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Analytical data of final compounds

Purity
comp Form

(%)

NMR
HRMS 
[M+H]+

(diff ppm)

14a HCl 98

1H NMR (400 MHz, CD3OD) δ 
7.41 – 7.24 (m, 10H), 4.76 (d, J = 
14.5 Hz, 1H), 4.46 (d, J = 14.5 Hz, 
1H), 4.34 (q, J = 6.7 Hz, 1H), 3.50 
(br s, J = 17.6 Hz, 2H), 3.44 (d, J 
= 12.8 Hz, 1H), 3.40 – 3.26 (m, 
3H), 3.23 – 3.11 (m, 2H), 3.11 – 
3.03 (m, 2H), 2.44 – 2.28 (m, 1H), 
1.98 – 1.77 (m, 2H), 1.74 – 1.54 
(m, 1H), 1.47 (d, J = 6.7 Hz, 3H).

379.2391 
 (-3.05)

14b Free 
base 95

 1H NMR (400 MHz, CDCl3) δ 
7.33 – 7.27 (m, 4H), 7.25 – 7.17 
(m, 6H), 4.15 (q, J = 6.8 Hz, 1H), 
3.68 – 3.51 (m, 2H), 3.26 (d, J = 
12.1 Hz, 1H), 2.97 – 2.78 (m, 5H), 
2.62 (m, 4H), 2.35 (m, 1H), 2.04 
(d, J = 14.1 Hz, 1H), 1.77 – 1.49 
(m, 4H), 1.41 (d, J = 6.8 Hz, 3H).

393.2553 
 (-4.1)

14c HCl 96

1H NMR (400 MHz, CD3OD) δ 
7.43 – 7.23 (m, 5H), 4.21 (q, J = 
6.7 Hz, 1H), 3.56 (d, J = 13.8 Hz, 
2H), 3.46 (d, J = 12.9 Hz, 1H), 
3.43 – 3.35 (m, 2H), 3.28 – 3.15 
(m, 3H), 3.13 – 3.03 (m, 2H), 2.81 
– 2.71 (m, 1H), 2.33 (d, J = 14.0 
Hz, 1H), 2.08 – 1.73 (m, 3H), 1.39 
(d, J = 6.7 Hz, 3H), 0.92 – 0.79 
(m, 2H), 0.77 – 0.57 (m, 2H).

329.2224 
 (0.08)

14d Free 
base 99

 1H NMR (400 MHz, CDCl3) δ 
7.32 – 7.26 (m, 2H), 7.23 – 7.17 
(m, 3H), 4.86 (sept, J = 6.8 Hz, 
1H), 4.17 (q, J = 6.8 Hz, 1H), 3.15 
(d, J = 12.3 Hz, 1H), 2.96 (d, J = 
12.3 Hz, 1H), 2.87 – 2.79 (m, 2H), 
2.75 – 2.60 (m, 4H), 2.60 – 2.43 
(m, 1H), 2.36 (t, J = 10.1 Hz, 1H), 
2.03 (d, J = 14.5 Hz, 1H), 1.75 – 
1.67 (m, 2H), 1.63 – 1.49 (m, 1H), 
1.44 (d, J = 6.8 Hz, 3H), 1.11 (d, J 
= 6.9 Hz, 3H), 1.07 (d, J = 6.7 Hz, 
3H).

331.2379 
 (0.34)

14e HCl 95

1H NMR (400 MHz, CD3OD) δ 
7.39 – 7.24 (m, 5H), 4.22 (q, J = 
6.7 Hz, 1H), 3.61 – 3.51 (m, 3H), 
3.51 – 3.32 (m, 5H), 3.28 – 3.15 
(m, 2H), 3.13 – 3.05 (m, 2H), 2.40 
(d, J = 14.5 Hz, 1H), 2.09 – 1.97 
(m, 1H), 1.96 – 1.80 (m, 2H), 1.41 
(d, J = 6.7 Hz, 3H), 1.14 (t, J = 7.2 
Hz, 3H).

317.2226 
 (-0.73)

14f HCl 97

1H NMR (400 MHz, CD3OD) δ 
7.40 – 7.24 (m, 5H), 4.24 (q, J = 
6.7 Hz, 1H), 3.62 – 3.51 (m, 3H), 
3.44 – 3.34 (m, 3H), 3.28 – 3.15 
(m, 2H), 3.14 – 3.05 (m, 2H), 2.99 
(s, 3H), 2.45 (d, J = 14.1 Hz, 1H), 

303.2072 
 (-1.6)
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2.02 (t, J = 13.9 Hz, 1H), 1.96 – 
1.80 (m, 2H), 1.42 (d, J = 6.7 Hz, 
3H).

14g HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.42 – 7.24 (m, 5H), 4.24 (q, J = 
6.7 Hz, 1H), 3.61 – 3.52 (m, 3H), 
3.42 – 3.33 (m, 3H), 3.27 – 3.15 
(m, 2H), 3.14 – 3.08 (m, 2H), 2.98 
(s, 3H), 2.45 (ddd, J = 15.5, 5.3, 
2.7 Hz, 1H), 2.10 – 1.99 (m, 1H), 
1.95 – 1.84 (m, 2H), 1.42 (d, J = 
6.7 Hz, 3H).

303.2078 
 (-3.65)

14h HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.40 – 7.25 (m, 5H), 4.25 (q, J = 
6.7 Hz, 1H), 3.61 – 3.49 (m, 3H), 
3.44 – 3.34 (m, 3H), 3.28 – 3.17 
(m, 2H), 3.14 – 3.06 (m, 2H), 2.99 
(s, 3H), 2.44 (br d, J = 14.2 Hz, 
1H), 2.06 – 1.96 (m, 1H), 1.96 – 
1.82 (m, 2H), 1.42 (d, J = 6.7 Hz, 
3H).

303.2071 
 (-1.17)

14i HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.40 – 7.22 (m, 5H), 4.17 (s, 2H), 
3.61 – 3.52 (m, 2H), 3.45 – 3.34 
(m, 4H), 3.29 – 3.20 (m, 2H), 3.15 
– 3.05 (m, 2H), 3.00 (s, 3H), 2.22 
(d, J = 13.7 Hz, 2H), 1.99 (t, J = 
13.6 Hz, 2H).

289.1921 
 (-3.79)

14j HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.40 – 7.24 (m, 5H), 4.13 (dd, J = 
5.9, 4.1 Hz, 1H), 3.63 – 3.49 (m, 
3H), 3.44 – 3.35 (m, 3H), 3.28 – 
3.16 (m, 2H), 3.13 – 3.05 (m, 2H), 
2.99 (s, 3H), 2.41 (br s, 1H), 2.09 
– 1.98 (m, 1H), 1.97 – 1.78 (m, 
4H), 0.97 (t, J = 7.4 Hz, 3H).

317.2224 
 (-0.1)

14k Free 
base 99

1H NMR (400 MHz, CDCl3) δ 
7.31 – 7.26 (m, 2H), 7.22 – 7.17 
(m, 3H), 3.93 (d, J = 2.5 Hz, 1H), 
3.39 (d, J = 12.0 Hz, 1H), 2.97 (s, 
3H), 2.90 (d, J = 12.0 Hz, 1H), 
2.85 – 2.78 (m, 2H), 2.77 – 2.69 
(m, 2H), 2.65 – 2.59 (m, 2H), 2.50 
(td, J = 11.2, 3.5 Hz, 1H), 2.44 – 
2.36 (m, 1H), 2.24 (td, J = 11.6, 
2.4 Hz, 1H), 2.18 – 2.10 (m, 1H), 
1.77 – 1.62 (m, 2H), 1.61 – 1.52 
(m, 1H), 1.03 (d, J = 7.0 Hz, 3H), 
0.86 (d, J = 6.8 Hz, 3H).

331.2379
 (-0.7)

14l HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.46 – 7.40 (m, 2H), 7.39 – 7.23 
(m, 8H), 5.18 (s, 1H), 3.83 (d, J = 
12.9 Hz, 1H), 3.68 – 3.61 (m, 1H), 
3.59 – 3.53 (m, 1H), 3.42 – 3.22 
(m, 5H), 3.14 – 3.07 (m, 2H), 3.03 
(s, 3H), 2.59 (d, J = 15.7 Hz, 1H), 
2.18 – 1.94 (m, 3H).

365.2221 
 (0.32)

14m HCl 99

1H NMR (400 MHz, CD3OD) δ 
7.39 – 7.22 (m, 5H), 3.64 – 3.55 
(m, 2H), 3.49 (s, 2H), 3.44 – 3.36 
(m, 2H), 3.34 – 3.24 (m, 2H), 3.14 
– 3.06 (m, 2H), 3.03 (s, 3H), 2.10 
– 2.00 (m, 2H), 1.98 – 1.86 (m, 
2H), 1.43 (s, 6H).

317.2234 
 (-3.4)



S4

14n HCl 94

1H NMR (400 MHz, CD3OD) δ 
7.38 – 7.24 (m, 5H), 3.58 (d, J = 
11.6 Hz, 2H), 3.50 (s, 2H), 3.42 – 
3.35 (m, 2H), 3.17 (t, J = 12.9 Hz, 
2H), 3.11 – 3.05 (m, 2H), 3.01 (s, 
3H), 2.30 (d, J = 14.9 Hz, 2H), 
1.97 (t, J = 14.3 Hz, 2H), 1.29 (q, 
J = 4.6 Hz, 2H), 1.14 – 1.05 (m, 
2H).

315.208 
 (-3.92)

14o HCl 99

1H NMR (400 MHz, CD3OD) δ 
7.39 – 7.25 (m, 5H), 4.23 (q, J = 
6.7 Hz, 1H), 3.62 – 3.52 (m, 3H), 
3.51 – 3.45 (m, 1H), 3.43 – 3.33 
(m, 4H), 3.27 (d, J = 12.8 Hz, 1H), 
3.24 – 3.16 (m, 1H), 3.15 – 3.08 
(m, 2H), 2.39 (dd, J = 15.4, 2.4 
Hz, 1H), 2.12 – 2.02 (m, 1H), 1.97 
– 1.85 (m, 2H), 1.41 (d, J = 6.7 
Hz, 3H), 1.15 (t, J = 7.2 Hz, 3H).

317.2227 
 (-1.06)

14p HCl 98

1H NMR (400 MHz, CD3OD) δ 
7.41 – 7.30 (m, 2H), 7.22 – 7.10 
(m, 2H), 4.23 (q, J = 6.6 Hz, 1H), 
3.65 – 3.53 (m, 3H), 3.52 – 3.34 
(m, 5H), 3.28 – 3.21 (m, 2H), 3.20 
– 3.12 (m, 2H), 2.41 (d, J = 14.3 
Hz, 1H), 2.10 – 1.80 (m, 3H), 1.41 
(d, J = 6.7 Hz, 3H), 1.15 (t, J = 7.2 
Hz, 3H).

335.2144 
 (-4.41)

14q HCl 100

1H NMR (400 MHz, CD3OD) δ 
7.37 (td, J = 8.0, 6.1 Hz, 1H), 7.17 
– 7.08 (m, 2H), 7.02 (td, J = 8.6, 
2.6 Hz, 1H), 4.23 (q, J = 6.7 Hz, 
1H), 3.62 – 3.52 (m, 3H), 3.52 – 
3.45 (m, 1H), 3.45 – 3.34 (m, 4H), 
3.30 – 3.16 (m, 2H), 3.16 – 3.08 
(m, 2H), 2.40 (d, J = 14.9 Hz, 1H), 
2.10 – 1.98 (m, 1H), 1.98 – 1.81 
(m, 2H), 1.41 (d, J = 6.7 Hz, 3H), 
1.15 (t, J = 7.2 Hz, 3H).

335.2128 
 (0.37)

14r HCl 99

 1H NMR (400 MHz, CD3OD) δ 
7.38 – 7.30 (m, 2H), 7.12 – 7.06 
(m, 2H), 4.23 (q, J = 6.7 Hz, 1H), 
3.61 – 3.45 (m, 4H), 3.43 – 3.33 
(m, 4H), 3.26 (d, J = 12.8 Hz, 1H), 
3.20 (td, J = 13.2, 2.3 Hz, 1H), 
3.14 – 3.06 (m, 2H), 2.44 – 2.35 
(m, 1H), 2.10 – 1.99 (m, 1H), 1.97 
– 1.81 (m, 2H), 1.41 (d, J = 6.7 
Hz, 3H), 1.15 (d, J = 14.4 Hz, 3H).

335.2144 
 (-4.21)

14s HCl 98

1H NMR (400 MHz, CD3OD) δ 
7.27 – 7.15 (m, 3H), 4.23 (q, J = 
6.7 Hz, 1H), 3.64 – 3.57 (m, 2H), 
3.55 (d, J = 12.9 Hz, 1H), 3.52 – 
3.46 (m, 1H), 3.45 – 3.35 (m, 4H), 
3.28 – 3.17 (m, 4H), 2.42 (d, J = 
14.3 Hz, 1H), 2.07 – 1.91 (m, 2H), 
1.90 – 1.79 (m, 1H), 1.42 (d, J = 
6.7 Hz, 3H), 1.15 (t, J = 7.2 Hz, 
3H).

353.2034 
 (0.23)

14t HCl 97

1H NMR (400 MHz, CD3OD) δ 
7.46 – 7.36 (m, 1H), 7.05 – 6.95 
(m, 2H), 4.23 (q, J = 6.7 Hz, 1H), 
3.60 (d, J = 12.3 Hz, 2H), 3.54 (d, 
J = 12.9 Hz, 1H), 3.52 – 3.45 (m, 
1H), 3.43 – 3.33 (m, 4H), 3.27 (d, 

353.2033 
 (0.63)
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J = 12.8 Hz, 1H), 3.24 – 3.12 (m, 
3H), 2.45 – 2.36 (m, 1H), 2.11 – 
2.01 (m, 1H), 1.98 – 1.83 (m, 2H), 
1.41 (d, J = 6.7 Hz, 3H), 1.15 (t, J 
= 7.2 Hz, 3H).

14u HCl 99

 1H NMR (400 MHz, CD3OD) δ 
7.20 – 7.12 (m, 2H), 7.11 – 7.03 
(m, 1H), 4.22 (q, J = 6.7 Hz, 1H), 
3.59 (d, J = 12.2 Hz, 2H), 3.54 (d, 
J = 12.9 Hz, 1H), 3.52 – 3.45 (m, 
1H), 3.44 – 3.33 (m, 4H), 3.28 – 
3.20 (m, 2H), 3.19 – 3.12 (m, 2H), 
2.40 (dd, J = 15.5, 2.3 Hz, 1H), 
2.09 – 1.99 (m, 1H), 1.98 – 1.80 
(m, 2H), 1.41 (d, J = 6.7 Hz, 3H), 
1.14 (t, J = 7.2 Hz, 3H).

353.2028 
 (1.61)

14v HCl 99

1H NMR (400 MHz, CD3OD) δ 
7.42 – 7.33 (m, 1H), 7.08 – 7.00 
(m, 2H), 4.23 (q, J = 6.8 Hz, 1H), 
3.66 – 3.57 (m, 2H), 3.54 (d, J = 
12.8 Hz, 1H), 3.51 – 3.45 (m, 1H), 
3.45 – 3.33 (m, 4H), 3.29 – 3.16 
(m, 4H), 2.42 (d, J = 15.4 Hz, 1H), 
2.06 – 1.91 (m, 2H), 1.90 – 1.79 
(m, 1H), 1.41 (d, J = 6.7 Hz, 3H), 
1.14 (t, J = 7.2 Hz, 3H).

353.2045 
 (-3.07)

14w HCl 98

1H NMR (400 MHz, CD3OD) δ 
8.65 (d, J = 5.3 Hz, 1H), 8.09 (t, J 
= 7.7 Hz, 1H), 7.64 (d, J = 8.0 Hz, 
1H), 7.57 (t, J = 6.4 Hz, 1H), 3.65 
– 3.56 (m, 4H), 3.53 (s, 2H), 3.47 
(q, J = 7.2 Hz, 2H), 3.42 (t, J = 7.6 
Hz, 2H), 3.29 – 3.22 (m, 2H), 2.32 
– 2.23 (m, 2H), 2.15 – 2.03 (m, 
2H), 1.30 (dd, J = 7.9, 4.6 Hz, 
2H), 1.17 (t, J = 7.2 Hz, 3H), 1.09 
(dd, J = 7.9, 4.6 Hz, 2H).

330.2174 
 (0.78)

14x HCl 100

 1H NMR (400 MHz, CD3OD) δ 
7.12 (dd, J = 14.1, 4.9 Hz, 2H), 
7.08 – 7.00 (m, 1H), 4.21 (q, J = 
6.6 Hz, 1H), 3.62 – 3.44 (m, 4H), 
3.43 – 3.33 (m, 4H), 3.25 (d, J = 
13.0 Hz, 1H), 3.17 (dd, J = 10.6, 
5.9 Hz, 3H), 2.38 (d, J = 15.0 Hz, 
1H), 2.17 – 2.04 (m, 1H), 2.00 – 
1.89 (m, 2H), 1.41 (d, J = 6.7 Hz, 
3H), 1.15 (t, J = 7.2 Hz, 3H).

353.2048 
 (-3.48)

17 HCl 98

1H NMR (400 MHz, CD3OD) δ 
7.39 – 7.28 (m, 2H), 7.20 – 7.08 
(m, 2H), 4.24 (q, J = 6.8 Hz, 1H), 
3.50 – 3.36 (m, 2H), 3.38 (d, J = 
12.7 Hz, 1H), 3.29 – 3.21 (m, 3H), 
3.21 (d, J = 12.7 Hz, 1H), 3.17 – 
3.06 (m, 3H), 2.41 (d, J = 13.1 Hz, 
1H), 2.01 – 1.93 (m, 1H), 1.92 – 
1.80 (m, 2H), 1.42 (d, J = 6.8 Hz, 
3H).

307.1813 
 (-0.97)
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Conditions for enantiomeric excess by chiral HPLC and optical rotation of enantiopure 

compounds.

Compd Chiral HPLC Ee% [α]20D

14c
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 90:10 

Flow 0.8 mL/min

97.2%  11.0 (c 0.26, MeOH)

14g
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/ EtOH-0.2%DEA 90:10

Flow 0.8 mL/min

98.1% 12.33 (c 0.31, MeOH)

14h
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/ IPA-0.2%DEA 90:10

Flow 0.8 mL/min

96.1%

(Determin
ed as free 

base)

-9.92 (c 0.22, MeOH)

14j
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 90:10 

Flow 0.5 mL/min

98.6% 19.73 (c 0.06, MeOH)

14o
Chiralpak ADH 250x 4.6 mm, 5um

Heptane/ EtOH-0.2%DEA 90:10 

Flow 0.5 mL/min

98.5% 12.84 (c 0.04, MeOH)

14p
Chiralpak ADH 250x 4.6 mm, 5um

Heptane/EtOH-0.2%DEA 90:10 

Flow 0.5 mL/min

98.8% 4.68 (c 0.26, MeOH)

14q
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 90:10 

Flow 0.8 mL/min

97.6% 15.91 (c 0.29, MeOH)

14r
Chiralpak ADH 250x 4.6 mm, 5um

Heptane/ EtOH 70:30

Flow 0.5 mL/min

98.6% 
(Determin
ed at Boc 
stage, 11-

1R)

3.60 (c 0.29, MeOH)

14s
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 90:10Flow 0.5 
mL/min

98.8% 14.60 (c 0.26, MeOH)
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14t
Chiralpak ADH 250x 4.6 mm, 5um

Heptane/ EtOH 70:30

Flow 0.5 mL/min

98.6% 
(Determin
ed at Boc 
stage, 11-

1R)

16.26 (c 0.26, MeOH)

14u
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 95:5 

Flow 0.5 mL/min

99.0 15.93 (c 0.25, MeOH)

14v
Chiralpak ADH 250x 4.6 mm, 5um

Heptane/ EtOH 70:30

Flow 0.5 mL/min

98.6% 
(Determin
ed at Boc 
stage, 11-

1R)

15.95 (c 0.26, MeOH)

14x
Chiralcel OJ 250x 4.6 mm, 10um

Heptane/EtOH-0.2%DEA 95:5 

Flow 0.5 mL/min

95.4% -15.75 (c 0.29, MeOH)
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Chemical characterization of intermediates

comp
Structure Chemical name NMR

6
O

N

O

O

tert-butyl 1-oxa-6-
azaspiro[2.5]octane-6-
carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 3.77 – 
3.63 (m, 2H), 3.42 (ddd, J = 13.3, 9.5, 3.7 
Hz, 2H), 2.68 (s, 2H), 1.79 (ddd, J = 13.7, 
9.5, 4.4 Hz, 2H), 1.46 (s, 9H), 1.44 – 1.40 
(m, 2H).

7
H2N

OH

N O

O

tert-butyl 4-
(aminomethyl)-4-
hydroxypiperidine-1-
carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 3.86 (br 
s, 2H), 3.17 (t, J = 12.0 Hz, 2H), 2.60 (s, 
2H), 1.51 (d, J = 12.4 Hz, 2H), 1.46 (s, 9H), 
1.43 – 1.32 (m, 2H).

8-1S (S)

O

Cl
Cl

(S)-2-chloropropanoyl 
chloride

1H-NMR (400 MHz, CDCl3) δ ppm: 4.66 (q, 
J=7.0 Hz, 1H), 1.82 (d, J=6.8 Hz, 3H).

9-1
O

HN
N

O

O

O tert-butyl 2-methyl-3-
oxo-1-oxa-4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 5.75 (br 
s, 1H, NH), 4.20 (q, J = 6.8 Hz, 1H), 3.82 
(br s, 2H), 3.38 (d, J = 12.0 Hz, 1H), 3.26 (t, 
J = 11.9 Hz, 1H), 3.10 (dd, J = 11.9, 4.8 Hz, 
1H), 3.05 (t, J = 11.0 Hz, 1H), 2.16 (d, J = 
15.2 Hz, 1H), 1.67 – 1.49 (m, 3H), 1.46 (s, 
9H), 1.46 (d, J = 6.8 Hz, 3H).

11-1
O

N
N

O

O

O tert-butyl 4-ethyl-2-
methyl-3-oxo-1-oxa-
4,9-diazaspiro[5.5] 
undecane-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.16 (q, 
J = 6.8 Hz, 1H), 3.81 (br s, 2H), 3.55 – 3.44 
(m, 1H), 3.38 (d, J = 12.2 Hz, 1H), 3.35 – 
3.15 (m, 2H), 3.04 (t, J = 11.6 Hz, 1H), 2.98 
(d, J = 12.2 Hz, 1H), 2.10 – 2.01 (m, 1H), 
1.65 – 1.48 (m, 2H), 1.46 (s, 9H), 1.43 (d, J 
= 6.8 Hz, 3H), 1.43 – 1.35 (m, 1H), 1.12 (t, J 
= 7.2 Hz, 3H).

11-1R
O(R)

N
N

O

O

O (R)-tert-butyl 4-ethyl-2-
methyl-3-oxo-1-oxa-
4,9-diazaspiro[5.5] 
undecane-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.15 (q, 
J = 6.8 Hz, 1H), 3.81 (br s, 2H), 3.56 – 3.45 
(m, 1H), 3.38 (d, J = 12.3 Hz, 1H), 3.36 – 
3.19 (m, 2H), 3.04 (t, J = 11.8 Hz, 1H), 2.97 
(d, J = 12.2 Hz, 1H), 2.10 – 2.01 (m, 1H), 
1.66 – 1.49 (m, 2H), 1.46 (s, 9H), 1.43 (d, J 
= 6.8 Hz, 3H), 1.44 – 1.37 (m, 1H), 1.12 (t, J 
= 7.2 Hz, 3H).

11-1S
O(S)

N
N

O

O

O (S)-tert-butyl 4-ethyl-2-
methyl-3-oxo-1-oxa-
4,9-diazaspiro[5.5] 
undecane-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.15 (q, 
J = 6.8 Hz, 1H), 3.82 (br s, 2H), 3.56 – 3.45 
(m, 1H), 3.38 (d, J = 12.3 Hz, 1H), 3.35 – 
3.28 (m, 1H), 3.28 – 3.19 (m, 1H), 3.04 (t, J 
= 12.1 Hz, 1H), 2.97 (d, J = 12.2 Hz, 1H), 
2.06 (ddd, J = 14.0, 5.4, 2.8 Hz, 1H), 1.65 – 
1.49 (m, 2H), 1.46 (s, 9H), 1.43 (d, J = 6.8 
Hz, 3H), 1.44 – 1.38 (m, 1H), 1.12 (t, J = 7.2 
Hz, 3H).
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11-2
O

N
N

O

O

O tert-butyl 2,4-dimethyl-
3-oxo-1-oxa-4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.17 (q, 
J = 6.7 Hz, 1H), 3.82 (br s, 2H), 3.42 (d, J = 
12.2 Hz, 1H), 3.24 (t, J = 11.2 Hz, 1H), 3.03 
(t, J = 11.4 Hz, 1H), 2.97 (d, J = 12.1 Hz, 
1H), 2.97 (s, 3H), 2.15 – 2.06 (m, 1H), 1.63 
– 1.50 (m, 2H), 1.46 (s, 9H), 1.44 (d, J = 6.8 
Hz, 3H), 1.44 – 1.39 (m, 1H).

11-2R
O

N
N

O

O

O

(R)-tert-butyl 2,4-
dimethyl-3-oxo-1-oxa-
4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.17 (q, 
J = 6.7 Hz, 1H), 3.82 (br s, 2H), 3.42 (d, J = 
12.2 Hz, 1H), 3.24 (t, J = 11.2 Hz, 1H), 3.03 
(t, J = 11.4 Hz, 1H), 2.97 (d, J = 12.1 Hz, 
1H), 2.97 (s, 3H), 2.15 – 2.06 (m, 1H), 1.63 
– 1.50 (m, 2H), 1.46 (s, 9H), 1.44 (d, J = 6.8 
Hz, 3H), 1.44 – 1.39 (m, 1H).

11-3
O

N
N

O

O

O tert-butyl 4-methyl-3-
oxo-1-oxa-4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.14 (s, 
2H), 3.84 (s, 2H), 3.19 (s, 2H), 3.10 (t, J = 
12.4 Hz, 2H), 2.99 (s, 3H), 1.88 (d, J = 12.1 
Hz, 2H), 1.56 – 1.47 (m, 2H), 1.46 (s, 9H).

11-4R
O(R)

N
N

O

O

O (R)-tert-butyl 4-
cyclopropyl-2-methyl-
3-oxo-1-oxa-4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.13 (q, 
J = 6.8 Hz, 1H), 3.81 (br s, 2H), 3.28 (d, J = 
12.3 Hz, 1H), 3.26 – 3.17 (m, 1H), 3.08 – 
3.00 (m, 1H), 3.01 (d, J = 12.4 Hz, 1H), 2.73 
(ddd, J = 11.2, 7.4, 4.1 Hz, 1H), 1.99 (d, J = 
12.3 Hz, 1H), 1.59 – 1.47 (m, 3H), 1.46 (s, 
9H), 1.41 (d, J = 6.7 Hz, 3H), 0.90 – 0.76 
(m, 2H), 0.72 – 0.63 (m, 1H), 0.58 – 0.50 
(m, 1H).

11-5
O

N
N

O

O

O

tert-butyl 2-isopropyl-
4-methyl-3-oxo-1-oxa-
4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 3.97 – 
3.78 (m, 3H), 3.40 (d, J = 12.1 Hz, 1H), 3.27 
– 3.12 (m, 1H), 2.97 (s, 3H), 2.99 – 2.86 (m, 
1H), 2.89 (d, J = 12.1 Hz, 1H), 2.46 – 2.36 
(m, 1H), 2.11 (d, J = 14.1 Hz, 1H), 1.64 – 
1.34 (m, 3H), 1.46 (s, 9H), 1.03 (d, J = 7.0 
Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H).

11-6R
O(R)

N
N

O

O

O

(R)-tert-butyl 2-ethyl-4-
methyl-3-oxo-1-oxa-
4,9-
diazaspiro[5.5]undecan
e-9-carboxylate

1H-NMR (400 MHz, CDCl3) δ ppm: 4.00 
(dd, J = 7.3, 3.4 Hz, 1H), 3.85 (br s, 2H), 
3.41 (d, J = 12.1 Hz, 1H), 3.22 (t, J = 12.5 
Hz, 1H), 2.97 (s, 3H), 2.99 – 2.88 (m, 1H), 
2.94 (d, J = 12.1 Hz, 1H), 2.12 (d, J = 16.7 
Hz, 1H), 2.03 – 1.89 (m, 1H), 1.85 – 1.72 
(m, 1H), 1.46 (s, 9H), 1.45 – 1.37 (m, 3H), 
0.97 (t, J = 7.4 Hz, 3H).

12-1 TFA 
salt

O
N

NH

O O

OH
F

F

F

4-ethyl-2-methyl-1-
oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 8.90 (br 
s, 2H), 4.18 (q, J = 6.7 Hz, 1H), 3.59 – 3.30 
(m, 6H), 3.19 – 3.07 (m, 2H), 2.30 (dd, J = 
15.4, 2.5 Hz, 1H), 2.07 – 1.95 (m, 1H), 1.94 
– 1.78 (m, 2H), 1.46 (d, J = 6.8 Hz, 3H), 
1.15 (t, J = 7.2 Hz, 3H).

12-1R 
TFA salt

O(R)

N
NH

O O

OH
F

F

F

(R)-4-ethyl-2-methyl-1-
oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 8.90 (br 
s, 2H), 4.18 (q, J = 6.7 Hz, 1H), 3.59 – 3.30 
(m, 6H), 3.19 – 3.07 (m, 2H), 2.30 (dd, J = 
15.4, 2.5 Hz, 1H), 2.07 – 1.95 (m, 1H), 1.94 
– 1.78 (m, 2H), 1.46 (d, J = 6.8 Hz, 3H), 
1.15 (t, J = 7.2 Hz, 3H).
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12-1S 
TFA salt

O(S)

N
NH

O O

OH
F

F

F

(S)-4-ethyl-2-methyl-1-
oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 7.95 (br 
s, 2H), 4.27 (q, J = 6.8 Hz, 1H), 3.64 – 3.53 
(m, 2H), 3.51 – 3.34 (m, 4H), 3.26 – 3.12 
(m, 2H), 2.34 (dd, J = 15.3, 2.2 Hz, 1H), 
2.08 – 1.98 (m, 1H), 1.94 – 1.79 (m, 2H), 
1.47 (d, J = 6.8 Hz, 3H), 1.17 (t, J = 7.2 Hz, 
3H).

12-2 TFA 
salt

O
N

NH

O O

OH
F

F

F

2,4-dimethyl-1-oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 8.59 (br 
s, 2H), 4.22 (q, J = 6.7 Hz, 1H), 3.53 (d, J = 
12.7 Hz, 1H), 3.45 – 3.31 (m, 3H), 3.20 – 
3.08 (m, 1H), 3.13 (d, J = 12.7 Hz, 1H), 3.03 
(s, 3H), 2.36 (d, J = 15.2 Hz, 1H), 2.08 – 
1.96 (m, 1H), 1.93 – 1.82 (m, 2H), 1.47 (d, J 
= 6.8 Hz, 3H).

12-2R 
TFA salt

O(R)

N
NH

O O

OH
F

F

F

(R)-2,4-dimethyl-1-oxa-
4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 8.59 (br 
s, 2H), 4.22 (q, J = 6.7 Hz, 1H), 3.53 (d, J = 
12.7 Hz, 1H), 3.45 – 3.31 (m, 3H), 3.20 – 
3.08 (m, 1H), 3.13 (d, J = 12.7 Hz, 1H), 3.03 
(s, 3H), 2.36 (d, J = 15.2 Hz, 1H), 2.08 – 
1.96 (m, 1H), 1.93 – 1.82 (m, 2H), 1.47 (d, J 
= 6.8 Hz, 3H).

12-3 TFA 
salt

O
N

NH

O O

OH
F

F

F 4-methyl-1-oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 8.73 (br 
s, 1H), 8.61 (br s, 1H), 4.23 (s, 2H), 3.40 (d, 
J = 12.5 Hz, 2H), 3.32 (s, 2H), 3.23 (dd, J = 
22.8, 11.4 Hz, 2H), 3.05 (s, 3H), 2.14 (d, J = 
14.3 Hz, 2H), 1.99 (td, J = 14.6, 3.7 Hz, 2H).

12-4R 
TFA salt

O(R)

N
NH

O O

OH
F

F

F

(R)-4-cyclopropyl-2-
methyl-1-oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 9.09 (br 
s, 1H), 8.92 (br s, 1H), 4.13 (q, J = 6.8 Hz, 
1H), 3.36 (d, J = 12.8 Hz, 1H), 3.39 – 3.27 
(m, 3H), 3.15 (d, J = 12.8 Hz, 1H), 3.15 – 
3.06 (m, 1H), 2.80 – 2.70 (m, 1H), 2.21 (dd, 
J = 15.0, 2.0 Hz, 1H), 2.03 – 1.93 (m, 1H), 
1.89 – 1.77 (m, 2H), 1.43 (d, J = 6.7 Hz, 
3H), 0.94 – 0.79 (m, 2H), 0.72 – 0.54 (m, 
2H).

12-5 TFA 
salt

O
N

NH

O O

OH
F

F

F

2-isopropyl-4-methyl-
1-oxa-4,9-
diazaspiro[5.5]undecan-
3-one trifluoroacetate

1H-NMR (400 MHz, CDCl3) δ ppm: 9.19 (br 
s, 2H), 3.92 (d, J = 2.5 Hz, 1H), 3.48 (d, J = 
12.4 Hz, 1H), 3.39 – 3.30 (m, 3H), 3.04 (d, J 
= 12.5 Hz, 1H), 3.07 – 2.96 (m, 1H), 3.01 (s, 
3H), 2.42 (dtd, J = 13.7, 6.7, 2.4 Hz, 1H), 
2.37 – 2.30 (m, 1H), 2.09 – 2.01 (m, 1H), 
1.94 – 1.78 (m, 2H), 1.04 (d, J = 7.0 Hz, 
3H), 0.88 (d, J = 6.8 Hz, 3H).

13-1 S
O

O O F

F 2,5-difluorophenethyl 
methanesulfonate

1H NMR (400 MHz, CDCl3) δ ppm: 7.10 – 
6.90 (m, 3H), 4.43 (t, J = 6.7 Hz, 2H), 3.08 
(t, J = 6.7 Hz, 2H), 2.94 (s, 3H).

16-1

H
N

OH

N O

O

tert-butyl 4-hydroxy-4-
((ethylamino)methyl)pi
peridine-1-carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 3.84 (br 
s, 2H), 3.16 (t, J = 11.7 Hz, 2H), 2.69 (q, J = 
7.1 Hz, 2H), 2.51 (s, 2H), 1.52 – 1.35 (m, 
4H), 1.45 (s, 9H), 1.09 (t, J = 7.1 Hz, 3H).

16-2
H
N

OH

N O

O

tert-butyl 4-hydroxy-4-
((methylamino)methyl)
piperidine-1-

1H NMR (400 MHz, CDCl3) δ ppm: 3.82 (br 
s, 2H), 3.15 (t, J = 11.5 Hz, 2H), 2.49 (s, 
2H), 2.47 (s, 3H), 1.44 (s, 9H), 1.54 – 1.34 
(m, 4H).
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carboxylate

16-3

H
N

OH

N O

O

tert-butyl 4-hydroxy-4-
((isopropylamino)meth
yl)piperidine-1-
carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 3.84 (br 
s, 2H), 3.16 (t, J = 11.5 Hz, 2H), 2.76 (d, J = 
6.4 Hz, 1H), 2.48 (s, 2H), 1.45 (s, 9H), 1.43 
– 1.31 (m, 4H), 1.05 (d, J = 6.3 Hz, 6H).

16-4

H
N

OH

N O

O

tert-butyl 4-
((cyclopropylamino)me
thyl)-4-
hydroxypiperidine-1-
carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 3.82 (s, 
2H), 3.14 (t, J = 11.4 Hz, 2H), 2.63 (s, 2H), 
2.22 – 2.15 (m, 1H), 1.44 (s, 9H), 1.50 – 
1.33 (m, 4H), 0.48 – 0.42 (m, 2H), 0.33 – 
0.28 (m, 2H).

19
N

O

6-phenethyl-1-oxa-6-
azaspiro[2.5]octane

1H NMR (400 MHz, CDCl3) δ ppm: 7.31 – 
7.25 (m, 2H), 7.23 – 7.17 (m, 3H), 2.87 – 
2.79 (m, 2H), 2.74 – 2.58 (m, 8H), 1.88 
(ddd, J = 13.2, 9.0, 4.3 Hz, 2H), 1.63 – 1.53 
(m, 2H).

20
H2N

OH

N 4-(aminomethyl)-1-
phenethylpiperidin-4-ol

1H NMR (400 MHz, CDCl3) δ ppm: 7.30 – 
7.25 (m, 2H), 7.22 – 7.15 (m, 3H), 2.85 – 
2.79 (m, 2H), 2.76 (dt, J = 7.0, 3.2 Hz, 2H), 
2.66 – 2.59 (m, 4H), 2.44 (td, J = 10.8, 4.7 
Hz, 2H), 1.66 – 1.54 (m, 4H).

21
HN

O

N

O 2-methyl-9-phenethyl-
1-oxa-4,9-
diazaspiro[5.5]undecan-
3-one

1H NMR (400 MHz, CDCl3) δ ppm: 7.32 – 
7.26 (m, 2H), 7.23 – 7.17 (m, 3H), 6.10 (br 
s, 1H, NH), 4.21 (q, J = 6.8 Hz, 1H), 3.37 (d, 
J = 11.9 Hz, 1H), 3.12 (dd, J = 11.9, 4.8 Hz, 
1H), 2.85 – 2.78 (m, 2H), 2.74 – 2.67 (m, 
1H), 2.67 – 2.60 (m, 2H), 2.59 – 2.48 (m, 
1H), 2.35 (td, J = 11.2, 2.1 Hz, 1H), 2.20 (d, 
J = 14.0 Hz, 1H), 1.77 – 1.61 (m, 4H), 1.46 
(d, J = 6.8 Hz, 3H).

22
H
N

OH

N

4-
((methylamino)methyl)
-1-phenethylpiperidin-
4-ol

1H NMR (400 MHz, CDCl3) δ ppm: 7.31 – 
7.26 (m, 2H), 7.23 – 7.17 (m, 3H), 2.88 – 
2.76 (m, 4H), 2.69 – 2.60 (m, 2H), 2.53 (s, 
2H), 2.49 (s, 3H), 2.53 – 2.44 (m, 2H), 1.70 
– 1.57 (m, 4H).

23

OH

N

H
N

O

O

O

tert-butyl 4-hydroxy-4-
(((4-
methoxybenzyl)amino)
methyl) piperidine-1-
carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 7.25 – 
7.20 (m, 2H), 6.89 – 6.84 (m, 2H), 3.80 (s, 
3H), 3.89 – 3.70 (br s, 2H), 3.78 (s, 2H), 
3.15 (t, J = 11.7 Hz, 2H), 2.55 (s, 2H), 1.54 
– 1.47 (m, 2H), 1.45 (s, 9H), 1.43 – 1.35 (m, 
2H).

24

O

N
N

O

O

O

O

tert-butyl 12-(4-
methoxybenzyl)-13-
oxo-4-oxa-8,12-
diazadispiro[2.1.5.3]trid
ecane-8-carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 7.18 (d, 
J = 8.6 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 
4.54 (s, 2H), 3.81 (s, 3H), 3.63 (br s, 2H), 
3.18 (s, 2H), 3.06 (t, J = 11.4 Hz, 2H), 1.86 
(d, J = 13.5 Hz, 2H), 1.43 (s, 9H), 1.48 – 
1.34 (m, 4H), 0.98 (q, J = 4.5 Hz, 2H).
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25 TFA 
salt

O

NH
N

O

O

O

OH
F

F

F

12-(4-methoxybenzyl)-
4-oxa-8,12-
diazadispiro[2.1.5.3]trid
ecan-13-one 
trifluoroacetate

1H NMR (400 MHz, CDCl3) δ ppm: 9.31 (br 
s, 1H), 8.94 (br s, 1H), 7.20 – 7.16 (m, 2H), 
6.92 – 6.84 (m, 2H), 4.54 (s, 2H), 3.80 (s, 
3H), 3.24 (s, 2H), 3.20 (d, J = 12.1 Hz, 2H), 
3.11 – 2.97 (m, 2H), 2.09 (d, J = 14.4 Hz, 
2H), 1.75 (td, J = 14.5, 4.3 Hz, 2H), 1.46 (q, 
J = 4.7 Hz, 2H), 0.97 (q, J = 4.7 Hz, 2H).

26

O

N
N

O

O

12-(4-methoxybenzyl)-
8-phenethyl-4-oxa-
8,12-
diazadispiro[2.1.5.3]trid
ecan-13-one

1H NMR (400 MHz, CDCl3) δ ppm: 7.30 – 
7.25 (m, 2H), 7.23 – 7.17 (m, 5H), 6.88 – 
6.84 (m, 2H), 4.55 (s, 2H), 3.80 (s, 3H), 3.19 
(s, 2H), 2.80 – 2.68 (m, 2H), 2.58 – 2.47 (m, 
4H), 2.31 (td, J = 11.4, 2.7 Hz, 2H), 1.97 – 
1.87 (m, 2H), 1.66 – 1.48 (m, 2H), 1.42 (dd, 
J = 7.9, 4.5 Hz, 2H), 0.99 (dd, J = 7.9, 4.5 
Hz, 2H).

27

O

N
HN

O 8-phenethyl-4-oxa-
8,12-
diazadispiro[2.1.5.3]trid
ecan-13-one

1H NMR (400 MHz, CDCl3) δ ppm: 7.32 – 
7.27 (m, 2H), 7.23 – 7.17 (m, 3H), 5.83 (br 
s, 1H, NH), 3.37 (d, J = 2.7 Hz, 2H), 2.84 – 
2.77 (m, 2H), 2.71 – 2.57 (m, 4H), 2.39 (t, J 
= 10.2 Hz, 2H), 2.08 – 2.00 (m, 2H), 1.79 – 
1.70 (m, 2H), 1.37 (dd, J = 8.0, 4.6 Hz, 2H), 
1.02 (q, J = 4.6 Hz, 2H).

28

O

N
N

O

O

O

tert-butyl 12-ethyl-13-
oxo-4-oxa-8,12-
diazadispiro[2.1.5.3]trid
ecane-8-carboxylate

1H NMR (400 MHz, CDCl3) δ ppm: 3.79 (s, 
2H), 3.45 (q, J = 7.2 Hz, 2H), 3.30 (s, 2H), 
3.10 (t, J = 11.2 Hz, 2H), 2.00 – 1.90 (m, 
2H), 1.60 – 1.49 (m, 2H), 1.46 (s, 9H), 1.36 
(dd, J = 7.8, 4.5 Hz, 2H), 1.13 (t, J = 7.2 Hz, 
3H), 0.94 (dd, J = 7.8, 4.5 Hz, 2H).

29 TFA 
salt

O

NH
N

O O

OH
F

F

F
12-ethyl-13-oxo-4-oxa-
8,12-
diazadispiro[2.1.5.3]trid
ecane trifluoroacetate

1H NMR (400 MHz, CD3OD) δ ppm: 3.49 
(s, 2H), 3.46 (q, J = 7.2 Hz, 2H), 3.33 – 3.27 
(m, 1H), 3.20 – 3.07 (m, 3H), 2.23 – 2.15 
(m, 2H), 1.93 – 1.83 (m, 2H), 1.29 (dd, J = 
8.0, 4.6 Hz, 2H), 1.15 (t, J = 7.2 Hz, 3H), 
1.04 (dd, J = 8.0, 4.6 Hz, 2H).
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Selectivity panel experimental methods.

Guinea pig σ2R radioligand assay. The binding of test compounds to guinea pig σ2R was studied in 

guinea pig brain membranes. [3H]-Di-o-tolylguanidine (DTG) (Perkin Elmer, Code NET-986) was 

used as the radioligand. The assay was carried out with 200 μg of membrane suspension, [3H]-DTG 

(10 nM) in either absence or presence of either buffer or 10 μM haloperidol for total and non-

specific binding, respectively. Binding buffer contained Tris-HCl (50 mM, pH 8) and σ1R was 

blocked with (+)-SKF10047 at 400 nM. Plates were incubated at 25 °C for 120 min. After the 

incubation period, the reaction mixture was transferred to MultiScreen HTS, FC plates (Millipore), 

filtered and plates were washed 3 times with ice-cold 50 mM Tris–HCl (pH 7.4). Filters were dried 

and counted at approximately 40% efficiency in a MicroBeta scintillation counter (Perkin-Elmer) 

using EcoScint liquid scintillation cocktail.

Human 5-HT1A receptor radioligand assay. Human 5-HT1A enriched membranes (10 μg) were 

incubated with 2 nM radiolabeled [3H]-8-hydroxy-DPAT in 250 μL of assay buffer containing 50 

mM Tris-HCl, 5 mM MgCl2, pH 7.4. NSB (non-specific binding) was measured by adding 10 μM 5-

HT in 25 μL volume. Final DMSO concentration was 0.1% (v/v). After 2 h incubation at 37 ºC, 

binding reaction was terminated by filtering 200 μL through Multiscreen GF/C (Millipore) 

presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold Station, followed by 3 

washes with 200 μL/well of ice-cold filtration buffer containing 50 mM Tris-HCl, pH 7.4

Human 5-HT2B receptor radioligand assay. Human 5-HT2B enriched membranes (5 μg) were 

incubated with 1nM radiolabeled [3H]-LSD in 250 μL of assay buffer containing 50 mM Tris-HCl, 4 

mM CaCl2, 01% ascorbic acid, pH 7.4. NSB (non-specific binding) was measured by adding 50 μM 

5-HT in 2.5 μL volume. Final DMSO concentration was 0.1% (v/v). After 30 min incubation at 37 

ºC, binding reaction was terminated by filtering 200 μL through Multiscreen GF/C (Millipore) 

presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold Station, followed by 3 

washes with 200 μL/well of ice-cold filtration buffer containing 50 mM Tris-HCl, pH 7.4 .

Human α2A adrenoreceptor radioligand assay. Human α2A adrenoreceptor enriched membranes 

(5 μg) were incubated with 0.5 nM of radiolabeled [3H]-MK912 in 250 μL of assay buffer 
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containing 25 mM sodium phosphate, pH 7.4. NSB (non-specific binding) was measured by adding 

10 μM rauwolascine in 25 μL volume. Final DMSO concentration was 0.1% (v/v). After 30 min 

incubation at 25 ºC, binding reaction was terminated by filtering 200 μL through Multiscreen GF/C 

(Millipore) presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold Station, followed 

by 3 washes with 200 μL/well of ice-cold filtration buffer containing 25 mM sodium phosphate, pH 

7.4.

Human dopamine transporter (DAT) radioligand assay. Human Dopamine transporter (DAT) 

enriched membranes (5 μg) were incubated with 2 nM of radiolabeled [3H]-GBR12935 in 250 μL of 

assay buffer containing 50 mM Tris-HCl, 100 mM NaCl, pH 7.4. NSB (non-specific binding) was 

measured by adding 10 μM GBR12909 in 25 μL volume. Final DMSO concentration was 0.1% 

(v/v). After 120 min incubation at 4 ºC, binding reaction was terminated by filtering 200 μL through 

Multiscreen GF/C (Millipore) presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold 

Station, followed by 3 washes with 200 μL/well of ice-cold filtration buffer containing 50 mM Tris-

HCl, 100 mM NaCl, pH 7.4.

Human δ-opioid receptor (DOR) radioligand assay. Human δ-opioid receptor (DOR) enriched 

membranes (3.5 μg) were incubated with 1.5 nM of radiolabeled [3H]-DADLE in 250 μL of assay 

buffer containing 50 mM Tris-HCl, pH 7.4. NSB (non-specific binding) was measured by adding 10 

μM DPDPE in 25 μLvolume. Final DMSO concentration was 0.1% (v/v). After 90 min incubation at 

25 ºC, binding reaction was terminated by filtering 200 μL through Multiscreen GF/C (Millipore) 

presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold Station, followed by 3 

washes with 200 μL/well of ice-cold filtration buffer containing 50 mM Tris-HCl, pH 7.4.

Human κ-opioid receptor (KOR) radioligand assay. Human human opioid κ receptor (KOR) 

enriched membranes (10 μg) were incubated with 0.25 nM of radiolabeled [3H]-diprenorphine in 

250 μL of assay buffer containing 50 mM Tris-HCl, pH 7.4. NSB (non-specific binding) was 

measured by adding 200 μM U69.593 in 25 μL volume. Final DMSO concentration was 0.1% (v/v). 

After 90 min incubation at 25 ºC, binding reaction was terminated by filtering 200 μL through 
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Multiscreen GF/C (Millipore) presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold 

Station, followed by 3 washes with 200 μL/well of ice-cold filtration buffer containing 50 mM Tris-

HCl, pH 7.4.

Human histamine H1 receptor radioligand assay. Human histamine H1 receptor enriched 

membranes (25 μg) were incubated with 2.4 nM of radiolabeled [3H]-pyrilamine in 250 μL of 8.6 

mM KH2PO4, 41.4 mM Na2HPO4 Na+/K+ phosphate buffer, pH 7.4.  NSB (non-specific binding) 

was measured by adding triprolidine 10 μM in 25 μL volume. Final DMSO concentration was 0.1% 

(v/v). After 90 min incubation at 25 ºC, binding reaction was terminated by filtering 200 μL through 

Multiscreen GF/C (Millipore) presoaked in 150 μL of 0.5 % polyethyleneimine in Vacuum Manifold 

Station, followed by 3 washes with 200 μL/well of ice-cold 8.6 mM KH2PO4, 41.4 mM Na2HPO4 

Na+/K+ phosphate buffer, pH 7.4

Human norepinephrine transporter (NET) radioligand assay. Human norepinephrine transporter 

(NET) enriched membranes (1 μg) were incubated with 5 nM of radiolabeled [3H]-nisoxetine in 250 

μL of assay buffer containing 50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, pH 7.4. NSB (non-

specific binding) was measured by adding 10 μM desipramine in 2.5 μL volume. Final DMSO 

concentration was 1% (v/v). After 60 min incubation at 4 ºC, binding reaction was terminated by 

filtering 200 μL through Multiscreen GF/C (Millipore) presoaked in 150 μL of 0.5 % 

polyethyleneimine in Vacuum Manifold Station, followed by 3 washes with 200 μL/well of ice-cold 

filtration buffer containing 50 mM Tris-HCl, 0.9% NaCl, pH 7.4.

Human serotonin transporter (SERT) radioligand assay. Human serotonin transporter (SERT) 

enriched membranes (3.5 μg) were incubated with 3 nM of radiolabeled [3H]-imipramine in 250 μL 

of assay buffer containing 50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, pH 7.4. NSB (non-specific 

binding) was measured by adding 200 μM imipramine in 25 μL volume. Final DMSO concentration 

was 0.1% (v/v). After 30 min incubation at 27 ºC, binding reaction was terminated by filtering 200 

μL through Multiscreen GF/C (Millipore) presoaked in 150 μL of 0.5 % polyethyleneimine in 
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Vacuum Manifold Station, followed by 3 washes with 200 μL/well of ice-cold filtration buffer 

containing 50 mM Tris-HCl, 0.9% NaCl, pH 7.4.
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HPLC purity

Compound HPLC chromatogram Purity 
(%)

14a 98

14b 95
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14c

96

14d

99

14e

95
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14f

97

14g

100
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14h

100

14i

100

14j

100
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14k

99

14l

100

14m

99



S22

14n

94

14o

99
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14p

98

14q

100
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14r

99

14s

98

14t

97
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14u

99

14v

99
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14w

98

14x

100

17

98
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Optical purity by chiral HPLC

Compound HPLC chromatogram ee 
(%)

14c 97.2

14g 98.1
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14h

 

96.1

14j 98.6
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14o 98.5

14p

 

98.8
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14q 97.6

14r 98.6a
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14s 98.8

14t 98.6a
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14u 99.0

14v 98.6a
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14x 95.4

a ee% determined at Boc-morpholinone precursor stage (compound 11-1R)


