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Materials and Methods

S1

Chemistry Experimental Section:
General Chemical Methods.

All starting materials were obtained from

commercial suppliers and were used without further purification.
were recorded on a Varian 400 instrument.

1

H NMR spectra

Mass spectra were recorded on a

Micromass LCT time-of-flight instrument utilizing the electrospray ionization mode.
Thin-layer chromatography (TLC) was carried out on silica gel GHLF plates (250
microns; Analtech) with elution solvents as follows:

5 – 10 % ethyl acetate in

hexanes (5a – 5d); 20 – 100 % ethyl acetate in hexanes (6a – 6d); 5 – 10 % methanol
in dichloromethane (3a – 3e).

Extraction solutions were dried over sodium sulfate

prior to concentration.
5-Bromo-2-fluoro-3-phenylpyridine (5a)[1]. This compound was made by a
modification of the literature procedure.

A mixture of commercially available 5-

bromo-2-fluoropyridine-3-boronic acid (4; 1.24 g, 5.63 mmol) in p-dioxane (15 mL)
was degassed via nitrogen bubbling for 15 min. To the mixture was added
1-iodobenzene (546 μL, 4.9 mmol) and Pd(PPh3)4 (283 mg, 0.25 mmol), followed by
an additional minute of degassing, and then a solution of Na2CO3 (1.43 g, 13.48
mmol) in 10 mL of water, which had been previously degassed for 5 min.

The

mixture was heated under nitrogen at 90 °C for 50 min becoming a clear solution. The
cooled mixture was diluted with water and extracted with ethyl acetate (3x). The
combined extracts were washed with brine, dried, and concentrated to leave a brown
oil that was purified via silica gel flash chromatography (dry packing) using gradient
elution with 0 – 2 % ethyl acetate in hexanes. Product fractions were combined and
concentrated to leave 5a (457 mg, 37 %) as a clear oil. 1H NMR (400 MHz,
chloroform-d) δ 8.24 (s, 1H), 7.98 (dd, J = 8.5, 1.9 Hz, 1H), 7.55 (d, J = 7.5 Hz, 2H),
7.51 – 7.43 (m, 3H). MS TOFES+: m/z 252.0, 254.0 (M+H)+.

5-Bromo-2-fluoro-3-(4-fluorophenyl)pyridine (5b).

In a sealed tube, p-dioxane

(15 mL) was degassed for 15 min followed by the addition of 5-bromo-2-
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fluoropyridine-3-boronic acid (4; 1.14 g, 5.18 mmol), 1-fluoro-4-iodobenzene (520
μL, 4.5 mmol), Pd(PPh3)4 (260 mg, 0.23 mmol) and then a solution of Na2CO3 (1.9 g,
18 mmol) in 10 mL of water, which had been previously degassed for 5 min. The tube
was sealed and heated at 90 °C for 45 min. Workup as described above for 5a
(dry-packed column, gradient elution with 0 – 0.5 % ethyl acetate in hexanes) gave 5b
(450 mg, 37 %) as a white solid. 1H NMR (400 MHz, chloroform-d) δ 8.24 (s, 1H),
7.95 (dd, J = 8.6, 1.9 Hz, 1H), 7.56 – 7.49 (m, 2H), 7.18 (t, J = 8.4 Hz, 2H).

MS

TOFES+: m/z 270.0, 272.0 (M+H)+.
5-Bromo-3-(4-chlorophenyl)-2-fluoropyridine (5c). Reaction of 4 with
1-chloro-4-iodobenzene was carried out on the same scale and under the same
conditions as described above for the synthesis of 5a, except that the volume of water
was reduced to 7 mL. Silica gel flash chromatography with gradient elution with 0 –
0.5 % ethyl acetate in hexanes provided 5c (225 mg, 16 %) as a white solid. 1H NMR
(400 MHz, chloroform-d) δ 8.22 – 8.11 (m, 1H), 7.94 – 7.81 (m, 1H), 7.49 – 7.33 (m,
4H). MS TOFES+: m/z 285.1, 287.9 (M+H)+.
5-Bromo-2-fluoro-3-(4-(methylsulfonyl)phenyl)pyridine (5d). Reaction of 4 with
1-bromo-4-(methylsulfonyl)benzene was carried out on the same scale and under the
same conditions as described above for the synthesis of 5c. Silica gel flash
chromatography with gradient elution with 15, 20, 25, and 30 % ethyl acetate in
hexanes provided 5d (453 mg, 28 %) as a light yellow solid.

1

H NMR (400 MHz,

chloroform-d) δ 8.34 – 8.26 (m, 1H), 8.05 (d, J = 7.7 Hz, 2H), 7.99 (ddd, J = 8.5, 2.4,
0.9 Hz, 1H), 7.74 (d, J = 8.2 Hz, 2H), 3.09 (s, 3H). MS TOFES+: m/z 329.9, 331.9
(M+H)+.
6-Fluoro-5-phenyl-3,3'-bipyridine (6a). A mixture of 5a (490 mg, 1.94 mmol),
pyridine-3-boronic acid (358 mg, 2.91 mmol) and p-dioxane (12 mL) was degassed
via nitrogen bubbling for 10 min and then treated with Pd(PPh3)4 (224 mg, 0.194
mmol) followed by an additional 5 min of degassing. A solution of Na2CO3 (1.44 g,
13.58 mmol) in 8 mL of water, which had been previously degassed for 5 min, was
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added and the mixture was heated under nitrogen at 90 °C for 45 - 50 min. The cooled
mixture was diluted with water and extracted with ethyl acetate (3x). The combined
extracts were washed with brine, dried, and concentrated to leave a brown solid that
was purified via silica gel flash chromatography (dry packing) with gradient elution
with 20, 30, 40, 50 % ethyl acetate in hexanes. Product fractions were combined and
concentrated to leave 6a (390 mg, 80 %) as an off-white solid.1H NMR (400 MHz,
chloroform-d) δ 8.87 (s, 1H), 8.69 (d, J = 4.9 Hz, 1H), 8.40 (dd, J = 2.4, 1.4 Hz, 1H),
8.06 (dd, J = 9.1, 2.4 Hz, 1H), 7.93 – 7.88 (m, 1H), 7.66 – 7.60 (m, 2H), 7.55 – 7.41
(m, 4H). MS TOFES+: m/z 251.1 (M+H)+.
6-Fluoro-5-(4-fluorophenyl)-3,3'-bipyridine (6b). Reaction of 5b (401mg, 1.49
mmol), pyridine-3-boronic acid (274 mg, 2.23 mmol), Pd(PPh3)4 (171 mg, 0.15
mmol), Na2CO3 (1.1 g, 10.4 mmol), p-dioxane (10 mL), and water (7mL), followed
by subsequent purification, was carried out as discussed above for 6a to provide
compound 6b (370 mg, 93 %) as an off-white solid.

1

H NMR (400 MHz,

chloroform-d) δ 8.86 (d, J = 2.3 Hz, 1H), 8.69 (dd, J = 4.8, 1.5 Hz, 1H), 8.40 (dd, J =
2.4, 1.4 Hz, 1H), 8.02 (dd, J = 9.2, 2.5 Hz, 1H), 7.90 (dt, J = 7.9, 2.0 Hz, 1H), 7.64 –
7.57 (m, 2H), 7.44 (dd, J = 7.9, 4.8 Hz, 1H), 7.24 – 7.16 (m, 2H).

MS TOFES+: m/z

269.1 (M+H)+.
5-(4-Chlorophenyl)-6-fluoro-3,3'-bipyridine (6c). Reaction of 5c (226 mg, 0.789
mmol), pyridine-3-boronic acid (149 mg, 1.21 mmol), Pd(PPh3)4 (90 mg, 0.08 mmol),
Na2CO3 (586 mg, 5.53 mmol), p-dioxane (4.5 mL), and water (3 mL), and subsequent
purification, was carried out as discussed above for 6a to provide compound 6c (160
mg, 71 %) as a pale yellow solid.

1

H NMR (400 MHz, chloroform-d) δ 8.85 (s, 1H),

8.68 (s, 1H), 8.39 (s, 1H), 8.00 (d, J = 9.5 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.55 (d, J
= 8.2 Hz, 2H), 7.50 – 7.41 (m, 3H). MS TOFES+: m/z 285.0 (M+H)+.
6-Fluoro-5-(4-(methylsulfonyl)phenyl)-3,3'-bipyridine (6d). Reaction of 5d (465
mg, 1.41 mmol), pyridine-3-boronic acid (259 mg, 2.11 mmol), Pd(PPh3)4 (162 mg,
0.14 mmol), Na2CO3 (1.046 g, 9.87 mmol), p-dioxane (8 mL), and water (5 mL),
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followed by subsequent purification, was carried out as discussed above for 6a except
that silica gel flash chromatography gradient elution was carried out with 80, 90, 100
% ethyl acetate in hexanes. Product fractions were combined and concentrated to a
solid that was triturated in 9:1 ethyl acetate : hexanes to leave 6d (340 mg, 74 %) as a
pale yellow solid.

1

H NMR (400 MHz, chloroform-d) δ 8.86 (s, 1H), 8.69 (s, 1H),

8.46 (s, 1H), 8.07 (t, J = 8.1 Hz, 3H), 7.90 (d, J = 7.1 Hz, 1H), 7.82 (d, J = 7.7 Hz,
2H), 7.45 (s, 1H), 3.11 (s, 3H). MS TOFES+: m/z 329.0 (M+H)+.
6'-Fluoro-1-methyl-5'-phenyl-[3,3'-bipyridin]-1-ium iodide (7a). A mixture of 6a
(390 mg, 1.56 mmol), iodomethane (194 uL, 3.11 mmol) and dry acetone (14 mL)
was stirred at room temperature in a sealed tube during which a precipitate formed.
Successive charges of iodomethane (97 uL) were added to the mixture after 1 and 2
days and stirring was continued for a total of 3 d.

The solids were collected, washed

with acetone, and dried to leave 7a (610 mg, 100 %) as a pale yellow solid.

1

H

NMR (400 MHz, DMSO-d6) δ 9.59 (s, 1H), 9.06 (dd, J = 17.5, 6.7 Hz, 2H), 8.79 (s,
1H), 8.66 (d, J = 8.9 Hz, 1H), 8.28 (t, J = 6.9 Hz, 1H), 7.76 (d, J = 6.9 Hz, 2H), 7.66 –
7.46 (m, 3H), 4.43 (s, 3H). MS TOFES+: m/z 265.1 (M)+.
6'-Fluoro-5'-(4-fluorophenyl)-1-methyl-[3,3'-bipyridin]-1-ium iodide (7b).
Reaction of 6b (390 mg, 1.45 mmol), iodomethane (543 uL, 8.72 mmol) and acetone
(40 mL) was carried out for 3 d as described above for the synthesis of 7a.

An

additional charge of iodomethane (543 uL) was added and stirring was continued for 3
d more. Workup provided 7b (430 mg, 72 %) as a pale yellow solid.

1

H NMR

(400 MHz, DMSO-d6) δ 9.59 (s, 1H), 9.06 (dd, J = 15.4, 6.7 Hz, 2H), 8.79 (s, 1H),
8.66 (d, J = 9.0 Hz, 1H), 8.29 (d, J = 6.6 Hz, 1H), 7.83 (s, 2H), 7.44 (t, J = 8.0 Hz,
2H), 4.43 (s, 3H).
5'-(4-Chlorophenyl)-6'-fluoro-1-methyl-[3,3'-bipyridin]-1-ium iodide (7c).
Reaction of 6c (160 mg, 0.56 mmol), iodomethane (209 uL, 3.36 mmol) and acetone
(15 mL) was carried out for 3 d as described above for the synthesis of 7a.

An

additional charge of iodomethane (209 uL) was added and stirring was continued for 7

S5

d more. Workup provided 7c (220 mg, 92 %) in two crops as a light brown solid.
1

H NMR (400 MHz, DMSO-d6) δ 9.58 (s, 1H), 9.05 (dd, J = 15.2, 7.1 Hz, 2H), 8.80

(s, 1H), 8.67 (d, J = 8.1 Hz, 1H), 8.34 – 8.23 (m, 1H), 7.80 (d, J = 8.2 Hz, 2H), 7.66
(d, J = 8.1 Hz, 2H), 4.42 (s, 3H). MS TOFES+: m/z 299.0 (M)+.
6'-Fluoro-1-methyl-5'-(4-(methylsulfonyl)phenyl)-[3,3'-bipyridin]-1-ium iodide
(7d). Reaction of 6d (340 mg, 1.035 mmol), iodomethane (386 uL, 6.21 mmol),
acetone (20 mL), and dichloromethane (25 mL) was carried out for 2 d as described
above for the synthesis of 7a. An additional charge of iodomethane (386 uL) was
added and stirring was continued for 5 d more.
as a pale yellow solid.

1

Workup provided 7d (460 mg, 94 %)

H NMR (400 MHz, DMSO-d6) δ 9.60 (s, 1H), 9.06 (dd, J =

16.7, 7.4 Hz, 2H), 8.86 (s, 1H), 8.75 (d, J = 9.3 Hz, 1H), 8.34 – 8.25 (m, 1H), 8.13 (d,
J = 8.4 Hz, 2H), 8.04 (d, J = 8.0 Hz, 2H), 4.42 (s, 3H). MS TOFES+: m/z 343.0
(M)+.
6'-Fluoro-1-methyl-5'-phenyl-1,2,5,6-tetrahydro-3,3'-bipyridine (3a). To an
ice-cold suspension of 7a (430 mg, 1.096 mmol) in ethanol (5 mL) was added sodium
borohydride (83 mg, 2.19 mmol). After 30 min, cooling was removed and the
mixture was stirred at room temperature for 4 h, and then concentrated.

The residue

was diluted with water and extracted with dichloromethane (3x). The combined
extracts were washed with brine and dried (Na2SO4) to leave an orange oil that was
purified by silica gel flash chromatography utilizing gradient elution with 0.5, 1, 3, 5,
and 10 % methanol in dichloromethane. Product fractions were combined and
concentrated to leave 3a (250 mg, 85%) as a light yellow oil.

1

H NMR (400 MHz,

chloroform-d) δ 8.14 (s, 1H), 7.80 (dd, J = 9.4, 1.7 Hz, 1H), 7.56 (d, J = 7.1 Hz, 2H),
7.52 – 7.39 (m, 3H), 6.18 (s, 1H), 3.29 (s, 2H), 2.60 (t, J = 5.7 Hz, 2H), 2.48 (s, 3H),
2.42 (d, J = 3.0 Hz, 2H).

MS TOFES+: m/z 269.1 (M+H)+. The oil was dissolved

in ether : dichloromethane and treated with an excess of 0.2 M HCl in ether at room
temperature. A precipitate formed that was collected, washed with ether :
dichloromethane and then ether, and dried to leave 3a (227 mg, 71%) as a pale yellow
solid shown by 1H NMR to be the dihydrochloride salt.
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6'-Fluoro-5'-(4-fluorophenyl)-1-methyl-1,2,5,6-tetrahydro-3,3'-bipyridine (3b).
Reaction of 7b (430 mg, 1.049 mmol), sodium borohydride (79.5 mg, 2.097 mmol)
and ethanol (10 mL) as described above for the synthesis of 3a (gradient elution with
0.5, 1, 2, 3, 5, and 8 % methanol in dichloromethane) provided 3b (230 mg, 77%) as a
viscous yellow oil.

1

H NMR (400 MHz, chloroform-d) δ 8.14 (s, 1H), 7.76 (d, J =

9.3 Hz, 1H), 7.59 – 7.49 (m, 2H), 7.17 (t, J = 8.0 Hz, 2H), 6.18 (s, 1H), 3.29 (s, 2H),
2.60 (t, J = 5.2 Hz, 2H), 2.48 (s, 3H), 2.42 (s, 2H). MS TOFES+: m/z 287.2 (M+H)+.
Salt formation as described above provided 3b dihydrochloride (215 mg, 75%) as a
pale yellow solid.
5'-(4-Chlorophenyl)-6'-fluoro-1-methyl-1,2,5,6-tetrahydro-3,3'-bipyridine (3c).
Reaction of 7c (160 mg, 0.375 mmol), sodium borohydride (28.4 mg, 0.75 mmol) and
ethanol (2 mL) as described above for the synthesis of 3a (gradient elution with 0.5, 1,
1.5, 3, 5, and 8 % methanol in dichloromethane) provided 3c (70 mg, 61%) as a
yellow oil.

1

H NMR (400 MHz, chloroform-d) δ 8.13 (s, 1H), 7.74 (dd, J = 9.4, 2.5

Hz, 1H), 7.51 – 7.46 (m, 2H), 7.43 (d, J = 8.5 Hz, 2H), 6.16 (s, 1H), 3.29 (s, 2H), 2.60
(t, J = 5.6 Hz, 2H), 2.48 (s, 3H), 2.42 (s, 2H). MS TOFES+: m/z 303.0 (M+H)+.
Salt formation as described above provided 3c dihydrochloride (69 mg, 79%) as a
pale yellow solid.
6'-Fluoro-1-methyl-5'-(4-(methylsulfonyl)phenyl)-1,2,5,6-tetrahydro-3,3'-bipyridi
ne (3d). Reaction of 7d (460 mg, 0.98 mmol), sodium borohydride (75 mg, 1.96
mmol) and ethanol (5 mL) was carried out for 4 h as described above for the synthesis
of 3a. However, solution was not achieved and TLC showed the presence of
substantial starting material. Dichloromethane was added to complete solution and
stirring was then continued for an additional 2 h before workup. Silica gel flash
chromatography purification (gradient elution with 0, 0.5, 1, 3, 5, and 8 % methanol
in dichloromethane) provided 3d (100 mg, 29%) as a viscous orange oil.

1

H NMR

(400 MHz, chloroform-d) δ 8.20 (s, 1H), 8.04 (d, J = 8.3 Hz, 2H), 7.80 (dd, J = 9.2,
2.4 Hz, 1H), 7.75 (d, J = 7.0 Hz, 2H), 6.20 (s, 1H), 3.34 (s, 2H), 3.09 (s, 3H), 2.65 (s,
2H), 2.51 (s, 3H), 2.45 (s, 2H). MS TOFES+: m/z 347.0 (M+H)+. The oil was
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dissolved in dichloromethane and treated with 2 mL of 0.2 M HCl in ether. After
stirring for 5 min, the thin suspension was concentrated to a light yellow residue that
was treated with a small volume of dichloromethane and then a large excess of ether.
The resulting precipitate was collected, washed with ether, and dried to leave 3d
dihydrochloride (90 mg, 74%) as a pale yellow solid.
1'-Methyl-5-phenyl-1',2',5',6'-tetrahydro-[3,3'-bipyridin]-6(1H)-one (3e). A
mixture of 3a (190 mg, 0.708 mmol), p-dioxane (6 mL), water (2 mL), and
concentrated HCl (0.5 mL) was heated at 65 °C for 18 h, and then treated with
additional concentrated HCl (10 drops) with continued heating at 75 °C until TLC (10
% methanol in dichloromethane) showed complete reaction (25-27 h). The cooled
mixture was carefully diluted with excess saturated aq. sodium bicarbonate, and then
extracted with ethyl acetate (2x). The combined extracts were washed with brine,
dried, and concentrated to a residue that was purified by silica gel flash
chromatography utilizing gradient elution with 1 – 10 % methanol in dichloromethane
with 1% step-ups in methanol.

Product fractions were combined and concentrated to

leave 3e (100 mg, 53%) as a pale yellow solid.

1

H NMR (400 MHz, chloroform-d) δ

12.72 (br s, 1H), 7.70 (d, J = 7.1 Hz, 3H), 7.44 (t, J = 7.5 Hz, 2H), 7.37 (d, J = 7.1 Hz,
1H), 7.27 (d, J = 7.8 Hz, 1H), 6.03 (s, 1H), 3.16 (s, 2H), 2.56 (s, 2H), 2.44 (s, 3H),
2.36 (s, 2H). MS TOFES+: m/z 267.2 (M+H)+.

Biology Experimental Section:

Electrophysiological experiments
Oocyte expression. Human nAChR 3, and 4 clones were obtained from Dr.
Jon Lindstrom (University of Pennsylvania, Philadelphia PA).
Xenopus laevis oocytes were surgically removed from frogs (Nasco, Ft. Atkinson
WI) and treated with Type I collagenase (Worthington Biochemical Corporation,
Freehold NJ) in calcium-free Barth’s solution (88 mM NaCl, 1 mM KCl, 2.38 mM
NaHCO3, 0.82 mM MgS04, 15 mM HEPES (pH 7.6), 12 mg/l tetracycline) in order to
S8

remove follicular layers. Stage-5 oocytes were isolated and injected with 50 nl (3-20
ng) of each cRNA. After linearization and purification of cloned cDNAs, RNA
transcripts were prepared in vitro using the appropriate mMessage mMachine kit
(Ambion, Austin TX). Recordings were conducted 5-6 days post-injection.
Electrophysiology. Experiments were conducted using OpusXpress 6000A
(Molecular Devices, Union City, CA). OpusXpress is an integrated system that
provides automated impalement and voltage clamp of up to eight oocytes in parallel.
Both the voltage and current electrodes were filled with 3M KCl. The oocytes were
clamped at a holding potential of -60 mV. Data were collected at 50 Hz and filtered at
5 Hz. The oocytes were bath-perfused with Ringer’s solution (115 mM NaCl, 10 mM
HEPES, 2.5 mM KCl, 1.8 mM CaCl2) containing 1µM atropine to block muscarinic
acetylcholine receptors, which may be native in the oocytes. Agonist solutions were
delivered from 96-deepwell plates using disposable tips. Flow rates were set at 4
ml/min.
Experimental protocols and data analysis. Responses were calculated as peak
currents. Each oocyte received initial control applications of acetylcholine (ACh),
then experimental drug applications, and follow-up control applications of ACh.
Responses to experimental drug applications were calculated relative to the preceding
ACh control responses in order to normalize the data, compensating for the varying
levels of channel expression among the oocytes. Average values and standard errors
(SEM) were calculated from the normalized responses of eight oocytes for each
experimental condition. Control ACh concentrations were 100 µM.
For the calculation of IC50 values, the maximal responses relative to control were
fixed at 1, and the Hill coefficient n was assigned a negative value.
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