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A series of carbamoylcholine and acetylcholine analogues were synthesized and characterized pharmacologi-
cally at neuronal nicotinic acetylcholine receptors (nAChRs). Several of the compounds displayed low
nanomolar binding affinities to the R4�2 nAChR and pronounced selectivity for this subtype over R3�4,
R4�4, and R7 nAChRs. The high nAChR activity of carbamoylcholine analogue 5d was found to reside in
its R-enantiomer, a characteristic most likely true for all other compounds in the series. Interestingly, the
pronounced R4�2 selectivities exhibited by some of the compounds in the binding assays translated into
functional selectivity. Compound 5a was a fairly potent partial R4�2 nAChR agonist with negligible activities
at the R3�4 and R7 subtypes, thus being one of the few truly functionally selective R4�2 nAChR agonists
published to date. Ligand-protein docking experiments using homology models of the amino-terminal
domains of R4�2 and R3�4 nAChRs identified residues Val111(�2)/Ile113(�4), Phe119(�2)/Gln121(�4), and
Thr155(R4)/Ser150(R3) as possible key determinants of the R4�2/R3�4-selectivity displayed by the analogues.

Introduction

The neurotransmitter acetylcholine (ACha) mediates its physi-
ological effects via a plethora of receptors expressed throughout
the central nervous system (CNS) and the peripheral nervous
system (PNS). These receptors are divided into muscarinic ACh
receptors (mAChRs) and nicotinic ACh receptors (nAChRs).
Whereas the mAChRs belong to the superfamily of G-protein
coupled receptors and mediate the slow metabotropic responses
of ACh, the nAChRs are ligand-gated ion channels mediating
the fast synaptic transmission of the neurotransmitter.1-5

The nAChRs are localized at presynaptic and postsynaptic
neuron terminals, where they mediate the neurotransmission of
ACh as well as modulate the activities of other important
neurotransmitter systems, including those of dopamine, nore-
pinephrine, serotonin, glutamate, and γ-aminobutyric acid.6-12

Hence, the receptors influence many physiological processes
and consequently have been proposed to be implicated in a wide
range of neurodegenerative and psychiatric disorders such as
Alzheimer’s disease, Parkinson’s disease, epilepsy, schizophre-
nia, anxiety, and depression. Furthermore, the receptors are
important drug targets for smoking cessation aids.13-19

The nAChR complex is assembled by five subunits, and 12
different neuronal receptor subunits, R2-R10 and �2-�4, have
so far been identified.2,20-22 This multiplicity gives rise to a

vast number of possible receptor combinations, and the neuronal
nAChRs are either heteromeric complexes formed by R and �
subunits (R9, R10, or R2-R6, �2-�4) or homomeric receptors
composed of five identical R subunits (R7 or R9). However, the
majority of the nAChRs in the CNS appears to be heteromeric
R4�2* complexes (the asterisk indicates the possible presence
of other subunits) or homomeric R7 receptors, whereas the R3�4*
subtype is the major ganglionic nAChR.1,2 In the heteromeric
nAChR, the orthosteric site (i.e., the binding site for ACh) is
situated at the interface between an R and a � subunit, whereas
the orthosteric site of the homomeric receptor is located at the
interface between two neighboring R-subunits.3,23,24

Even though the knowledge and understanding of the nAChRs
are expanding, the complexity of ACh neurotransmission is still
poorly understood. The development of ligands capable of
discriminating between the different nAChR subtypes is there-
fore of great value in the explorations of the physiological role
of the receptors and their potential as therapeutic targets for
the above-mentioned disorders.

In recent studies, we have investigated the SARs of carbam-
oylcholine (CCh) analogues, and this work has resulted in the
development of potent nAChR agonists with interesting subtype
selectivity profiles25,26 (Figure 1). For example, the CCh
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Figure 1. Structures of ACh (acetylcholine), CCh (carbamoylcholine),
and selected CCh analogues 1 (3-(dimethylamino)butyl methylcarbam-
ate), 2 (3-(dimethylamino)butyl dimethylcarbamate), 3 (3-(dimethy-
lamino)butyl pyrrolidine-1-carboxylate and 4 (3-(dimethylamino)butyl
piperidine-1-carboxylate.
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analogues 1 and 2 exhibit high selectivities for neuronal nAChRs
over muscarinic receptors, and in addition, compound 1 displays
a high degree of selectivity toward the R4�2 nAChR subtype
over the R3�4 nAChR subtype in binding assays. Different
substituents have been introduced at the carbamate nitrogen in
the CCh analogue (2), and it has been observed that large
substituents like propyl or phenyl groups in this position result
in significantly decreased binding affinities to the nAChRs.26

In contrast, introduction of smaller substituents such as ethyl
groups at the carbamate nitrogen is allowed, as these analogues
retain the nanomolar binding affinities at the nAChRs displayed
by 1 and 2.26 Finally, incorporating the carbamate nitrogen into
a pyrrolidine or a piperidine ring, giving rise to compounds 3
and 4, respectively, leads to significantly decreased affinities
to the nAChRs compared to those of 1 and 2.25,26 All of the
CCh analogues studied to date have been demonstrated to be
agonists at the R3�4 nAChR subtype.25,26

In the present study, a new series of CCh analogues
(compounds 5a-g in Figure 2) and ACh analogues (where the
carbamate function of the original CCh analogue series has been
replaced by an ester group, compounds 5h-l in Figure 2) have
been designed and synthesized, and the pharmacological proper-
ties of the compounds have been characterized in binding and
functional assays at various nAChR subtypes.

Results

Chemistry. The synthetic approaches to the target compounds
5a-l are outlined in Schemes 1-3. The key compound, the
amino alcohol 7, was synthesized as previously described by
conjugate addition of dimethylamine to ethyl crotonate27,28

followed by reduction with LiAlH4.
In the synthesis of the azetidine analogues 5a-f, compound

7 was reacted with the acylating agent carbonyldiimidazole
(CDI)29,30 followed by reaction with the appropriate azetidine
to give the target carbamates. The reactions proceeded with full
conversion in all cases but one: the formation of 5f, where the
azetidine was more sterically hindered.

The azetidines required for these reactions were either
commercially available or synthesized using literature proce-
dures. Azetidine formation has been described by various
groups,31,32 some of these employing one-pot procedures33-35

or formation and then reduction of the corresponding �-lac-
tams.36-43 In our case these procedures were not successful,
and instead, a more elaborate method was employed, as shown
in Scheme 2.

In cases where the starting amino alcohols were not com-
mercially available, the corresponding amino acids were treated
sequentially with boron trifluoride-diethyl etherate, borane-
dimethyl sulfide complex, and sodium hydroxide, giving the
amino alcohols in quantitative yields.44 The amino alcohols were

reacted with p-toluenesulfonyl chloride and cyclized in the
presence of potassium tert-butoxide and tert-butanol, as de-
scribed by Vaughan et al.45 and Thompson et al.46 Deprotection
using sodium in n-pentanol gave the target compounds in overall
yields ranging from 36% to 55%.

Attempts to use the same strategy for the synthesis of 5g
failed. Using either phosgene or CDI gave a complex mixture
of products. Instead, compound 5g was synthesized using a
method described by Boger et al.47 The anhydride of pyrrole-
1-carboxylic acid was prepared from pyrrole-1-carboxylic acid
and 1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydro-
chloride (EDC ·HCl), which was then followed by in situ
coupling with the sodium salt of the amino alcohol 7.

The two enantiomers of 5d were synthesized following the
above-mentioned procedure for 5a-f using enantiomerically
pure (R)- and (S)-7. These amino alcohols were obtained from
enantiomerically pure (R)- and (S)-3-aminobutan-1-ol,48 respec-
tively, by reductive amination with formaldehyde and sodium
triacetoxyborohydride.49,50 The enantiomeric purities of (R)-
5d and (S)-5d were assessed by 1H NMR using (R)-(-)-2,2,2-
trifluoro-1-(9-anthryl)ethanol as the chiral shift reagent (see
Supporting Information), and both carbamates were found to
be optically pure. Considering the 1H NMR data and the
synthetic route, the carbamates (R)-5d and (S)-5d were estimated
to have an enantiomeric excess of >95%.

The ester analogues 5h-l were synthesized as illustrated in
Scheme3fromcompound7and theappropriateacylchloride.51-53

Compounds 5a-k were isolated as the oxalate salts, whereas
ester 5l was isolated as the hydrochloride salt.

Pharmacology. Binding Properties of Compounds 5a-l
to Recombinant nAChRs. The binding properties of com-
pounds 5a-l were determined in a [3H]epibatidine competition
binding assay to heteromeric rat R4�2, R3�4, and R4�4 nAChRs
stably expressed in HEK293 cells and in a [3H]MLA competi-
tion binding assay to tsA-201 cells transiently transfected with
a receptor chimera consisting of the amino-terminal domain of
the rat R7 nAChR and the transmembrane and the intracellular
domains of the mouse 5-HT3A receptor (the R7/5-HT3A chimera).
We and others have previously demonstrated that the binding
profiles of the R4�2 and the R3�4 cell lines in the [3H]epibatidine
binding assay are in excellent agreement with those reported
for the recombinant receptors in other studies,26,54,55 and the
binding properties of the R4�4 nAChR-HEK293 cell line have
been characterized by Kellar and co-workers54 in a similar
[3H]epibatidine binding assay. Furthermore, the binding char-
acteristics of the R7/5-HT3A chimera in the [3H]MLA binding
assay have been shown to be in concordance with those
displayed by recombinantly expressed full length R7 nAChRs
and by native R7 receptors.26,56,57

The binding affinities of compounds 5a-l to the R4�2, R3�4

and R4�4 receptors and the R7/5-HT3A chimera are presented in
Table 1, together with the binding affinities displayed by the
reference compounds (S)-nicotine and CCh analogues 1, 2, 3,
and 4. The binding profiles of (S)-nicotine and compounds 5a-l
at the R4�2, R3�4, and R4�4 nAChR subtypes are shown in Figure
3. As can be seen from Table 1 and Figure 3, the CCh and
ACh analogues displayed nano- or micromolar affinity to the
heteromeric nAChRs, whereas they either displayed no measur-
able binding or very weak binding affinities to the R7/5-HT3A

chimera. Several of the compounds displayed significant degrees
of selectivity for the R4�2 over the R3�4 nAChR subtype. In
the carbamate series 5a-g, the azetidine analogue 5a displayed
a 2000-fold lower Ki value at R4�2 than at R3�4 nAChRs, and
this selectivity degree was retained for compounds 5b and 5c.

Figure 2. Structures of the ACh and CCh analogues synthesized and
characterized in the present study.
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An even further increased selectivity degree (11000-fold) was
observed for compound 5d (Table 1).

In contrast to the high R4�2/R3�4 selectivity ratio observed
for the analogues with methyl, dimethyl, and difluoro substit-
uents in the 3-position of the azetidine group, introduction of a
methyl substituent in the 2-position of the azetidine ring (5e)
led to a slightly decreased R4�2/R3�4 selectivity ratio, and an
even more pronounced decrease was observed for the analogue
with a double-methylation in this position (5f). Finally, the
pyrrole analogue (5g) displayed lower binding affinities to the
three heteromeric nAChRs subtypes than the other CCh
analogues where the carbamate nitrogen was incorporated into
a ring system, i.e., the azetidine (5a), pyrrolidine (3), and
piperidine (4) analogues (Table 1).

In the ACh analogue series, comprising compounds 5h-l,
the cyclopropyl ester 5j exhibited the highest binding affinity

to R4�2 nAChR, whereas the cyclobutyl analogue 5k displayed
a 25-fold lower affinity to this subtype compared to 5j (Table
1). Furthermore, compound 5h (the analogue with closest
resemblance to the ACh skeleton) displayed a 17-fold lower
binding affinity at the R4�2 subtype than 5j. In contrast to their
different affinities at the R4�2 nAChR subtype, 5h, 5j, and 5k
displayed similar Ki values at the R3�4 and R4�4 subtypes.
Moreover, the ester compounds 5j-l displayed measurable
binding to the R7/5-HT3A chimera, although the Ki values of
the compounds were in the high micromolar range (Table 1).

The binding characteristics of the two resolved enantiomers
of 5d, (R)-5d and (S)-5d, were determined in order to assess
which enantiomer of this CCh analogue possessed the highest
nAChR activity. (R)-5d displayed similar or slightly higher
binding affinities to the heteromeric nAChRs than racemic 5d
(Figure 4, Table 1). In contrast, (S)-5d displayed 27-, 4-, and
27-fold lower binding affinities to the R4�2, R3�4, and R4�4

nAChRs, respectively, than the racemic compound (Figure 4,
Table 1).

Functional Characteristics of Compounds 5a-l at the
r3�4 nAChR. The functional properties of ACh and compounds
2 and 5a-l at the R3�4 nAChR-HEK 293 cell line were
determined in the FLIPR membrane potential Blue (FMP) assay
(Table 2 and Figure 5). This cell line has in previous studies
exhibited pharmacological characteristics in the FMP assay in

Scheme 1. Synthesis of Carbamates 5a-f and Pyrrole Analogue 5ga

a (a) CDI, toluene, THF, R1R2NH; (b) (1) EDC ·HCl, CH2Cl2; (2) sodium salt of 7, THF.

Scheme 2. Synthesis of Azetidines 10b-13ba

a (a) (1) BF3 ·OEt2, THF, reflux; (2) BH3 ·SMe2, reflux; (3) NaOH, reflux; (b) pTsCl, pyridine; (c) tBuOK, tBuOH; (d) Na, n-pentanol, reflux.

Scheme 3. Synthesis of Esters 5h-la

a (a) R3COCl, CH2Cl2.
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good agreement with those observed for the nAChR in
conventional electrophysiological setups, in particular when it
comes to agonist potencies.26 The 2-methylated azetidine ring
analogue, 5e, was equipotent to ACh as an R3�4 agonist,
displaying an EC50 value 4- to 60-fold lower than those for the
other compounds in the carbamate series (Table 2 and Figure
5A). In the ester series, the cyclopropyl and cyclobutyl analogues
5j and 5k were the more potent agonists (Table 2 and Figure
5B). As can be seen from Figure 5C, a significant correlation
(r2 ) 0.93) existed between the potencies obtained for com-
pounds 5a-k at the R3�4 nAChR in the FMP assay and their
binding affinities at the receptor in the [3H]epibatidine binding
assay.

Functional Characteristics of Compounds 5a and 5d at
Human r4�2, r3�4, and r7 nAChRs. The functional properties
of compounds 5a and 5d were determined at the human R4�2,
R3�4, and R7 nAChRs expressed in Xenopus oocytes using the
two-electrode voltage clamp (TEVC) technique (Table 3 and
Figure 6). Fully saturated concentration-response curves for
the two compounds were only obtained at the R4�2 nAChR.
Compound 5a was a fairly potent partial agonist at the R4�2

nAChR, displaying an EC50 value of 7 µM and a maximal
response of 66% of that of ACh. In contrast, the compound
only exhibited weak agonistic activity at the R3�4 subtype in
concentrations above 100 µM and was completely inactive at
the R7 nAChR in concentrations up to 320 µM (Table 3 and
Figure 6A). Compound 5d also displayed negligible activities
at the R3�4 and R7 nAChR at concentrations up to 320 µM. In
contrast to 5a, however, 5d was a very low-efficacious partial
agonist at the R4�2 nAChR, displaying a maximal response of
9.5% of that of ACh (Table 3 and Figure 6B).

Notably, 5a and 5d exhibited significantly higher agonist
potencies and, in the case of 5d, markedly higher efficacy at
the rat R3�4 nAChR in the FMP assay than at the human R3�4

nAChR in the TEVC assay (Tables 2 and 3, Figures 5A and
6). These differences may be attributed to the use of R3�4

nAChRs from two different species in the two assays. However,
it is more likely that the differences arise from fundamental
differences between the assays. First, in the TEVC assay the
membrane potential is kept constant during the oocyte record-

ings, which is not the case in the FMP assay. Second, in the
FMP assay saturation of the cells with dye may give rise to
left-shifted concentration-response curves and to overestimation
of the efficacies of the two agonists compared to that of the
full agonist ACh. Finally, differences in buffer compositions
and/or receptor expression levels in the two assays may also
contribute to the observed differences. Several examples exist
in the literature where potencies and efficacies obtained for
agonists at nAChRs expressed in mammalian cell lines and
assayed by fluorescence-based high throughput assays are
somewhat higher than those obtained at nAChRs expressed in
Xenopus oocytes using the TEVC technique.26,58-61 Thus,
considering the coarse nature of the FMP assay, the conclusions
drawn from the functional characterization of ACh and CCh
analogues at the R3�4 nAChR in this assay should mainly be
focused on the majority of the analogues being agonists at this
nAChR subtype and on the general rank order of their agonist
potencies. In contrast, electrophysiological recordings at nAChRs
expressed in Xenopus oocytes give substantially more informa-
tion about ligand-gated ion channel signaling, and thus, this
assay must be considered the golden standard when it comes
to studies of nAChRs.

Homology Modeling of the Amino-Terminal Domain of
the r4�2 and the r3�4 nAChRs. Homology models of the
amino-terminal domains of the R4�2 and the R3�4 nAChRs were
employed in order to identify structural determinants for the
observed R4�2/R3�4 selectivities displayed by the CCh and ACh
analogues in the binding assays. The homology model of the
amino-terminal extracellular domain of the R4�2 receptor
reported by Le Novere et al.,62 based on the X-ray crystal
structure of L-AChBP (from Lymnaea stagnalis), was used as
a starting point. From this, a model of the orthosteric binding
site of the R3�4 receptor was obtained by substitutions of
divergent residues in the R4�2 receptor with the corresponding
R3�4 residues. The residues of the mature R4, R3, �2 and �4

subunits were numbered according to the sequence alignments
in the Uniprot Knowledgebase63 (primary accession number
P09483, P04757, P12390, and P12392, respectively).

The dockings of the ACh and CCh analogues to the two
receptor models were guided by the binding modes and receptor

Table 1. Binding Characteristics of CCh and ACh Analogues to Rat R4�2, R3�4, and R4�4 nAChRs Stably Expressed in HEK293 Cells and to the
R7/5HT3A Chimera Transiently Expressed in tsA201 Cellsa

R4�2-HEK293 R3�4-HEK293 R4�4-HEK293 R7/5HT3A (tsA-201)

(S)-nicotine 22 [7.7 ( 0.06] 600 [6.2 ( 0.04] 150 [6.8 ( 0.06] 16000 [4.8 ( 0.02]
1b 13 [7.9] 10000 [5.0] 2600 [5.6] >1000000 [<3]
2 20 [7.7 ( 0.04] 420 [6.4 ( 0.06] 150 [6.8 ( 0.04] >1000000 [<3]
3 210 [6.7 ( 0.05] 25000 [4.6 ( 0.03] 2200 [5.7 ( 0.04] >1000000 [<3]
4 91 [7.0 ( 0.03] 2600 [5.6 ( 0.05] 350 [6.5 ( 0.04] >1000000 [<3]

carbamates
5a 5.1 [8.3 ( 0.05] 11000 [5.0 ( 0.05] 190 [6.7 ( 0.01] >1000000 [<3]
5b 58 [7.2 ( 0.04] ∼300000 [∼3.5] 720 [6.1 ( 0.05] >1000000 [<3]
5c 58 [7.2 ( 0.02] ∼100000 [∼4] 1600 [5.8 ( 0.04] >1000000 [<3]
5d 2.1 [8.7 ( 0.04] 23000 [4.6 ( 0.02] 260 [6.6 ( 0.05] >1000000 [<3]
(R)-5d 0.91 [9.0 ( 0.03] 19000 [4.7 ( 0.02] 180 [6.7 ( 0.03] nd
(S)-5d 57 [7.2 ( 0.05] ∼100000 [∼4] 7100 [5.1 ( 0.05] nd
5e 15 [7.8 ( 0.03] 2500 [5.6 ( 0.02] 230 [6.6 ( 0.04] >1000000 [<3]
5f 210 [6.7 ( 0.06] 25000 [4.6 ( 0.03] 3200 [5.5 ( 0.03] >1000000 [<3]
5g 310 [6.5 ( 0.06] ∼100000 [∼4] 11000 [5.0 ( 0.03] >1000000 [<3]

esters
5h 65 [7.2 ( 0.04] 4100 [5.4 ( 0.02] 370 [6.4 ( 0.04] >1000000 [<3]
5i 30 [7.5 ( 0.06] 8500 [5.1 ( 0.04] 760 [6.1 ( 0.02] >1000000 [<3]
5jc 3.8 [8.4 ( 0.05] 4200 [5.4 ( 0.04] 260 [6.6 ( 0.03] 280000 [3.6 ( 0.05]
5kc 100 [7.0 ( 0.05] 3500 [5.5 ( 0.04] 460 [6.3 ( 0.05] 290000 [3.5 ( 0.07]
5lc 320 [6.5 ( 0.05] ∼100000 [∼4] 10000 [5.0 ( 0.03] 190000 [3.7 ( 0.03]

a The Ki values are given in nM with pKi ( SEM values in brackets. nd, not determined. b Binding data for compound 1 is from ref 26. c The Ki values
for compounds 5j-l at the R7/5HT3A chimera are based on estimated IC50 values, since neither of the compounds could displace [3H]MLA binding to the
chimera completely in the concentrations tested.
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interactions displayed by nicotine bound to L-AChBP23,64 and
epibatidine bound to A-AChBP (from Aplysia californica),65,66

given that CCh being a quaternary amine is not optimal as a
template.64 It is apparent that the mode of binding of epibatidine
to A-AChBP closely resembles that of nicotine to L-AChBP,64,66

and the key receptor interactions for nicotine and epibatidine
are provided by a protonated sp3-hybridized nitrogen atom
(cation-π interaction and NH hydrogen bonding) and a pyridyl
nitrogen atom (hydrogen bond mediated by a water molecule).
As compound 2 also contains the structural elements of
hydrogen bonding (i.e., the sp3-hybridized nitrogen atom and a
carbonyl group), it is reasonable to assume that these are
involved in receptor binding of 2 in the same way as the
corresponding parts of nicotine and epibatidine. The X-ray
structure of epibatidine bound to A-AChBP66 was chosen as a

template for the bioactive conformation of the parent compound
2, and Figure 7 displays a low energy conformation of (R)-2
superimposed on the binding conformation of epibatidine. The
R-enantiomer of 2 was chosen, given that earlier studies have
shown this enantiomer to display the highest affinity for the
R4�2 and R3�4 nAChRs.25 It is apparent from Figure 7 that
compound 2 and epibatidine are of similar size and the key
binding elements of epibatidine overlap well with the corre-
sponding parts of (R)-2. Note that the hydrogen bond accepting
pyridyl nitrogen in epibatidine corresponds to the carbonyl
oxygen in (R)-2.

Figure 8 displays compound (R)-2 in its proposed bioactive
conformation manually docked into the binding cavities of the
homology models of the R4�2 and the R3�4 nAChR. The
positively charged nitrogen of (R)-2 is forming a cation-π

Figure 3. Competition for [3H]epibatidine binding by (S)-nicotine and compounds 5a-l at heteromeric neuronal nAChRs. Concentration-inhibition
curves for carbamates 5a-g (left column) and esters 5h-l (right column) at the nAChR subtypes R4�2 (A), R3�4 (B), and R4�4 (C) stably expressed
in HEK293 cells in the [3H]epibatidine binding assay. The binding experiments were performed as described in Experimental Section, and data are
given as the mean values of duplicate determinations of single representative experiments (error bars are omitted for reasons of clarity).
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interaction with Trp154(R4)/Trp149(R3) and is enveloped by the
aromatic residues Tyr98(R4)/Tyr93(R3), Trp154(R4)/Trp149(R3),
Tyr195(R4)/Tyr190(R3), Tyr202(R4)/Tyr197(R3), and Trp57(�2)/
Trp59(�4). The NH+ moiety forms a hydrogen bond with the
backbone carbonyl of Trp154(R4)/Trp149(R3), and an additional
hydrogen bond is formed between the carbonyl group of (R)-2
and a water molecule. The water molecule in Figure 8 (shown
as a red sphere) is positioned in the same location as the
corresponding water molecule in the nicotine-AChBP com-
plex.64 In addition, the PASS algorithm67 was applied to
visualize the cavities and the geometrical proportions of the
binding pocket of the R4�2 nAChR. The PASS-contour obtained
was filled out nicely by compound (R)-2 (Figure 9), making
the docking plausible.

Attempts to dock the S-enantiomer of compound 2 using the
same manual docking approach were unsuccessful, as they
resulted in the C-methyl substituent of (S)-2 exceeding the PASS
surface. In addition, a significant steric clash was observed
between this C-methyl substituent and the Trp154(R4)/
Trp149(R3) residues of the R4�2 and the R3�4 receptor (the
observed distance between them was 2.6 Å). This may explain
the reduced nAChR binding affinity of (S)-2 compared to (R)-2
observed in the binding assays.25

Docking of the series of CCh and ACh analogues, compounds
5a-l, was performed as described for compound 2 using the

proposed bioactive conformation of (R)-2 (Figure 7) as a
template. The compounds were docked with the R-configuration
at the corresponding methyl substituted carbon.

It is of interest to note that when the homology models of
the R4�2 and R3�4 nAChRs are compared (Figure 8), the residues
of the R4 and R3 subunits are fairly similar, whereas the residues
of the �2 and �4 subunit differ to some extent.62,68-70 In the
present context, particularly important differences are seen at
the Val111(�2)/Ile113(�4) and the Phe119(�2)/Gln121(�4) resi-
dues. It is likely that these residues to some extent are
responsible for the receptor selectivities of certain orthosteric
ligands. Indeed, in the case of epibatidine, significant differences
in binding have been observed when exchanging the Cl atom
(which upon docking into the R4�2 homology model points
toward the Val111(�2) residue) with other groups, indicating
that hydrophobic and steric interactions of the Val111(�2) are
important upon binding to the R4�2 nAChR.71,72

Discussion

In the present study we have continued our exploration of
the CCh analogue as a scaffold in the development of nAChR
agonists.25,26 In previous studies, the presence of the following
structural features of the CCh analogue were found to result in
optimal nAChR activity: (1) the presence of a tertiary amino
group, (2) a distance of three carbon atoms between the amino
and the carbamate group, (3) no substituents at the C-1 and
C-2 carbons, and (4) the presence of a single methyl group at
the C-3 carbon.25,26 Furthermore, the nAChR activities of
compounds 1 and 2 were shown to reside primarily in the (R)-
enantiomer of the racemate.25 Finally, the pharmacological
implications of introducing various alkyl and aryl substituents
at the carbamate nitrogen of the CCh analogue have been
investigated. Introduction of small substituents such as hydrogen,
methyl, or ethyl groups in this position of the CCh analogue
gave rise to compounds with high nAChR affinities, whereas
introduction of larger substituents like propyl or phenyl groups
as well as incorporation of the carbamate nitrogen into a
pyrrolidine or a piperidine ring (compounds 3 and 4, respec-
tively) resulted in CCh analogues with moderate to weak nAChR
affinities.25,26 Interestingly, the substitution pattern at the
carbamate nitrogen appeared to be an important determinant of
nAChR subtype selectivity, as the monomethylated CCh
analogue 1 displayed a significant preference for �2-containing
nAChRs over �4-containing subtypes, whereas the dimethylated
analogue 2 did not.26

In the present study we have continued to elucidate the role
of the carbamate function in the CCh analogue by designing
and synthesizing a series of compounds where the nitrogen has

Figure 4. Competition for [3H]epibatidine binding by 5d and its two enantiomers (R)-5d and (S)-5d at the heteromeric nAChRs R4�2 (A), R3�4

(B), and R4�4 (C) stably expressed in HEK293 cells. The binding experiments were performed as described in Experimental Section, and data are
given as mean values of duplicate determinations of single representative experiments (error bars are omitted for reasons of clarity).

Table 2. Functional Characteristics of CCh and ACh Analogues at the
Stable R3�4-HEK293 Cell Line in the FMP Assaya

EC50 [pEC50 ( SEM] Rmax (% of RmaxACh)

ACh 8.9 [5.1 ( 0.03] 100
2 7.7 [5.1 ( 0.03] 105 ( 4

carbamates
5a 23 [4.6 ( 0.02] 106 ( 4
5bb ∼300 [3.5] 43 ( 2
5c 95 [4.0 ( 0.03] 75 ( 3
5d 48 [4.3 ( 0.05] 91 ( 3
5e 5.4 [5.3 ( 0.05] 89 ( 1
5f 51 [4.3 ( 0.04] 90 ( 3
5gb 100-300 [3.5-4] 27 ( 2

esters
5h 23 [4.6 ( 0.01] 97 ( 2
5i 24 [4.6 ( 0.02] 100 ( 1
5j 7.2 [5.1 ( 0.03] 105 ( 3
5k 8.5 [5.1 ( 0.02] 85 ( 4
5lc nd nd

a The EC50 values are given in µM with pEC50 ( SEM values in brackets,
and the Rmax values are given as % of the Rmax of ACh. nd: not determined.
b The concentration-response curves of 5b and 5g did not always reach
saturation in the concentration range tested. The responses elicited by 1
mM 5b and 1 mM 5g are given as % of Rmax of ACh, and the EC50 values
of the compounds are estimated. c 5l elicited only a weak agonist response
at concentrations up to 1 mM, and thus, EC50 and Rmax values could not be
determined.
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been incorporated into azetidine ring systems with different
substituents (compounds 5a-f) or a pyrrole ring (compound
5g). In addition, we explore the SARs of the corresponding
series of esters, i.e., the one-carbon analogues of ACh having
a methyl group at the C3 carbon (compounds 5h-l).

Structure-Activity Relationships of the CCh Analogues.
Introduction of an azetidine ring in the CCh analogue resulted
in a series of compounds of which several displayed low
nanomolar binding affinities to the R4�2 nAChR. In addition,
the compounds displayed significant selectivities for the R4�2

subtype, in particular over the R3�4 nAChR but also over the
R4�4 nAChR (Table 1 and Figure 3, left). The nonsubstituted
azetidine ring analogue 5a displayed a 2000-fold higher binding
affinity to the R4�2 than to the R3�4, and thus, the selectivity
profile of 5a was comparable to that of our original lead,
compound 1.26 Introduction of a methyl group in the 3-position
of the azetidine ring yielded compound 5d, which displayed a
Ki value of 2 nM at the R4�2 subtype and a Ki(R3�4)/Ki(R4�2)
ratio of 11 000, making this compound the ligand with the
highest R4�2 binding affinity and the highest R4�2/R3�4 selectiv-
ity in the CCh analogue series to date (Table 1).25,26 The
presence of two methyl groups or two fluoro atoms in the
3-position of the azetidine ring led to compounds 5b and 5c,
which displayed significantly decreased binding affinities at all
three heteromeric nAChR subtypes compared to 5a and 5d,
indicating that the presence of an additional substituent in the

3-position of the azetidine ring is not well tolerated in the
orthosteric site of the nAChR (Table 1). The 2-dimethylated
azetidine ring analogue 5f exhibited 40-fold lower binding
affinity to the R4�2 subtype than 5a, whereas the binding of 5f
to R3�4 was less impaired by the substitutions in the 2-position.
Hence, substituents in the 2-position of the azetidine ring gave
rise to compounds with a lower degree of selectivity between
the �2- and �4-containing subtypes.

An additional finding in this study was that azetidine ring
analogue 5a exhibited a significantly increased binding affinity
at the R4�2 nAChR compared to the corresponding pyrrolidine
and piperidine ring analogues (compounds 3 and 4, respectively).
However, the affinity differences of these three compounds were
less pronounced at the �4-containing subtypes. Thus, the size
of the carbamate containing ring system appears to be a critical
determinant of R4�2 binding and �2/�4-selectivity. In order to
probe this observation in greater detail, we attempted to
synthesize the aziridine analogue of the CCh analogue. Unfor-
tunately, this compound could not be isolated because of its
instability. Compound 5g, where the carbamate nitrogen was
incorporated into a pyrrole ring system, displayed weak binding
affinities to all three heteromeric nAChRs, which was in good
agreement with the low binding affinities of the pyrrolidine
analogue 3. Interestingly, the CCh analogue containing the six-
membered piperidine ring system displayed higher binding
affinities to all three heteromeric nAChRs than the two
compounds with five-membered ring systems (3 and 5g), which
suggests that factors other than the sheer size of the ring system
determine the nAChR binding affinity of these compounds.

Finally, the individual isomers of 5d ((R)-5d and (S)-5d) were
synthesized in order to confirm the findings in previous studies
of (R)-1, (S)-1, (R)-2, and (S)-2, where the nAChR activity of
the CCh analogues were found to reside primarily in the
R-enantiomer.25 In concordance with these studies, the R-
enantiomer of 5d displayed significantly higher binding affinities
(5- to 60-fold) to all three heteromeric nAChRs than (S)-5d.
Since the enantiomeric purity of (S)-5d was estimated to be
>95%, we cannot rule out the possibility that the weaker nAChR
binding displayed by the S-enantiomer may arise from the
presence of trace amounts of (R)-5d in the (S)-5d sample.
However, the overall conclusion must be that (R)-5d is the major
determinant of the nAChR activity displayed by the racemic
compound. In light of this and the results from our previous
studies,25 it is reasonable to assume that the same relationship
exists for the rest of the compounds in the CCh and ACh series.

Figure 5. Functional profiles of ACh and compounds 5a-l at the R3�4 nAChR in the FMP assay. The agonist responses induced by CCh analogues
5a-g (A) and ACh analogues 5h-l (B) at the R3�4 nAChR-HEK293 cell line are given as % of the Rmax of ACh. Data are the mean ( SD of
duplicate determinations of single representative experiments. (C) Correlation between binding affinities and functional potencies of compounds
5a-k at the R3�4-HEK293 cell line.

Table 3. Functional Properties of Acetylcholine (ACh) and CCh
Analogues 5a and 5d at Human R4�2, R3�4, and R7 nAChRs Expressed
in Xenopus Oocytesa

EC50 (µM) pEC50 [95% CI] Rmax [95% CI] (%)

ACh
R4�2 70 4.15 [4.35-3.96] 100
R3�4 144 3.84 [3.97-3.72] 100
R7 83 4.08 [4.19-3.96] 100

5a
R4�2 7.1 5.15 [5.33-4.96] 66 [61-70]
R3�4 >320 <3.5 23 ( 2.1 (at 320 µM)
R7 >320 <3.5 0.9 ( 0.3 (at 320 µM)

5d
R4�2 85 4.07 [4.60-3.53] 9.5 [7.3-12]
R3�4 >320 <3.5 12 ( 2.4 (at 320 µM)
R7 >320 <3.5 0.9 ( 0.3 (at 320 µM)

a Recordings were made using the two-electrode voltage clamp technique.
EC50 values are given in µM, and pEC50 values are given with 95%
confidence intervals in brackets. Rmax values of 5a and 5d at the R4�2 nAChR
are given in % of the Rmax of ACh with 95% confidence intervals in brackets.
The responses elicited in oocytes expressing R3�4 and R7 nAChRs at the
maximal concentrations of 5a and 5d (320 µM) are given as % of the Rmax

of ACh.
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Structure-Activity Relationships of the ACh Analogues.
In the ACh analogue series, the cyclopropyl analogue 5j was
the only compound displaying a low nanomolar binding affinity
to the R4�2 nAChR similar to those of the CCh analogues 5a
and 5d (Table 1 and Figure 3). Furthermore, 5j displayed a
1100-fold lower binding affinity to the R3�4 subtype, thus
exhibiting a similar, yet somewhat decreased, selectivity profile
as the two CCh analogues. The methyl, isopropyl, and cyclobu-
tyl ACh analogues, 5h, 5i, and 5k, respectively, displayed 10-
to 30-fold lower binding affinities to the R4�2 subtype than 5j,
whereas they displayed similar Ki values at the R3�4 and the
R4�4 nAChRs. Compounds 5h, 5i, and 5k thus displayed lower

preference for the R4�2 subtype than 5j (Table 1). Interestingly,
introduction of a phenyl group next to the carbonyl group
(compound 5l) resulted in a dramatically decreased binding
affinity to the �4-containing nAChR subtypes, and although 5l
displayed the lowest binding affinities at all three heteromeric
nAChRs in the series, the compound did exhibit significant
preference for the R4�2 over the R4�4 and the R3�4 nAChRs
(Table 1).

One might expect that a certain trend would be observed
between the corresponding carbamates and esters (i.e., 2 and
5i, 5a and 5k), yet no such overall trend was observed when
comparing the binding properties of the respective compounds.
However, the bulkiness of the substituents (e.g., an isopropyl
being more bulky than a N,N-dimethylamino group) is likely
to have an effect on receptor binding, but further studies are
needed to shed light on this issue.

Binding Modes of CCh and ACh Analogues. The R-
enantiomers in the series of CCh analogues have higher binding
affinities to the nAChRs than the S-enantiomers (as seen for
(R)-1, (S)-1, (R)-2, (S)-2,25 (R)-5d, and (S)-5d), and thus, the
former enantiomers were docked into our homology model. The
following considerations and analyses are based on the docked
structures, although the pharmacological data are from racemic
compounds. Consequently, the assumption is made that the
higher R4�2 binding affinity of the R- vs the S-enantiomer
observed for 1, 2, and 5d is consistent throughout the series of
CCh and ACh analogues and thus that the nAChR activities of
all compounds reside primarily in the R-enantiomer.

The lead compounds 1 and 2 display comparable binding to
the R4�2 nAChR and yet exhibit significantly different binding

Figure 6. Functional profiles of compounds 5a (A) and 5d (B) at human R4�2, R3�4, and R7 nAChRs expressed in Xenopus oocytes. Recordings
were made using the two-electrode voltage clamp technique, and data represent the mean ( SEM from three to five separate experiments.

Figure 7. Superimposition of the bound conformation of epibatidine
(as determined by X-ray structure)66 with a low energy conformation
of compound (R)-2.

Figure 8. Compound (R)-2 docked into the binding site of the R4�2

(shown in purple) and R3�4 receptor (shown in white). The Val111(�2)/
Ile113(�4), Phe119(�2)/Gln121(�4), and Thr155(R4)/Ser150(R3) residues
likely to have an effect on R4�2/R3�4 selectivity are marked with an
arrow.

Figure 9. Compound (R)-2 docked in the binding pocket of the R4�2

receptor. The displayed PASS67 contour shows the cavities in the protein
structure. A red color signifies deep burial in the protein, whereas the
blue area is closer to the surface.
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affinities to the �4-containing nAChRs. In the L-AChBP, the
Arg104, Leu112, and Met114 residues form hydrophobic
contacts to the carbamate moiety of CCh,64 and translated into
R4�2/R3�4-terminology, these residues correspond to Val111(�2)/
Ile113(�4), Phe119(�2)/Gln121(�4), and Leu121(�2)/Leu123(�4),
respectively.63,69 In addition, homology modeling of the R4�2

and the R3�4 nAChR has assigned Lys79(�2)/Ile81(�4) and
Phe119(�2)/Gln121(�4) to be the major contributors to the
difference in topology and electrostatic environment in the
binding pocket of the R4�2 and the R3�4 nAChRs.69 Taking these
considerations into account, it is not surprising that compounds
1 and 2 have different selectivity profiles. The aromatic-amide
interaction73 between Phe119 (in the R4�2 nAChR) and the
carbamate group of 1 and 2 is nonexistent in the �4-containing
nAChR because the Phe119(�2) residue is replaced by
Gln121(�4), which is incapable of such interaction. In return,
the loss of the favorable aromatic-amide interaction in the �4-
containing nAChR can be somewhat outweighed by hydropho-
bic interactions with residues Ile113(�4), Leu123(�4), and
Ile81(�4), which 2 (because of the additional N-methyl group)
is more able to satisfy than 1 (Figure 8). The importance of
ligands complying with the hydrophobic interactions is sup-
ported by the fact that CCh binds less efficiently to the nAChR
than does MCC (N-methylcarbamoylcholine) and DMCC (N,N-
dimethylcarbamoylcholine), where one or two hydrogens have
been replaced by methyl groups.26,74-76

As mentioned above, the Val111(�2)/Ile113(�4) and Phe119(�2)/
Gln121(�4) residues are involved in ligand binding and most
likely affect the selectivity of epibatidine, nicotine, and com-
pounds 1 and 2. It is therefore also plausible that these residues
are involved in controlling the selectivities of 5a-l to the R4�2

over the R3�4 nAChR, and dockings of the CCh and ACh
analogues (exemplified by 5a in Figure 10A and 5k in Figure
10B) do indicate that these residues are key players when the
compounds bind.

Compounds 5a and 5d display higher binding affinity to and
higher selectivity for the R4�2 nAChR than the parent compound
2. The increased binding affinity might be explained by the
degree of favorable hydrophobic interactions being satisfied
upon binding in the receptor binding pocket, as the azetidine
group of 5a fills out the favorable space in the R4�2 nAChR to
a greater extent than does the carbamate N-methyl groups of 2.
The greatly enhanced R4�2/R3�4 selectivity of 5a and 5d

compared to 2 is probably explained by the fact that the azetidine
ring has steric clashes with the Ile113(�4) of the R3�4 nAChR
while not having this steric interaction with the Val111(�2) in
the R4�2 nAChR (Figure 10A). Substituting one of the hydro-
gens in the 3-position of the azetidine ring with a smaller group
like methyl (as in 5d) enhances the steric interaction with
Ile113(�4) and thus increases the selectivity for the R4�2 nAChR.
However, substituting an additional hydrogen in the 3-position
(as in 5b and 5c) leads to decreased binding and selectivity, as
this second group clashes with both receptors.

However, the interaction of the CCh analogues with the
Ile113(�4)/Val111(�2) residues is not the only factor underlying
the R4�2/R3�4 nAChR selectivity, since differences in binding
to the two �4-containing nAChRs are also observed (i.e., the
binding affinities of 5a-l to the R4�4 nAChR differ from the
binding affinities to the R3�4 nAChR). The dockings of 5a-l
suggest that the Thr155(R4)/Ser150(R3) residues are responsible
for the observed differences, as they are in close vicinity to the
CCh and ACh analogues upon binding. The interaction with
Thr155(R4)/Ser150(R3) is most pronounced with 5f where the
two methyl groups in the 2-position of the azetidine ring of the
compound extend toward these residues. An additional observa-
tion is made when looking at compounds 5e and 5f. As
compounds 5e and 5f are a mixture of rotamers and thus have
substituents in the 2- or 4-position of the azetidine ring, they
have steric interactions with Phe119(�2), which might contribute
to their lower binding affinities at the R4�2 nAChR compared
to that of 5a. The decrease in R4�2 binding affinity of 5e is not
as dramatic as for compound 5f, which is probably ascribed to
the fact that 5e is a mixture of diastereomers. Individual isomers
of 5e thus have a R or S configuration in the 2 position of the
azetidine ring, and according to the homology model, only
the R configuration results in steric clashes with Phe119(�2).
The R4�2/R3�4 selectivity of 5e and 5f is lower than those of
the other compounds in the 5a-g series, which could, among
other factors, be attributed to the fact that the Ser150(R3) and
Gln121(�4) residues in the R3�4 nAChR do not enforce steric
interactions to the same extent as the corresponding Thr155(R4)
and Phe119(�2) residues in the R4�2 nAChR.

As mentioned, compound 5e is a mixture of diastereomers,
each of which can exist in two rotameric states as mentioned
above. The binding mode analysis for 5e is therefore very
complex, and we will refrain from speculating on this matter

Figure 10. Compound (R)-5a (A) and compound (R)-5k (B) docked into the binding site of the R4�2 (shown in purple) and the R3�4 (shown in
white) nAChR. Methyl groups in the 3-position of the azetidine ring of (R)-5a clash with the Ile113(�4) residue of the R3�4 nAChR, whereas only
the methyl group pointing upward in the 3-position will clash with the Val111(�2) residue of the R4�2 nAChR. The cyclobutane ring of (R)-5k is
in very close proximity with the Phe119(�2) residue of the R4�2 nAChR while not displaying this steric clash with the Gln121(�4) residue of the
R3�4 nAChR.
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based on the pharmacological data presently available. It is
highly likely that one of the isomers of 5e will be superior to
the others in binding to the nAChRs, but the individual isomers
of 5e need to be resolved in order to address this issue in more
detail.

The binding properties displayed by the ACh analogues 5h-l
at the R4�2 nAChR are comparable with those of the CCh
analogues, and yet the esters exhibit much lower degrees of
R4�2/R3�4 selectivity. The selectivity differences can once again
be explained by the Val111(�2) and Ile113(�4) residues. In
contrast to the azetidine rings in the CCh analogue series, the
acyl substituents of the ACh analogues do not quite reach this
volume in the receptor models (Figure 10B). Hence, the
contribution of the Val111(�2)/Ile113(�4) residues to the binding
of compounds 5h-l to the nAChRs is considerably smaller than
that to the binding of compounds 5a-f, and consequently, the
R4�2/R3�4 selectivity of 5h-l is decreased.

A significant difference in binding affinity is observed
between ACh analogue 5k and the CCh analogue 5a. The sp3-
hybridized nature of the acyl carbon atom in 5k forces the
cyclobutane ring to accommodate a different orientation com-
pared to the azetidine ring in 5a, where the carbamate nitrogen
is sp2-hybridized. The orientation of the cyclobutane ring results
in steric interactions with the Phe119(�2) residue of the R4�2

nAChR (Figure 10B), and this clash might explain the 20-fold
difference in R4�2 binding affinities observed between 5a and
5k (Table 1). The ACh analogue 5j, on the other hand, binds
tightly to the receptor because the smaller size of the cyclopropyl
group prevents it from clashing with the Phe119(�2) in the R4�2

nAChR.

Functional Properties of the CCh and ACh Analogues
at the nAChRs. The synthesized carbamates and esters were
all agonists at the R3�4 nAChR in the FMP assay (Figure 5 and
Table 2), just like all other previously synthesized CCh
analogues,25,26 and the observed agonist potencies correlate well
with the corresponding binding affinities at the R3�4 receptor
(Figure 5C). In addition, the functional properties of 5a and 5d
at the three major human neuronal nAChR subtypes R4�2, R3�4,
and R7 (expressed in Xenopus oocytes) were characterized in a
conventional electrophysiological setup. The high degree of
R4�2/R3�4 selectivity displayed by several of the compounds in
this study as well as by previously reported CCh analogues25,26

in the [3H]epibatidine binding assay was promising, and
consequently, we wanted to investigate whether this binding
selectivity translated into functional selectivity. In the TEVC
assay, compound 5a was a functionally selective partial agonist
at the R4�2 nAChR, exhibiting only weak agonism at the R3�4

subtype and no activity at the R7 nAChR. However, it should
be stressed that the functional properties of the compound was
not determined at the plethora of minor neuronal nAChR
subtypes, such as R3�2, R4�4, and others, or at the muscle-type
nAChR. Thus, additional functional testing at these nAChRs is
required to establish whether 5a is a completely selective R4�2

nAChR agonist.
Considering the close structural similarity of compounds 5a

and 5d, the functional profiles of the compounds were remark-
ably different. In the [3H]epibatidine binding assays, compound
5d displayed a higher R4�2/R3�4 selectivity than 5a (Table 1).
However, whereas 5d, similarly to 5a, exhibited negligible
activities at the R3�4 and R7 nAChRs, 5d was a significantly
weaker agonist with a dramatically reduced efficacy at the R4�2

nAChR compared to 5a (Figure 6, Table 3). Thus, the
introduction of a methyl group in the 3-position of the azetidine
ring in 5a led to a slightly higher binding affinity to R4�2,

whereas the ring substitution decreased both potency and
efficacy of the agonist at this receptor. The high binding affinity
and low functional efficacy displayed by 5d at R4�2 are
reminiscent of the pharmacological characteristics of the
standard nAChR ligand ABT-089, which displays low-nano-
molar Ki values in binding assays to native and recombinant
R4�2 receptors and extremely low efficacies at the receptor in
functional assays.77 Several other examples of divergences
between the binding affinities and functional properties displayed
by nAChR ligands can be found in the literature.2

The number of truly functionally selective R4�2 nAChR
agonists (or more precisely, as the present study allows us to
conclude for 5a, agonists completely functionally selective for
R4�2 over R3�4 and R7 nAChRs) published to this date is not
overwhelming.2 Compound 5a displays a more than 40-fold
higher potency at the R4�2 nAChR than at the other two major
neuronal nAChRs, and in this respect, the compound is
comparable to truly R4�2 selective agonists like TC-2559.78 In
recent years, there has been an increasing interest in the
development of partial R4�2 nAChR agonists, in particular
following the marketing of the partial R4�2 agonist cytisine (in
Eastern Europe, trade name Tabex) and its derivative varenicline
(in the U.S. as CHANTIX, in the EU as CHAMPIX) as smoking
cessation aids. Partial R4�2 nAChR agonists have been proposed
to exert a dual effect beneficial for this indication: a reduction
of the craving connected with quitting (due to activation of
R4�2* heteroreceptors mediating dopamine release in the me-
solimbic system) and an inhibition of the nicotine reinforcement
when smoking (also mediated predominantly by R4�2* recep-
tors).79 However, in contrast to compounds 5a and 5d from the
present study, both cytisine and varenicline, in addition to their
partial agonism at R4�2 nAChRs, are characterized by being
highly efficacious at several other neuronal nAChR subtypes,
including R3�4 and R7.13,80,81 It would be interesting to evaluate
the therapeutic prospects of compound 5a and other R4�2

selective partial agonists from the CCh and ACh series in models
for smoking cessation and for some of the neurodegenerative
and psychiatric indications where R4�2 nAChR agonists have
been proposed to be potentially beneficial.

Conclusion

In conclusion, the series of carbamates (5a-g) presented in
this study provides further insight into the SARs of the CCh
analogues as nAChR agonists. The observed results combined
with our modeling studies present valuable information on how
these compounds may bind to the nAChR and identify the
receptor residues Val111(�2)/Ile113(�4), Phe119(�2)/Gln121(�4),
and Thr155(R4)/Ser150(R3) as possible determinants of the
observed R4�2/R3�4 selectivity exhibited by the compounds. The
incorporation of an azetidine ring in the CCh analogue optimizes
the receptor-ligand interactions at the R4�2 nAChR, and in
agreement with previous observations,25 the nAChR activity of
CCh analogue 5d was observed to reside primarily in the
R-enantiomer. Hence, it is very likely that this relationship of
enantiomeric activity exists for all compounds in the CCh and
ACh series. Most importantly, we found that the significant
selectivity for the major neuronal R4�2 nAChR subtype dis-
played by some of the CCh analogues in the binding assays is
mirrored in their functional profiles, at least in the case of 5a,
which is a fairly potent agonist at the R4�2 nAChR that has no
or limited activity at the R3�4 and R7 nAChRs. Although not
all CCh analogues that display distinct selectivity for the R4�2

in binding assays may be functionally selective as well, as
exemplified by 5d, it is reasonable to assume that the CCh
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analogue series synthesized in this and previous studies25 contain
additional functionally selective R4�2 agonists.

In addition to the CCh analogues, we report the synthesis
and pharmacological characterization of a corresponding series
of ACh analogues. While a couple of these analogues display
high-affinity binding to the nAChRs, these generally do not
display the same degree of R4�2/R3�4 receptor selectivity as the
carbamate compounds in the binding assays. This underlines
the importance of having a planar shape around the carbonyl
group in the molecule for optimal binding to the nAChRs.
However, the effects of atom hybridization need to be analyzed
further in order to fully understand the molecular basis underly-
ing the different binding properties of the ACh and the CCh
analogues.

Experimental Section

Chemistry. General Procedures. All reactions involving air
sensitive reagents were performed under a N2 atmosphere using
syringe-septum cap techniques. Unless otherwise noted, all materi-
als were obtained from commercial suppliers and used without
further purification. When dry solvents were used, THF was distilled
and stored over molecular sieves (4 Å). All other solvents, stated
dry, were purchased from a commercial source and stored over
molecular sieves (4 Å). 1H NMR and 13C NMR spectra were
obtained on a Varian Gemini 2000 (300 MHz) or Varian Mercury
Plus (300 MHz). Flash column chromatography (FC) was performed
using Merck silica gel 60 (0.040-0.063 mm). Dry column vacuum
chromatography (DCVC) was performed using Merck silica gel
60 (0.015-0.040 mm). Analytical thin-layer chromatography (TLC)
was carried out using Merck silica gel 60 F254 plates, and the
compounds were visualized using KMnO4 spraying reagent.
Elemental analyses were performed at the Analytical Research
Department, H. Lundbeck A/S, Denmark, or by J. Theiner,
Department of Physical Chemistry, University of Vienna, Austria,
and are within (0.4% of the calculated values unless otherwise
stated. Melting points were determined in open capillary tubes and
are uncorrected.

(R)-3-(Dimethylamino)butan-1-ol ((R)-7).25,82 A stirred solution
of (R)-3-aminobutan-1-ol (2.96 g, 33.2 mmol) in MeOH (125 mL)
was added to formaldehyde (37% in H2O, 13,5 mL, 166 mmol)
and NaBH(OAc)3 (35.2 g, 166 mmol). Stirring was continued at
room temperature overnight, and NaOH (2 M, 250 mL) was added.
The mixture was extracted with CH2Cl2, dried (MgSO4), and
evaporated. Purification by DCVC (eluent CH2Cl2/NH4OH/MeOH,
100:0:0f 100:2:18) afforded 2.33 g (60%) of (R)-7 as a clear oil.
The NMR data of (R)-7 were in concordance with the NMR data
given in the literature.

(S)-3-(Dimethylamino)butan-1-ol ((S)-7).25 (S)-7 was prepared
as described for (R)-7 starting from (S)-3-aminobutan-1-ol (3.11
g, 34.9 mmol). Yield: 2.55 g (63%). The product was a clear oil.
The NMR data of (S)-7 were equal to the NMR data of (R)-7.

3-Amino-3-methylbutan-1-ol (8).83 To a suspension of 3-amino-
3-methylbutanoic acid (10.0 g, 85.4 mmol) in dry THF (50 mL),
stirred under nitrogen, was added BF3OEt2 (10.8 mL, 85.4 mmol)
during 30 min. The resulting mixture was stirred at reflux for 3 h,
and BH3 ·SMe2 (90% in MeSH, 10.0 mL, 94.8 mmol) was added
slowly. The mixture was stirred at reflux for an additional 5 h, and
an additional portion of BH3 ·SMe2 (90% in MeSH, 1.00 mL, 9.48
mmol) was added. Stirring was continued for 1 h. The reaction
mixture was cooled to room temperature and quenched by slow
addition of a 1:1 THF/H2O mixture (12 mL) followed by aqueous
NaOH (5 M, 71 mL). The resulting two-phase mixture was heated
to reflux for 15 h, cooled to room temperature, and filtered. The
residual solid was then washed with THF (50 mL × 3). Evaporation
of the combined filtrates gave a slurry, which was extracted with
CH2Cl2 (100 mL × 3), dried (MgSO4), and evaporated to give the
product as a yellow oil (8.36 g, 99.8%). The NMR data of 8 were
in concordance with the NMR data given in the literature.83

3-Amino-2-methylpropan-1-ol (9).84 9 was prepared as de-
scribed for 8 from 3-amino-2-methylpropanoic acid (10.0 g, 97.0
mmol), affording 9 as a colorless oil (9.0 g, 105%), which was
used without further purification. The NMR data of 9 were in
concordance with the NMR data found in the literature.84

2-Methyl-3-(4-methylphenylsulfonamido)propyl 4-Methylben-
zenesulfonate (10). 3-Amino-2-methylpropan-1-ol (9) (5.00 g, 56.1
mmol) was dissolved in pyridine (80 mL) and cooled to 0 °C.
p-Toluenesulfonyl chloride (19.83 g, 104 mmol) was added slowly,
keeping the temperature below 6 °C. After addition, the solution
was kept at 4 °C overnight (∼19 h), and the mixture was then
poured into ice-water (350 mL). The precipitated pyridinium
chloride was washed with pyridine, and the pyridine layers were
added to the ice-water mixture. A red oil separated, which was
isolated, affording 12.70 g of crude 10. The pyridine-water layer
was extracted with CH2Cl2, which was then dried (MgSO4) and
evaporated to give a second crop of crude 10 (3.75 g). Crude 10
was dissolved in CHCl3 and washed with H2O to remove residual
pyridine. Drying (MgSO4) and evaporation of the chloroform layers
then gave 10 (11.6 g, 57%). 1H NMR (CDCl3): δ 0.88 (3H, d, J )
6.9 Hz), 1.95-2.05 (1H, m), 2.42 (3H, s), 2.45 (3H, s), 2.83 (1H,
t, J ) 6.7 Hz), 3.85 (1H, dd, J ) 5.7/10.0 Hz), 3.95 (1H, dd, J )
4.9/9.9 Hz), 5.07 (1H, t, J ) 6.7 Hz), 7.28 (2H, d, J ) 8.0 Hz),
7.33 (2H, d, J ) 8.0 Hz), 7.69 (2H, d, J ) 8.2 Hz), 7.74 (2H, d,
J ) 8.2 Hz). 13C NMR (CDCl3): δ 14.28, 21.66, 21.80, 33.66,
45.11, 72.15, 127.07, 127.96, 129.87, 130.06, 132.59, 136.83,
143.56, 145.16.

3-Methyl-3-(4-methylphenylsulfonamido)butyl 4-Methylbenze-
nesulfonate (13). 13 was prepared as described for 10 from 3-amino-
3-methylbutan-1-ol (8) (4.00 g, 38.8 mmol) to give 13 as a red oil
(5.18 g, 84%). No further purification was performed. 1H NMR
(CDCl3): δ 1.15 (6H, s), 1.94 (2H, t, J ) 6.3 Hz), 2.42 (6H, s),
4.12 (2H, t, J ) 6.3 Hz), 4.79 (1H, NH), 7.24-7.35 (4H, m),
7.69-7.77 (4H, m).

3-Methyl-1-tosylazetidine (10a). To a solution of tBuOK (1.41
g, 12.6 mmol) in tBuOH (200 mL) was added 2-methyl-3-(4-
methylphenylsulfonamido)propyl 4-methylbenzenesulfonate (10)
(5.00 g, 12.6 mmol). The reaction mixture was heated to reflux
overnight, cooled to room temperature, filtered, and evaporated.
The crude product was dissolved in MeOH and precipitated with
H2O. This afforded 10a (2.49 g, 88%) as a brown/black hard wax.
1H NMR (CDCl3): δ 1.02 (3H, d, J ) 6.8 Hz), 2.43-2.56 (1H,
m), 2.46 (3H, s), 3.31 (1H, d, J ) 6.2 Hz), 3.34 (1H, d, J ) 6.1
Hz), 3.85 (1H, d, J ) 8.1 Hz), 3.87 (1H, d, J ) 8.1 Hz), 7.36 (2H,
d, J ) 7.9 Hz), 7.71 (2H, d, J ) 8.2 Hz). 13C NMR (CDCl3): δ
19.05, 21.76, 23.74, 57.57, 128.49, 129.77, 131.68, 143.98.

2,2-Dimethyl-1-tosylazetidine (13a). 13a was prepared as de-
scribed for 10a from 3-methyl-3-(4-methylphenylsulfonamido)butyl
4-methylbenzenesulfonate (13) (5.94 g, 14.4 mmol). The crude
product was dissolved in MeOH and precipitated with H2O. Two
consecutive recrystallizations from MeOH-H2O afforded 1.67 g
(49%) of 13a as yellow crystals. The mother liquor was evaporated
and the crystals thus obtained were recrystallized from
MeOH-H2O, giving 549 mg (16%) of yellow crystals. Mp:
95.1-95.8 °C. 1H NMR (CDCl3): δ 1.45 (6H, s), 1.98 (2H, t, J )
7.5 Hz), 2.42 (3H, s), 3.71 (2H, t, J ) 7.5 Hz), 7.27 (2H, d, J )
8.3 Hz), 7.70 (2H, d, J ) 8.3 Hz). 13C NMR (CDCl3): δ 21.96,
28.11, 31.50, 45.60, 71.79, 127.96, 129.84, 137.39, 143.46. Anal.
(C12H17NO2S) C, H, N.

3-Methylazetidinium Hydrochloride (10b). To a solution of
3-methyl-1-tosylazetidine (10a) (2.49 g, 11.1 mmol) in n-pentanol
(60 mL) was added Na (5.08 g, 221 mmol) in small pieces. After
being stirred at reflux overnight, the solution was cooled and H2O
(75 mL) added. The organic layer was separated and extracted with
aqueous HCl (2 M, 2 × 100 mL). Evaporation of the aqueous layer
gave 1.07 g (90%) of 10b as a brown wet crystalline compound.
1H NMR (D2O): δ 1.09 (3H, d, J ) 6.9 Hz), 2.83-2.96 (1H, m),
3.61 (2H, t, J ) 9.1 Hz), 4.00 (2H, t, 9.6 Hz). 13C NMR (D2O): δ
18.25, 27.68, 53.53.

2,2-Dimethylazetidinium Hydrochloride (13b). 13b was prepared
described for 10b from 2,2-dimethyl-1-tosylazetidine (13a) (2.20
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g, 9.19 mmol). The product 13b was isolated as wet yellow crystals
(1.57 g). The crude product was used without further purification.
1H NMR (D2O): δ 1.51 (6H, s), 2.29 (2H, t, J ) 8.5 Hz), 3.81
(2H, t, J ) 8.5 Hz). 13C NMR (D2O): δ 26.67, 31.96, 39.81, 68.64.

3-((Azetidine-1-carbonyloxy)-1-methylpropyl)dimethylammo-
nium Oxalate (5a). To a solution of 3-(dimethylamino)butan-1-ol
(200 mg, 1.71 mmol) in dry toluene (5 mL) was added CDI (332
mg, 2.05 mmol). The mixture was stirred for 3 h at room
temperature, and dry THF (2 mL) was added. The solution was
further stirred for 1 h, and azetidine (0.23 mL, 3.4 mmol) was added.
The resultant mixture was stirred overnight (18 h), EtOAc (10 mL)
was added, and the mixture was washed with brine (10 mL). The
organic phase was dried (MgSO4), evaporated, and purified by
DCVC (eluent CH2Cl2/NH4OH/MeOH, 100:0:0f 200:2:30). This
gave 199 mg (58%) of 5a as the free amine. The product was a
colorless oil. The free amine of 5a (149 mg, 0.743 mmol) was added
to a solution of oxalic acid (74 mg, 0.82 mmol) in dry iPr-OH (1
mL), and the mixture was stored at 4 °C until crystallization.
Filtration and recrystallization (iPr-OH, Et2O) gave 175 mg (81%)
of 5a as colorless crystals. Mp: 112-113 °C. 1H NMR (D2O): δ
1.13 (3H, d, J ) 6.5 Hz), 1.64-1.75 (1H, m), 1.88-1.97 (1H, m),
1.99-2.10 (2H, m), 2.59 (3H, s), 2.63 (3H, s), 3.26-3.37 (1H,
m), 3.81 (4H, t, J ) 7.4 Hz) 3.89-4.03 (2H, m). 13C NMR (D2O):
δ 13.13, 15.81, 30.55, 38.47, 40.37, 49.92, 60.10, 62.26, 158.12,
166.13. Anal. (C12H22N2O6) C, H, N.

3-((3,3-Dimethylazetidine-1-carbonyloxy)-1-methylpropyl)dim-
ethylammonium Oxalate (5b). 5b was prepared as described for
5a from 3-(dimethylamino)butan-1-ol (7) (200 mg, 1.71 mmol) and
3,3-dimethylazetidine (291 mg, 3.41 mmol). The free amine of 5b
was isolated as a colorless oil (201 mg, 52%). The free amine of
5b (100 mg, 0.44 mmol) was added to a solution of oxalic acid
(43 mg, 0.48 mmol) in a few drops of distilled acetone, and the
mixture was stored at 4 °C until crystallization. Filtration gave 53
mg (38%) of 5b as colorless crystals. Evaporation of the filtrate
and addition of acetone precipitated an additional 19 mg (14%) of
5b. Mp: 99-100 °C. 1H NMR (D2O): δ 1.05 (6H, s), 1.16 (3H, d,
J ) 6.7 Hz), 1.66-1.78 (1H, m), 1.90-1.99 (1H, m), 2.61 (3H, s),
2.65 (3H, s) 3.25-3.38 (1H, m), 3.51 (4H, s), 3.88-4.05 (2H, m).
13C NMR (D2O): δ 13.19, 26.44, 30.51, 30.86, 31.42, 38.52, 40.31,
60.18, 61.90, 62.34, 158.52, 166.39. Anal. (C14H26N2O6 ·1 H2O)
C, H, N.

3-((3,3-Difluoroazetidine-1-carbonyloxy)-1-methylpropyl)dim-
ethylammonium Oxalate (5c). To a solution of 3-(dimethylami-
no)butan-1-ol (7) (300 mg, 2.56 mmol) in dry toluene (7.5 mL)
was added CDI (498 g, 3.07 mmol). The mixture was stirred for
3 h at room temperature, and dry THF (3 mL) was added. The
solution was further stirred for 1 h, and a solution of 3,3-
difluoroazetidinium hydrochloride (497 mg, 3.83 mmol) in aqueous
NaOH (2 M, 2 mL) was added. The resultant mixture was stirred
overnight. The organic layer was separated, and the aqueous layer
was extracted with toluene (4 × 10 mL). The combined organic
phases were dried (MgSO4), filtered, and evaporated, affording the
free amine of 5c (366 mg, 61%). The product was a yellow oil.
The oxalate salt (5c) was prepared as described for 5b from oxalic
acid (42 mg, 0.47 mmol) and the free amine of 5c (100 mg, 0.42
mmol). The product was isolated as colorless crystals (112 mg,
82%). Mp: 115.8-116.6 °C. 1H NMR (D2O): δ 1.33 (3H, d, J )
6.7 Hz), 1.85-1.96 (1H, m), 2.09-2.20 (1H, m), 2.78 (3H, s), 2.81
(3H, s), 3.45-3.56 (1H, m), 4.10-4.27 (2H, m), 4.39 (4H, t, J )
12.2 Hz). 13C NMR (D2O): δ 13.12, 30.38, 38.52, 40.31, 59.99,
61.58 (t, J ) 28.8 Hz), 62.99, 115.96 (t, J ) 272 Hz), 158.10,
166.27. Anal. (C12H20F2N2O6) C, H, N.

3-((3-Methylazetidine-1-carbonyloxy)-1-methylpropyl)dimethy-
lammonium Oxalate (5d). 5d was prepared as described for 5c from
3-(dimethylamino)butan-1-ol (7) (300 mg, 2.56 mmol) and 3-me-
thylazetidinium hydrochloride (10b) (551 mg, 5.11 mmol). How-
ever, purification was performed by FC (Et2O, MeOH, NH3, 10:
100:1 f 20:100:1), affording 362 mg (66%) of the free amine of
5d as a colorless oil. The oxalate salt 5d was prepared as described
for 5b from oxalic acid (46 mg, 0.51 mmol) and the free amine of
5d (100 mg, 0.47 mmol). The product was isolated as colorless

crystals (84.2 mg, 60%). Mp: 92.2-92.8 °C. 1H NMR (D2O): δ
1.17 (3H, d, J ) 6.9 Hz), 1.32 (3H, d, J ) 6.6 Hz), 1.82-1.93
(1H, m), 2.06-2.16 (1H, m), 2.63-2.72 (1H, m), 2.77 (3H, s),
2.81 (3H, s), 3.43-3.57 (3H, m), 4.03-4.21 (4H, m). 13C NMR
(D2O): δ 13.18, 19.28, 24.43, 30.53, 38.52, 40.34, 56.45, 60.15,
62.29, 158.28, 166.19. Anal. (C13H24N2O6 · 1/3H2O).

(R)-3-((3-Methylazetidine-1-carbonyloxy)-1-methylpropyl)dim-
ethylammonium Oxalate ((R)-5d). (R)-5d was prepared as described
for 5d starting from (R)-3-(dimethylamino)butan-1-ol (7) (400 mg,
3.41 mmol). The product was isolated as colorless crystals. Overall
yield starting from (R)-(7) was 8.6%, >95% ee. Mp: 84.3-84.5
°C. NMR data were as seen for 5d. Anal. (C13H24N2O6 · 1/3H2O).

(S)-3-((3-Methylazetidine-1-carbonyloxy)-1-methylpropyl)dim-
ethylammonium Oxalate ((S)-5d). (S)-5d was prepared as described
for 5d starting from (S)-3-(dimethylamino)butan-1-ol (7) (400 mg,
3.41 mmol). The product was isolated as colorless crystals. Overall
yield starting from (S)-(7) was 10%, >95% ee. Mp: 96.7-96.8
°C. NMR data were as seen for 5d. Anal. (C13H24N2O6).

3-((2-Methylazetidine-1-carbonyloxy)-1-methylpropyl)dimethy-
lammonium Oxalate (5e). 5e was prepared as described for 5c from
3-(dimethylamino)butan-1-ol (7) (300 mg, 2.56 mmol) and 2-me-
thylazetidinium hydrochloride (522 mg, 4.85 mmol). However,
purification was performed by FC (Et2O, MeOH, NH3, 10:100:1
f 20:100:1), affording 462 mg (84%) of 5e (as the free amine).
The product was a colorless oil. The oxalate salt 5e was prepared
as described for 5b from oxalic acid (46 mg, 0.51 mmol) and the
free amine of 5d (100 mg, 0.47 mmol). The product was isolated
as colorless crystals (106 mg, 74%). An analytical portion was
recrystallized from CH2Cl2-Et2O. Mp: 76.4-77.1 °C. 1H NMR
(D2O): δ 1.32 (3H, d, J ) 6.7 Hz), 1.34 (3H, d, J ) 6.4 Hz),
1.78-1.93 (2H, m), 2.05-2.16 (1H, m), 2.30-2.42 (1H, m), 2.77
(3H, s), 2.80 (3H, s), 3.40-3.53 (1H, m), 3.84-3.90 (2H, m),
4.03-4.21 (2H, m), 4.31-4.42 (1H, m). 13C NMR (D2O): δ 13.23,
20.96, 23.93, 30.46, 38.61, 40.20, 46.86, 59.18, 60.13, 62.02,
158.16, 166.27. Anal. (C13H24N2O6) C, H, N.

3-((2,2-Dimethylazetidine-1-carbonyloxy)-1-methylpropyl)dim-
ethylammonium Oxalate (5f). 5f was prepared as described for 5c
from 3-(dimethylamino)butan-1-ol (7) (300 mg, 2.56 mmol) and
2,2-dimethylazetidinium hydrochloride (13b) (∼5 mmol). However,
purification was performed by FC (Et2O, MeOH, NH3, 10:100:1
f 15:100:1) followed by DCVC (CH2Cl2/MeOH/NH3, 100:10:1),
affording 185 mg (32%) of 5f (as the free amine). The product
was a yellow oil. The oxalate salt 5f was prepared as described for
5b from oxalic acid (34 mg, 0.38 mmol) and the free amine of 5f
(79 mg, 0.35 mmol). The product was isolated as colorless crystals
(88.3 mg, 80%). An analytical portion was recrystallized from
CH2Cl2-Et2O. Mp: 93.3-94.2 °C. 1H NMR (D2O): δ.1.19-1.22
(3H, m), 1.29 (6H, s), 1.69-1.80 (1H, m), 1.93 (2H, t, J ) 7.8
Hz), 1.93-2.08 (1H, m), 2.65 (3H, s), 2.68 (3H, s), 3.29-3.39
(1H, m), 3.62-3.76 (2H, m), 3.90-4.12 (2H, m). 13C NMR (D2O):
δ 13.15, 28.37, 30.51, 37.24, 38.54, 40.32, 42.48, 60.18, 61.93,
71.21, 158.71, 165.77. Anal. (C14H26N2O6) C, H, N.

3-((1H-Pyrrole-1-carbonyloxy)-1-methylpropyl)dimethylammo-
nium Oxalate (5g). 1-[3-(Dimethylamino)propyl]-3-ethylcarbodi-
imide hydrochloride (EDC ·HCl) (1.14 g, 5.95 mmol) was added
to a solution of pyrrole-1-carboxylic acid (700 mg, 6.30 mmol) in
dry CH2Cl2 (21 mL) at room temperature, and the mixture was
allowed to stir at room temperature for 15 min. The sodium salt of
7 (generated in dry THF (14 mL) from 7 (369 mg, 3.15 mmol)
and NaH (60% dispersion on mineral oil, 126 mg, 3.15 mmol))
was added, and the resulting mixture was stirred at room temper-
ature for 1 h. Filtration, evaporation, and DCVC (CH2Cl2, MeOH,
NH3, 100% f 100:2.5:0.5) yielded 214 mg (32%) of 5g (as the
free amine). The product was a colorless oil. The oxalate salt 5g
was prepared as described for 5b from oxalic acid (20 mg, 0.22
mmol) and the free amine of 5g (42 mg, 0.20 mmol). The product
was isolated as colorless crystals (49.5 mg, 83%). An analytical
portion was recrystallized from CH2Cl2-Et2O. Mp: 122-123 °C.
1H NMR (D2O): δ 1.38 (3H, d, J ) 6.7 Hz), 1.98-2.10 (1H, m),
2.25-2.36 (1H, m), 2.81 (3H, s), 2.84 (3H, s), 3.55-3.64 (1H,
m), 4.39-4.56 (2H, m), 6.31-6.33 (2H, m), 7.27-7.31 (2H, m).
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13C NMR (D2O): δ 13.11, 30.09, 38.59, 40.24, 59.92, 64.44, 113.58,
120.98, 151.92, 166.47. Anal. (C13H20N2O6) C, H, N.

3-((Acetoxy)-1-methylpropyl)dimethylammonium Oxalate (5h).
3-(Dimethylamino)butan-1-ol (300 mg, 2.56 mmol) was dissolved
in dry CH2Cl2 (12 mL) and cooled to 0 °C. Acetyl chloride (0.20
mL, 2.8 mmol) was added slowly, and the mixture was stirred at
room temperature for 5 h. The solvent was evaporated, and the
residue was dissolved in CH2Cl2 (10 mL) and washed with cold
aqueous NaOH (1 M, 5 mL). The organic phase was dried (MgSO4),
evaporated, and purified by DCVC (CH2Cl2/MeOH, 100 f 100:
6), affording 341 mg (84%) of 5h (as the free amine). The product
was a colorless oil. The oxalate salt 5h was prepared as described
for 5b from oxalic acid (62 mg, 0.69 mmol) and the free amine of
5h (100 mg, 0.63 mmol). The product was isolated as colorless
crystals (90.6 mg, 61%). An analytical portion was recrystallized
twice from CH2Cl2-Et2O. Mp: 106.9-107.6 °C. 1H NMR (D2O):
δ 1.16 (3H, d, J ) 6.7 Hz), 1.69-1.80 (1H, m), 1.92 (3H, s),
1.92-2.04 (1H, m), 2.62 (3H, s), 2.66 (3H, s), 3.31-3.42 (1H,
m), 3.92-4.00 (1H, m), 4.04-4.11 (1H, m). 13C NMR (D2O): δ
12.97, 20.21, 30.02, 38.47, 40.40, 60.01, 61.82, 165.65, 174.79.
Anal. (C10H19NO6) C, H, N.

3-((Isobutyryloxy)-1-methylpropyl)dimethylammonium Oxalate
(5i). 5i was prepared as described for 5h from 3-(dimethylami-
no)butan-1-ol (7) (300 mg, 2.56 mmol) and isobutyryl chloride (0.29
mL, 2.8 mmol). The amino ester 5i was isolated as the free amine
(384 mg, 80%). The product was a colorless oil. The oxalate salt
5i was prepared as described for 5b from oxalic acid (53 mg, 0.59
mmol) and the free amine of 5i (100 mg, 0.53 mmol). The product
was isolated as colorless crystals (90.6 mg, 61%). An analytical
portion was recrystallized from CH2Cl2-Et2O. Mp: 107.4-108.3
°C. 1H NMR (D2O): δ 1.12 (6H, d, J ) 7.0 Hz), 1.33 (3H, d, J )
6.7 Hz), 1.85-1.96 (1H, m), 2.10-2.21 (1H, m), 2.55-2.69 (1H,
m), 2.78 (3H, s), 2.81 (3H, s), 3.44-3.56 (1H, m), 4.09-4.27 (2H,
m). 13C NMR (D2O): δ 13.26, 18.83, 30.06, 34.56, 38.73, 40.29,
60.19, 61.81, 166.20, 180.88. Anal. (C12H23NO6) C, H, N.

3-((Cyclopropanecarbonyloxy)-1-methylpropyl)dimethylammo-
nium Oxalate (5j). 5j was prepared as described for 5h from
3-(dimethylamino)butan-1-ol (7) (300 mg, 2.56 mmol) and cyclo-
propanecarbonyl chloride (0.26 mL, 2.8 mmol). The amino ester
5j was isolated as the free amine (375 mg, 79%). The product was
a colorless oil. The oxalate salt 5j was prepared as described for
5b from oxalic acid (53 mg, 0.59 mmol) and the free amine of 5j
(100 mg, 0.54 mmol). The colorless crystals obtained were
recrystallized from CH2Cl2-Et2O, affording 77.2 mg (52%). Mp:
116.8-117.7 °C. 1H NMR (D2O): δ 0.94-0.97 (4H, m), 1.32 (3H,
d, J ) 6.7 Hz), 1.64-1.72 (1H, m), 1.84-1.95 (1H, m), 2.09-2.19
(1H, m), 2.78 (3H, s), 2.81 (3H, s), 3.46-3.57 (1H, m), 4.08-4.16
(1H, m), 4.19-4.27 (1H, m). 13C NMR (D2O): δ 9.23, 13.06, 13.25,
30.08, 38.53, 40.33, 60.06, 61.82, 166.19, 178.38. Anal.
(C12H21NO6) C, H, N.

3-((Cyclobutanecarbonyloxy)-1-methylpropyl)dimethylammo-
nium Oxalate (5k). 5k was prepared as described for 5h from
3-(dimethylamino)butan-1-ol (7) (300 mg, 2.56 mmol) and cy-
clobutanecarbonyl chloride (0.30 mL, 2.8 mmol). The amino ester
5j was isolated as the free amine (375 mg, 74%). The product was
a colorless oil. The oxalate salt 5k was prepared as described for
5b from oxalic acid (50 mg, 0.55 mmol) and the free amine of 5k
(100 mg, 0.50 mmol). The colorless crystals obtained were
recrystallized from CH2Cl2-Et2O, affording 106 mg (73%). Mp:
100.1-100.8 °C. 1H NMR (CDCl3): δ 1.38 (3H, d, J ) 6.7 Hz),
1.70-1.82 (1H, m), 1.86-2.08 (2H, m), 2.15-2.34 (5H, m), 2.77
(6H, s), 3.09-3.20 (1H, m), 3.45-3.56 (1H, m), 4.07-4.25 (2H,
m). 13C NMR (CDCl3): δ 13.49, 18.50, 25.33, 25.37, 30.20, 37.91,
39.24, 58.93, 60.34, 163.40, 175.29. Anal. (C13H23NO6) C, H, N.

3-((Benzoyloxy)-1-methylpropyl)dimethylammonium Chloride
(5l). 3-(Dimethylamino)butan-1-ol (200 mg, 1.71 mmol) was
dissolved in dry CH2Cl2 (8 mL) and cooled to 0 °C. Benzoyl
chloride (0.22 mL, 1.9 mmol) was added slowly, and the mixture
was stirred at room temperature for 4 h. The solvent was evaporated
and the oily residue left at 4 °C overnight, whereby the oil
crystallized. The pink crystals were washed twice with Et2O,

affording 284 mg (64%) of 5l as colorless crystals. An analytic
portion was recrystallized from EtOH-Et2O and then CH2Cl2-
Et2O. Mp: 99.9-100.7 °C. 1H NMR (CDCl3): δ 1.50 (3H, d, J )
6.6 Hz), 1.89-1.98 (1H, m), 2.59-2.69 (1H, m), 2.75 (3H, d, J )
5.0 Hz), 2.77 (3H, d, J ) 5.0 Hz), 3.44-3.54 (1H, m), 4.37-4.54
(2H, m), 7.42-7.47 (2H, m), 7.55-7.61 (1H, m), 7.99-8.02 (2H,
m). 13C NMR (CDCl3): δ 13.78, 30.26, 38.49, 39.73, 59.24, 60.96,
128.69, 129.42, 129.74, 133.58, 166.38. Anal. (C13H20ClNO2) C,
H, N.

Enantiomeric Purity. To a 0.1 M solution of (R)-5d, (S)-5d, or
racemic 5d in CDCl3 was added 2.2 equiv of (R)-(-)-2,2,2-trifluoro-
1-(9-anthryl)-ethanol, and the 1H NMR experiments were run within
2 h. The enantiomeric purities of (R)-5d and (S)-5d were determined
from the duplets present at δ 0.811 ((R)-5d) and δ 0.821 ((S)-5d),
and both enantiomers were found to be optically pure. The
enantiomeric excess was estimated to be >95% with an inherent
accuracy as expected from peak measurements. See Supporting
Information for 1H NMR spectra.

Pharmacology. Materials. [3H]-(()-Epibatidine ([3H]epibati-
dine) and [3H]methyllycaconitine ([3H]MLA) were purchased from
NEN (Zaventem, Belgium) and Tocris Cookson (Bristol, U.K.),
respectively. Collagenase type 1A, gentamicin, tricaine (3-ami-
nobenzoic acid ethyl ester methanesulfonate), and acetylcholine
were obtained from Sigma-Aldrich, Denmark A/S. The human
embryonic kidney (HEK) 293 cell lines stably expressing the rat
R3�4 and R4�4 nAChR were generous gifts from Drs. K. Kellar
and Y. Xiao (Georgetown University School of Medicine, Wash-
ington, DC), and a HEK293 cell line stably expressing rat R4�2

nAChR was kindly provided by Dr. Joe Henry Steinbach (Wash-
ington University School of Medicine, St. Louis, MO). The cDNAs
encoding the rat R7 nAChR and the mouse 5-HT3A receptor used
to construct the R7/5-HT3 chimera were kind gifts from Drs. James
W. Patrick (Baylor College of Medicine, Houston, TX) and David
J. Julius (University of California, San Francisco, CA), respectively.

Cell Culture. All cell lines were maintained at 37 °C in a
humidified 5% CO2 incubator in Dulbecco’s modified Eagle
medium supplemented with penicillin (100 U/mL), streptomycin
(100 µg/mL), and 10% fetal calf serum. HEK293 cells stably
expressing R4�2, R3�4, and R4�4 nAChRs were cultured in medium
containing G418 (0.5, 0.7, and 0.7 mg/mL, respectively).

[3H]Epibatidine Binding. The [3H]epibatidine binding experi-
ments were performed as previously described.25,26 Briefly, the
R4�2, R3�4, and R4�4 cell lines were harvested and scraped into
assay buffer [140 mM NaCl, 1.5 mM KCl, 2 mM CaCl2, 1 mM
MgSO4, 25 mM HEPES (pH 7.4)], homogenized with a Polytron
for 10 s, and centrifuged for 20 min at 50000g. Cell pellets were
resuspended in fresh assay buffer, homogenized, and centrifuged
at 50,000g for another 20 min. Cells were resuspended in assay
buffer and incubated with [3H]epibatidine at concentrations of 20
pM (R4�2 and R4�4) or 50 pM (R3�4) in the presence of various
concentrations of the test compounds in a total assay volume of 1
mL. Nonspecific binding was determined in assays with 5 mM (S)-
nicotine. The assay mixtures were incubated for 4 h at room
temperature while shaking, and binding was terminated by filtration
through Whatman GF/C filters presoaked in 0.2% polyethylenimine
using a 48-well cell harvester and subsequent washing with 3 × 4
mL of ice-cold isotonic NaCl solution. The filters were dried, 3
mL of Opti-Fluor (PerkinElmer, Boston, MA) was added, and the
amount of bound radioactivity was determined in a scintillation
counter. The binding experiments were performed in duplicate at
least three times for each compound.

[3H]MLA Binding. The [3H]MLA binding experiments were
performed as previously described.25,26 Briefly, 2 × 106 cells were
split into a 15 cm tissue culture plate a day prior to transfection
and transfected with 10 µg of R7/5-HT3-pCDNA3 using Polyfect
as a DNA carrier according to the protocol by the manufacturer
(Qiagen, Hilden, Germany). The day after the transfection the
medium was changed, and the following day cells were scraped
into homogenization buffer, homogenized for 10 s in 30 mL of
homogenization buffer [50 mM Tris-HCl (pH 7.2)] using a Polytron,
and centrifuged for 20 min at 50000g. The resulting pellet were
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homogenized in 30 mL of homogenization buffer and centrifuged
again. The pellets were resuspended in PBS, and the cell membranes
were incubated with 0.5 nM [3H]methyllycaconitine and various
concentrations of the test compounds in a total assay volume of 2
mL. Nonspecific binding was determined in reactions with 5 mM
(S)-nicotine. The assay mixtures were incubated for 2.5 h at room
temperature while shaking, and binding was terminated by filtration
through GF/C filters presoaked in a 0.2% polyethylenimine solution
using a 48-well cell harvester and subsequent washing with 3 × 4
mL of ice-cold isotonic NaCl solution. The filters were dried, 3
mL of Opti-Fluor was added, and the amount of bound radioactivity
was determined in a scintillation counter. The binding experiments
were performed in duplicate at least three times for each compound.

Data Analysis of Binding Experiments. Data from the binding
experiments were fitted to the equation % bound ) 100% bound/
(1 + ([L]/IC50)n), and Ki values were determined using the
Cheng-Prusoff equation Ki ) IC50/(1 + [L]/KD), where [L] is the
radioligand concentration, n the Hill coefficient, and KD the
dissociation constant.

FLIPR Membrane Potential (FMP) Blue Assay. The com-
pounds were characterized functionally at the R3�4-HEK293 cell
line85 in the FMP assay essentially as previously described.25,26

The cells were split into poly-D-lysine-coated black 96-well plates
with clear bottom (BD Biosciences, Bedford, MA). After 16-24
h, the medium was aspirated, the wells were washed once with
100 µL of Krebs buffer [140 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM MgCl2, 11 mM HEPES, 10 mM D-Glucose, pH
7.4], and 100 µL of Krebs buffer supplemented with the FMP dye
(Molecular Devices, Crawley, U.K.) was added to each well. The
plate was incubated at 37 °C in a humidified 5% CO2 incubator
for 30 min and assayed in a NOVOstar plate reader (BMG
Labtechnologies) measuring emission [in fluorescence units (FU)]
at 560 nm caused by excitation at 530 nm before and up to 1 min
after addition of 33 µL of agonist solution. The experiments were
performed in duplicate at least three times for each compound.
Concentration-response curves for agonists in the FMP assay were
constructed on the basis of the maximal responses at different
concentrations of the respective ligands. Data from the FMP
experiments were fitted to the simple mass equation: R ) Rbasal +
[Rmax/(1 + (EC50/[A])n)], where [A] is the concentration of agonist,
n the Hill coefficient, and R the response. Curves were generated
by nonweighted least-squares fits using the program KaleidaGraph,
version 3.6 (Synergy Software, Reading, PA).

Xenopus Oocyte Preparation. Female Xenopus laeVis frogs
were obtained from Nasco (Fort Atkinson, WI) and treated using
standard protocols approved by NeuroSearch’s Animal Care and
Use Committee. Frogs were anesthetized with tricaine (0.28% in
deionized water), and sections of one ovary (generally three to four
lobes) were surgically removed and placed in low-Ca2+ Barth’s
solution (90 mM NaCl, 1 mM KCl, 0.66 mM NaNO3, 2.4 mM
NaHCO3, 0.82 mM MgCl2, 10 mM HEPES, and 100 µg/mL
gentamicin, final pH 7.55). The anesthetized frog was sacrificed
after the operation by decapitation. The isolated ovary sections were
opened using blunt dissection and rinsed in low-Ca2+ Barth’s
solution. To remove the follicular layer, the ovary sections were
incubated in collagenase (Company, 2 mg/mL in low-Ca2+ Barths’
solution) for 1-2 h at room temperature. Oocytes not defolliculated
by the collagenase treatment were manually defolliculated. Here-
after, the oocytes were maintained at 17 °C in normal Barth’s
solution (90 mM NaCl, 1 mM KCl, 0.66 mM NaNO3, 2.40 mM
NaHCO3, 0.74 mM CaCl2, 0.82 mM MgCl2, 10 mM HEPES, and
100 µg/mL gentamicin, final pH 7.55). As an alternative source of
oocytes, defolliculated oocytes were acquired and shipped directly
from Ecocyte Bioscience (Castrop-Rauxel, Germany).

Cloning of the human R3, R4, R7, �2, and �4 nAChR subunits
and transcription into cRNA were performed as described previ-
ously.86 Defolliculated oocytes were injected with a total of 40-50
ng of cRNA encoding the human R7 subunit, human R3 and �4

subunits, or human R4 and �2 subunits, respectively. For R3�4

nAChRs the cRNAs were injected as a 1:1 mixture, whereas R4�2

cRNAs were injected as a 4:1 mixture in order to obtain a
predominant expression of the low sensitivity form.

Oocyte Recording Conditions and Experimental Protocols.
Recordings were made using two-electrode voltage clamp by using
a Geneclamp 500B amplifier with a bath clamp configuration in
combination with a Digidata 1322A interface (both Molecular
Devices, Sunnyvale, CA). Electrodes were made from bososilicate
glass (1.5 mm o.d., 1.1 mm i.d.) and were filled with 3 M KCl.
The impedance of the current-passing electrode was 0.5-2 MΩ.
All experiments were conducted at a holding potential of -60 mV
in an Oocyte Ringer’s (OR) solution (90 mM NaCl, 2.5 mM KCl,
2.5 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, final pH 7.4).
Oocytes were placed in a custom-made diamond-shaped recording
chamber, which were continuously perfused at a rate of 1.5 mL/
min with OR by using a peristaltic pump. Agonists, dissolved in
OR, were applied through a glass capillary applicator (2.0 mm o.d./
1.5 mm i.d.) placed in vicinity of the oocyte. Precise time controlled
application was controlled by virtue of a Gilson 231 XL autosampler
(Gilson, Inc., Middleton, WI) with the injection port connected to
the applicator tube through Teflon-tubing (1/16 in. o.d. /0.25 mm
i.d.), and the flow (2.5 mL/min) was created by the use of syringe
pumps (Gilson 402, Gilson, Inc.). The timing of agonist applications
was controlled by using the 735 Sampler Software (Gilson, Inc.),
which was also used to trigger recording protocols defined by
Clampex software (Molecular Devices, Sunnyvale, CA). The
duration of agonist exposure was 12 s, and the interval between
agonist applications was 5 min. Response stability was assessed
through multiple applications of a saturating concentration of
acetylcholine (10 mM for R7 nAChR, 1 mM for R3�4 and R4�2

nAChRs) after which increasing concentrations of test agonists were
applied. Responses of test agonists were quantified by measuring
the amplitude of the response peak relative to the baseline current
(Clampfit software, Molecular Devices, Sunnyvale, CA) and were
normalized to the saturating acetylcholine response in the same
oocyte.

Data from the oocyte experiments were fitted to the equation R
) Rbasal + [Rmax/(1 + (EC50/[A])n)], where [A] is the concentration
of agonist, n the Hill coefficient, and R the response. Curves were
generated by nonweighted least-squares fits using the Prism software
(GraphPad Software, La Jolla, CA). Fitting parameters were not
constrained except that the Rbasal parameter was set equal to 0.
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