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ARTICLE INFO ABSTRACT

Novel quinuclidinyl N-phenylcarbamate analogs were synthesized, and binding affinities at M;-Ms muscarinic
acetylcholine receptor (mAChR) subtypes were determined using Chinese hamster ovary (CHO) cell membranes
stably expressing one specific subtype of human mAChR. Although not subtype selective, the lead analog
( + )-quinuclidin-3-yl-(4-fluorophenethyl)(phenyl)carbamate (3¢) exhibited the highest affinity (K; = 2.0, 13,
2.6, 2.2, 1.8 nM) at each of the M;-Ms mAChRs, respectively. Based on results from the [*H]dopamine release
assay using rat striatal slices, 3c acted as an agonist at mAChRs. The effect of 3¢ was inhibited by the non-
selective mAChR antagonist, scopolamine, and 3¢ augmented release evoked by oxotremorine. A potent analog
from the same scaffold, ( % )-quinuclidin-3-yl-(4-methoxyphenethyl)(phenyl)-carbamate (3b) exhibited the
greatest selectivity (17-fold) at M3 over M, mAChRs. These analogs could serve as leads for further discovery of
novel subtype-selective muscarinic ligands with the goal of providing therapeutics for substance use disorders
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Muscarinic acetylcholine receptors (mAChRs) consist of five sub-
types (M;, My, M3, My and Ms mAChRs). Each mAChR subtype has a
unique expression pattern and activates distinct cholinergic signaling
mechanisms and cellular functions."? Each mAChR subtype can be
considered as a therapeutic target for relevant diseases that are asso-
ciated with specific cell functions modulated by the mAChR subtype.
For example, M; mAChRs expressed in cerebral cortex, striatum and
hippocampus mediate learning and memory processes.” M; mAChRs
allosteric agonists, VU0357017 and VUO0364572, enhance spatial
learning in rats in the Morris water maze.*> Agonists at M; mAChRs
have been proposed as pharmacotherapeutics for Alzheimer’s disease
and schizophrenia."'®” Another example is the M; mAChR, which
mediates contraction of smooth muscles in the respiratory system.®° M
mAChR antagonists, such as tiotropium or umeclidinium have been
approved by the US Food and Drug Administration (FDA) as ther-
apeutics for chronic obstructive pulmonary disease (COPD)."'*'! More
recently, a combination therapy including umeclidinium and vilanterol,
a B2-adrenergic agonist, was approved by the FDA for COPD."? Thus,
mAChRs are viable targets for drug discovery.

Ms mAChRs are specifically and highly expressed in the ventral
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tegmental area (VTA), a brain region containing dopamine (DA) neu-
ronal cell bodies, which project to the nucleus accumbens (NAc).'**#
Importantly, NAc DA release mediates the rewarding effects of many
substances with high abuse liability, including opioids (e.g., morphine)
and psychostimulants (e.g., cocaine and amphetamines).’®~>* With re-
spect to opioids, morphine-induced DA release in the NAc is absent in
Ms mAChR knockout (KO) mice, linking Ms mAChRs to opioid-induced
reward.”® Direct infusion into VTA of a virus containing Ms mAChR
DNA increased both Ms mAChR expression and morphine-induced lo-
comotor activity compared to control mice, suggesting that Ms mAChRs
mediate DA-related behaviors.>* Relative to wild-type mice, Ms mAChR
KO mice exhibit a decreased amount of time spent in the cocaine-paired
compartment in the conditioned place preference assay*>*° and de-
creased cocaine i.v. self-administration,”” suggesting Ms mAChRs
mediate cocaine reward and reinforcement, respectively.

Since Ms mAChRs are highly expressed in VTA, micro infusion of
nonselective mAChRs antagonists (e.g., scopolamine and atropine) into
VTA allows for quasi-selective inhibition of Ms mAChR function.
Scopolamine microinfused unilaterally into VTA decreased morphine-
evoked DA release in NAc in mice.>® Atropine microinfused bilaterally
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Fig. 1. Structures of compound 1, SVT-40776, 2a, and 3a.
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into VTA also decreased morphine-induced hyperlocomotion in mice,
supporting a critical role for VTA Ms mAChRs in modulating opioid
effects on behavior.”® Thus, both pharmacological and genetic ap-
proaches to reduce Ms mAChR function provide consistent results im-
plicating this mAChR subtype in the effects of opioids on DA neu-
rochemistry and related behaviors.

The above findings led us to hypothesize that discovery of selective
Ms mAChRs antagonists may provide novel pharmacotherapeutics that
act to decrease the activity of VTA DA projections to NAc, thereby re-
ducing the reinforcing effects of substances with high abuse liability.
Previously, we described a 1,2,5,6-tetrahydropyridine-3-carboxylic acid
scaffold from which several Ms mAChRs antagonists were found.*’
From this series of compounds, compound 1 (Fig. 1) exhibited the
greatest selectivity (11-fold) at Ms over M; mAChRs; however, 1 pro-
vided only modest affinity (K; = 2.24 uM) for Ms mAChRs.>® Com-
pound 1 inhibited oxotremorine-induced DA release from superfused
rat striatal slices, revealing an antagonist action at Ms mAChRs.*’

The 3,4-dimethoxyphenethyl group in compound 1 was suggested
to play an important role in its binding preference at the Ms subtype.*’
Quinuclidinyl carbamate mAChR antagonists such as SVT-40776
(Fig. 1) and its analogs also have high affinity at mAChRs.* In an effort
to improve analog affinity and selectivity at Ms mAChRs, we report
herein the synthesis and evaluation of hybrid compounds, 2a and 3a
(Fig. 1), and a series of related analogs (Tables 1 and 2).

The syntheses of analogs 2-6 are depicted in Schemes 1 and 2. N-
Phenylquinuclidin-3-amine (8) was synthesized as an enantiomeric
mixture by reductive amination of quinuclidinone (7) with aniline.
Conversion of 8 to carbamoyl chloride 9 followed by reaction with
appropriate alcohols under microwave irradiation afforded analogs of
general structure 2 as enantiomeric mixtures (Scheme 1). N-Alkylation
of aniline with phenyl ring substituted phenethyl bromide under mi-
crowave irradiation afforded compound 10. Conversion of 10 to car-
bamoyl chloride 11 followed by reaction with ( = )-3-quinuclidinol,
( = )-N-methylpiperidin-3-ol, N-methylpiperidin-4-ol, or tropine under
microwave irradiation afforded analogs of general structure 3, 4, 5, and
6, respectively (Scheme 2).

Initially, affinity at Ms mAChRs was determined for all analogs.
Since Ms mAChRs have relatively high sequence homology with
M3 > M; > My > M, mAChRs (85%, 79%, 73% and 68%, respec-
tively),>! we next determined affinity of all analogs at Ms and M,
mAChRs. Analogs with high affinity (K; < 10 nM) were evaluated also
at M, and M, mAChRs to assess subtype selectivity. Chinese hamster
ovary (CHO) cell lines individually expressing each of the human M;-
Ms mAChRs were generously provided by Dr. Tom Bonner, National
Institute of Mental Health. Analog-induced inhibition of [*H]N-me-
thylscopolamine (NMS) binding was used to determine affinity at each
of mAChR subtypes.gz‘33 Amount of [PHINMS bound after a 60-min
incubation in the absence and presence of a range of analog con-
centrations was plotted as a function of analog concentration to obtain
IC5o values. ICso values were used to calculate compound affinity
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(inhibition constant, K;) using the Cheng and Prusoff equation.®
Maximal inhibition (I,,.,) of specific [PH]INMS binding was represented
as a percent of control (absence of compound). Atropine was used as the
positive control, and its K; values at M, M,, M3 and M5 were 0.44, 0.90,
0.53, and 0.60 nM, respectively, in good agreement with literature
values.?>°

The K; and I, values of analogs with general structure 2 at M;, Mo,
M3, and Ms mAChRs are provided in Table 1. Compound 2a, in which
the R group is 3,4-dimethoxyphenethyl, is the prototypic analog in this
series. Compared with parent compound 1, 2a retained affinity at Mg
mAChRs, however, selectivity over other mAChR subtypes was dimin-
ished. Substituents on the phenyl ring of the R group and the length
between the phenyl ring and O atom had important influences on
binding affinity. Thus, a wide range of K; values (19 nM —6.98 uM) was
obtained, whereas the majority of the compounds completely inhibited
[*HINMS binding (I,ax = 85.9-100% of control). Overall, analogs with
a one-carbon linker (2b, 2d, 2j, 21, 20, and 2q) had the highest affinity
within each subgroup of compounds having the same substituents on
the phenyl ring. However, analogs with a longer linker generally ex-
hibited higher preference for M5 compared with the corresponding one-
carbon linker counterparts. Among the analogs in this series, 2m, in
which the R group is 3,4-dichlorophenethyl, exhibited relatively high
affinity (K; = 80 nM) and the greatest selectivity (4.5-fold) for Ms over
M; mAChRs.

Transposition of the phenylalkyl group and the quinuclidin-3-yl
group in 2 resulted in analogs 3a, 3b, and 3c as enantiomeric mixtures
(Table 2). The design of this group of “rearranged” analogs was based
on hypotheses that spatial rearrangement or reorientation of the
pharmacophore elements in mAChR ligands would alter affinity and
selectivity profiles.®” Compound 3¢ with an N-4-fluorophenethyl group
exhibited the highest affinity at Ms, M; and M3 mAChRs (K; = 1.8, 2.0
and 2.6 nM, respectively). Thus, 3¢ is ~ 5-fold and 32 to 48-fold, re-
spectively, higher than 3b having a 3-methoxyphenethyl, and 3a
having a 3,4-dimethoxyphenethyl group. These findings indicate that
substituents on the phenyl ring have major impact on affinity and that
an electron-withdrawing group may be favorable for receptor binding.
Replacement of the quinuclidin-3-yl group in 3 with an N-methylpi-
peridin-3-yl, an N-methylpiperidin-4-yl, or a tropan-4-yl provided
analogs 4a/b/c, 5a/b/c, and 6a/b, respectively (Table 2). Affinity at
Ms, M; and M3 mAChRs for these analogs was lower than their corre-
sponding quinuclidine-containing analogs 3a/b/c. Despite the overall
increase in affinity in this series of analogs compared to analogs in the 2
series, none of these compounds exhibited preference for Ms mAChRs.
Of note, analogs in the 2, 3, and 4 series were racemic.

As in our previous studies®’, the lead analog 3¢ was evaluated using
a functional assay determining inhibition of oxotremorine-induced DA
release from superfused rat striatal slices. Oxotremorine is a non-
selective agonist at mAChRs.>” If analog-induced inhibition is observed,
then this suggests that the analog acts via an antagonist action at
mAChRs. For the [PH]DA release assay, rat striatal slices were in-
cubated with 0.1 uM [®HIDA for 30 min, and then, were superfused
with buffer for 60 min to obtain stable efflux of [°H]DA.?**® Samples
were collected for 15 min to determine basal [PH]DA outflow. Super-
fusion continued for 35 min in the absence and presence scopolamine (1
and 10 uM, positive control) or 3¢ (0.1, 1, and 10 uM) added to the
superfusion buffer. Then, oxotremorine (100 pM)28 was added to the
buffer for 25 min. The ability of scopolamine and 3c to inhibit oxo-
tremorine-evoked [?H]DA overflow was determined. In agreement with
our previous findings, oxotremorine increased [*HIDA overflow com-
pared to control, and scopolamine (1 and 10 uM) inhibited (51% and
59%, respectively) oxotremorine-evoked [PHIDA  overflow
([F3,35 = 6.13], p < 0.005, one-way ANOVA followed by Tukey’s test;
Fig. 2). The results are consistent with the predicted outcome that
scopolamine (positive control) inhibits oxotremorine-evoked DA re-
lease from rat striatum. The ability of lead compound 3c to inhibit
oxotremorine-evoked [PH]DA overflow from superfused rat striatal
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Table 1
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Structures and binding affinity at M;, M,, M3, and Ms mAChRs for atropine and analogs with general structure 2.%

/N

F"h

NTO\R
o

Compd R [PHINMS binding K; = SEM (uM) Selectivity
(e = SEM, % inhibition)
M; My M Ms M;1/Ms M,/M3
Atropine - 0.00044 + 0.0001° 0.0009 + 0.00005 0.00053 + 0.00006 0.0006 + 0.00003 17 0.7
(99.5 + 0.28) 99.4 + 0.74) (99.3 * 0.63) (96.7 * 0.50)
1 - 25.3 > 100 >100 2.24 11 -
2a o 6.98 * 0.65 NDE 276 + 0.23 3.49 + 0.09 2.0 -
/\/\@O/ 0.6 + 0.61) 85.9 *+ 1.55)° (94.0 *+ 0.63)
2b oL 0.77 % 0.03 ND 1.02 = 011 0.55 + 0.02 14 -
\(\C[O/ (96.8 + 0.24) (95.4 + 0.45) (98.7 + 0.41)
2¢ oL 1.46 = 014 ND 1.56 = 0.22 1.61 + 0.09 0.9 -
\/V\C[O/ 7.1 + 0.33) (96.3 + 0.58) (99.0 + 1.9)
2d 0.19 * 0.02 0.12 * 0.01 0.09 * 0.004 0.15 * 0.03 13 1.2
\(\© (99.5 + 0.15) (99.4 + 0.28) (98.6 + 0.42) ©7.2 + 0.24)
2e 0.79 + 0.08 ND osoroo 0.26 + 0.03 3.0 -
m (88.5 + 1.37) 99.1 + 0.504) (96.9 * 4.4)
2f 0.78 * 0.05 ND 0.55 + 0.03 0.26 * 0.008 3.0 -
\(\A© (99.1 + 0.28) (98.9 + 0.42) ©5.7 + 0.17)
2g \/\@\ 0.71 % 0.06 ND 115 + 0.06 0.47 *+ 0.05 15 -
o 97.9 + 0.21) 95.7 + 0.52) ©7.1 + 0.89)
2h 0.76 + 0.02 ND 0.42 + 0.05 0.23 + 0.005 3.3 -
M@\O/ (98.4 + 0.08) (99.3 + 0.22) (98.9 + 0.09)
2i \(V\©\ 0.59 % 0.02 ND 0.39 + 0.04 0.64 + 0.10 0.9 -
o (98.5 + 0.19) (96.8 + 1.25) (99.5 + 3.5)
2% \/\©[0> 0.03 = 0.003 0.03 % 0.005 0.019 + 0.002 0.04 + 0.003 0.8 17
d (100 + 0.18) (99.4 * 0.87) (99.9 * 0.72) (99.7 + 0.37)
2k o 0.63 * 0.10 ND 0.29 + 0.03 0.24 * 0.06 26 -
M\C[(Q (99.6 * 0.40) (98.0 + 0.53) ©7.1 + 4.8)
21 o 0.06 % 0.002 0.22 + 0.009 0.07 + 0.009 0.06 = 0.001 0.9 3.3
\/\@O (100 + 0.24) 975 + 1.76) (95.8 * 0.78) (98.6 + 4.75)
2m o 0.37 % 0.02 ND 0.26 + 0.02 0.08 + 0.02 45 -
M\C[ (99.9 + 0.36) (99.8 + 0.27) (98.8 + 0.30)
Cl
2n ¢ 0.17 * 0.01 0.30 + 0.02 0.06 + 0.003 0.13 * 0.003 13 47
W\C[a (100 + 0.10) (99.9 + 0.063) (100 + 0.25) (99.4 = 0.30)
20 F 0.07 + 0.003 0.10 * 0.01 0.05 + 0.003 0.04 + 0.01 15 18
\(\C[O/ (99.5 + 0.99) (98.8 + 0.64) (100 = 0.022) (96.7 + 0.50)
2p F 0.43 * 0.03 ND 0.25 + 0.03 0.26 + 0.004 17
\/V\C[O/ (100 + 0.14) (©99.8 + 1.08) (©99.4 + 0.22)
2q F 0.04 + 0.001 0.03 + 0.001 0.02 + 0.0003 0.03 + 0.003 12 13
\/\Cl (100 + 0.14) (99.7 * 0.60) (99.0 * 0.56) ©7.4 + 0.13)
2r F 0.20 = 0.004 ND 0.13 + 0.009 0.13 + 0.004 15
YV\@ (100 + 0.25) (1 0 + 0.29) (99.9 + 0.45)
2 F 0.30 % 0.02 ND 22 + 0.008 0.10 * 0.003 3.0 -
\(V\C[F (100 = 0.25) (995 + 1.09) (99.4 + 0.30)

2 Three independent experiments, each with duplicate samples, were performed to obtain K; values (Mean + SEM).

> Data from Ref. [29].
Not determined.

slices was determined (Fig. 3). Scopolamine (10 uM) was included as a
positive control in these experiments. Similar to the results illustrated in
Fig. 2, oxotremorine increased [*HIDA overflow and scopolamine de-
creased the stimulatory effect of oxotremorine. In contrast to expecta-
tions, 3¢ did not inhibit oxotremorine-evoked [*H]DA overflow, but
rather, augmented oxotremorine-evoked [HIDA overflow. One-way
ANOVA followed by Tukey’s test revealed that 3c (10 uM) increased
oxotremorine-evoked [PH]DA overflow relative to oxotremorine alone
(scopolamine O uM; [F3 711 = 6.83], p < 0.005; Fig. 3). Augmentation
of the effect of oxotremorine by 3c suggests that 3c acts as an agonist at
mAChRs.

No plateau for the mean inhibition curve was obtained; I;,x % inhibition at 100 uM analogs was reported.

To further determine if 3¢ acts as a mAChR agonist, the ability of
scopolamine to inhibit 3c-evoked [®H]DA overflow was determined.
One-way ANOVA followed by Tukey’s test revealed that the 3c-evoked
increase in [PH]DA overflow was inhibited by scopolamine (10 puM)
([Fs,42 = 6.92], p < 0.0001; Fig. 4). Since the effect of 3c was in-
hibited by a nonselective mAChR antagonist, scopolamine, these results
support the interpretation that 3c acts as an agonist at mAChRs to in-
crease [°H]DA overflow from rat striatal slices.

Whereas oxotremorine (1, 10, and 100 uM)-evoked striatal [*H]DA
overflow was not altered in M; or M, mAChR KO mice, oxotremorine-
evoked [°H]DA overflow was increased in M3 KO mice, abolished in M,
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Table 2
Structures and binding affinity at M;, M,, M3, My, and Ms mAChRs for analogs 3-6."

P
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TO N\RZ
I 3-6
Compd R! R? [PHINMS binding Selectivity
K; = SEM, uM(I;hax *+ SEM, % inhibition)
M, M, M3 M4 Ms Mi/Ms  M2/M3
3a o 0.095 = 0.0037 0.35 = 0.02 0.06 = 0.006 ND" 0.065 =+ 0.002 1.5 5.7
P (100 + 0.14) (98.6 + 1.57) (99.7 £ 0.91) (99.8 = 0.56)
N o
4a o 430 + 0.49 ND 4.36 = 0.90 ND 4.49 = 0.32 1.0
_N P (94.3 = 0.61) (85.6 = 0.85)C (89.2 = 0.87)
O
5a 7NC>_t o 0.77 = 0.082 ND 1.28 = 0.10 ND 0.38 = 0.03 2.0
P (99.0 = 0.16) (96.6 + 0.58) (96.5 = 2.81)
O
6a N oL 1.87 = 0.17 ND 2.80 = 0.03 ND 1.37 = 0.07 1.4
% P (95.3 £ 0.25) (88.8 + 0.49)° (95.9 = 0.91)
O
3b 0.01 = 0.0003 0.13 = 0.025 0.008 = 0.0003 0.025 = 0.0002 0.01 = 0.0005 (100 + 0.68) 1.0 17.1
N _ (100 =+ 0.16) (99.7 £ 0.48) (99.9 + 0.41) (99.9 = 0.37)
o
4b 0.69 *= 0.092 ND 1.32 = 0.069 ND 1.05 * 0.02 0.7 -
_N _ (98.6 = 0.36) (96.2 = 0.28) (97.7 = 0.45)
O
5b 7NC>_1 0.28 *= 0.038 0.57 = 0.092 ND 0.19 = 0.01 1.5 -
_ (99.8 £ 0.33) (99.7 = 0.43) (99.7 = 082)
O
6b N 0.35 = 0.02 ND 0.27 + 0.01 ND 0.24 = 0.02 1.5 -
P» _ (99.7 £ 0.05) (98.9 + 0.35) (97.9 = 2.0)
o
3c 0.002 = 0.0001 0.013 = 0.003 0.0026 = 0.0001 0.0022 *= 0.0001 0.0018 =+ 0.0001 1.1 5.0
(99.9 + 0.11) (100 = 0.71) (100 + 1.39) (99.8 = 0.33) (99.8 = 0.71)
N F
4c 0.12 = 0.006 ND 0.35 = 0.05 ND 0.15 = 0.01 0.8 -
_N (99.9 £ 0.07) (99 = 1.37) (99.9 = 1.64)
F
5¢ 7N/\:>—{ 0.07 = 0.002 ND 0.14 + 0.019 ND 0.06 = 0.002 (100 = 0.35) 1.2 -
(100 + 0.14) (100 + 0.50)
F
2 Three independent experiments, each with duplicate samples, were performed to obtain K; values (Mean + SEM).
> Not determined.
¢ No plateau for the mean inhibition curve was obtained; I,,x % inhibition at 100 uM analogs was reported.
Ph Ph
O ab NH ¢ ﬂjN Cl 4 N_ _O. =
[h% A]/ -/ N — /) YR Oxotremorine (100 M)
0 0 2.5 I |
7 9 2
Scheme 1. Reagents and conditions: (a) aniline, EtOH, reflux; (b) NaBH,, ; *
EtOH, 95%; (c) triphosgene, EtsN, CH,Cl,, —78°C, 73%; (d) ROH, KOt-Bu, O 2.0-
toluene, MWL, 150 °C, 30 min, 28-52%. E |
>
O 1.5-
O Cl
NHy 5 ) c g #
AT REPS E - :
N. 2 L 1.01
RO R ? T 5
o Rl
10 3-6 g
Scheme 2. Reagents and conditions: (a) R2Br, KI, CH3CN, MWI, 160 °C, 15 min, - 0.51 |
83-99%); (b) triphosgene, Et;N, CH,Cl,, —78°C, 85-90%); (c) R'OH, KOt-Bu,
toluene, MWI, 150 °C, 15 min, 56-82%.
0.0 T T T

KO mice, and decreased by 50% in Ms KO mice.’” Thus, M; or M,
mAChRs do not appear to have a role in mediating striatal DA release in
mice. Also, M3, M, and Ms mAChRs appear to play differing roles in
mediating striatal DA release in mice. In contrast to VTA where Ms
mAChR subtype expression predominates, M3, My and Ms mAChRs
mediate oxotremorine-evoked [PH]DA overflow from striatal slices in
mice. If allowed to extrapolate from these results obtained using striatal

Bu.ffer

0 1

10

Scopolamine (uM)

“p

Fig. 2. Scopolamine (1 and 10 uM, positive control) inhibits oxotremorine
(100 uM)-evoked [*H]DA overflow from superfused rat striatal slices. Data are
presented as mean + SEM. 'p < 0.05 compared to buffer;
pared to oxotremorine alone (scopolamine 0 pM), n = 10.

< 0.05 com-
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24 T o
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0 T T T T T T
Buffer 0 10 0.1 1.0 10.0
Scopolamine 3¢ (uM)

(uM)

Fig. 3. Compound 3c increases oxotremorine (100 uM)-evoked [*HIDA over-
flow from rat striatal slices. A range of concentrations (0.1, 1, and 10 uM) of 3¢
were evaluated. Scopolamine (10uM) was used as the positive control.
“p < 0.05 compared to buffer, ¥p < 0.05 compared to oxotremorine alone
(scopolamine O uM), n = 4-10.

104 *
2 (9 T
O 8- .
. Scopolamine
o 74 (10 uM)
> L
o 6_ I 1
< #
9 °]
T 4 T
N
- 31
2 2
kS -

=

Bu;’fer 1I :li 1'0 1 3 10
3c (uM)

Fig. 4. Scopolamine (10 uM) inhibits 3c-evoked [*H]DA overflow from super-
fused rat striatal slices. ‘p < 0.05 compared to buffer (in the absence of 3c),
#p < 0.05 compared to 3¢ (10 uM) in the absence of scopolamine, n = 6.

slices from KO mice, the current results suggest that oxotremorine in-
creases striatal DA release via stimulation of M4 and/or Ms mAChRs,
but not via M3 mAChRs. Based on the results from the KO studies,*’
stimulation of M3 mAChRs would be expected to decrease DA release.
Assuming mAChR modulation of DA release is similar in rats and mice,
the lead compound 3c appears to evoke DA release from rat striatal
slices either though an agonist action at My and/or Ms mAChRs, or
through an antagonist action at Ms. In any case, 3c increases striatal DA
release via an agonist action at mAChRs, since this effect is inhibited by
scopolamine.

Another important finding from the present study is that the two
structural scaffolds provided analogs that exhibit selectivity for M3 over
M,. Out of the 30 analogs evaluated, 9 analogs (2d, 2j, 21, 2n, 20, 2q,
3a, 3b and 3c) exhibit relatively high affinity (K; < 100nM) at Ms
mAChRs. For these 9 analogs, selectivity at M3 over M, mAChRs was
determined in consideration of their potential efficacy in treating
COPD. Of note, compound 3b exhibited 17-fold selectivity for M3 over
M, mAChRs. Selectivity between M3 and M, subtypes is important
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because antagonists at M3 mAChRs decrease airway smooth muscle
contraction and decrease mucus secretion, which would be beneficial in
the treatment of COPD; whereas, antagonism at M, mAChRs increases
acetylcholine release from parasympathetic nerves innervating the
airway smooth muscle and submucosal glands, ultimately stimulating
M; mAChRs and counteracting the beneficial M3 antagonism produced
by therapeutic agents targeting Ms.*"**> Using the [PH]NMS binding
assay, several compounds have been reported previously to be highly
potent (low nM range) and selective for M over M, mAChRs.*>*®
Specifically, (2R)-1-((2S,4R)-4-hydroxy-1-[3,3,3-tris(4-fluoro-phenyl)
propanoyl]-pyrrolidine-2-yl)carbonyl-N-(4-piperidinyl-methyl)pyrroli-
dine-2-carboxamide (compound 14a) and (2R)-N-[1-(6-aminopyridin-
2-ylmethyl)piperidin-4-yl]-2-[(1R)-3,3-difluorocyclopentyl]-2-hydroxy-
2-phenylacetamide (compound A) exhibit 1600- and 193-fold se-
lectivity, respectively, for Mz over M,.*>** 14a and A act as M3 mAChR
antagonists as indicated by inhibition of carbachol-induced contraction
of the isolated rat tracheal muscle.**® Interestingly, tiotropium and
umeclidinium, exhibit only 2 to 3-fold selectivity at M3 relative to M,
mAChRs, as indicated from [*H]NMS binding assays.’**® Despite,
marginal selectivity for M, tiotropium and umeclidinium have kinetic
selectivity for M3 and long dissociation half-lifes.** Moreover, both
compounds are FDA-approved COPD inhalation therapeutics. Thus, the
current findings that 3b has high affinity (K; = 7.6 nM) and 17-fold
selectivity for M3 over M, mAChRs suggest that this compound may
have beneficial therapeutic effects over currently available medications
for COPD.

In summary, through the synthesis and evaluation of two series of
carbamates, 3c was identified as the most potent (K; = 1.8 nM) analog
interacting at Ms mAChRs. Although 3c exhibited 1200-fold higher
affinity for Ms mAChRs compared to compound 1, 3c lacked selectivity
for Ms mAChRs. Interestingly, compound 1 inhibited oxotremorine-
evoked DA release from rat striatal slices, whereas 3¢ augmented ox-
otremorine-evoked DA release, and moreover, itself increased DA re-
lease, indicating that 3c acts as a mAChR agonist. Future structure
activity relationship studies using 3c as the lead compound will be
needed to identify analogs with high affinity and selectivity for Ms.
Additionally, 3b exhibited high affinity and selectivity for M3 over M,
mAChRs and may have potential to be developed as a COPD treatment.
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