude quaternaltysss recrystallized from acetone to give the
pure compoun@3b (33 x CHsl). Colorless solid; yield: 158 mg, 54%; mp 159—-261'H NMR
(CDsOD, 300 MHz)é (ppm): 8.09-8.03 (m, 2H), 7.58-7.47 (m, 3H), 3380 (m, 1H), 3.58-
3.47 (m, 4H), 3.40-3.18 (m, 3H), 3.02 (s, 3H), 2883 (m, 1H), 2.34-2.17 (m, 2H), 2.17-2.07
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(m, 2H), 2.07-1.93 (m, 1H}’C NMR (CD;0D, 75 MHz)d (ppm): 179.3, 169.5, 132.5, 130.1,
128.4, 127.9, 63.0, 58.0, 57.6, 52.7, 33.6, 308.9,225.2, 20.3. MS (ESlyz calcd. for
C17H2oN30" [M] *: 284.2; found: 284.1.

4.1.9.14. 3-Methyl-5-(quinuclidin-3-ylmethyl)-1,2y#%adiazole methiodide34b). CHsl (158 uL,
2.32 mmol) was added to a solution of the free 3dsg6 mg, 0.29 mmol) in methanol. After
evaporation of the solvent, the crude quaternaryt se&as then recrystallized from
methanol/absolute ethanol to give the pure comp@&4hd34 x CHsl). Reddish solid; yield: 15
mg, 15%; mp 137-138 °CH NMR (CD;0D, 300 MHz)d (ppm): 3.88-3.72 (m, 1H), 3.52 (&,

= 7.9 Hz, 4H), 3.37-3.08 (m, 3H), 3.01 (s, 3H),8871 (m, 1H), 2.34 (s, 3H), 2.30-2.18 (m,
1H), 2.18-2.05 (m, 3H), 2.05-1.90 (m, 1EfC (CD;0OD, 75 MHz)s (ppm): 178.8, 168.4, 63.0,
58.0, 57.6, 52.6, 33.6, 29.9, 25.9, 25.1, 20.23.1MS (ESI)mVz calcd. for GoH,oNz:0" [M] ™
222.2; found: 222.1.

4.2. Electrophysiology

Human nAChR clones obtained from Dr. Jon Lindstr@university of Pennsylvania,
Philadelphia PA) were used to heterologously exphesnan AChRs iXenopus laevisocytes.
The RIC-3 clone (human resistance-to-cholinesteBseas obtained from Dr. Millet Treinin
(Hebrew University, Israel) and was co-injectedhwi? to improve the level and speed wof
receptor expression without affecting the pharmagiohl properties of the receptors [57]. Upon
linearization and purification of the plasmid cDNARNASs were prepared using the mMessage
mMachine in vitro RNA transcription kit (Ambion, Atin, TX). Oocytes were surgically
removed from matureXenopus laevisfrogs (Nasco, Ft. Atkinson WI) and injected with
appropriate NAChR subunit cRNAs as described ptsho[58]. Frogs were maintained in the
Animal Care Service facility of the University ofdfida, and all procedures were approved by
the University of Florida Institutional Animal Carand Use Committee and have been
previously described [40]. Two-electrode voltagertp electrophysiology experiments were
conducted using OpusXpress 6000A (Molecular Devidésion City, CA) [58]. Both the
voltage and current electrodes were filled with 3KKal. Oocytes were voltage-clamped at -60
mV. The oocytes were bath-perfused with Ringerlsitsmn (115 mM NaCl, 2.5 mM KCI, 1.8
mM CaC}, 10 mM HEPES, and &M atropine, pH 7.2) at 2 ml/min faxr7 nAChR and at 4
ml/min for a3p4 nAChR. To evaluate the effects of experimentahpounds compared to ACh-
evoked responses of various nAChR subtypes exputasseocytes, control responses were

defined as the average of two initial applicati@isACh made before test applications. The
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solutions were applied from a 96-well plate viapdisable tips. Drug applications were 12 s in
duration followed by a 181 s washout period é@rnAChR and 6 s in duration followed by a
241 s washout period far34 nAChR. A typical nAChR recording for each setamfcytes
constituted two initial control applications of AClone or more experimental compound
applications, and then a follow-up control applii@afs) of ACh. ACh controls were GM for

a7 and 10QuM for a3p4. The responses were calculated as both peakntamglitudes and net
charge, as previously described [58]. Net-charge @ae reported fon7 and peak current
amplitude for all other subtypes. The averageswad tnitial ACh controls were used for
normalization purposes for each oocyte. Data welleated at 50 Hz, filtered at 20 Hz fa¥ or

5 Hz fora3p4, and analyzed by Clampfit 9.2 or 10.0 (Molecwdavices) and Excel (Microsoft,
Redmond WA). Data are expressed as means = SEM #&toiheast four oocytes for each
experiment and plotted by Excel (Microsoft, Redmowd). Multi-cell averages were calculated
for comparisons of complex responses. Averageleohbrmalized data were calculated for each
of the 10,322 points in each of the 206.44 s trdaequired at 50 Hz), as well as the standard
errors for those averages.

The new compounds were assayed for activity wighiihmam7 nAChR expressed Xenopus
oocytes using two-electrode voltage clamping awipusly described [40] and compared to
responses evoked by 60 uM ACh. The compound setgsss/ed at a concentration of 30 uM to
provide a standard comparison benchmark. Basedadiereexperience, this concentration is
high enough to provide an observable responseamaehough to avoid possible complications
such as channel block. The net-charge responsedch compound application is reported
relative to those for ACh control applications. ®atere expressed as the mean = SEM from at
least four oocytes for each experiment.

Multi-cell averages were also calculated for thepliily of responses in Figure 6 and 9. The
averages of normalized data were calculated usingxael (Microsoft) template for each of the
10,500 points in each of the 210 s traces (acquaté® Hz). Following subtraction of the basal
holding current, data from each cell, including &&h controls, were normalized by dividing
each point by the peak of the ACh control from slae cell. The normalized data were then
averaged and standard errors of the mean (SEM)htomulti-cell averages calculated on a
point-by-point basis. The dark lines in the plapresent the average normalized currents and
the shaded areas the range of the SEM.
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HIGHLIGHTS

New, substituted quinuclidinyl-1,2,4-oxadiazoles were synthesized and tested
The compounds were assayed in electrophysiological studies at o7 nAChRs
Overall, most of the studied ligands showed the profile of a7 partial agonists
Some of the investigated derivatives, i.e. 28b-31b, behaved as silent a7 agonists
A discussion of the structure-activity relationships has been reported



