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I. General Information 

 

Commercial reagents were purified prior to use following the guidelines of Perrin and Armarego.
38

 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 was prepared using literature procedures.
30

 Anhydrous dimethyl 

sulfoxide was used as received from Sigma-Aldrich in Sure/Seal® bottles or from Acros in 

AcroSeal bottles. Organic solutions were concentrated under reduced pressure on a Büchi rotary 

evaporator using a water bath. Chromatographic purification of products was accomplished using 

forced-flow chromatography on silica gel (Fluka, 230–400 mesh) according to the method of 

Still.
39

  Thin-layer chromatography (TLC) was performed on Silicycle 0.25 mm silica gel F-254 

plates.  Visualization of the developed chromatogram was performed by fluorescence quenching or 

KMnO4 stain.  
1
H NMR spectra were recorded on a Bruker UltraShield Plus Avance III 500 MHz 

unless otherwise noted and are internally referenced to residual CHCl3 signals (7.26 ppm).  Data 

for 
1
H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t 

= triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, br = broad), 

coupling constant (Hz), and integration.  
13

C NMR spectra were recorded on a Bruker UltraShield 

Plus Avance III 500 MHz (125 MHz) and data are reported in terms of chemical shift relative to 

CDCl3 (77.16 ppm).  
19

F NMR spectra were recorded on a Bruker NanoBay 300 MHz (282 MHz). 

IR spectra were recorded on a Perkin Elmer Spectrum 100 FTIR spectrometer and are reported in 

wavenumbers (cm
-1

).  High-resolution mass spectra were obtained from the Princeton University 

Mass Spectral Facility.  

 

Degassing via freeze-pump-backfill-thaw cycles was carried out as follows: 

The reaction mixture, in a vial equipped with a N2 inlet line, was submerged in a dry ice/acetone 

bath for 2–5 minutes, until the mixture was frozen. The vial was evacuated for 5 minutes, then 

backfilled with N2 and allowed to warm to ambient temperature. The mixture was then stirred for 

~10 sec and the process was repeated. 
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II. Control Experiments 
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III. Substrate Synthesis 

 

 
 

3-Acetoxyquinuclidine (3). A 250 mL round-bottomed flask equipped with a magnetic stirring bar 

was charged with quinuclidin-3-ol (15.0 g, 118 mmol) and acetic anhydride (75 mL) and the 

solution was heated to reflux for 4 hours. The reaction mixture was cooled to room temperature 

and concentrated in vacuo. Sat. aq. NaHCO3 (75 mL) and chloroform (50 mL) were added and the 

solution was stirred vigorously for 20 minutes. The layers were separated and the aqueous portion 

was further extracted with 10% isopropanol/chloroform (5 × 100 mL). The organic extracts were 

combined, dried over Na2SO4 and concentrated in vacuo. The residue was diluted with chloroform 

(50 mL) and stirred vigorously again with sat. aq. NaHCO3 for 20 minutes. The layers were 

separated and the aqueous portion was further extracted with 10% isopropanol/chloroform (5 × 

100 mL). The organic extracts were combined, dried over Na2SO4 and concentrated in vacuo. The 

residue was purified by distillation under high vacuum (65-70 °C, 100 mTorr) to provide the title 

compound as a colorless oil (14.9 g, 88.0 mmol, 75% yield). 
1
H NMR (500 MHz, CDCl3): δ 4.76 

(dddd, J = 8.5, 3.5, 3.5, 1.5 Hz, 1H, C(3)H), 3.21 (ddd, J = 14.6, 8.5, 2.3 Hz, 1H, C(4)Ha), 2.92–

2.61 (m, 5H, C(4)Hb, C(5)H2 and C(9)H2), 2.05 (s, 3H, C(1)H3), 1.96 (m, 1H, C(7)H), 1.81 

(ddddd, J = 13.2, 10.2, 5.2, 3.1, 3.1 Hz, 1H, C(6)Ha), 1.66 (dddd, J = 13.8, 10.2, 5.1, 3.8 Hz, 1H, 

C(8)Ha), 1.53 (ddddd, J = 13.2, 10.4, 5.7, 2.8, 2.8 Hz, 1H, C(8)Hb), 1.36 (m, 1H, C(6)Hb). 
13

C 

NMR (125 MHz, CDCl3):  171.04, 71.52, 55.65, 47.53, 46.66, 25.27, 24.77, 21.36, 19.65. IR 

(thin film): 2940, 2870, 1727, 1456, 1365, 1322, 1236, 1176, 1132, 1108, 1079, 1059, 1025 cm
-1

. 

HRMS (ESI-TOF) calculated for C9H15NO2 [M+H]
+
 requires m/z 170.1176, found 170.1176. 

Note: Stirring twice with NaHCO3 is important as a small impurity was sometimes observed by 
1
H 

NMR (singlet at 1.95 ppm and shifting of all the peaks) corresponding to the quinuclidinium 

acetate salt, the presence of small quantities of this impurity was detrimental to the yield of the 

reaction.  

 

 
 

N-(tert-Butyl)pyrrolidine-1-carboxamide. A 50 mL round-bottom flask was charged with tert-

butyl isocyanate (2.1 mL, 18 mmol, 1.5 equiv.), triethylamine (2.5 mL, 18 mmol, 1.5 equiv.), and 
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pyrrolidine (0.99 mL, 12 mmol, 1.0 equiv.). Dichloromethane (24 mL, 0.50 M) was added and the 

resulting colorless solution was stirred for 5 h. The reaction mixture was diluted with water (30 

mL) and the aqueous layer was extracted with three portions of dichloromethane (20 mL). The 

combined organic layers were washed with brine (30 mL), dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 25–50% 

EtOAc/hexanes to afford the title compound as a white solid (2.0 g, 11 mmol, 88% yield). 
1
H 

NMR (500 MHz, CDCl3): δ 4.21 (s, 1H, NH), 3.33–3.25 (m, 4H, 2 × C(4)H2), 1.93–1.85 (m, 4H, 2 

× C(5)H2), 1.35 (s, 9H, 3 × C(1)H3). 
13

C NMR (125 MHz, CDCl3):  156.21, 50.86, 45.88, 29.70, 

25.73. IR (thin film): 3342, 2965, 2868, 1628, 1524, 1475, 1447, 1376, 1355, 1334, 1241, 1217, 

1131, 1026 cm
-1

. HRMS (ESI-TOF) calculated for C9H18N2O [M+H]
+
 requires m/z 171.1492, 

found 171.1493.  

 

 
 

tert-Butyl azepane-1-carboxylate. A 500 mL round-bottom flask was charged with azepane (10.0 

mL, 89 mmol, 1.05 equiv.) and dichloromethane (85 mL, 1.0 M). The resulting colorless solution 

was cooled to 0 ºC before di-tert-butyl dicarbonate (18.4 g, 85 mmol, 1.0 equiv.) was added in 

several portions. The reaction mixture was allowed to warm to ambient temperature and stir for 2 

h. The reaction mixture was washed with 1 M HCl and brine, dried over Na2SO4, filtered, and 

concentrated. The residue was purified by distillation under high vacuum (~500 mTorr) at 75 ºC to 

afford the title compound as a colorless liquid (15.9 g, 80 mmol, 95% yield, mixture of rotamers 

1:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 3.37 (t, J=6.2 Hz, 4H, 2 × C(4)H2, A or B) , 3.30 (t, 

J=6.0 Hz, 4H, 2 × C(4)H2, B or A), 1.71–1.58 (m, 8H, 2 × C(5)H2, A+B), 1.55–1.47 (m, 8H, 2 × 

C(6)H2, A+B), 1.44 (s, 18H, 3 × C(1)H3, A+B). 
13

C NMR (125 MHz, CDCl3):  155.83 (A+B), 

79.01 (A+B), 47.08 (A or B), 46.68 (B or A), 28.68 (A+B), 28.65 (A or B), 28.57 (B or A), 27.60 

(A or B), 26.97 (B or A). IR (thin film): 2974, 2927, 2858, 1688, 1480, 1453, 1413, 1364, 1304, 

1279, 1252, 1160, 1115, 1078, 1002 cm
-1

. HRMS (ESI-TOF) calculated for C11H21NO2 [M+Na]
+
 

requires m/z 222.1465, found 222.1466.  
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tert-Butyl 3-fluoropyrrolidine-1-carboxylate. A 250 mL round-bottomed flask equipped with a 

magnetic stirring bar was charged with di-tert-butyl dicarbonate (4.74 g, 21.7 mmol, 1.0 equiv.), 

(S)-3-fluoropyrrolidine hydrochloride (3.00 g, 23.9 mmol, 1.1 equiv.) and CH2Cl2 (109 mL). 

Triethylamine (3.33 mL, 23.9 mmol, 1.1 equiv.) was added at 0 °C and then the solution was 

warmed to room temperature and stirred for 16 h. Water (50 mL) was added and the aqueous 

portion was extracted with CH2Cl2 (3 × 30 mL). The organic extracts were combined, dried over 

Na2SO4, filtered and concentrated in vacuo. The residue was purified by distillation under vacuum 

(120-125 °C, 25 Torr) to afford the title compound as a colorless oil (3.48 g, 18.4 mmol, 85% 

yield, 1:1 mixture of rotamers observable by 
13

C NMR). 
1
H NMR (500 MHz, CDCl3): δ 5.20 (ddd, 

J = 52.8, 3.8, 3.8 Hz, 1H, C(5)H), 3.76–3.38 (m, 4H, C(4)H2 and C(7)H2), 2.20 (m, 1H, C(6)Ha), 

1.97 (m, 1H, C(6)Hb), 1.46 (s, 9H, 3 × C(1)H3). 
13

C NMR (125 MHz, CDCl3):  154.59, 154.47, 

93.2 (d, J = 175.9 Hz), 92.4 (d, J = 175.8 Hz), 79.69, 52.83 (d, J = 23.2 Hz), 52.48 (d, J = 23.1 

Hz), 43.86, 43.49, 32.64 (d, J = 21.7 Hz), 31.90 (d, J = 21.7 Hz), 28.61. The spectroscopic 

properties of this compound are consistent with data reported in the literature.
40 

 

 
 

tert-Butyl dimethylcarbamate. A 100 mL round-bottomed flask equipped with a magnetic 

stirring bar was charged with di-tert-butyl dicarbonate (10.0 g, 45.8 mmol, 1.0 equiv.), 

dimethylamine hydrochloride (4.11 g, 50.4 mmol, 1.1 equiv.) and CH2Cl2 (45 mL). Triethylamine 

(7.02 mL, 50.4 mmol, 1.1 equiv.) was added at 0 °C and then the solution was warmed to room 

temperature and stirred for 16 h. Water (100 mL) was added and the aqueous portion was extracted 

with CH2Cl2 (3 × 50 mL). The organic extracts were combined, dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by distillation under vacuum (65-70 °C, 20 Torr) 

to afford the title compound as a colorless oil (4.05 g, 27.9 mmol, 61% yield, mixture of rotamers 

1:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 2.84 (s, 12H, 2 × C(4)H3, A+B), 1.44 (s, 18H, 3 × 

C(1)H3, A+B). 
13

C NMR (125 MHz, CDCl3):  156.17 (A+B), 79.30 (A+B), 36.27 (A), 36.03 (B), 
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28.57 (A+B). The spectroscopic properties of this compound are consistent with data reported in 

the literature.
41 

 

N-Methyl tert-butylamine: Prepared according to a literature procedure.
42

  

 

 
 

tert-Butyl butylcarbamate. A 250 mL round-bottomed flask equipped with a magnetic stirring 

bar was charged with di-tert-butyl dicarbonate (19.6 g, 90.0 mmol, 1.0 equiv.) and MeCN (90 

mL). Butylamine (9.74 mL, 99.0 mmol, 1.1 equiv.) was added at 0 °C and then the solution was 

warmed to room temperature and stirred for 16 h. The reaction mixture was concentrated in vacuo 

and the resulting oil was diluted with Et2O (200 mL). The solution was washed with 1 M aq. HCl 

(100 mL) and brine (50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The residue 

was purified by distillation under vacuum (8-9 Torr, 80 °C) to afford the title compound as a 

colorless oil (13.9 g, 80.0 mmol, 89% yield). 
1
H NMR (500 MHz, CDCl3): δ 4.50 (br. m, 1H, NH), 

3.11 (dt, J = 6.8, 6.8 Hz, 2H, C(4)H2), 1.51–1.38 (m, 11H, C(5)H2 and 3 × C(1)H3), 1.33 (tq, J = 

7.3, 7.3 Hz, 2H, C(6)H2), 0.91 (t, J = 7.3 Hz, 3H, C(7)H3). 
13

C NMR (125 MHz, CDCl3):  156.11, 

79.12, 40.46, 32.27, 28.57, 20.10, 13.90. The spectroscopic properties of this compound are 

consistent with data reported in the literature.
43

 

 

 
 

3-(tert-Butyl)-1,1-diethylurea. A 100 mL round-bottomed flask equipped with a magnetic stirring 

bar was charged with tert-butylisocyanate (3.0 mL, 26.3 mmol, 1.0 equiv.) diethylamine (3.3 mL, 

31.5 mmol, 1.2 equiv.) and triethylamine (5.5 mL, 39.4 mmol, 1.5 equiv.). Anhydrous CH2Cl2 

(52.5 mL, 0.50 M) was added and the reaction was stirred for 12 h.  After 12 h, water (30 mL) was 

added and the aqueous layer was extracted with three portions of CH2Cl2. The combined organic 

layers were dried over Na2SO4, filtered, and concentrated. The residue was purified by 

recrystallization from EtOAc/hexanes to afford the title compound as a crystalline solid (3.65 g, 

21.2 mmol, 81% yield). 1
H NMR (500 MHz, CDCl3): 4.15 (br. s, 1H, NH), 3.20 (q, J = 7.2 Hz, 

4H, 2 × C(1)H2), 1.33 (br. s, 9H, 3 × C(5)H3), 1.10 (t, J = 7.1 Hz, 6H, 2 × C(2)H3). 
13

C NMR (125 

MHz, CDCl3):  156.68, 50.68, 41.12, 29.75, 13.97. IR (thin film): 3343, 2966, 2930, 1621, 1529, 
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1486, 1452, 1401, 1373, 1357, 1306, 1280, 1216, 1183, 1098, 1082 cm
-1

. HRMS (ESI-TOF) 

calculated for C9H20N2O [M+H]
+
 requires m/z 173.1648, found 173.1649. 

 

 
 

3-(tert-Butyl)-1-butyl-1-methylurea. A 100 mL round-bottomed flask equipped with a magnetic 

stirring bar was charged with tert-butylisocyanate (3.0 mL, 26.3 mmol, 1.0 equiv.), N-

methylbutan-1-amine (3.7 mL, 31.5 mmol, 1.2 equiv.), and triethylamine (5.5 mL, 39.4 mmol, 1.5 

equiv.). Anhydrous CH2Cl2 (52.5 mL, 0.50 M) was added and the reaction was stirred for 12 h.  

After 12 h, water (30 mL) was added and the aqueous layer was extracted with three portions of 

CH2Cl2. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by recrystallization from EtOAc/hexanes to afford the title compound as a 

crystalline solid (4.44 g, 23.9 mmol, 91% yield). 1
H NMR (500 MHz, CDCl3): 4.17 (br. s, 1H, 

NH), 3.16 (t, J = 7.5 Hz, 2H, C(2)H2), 2.79 (s, 3H, C(1)H3), 1.49–1.42 (m, 2H, C(3)H2), 1.32–1.23 

(m, 2H, C(4)H2), 1.31 (s, 9H, 3 × C(8)H3), 0.90 (t, J = 7.4 Hz, 3H, C(5)H3). 
13

C NMR (125 MHz, 

CDCl3):  157.41, 50.67, 48.57, 34.37, 30.28, 29.64, 20.18, 13.99. IR (thin film): 3375, 2951, 

2930, 2873, 1630, 1524, 1483, 1446, 1387, 1377, 1357, 1306, 1250, 1225, 1205, 1192, 1061 cm
-1

. 

HRMS (ESI-TOF) calculated for C10H22N2O [M+H]
+
 requires m/z 187.1805, found 187.1804. 

 

 
 

3-(tert-Butyl)-1-isopropyl-1-methylurea. A 50 mL round-bottomed flask equipped with a 

magnetic stirring bar was charged with tert-butylisocyanate (0.91 mL, 7.98 mmol, 1.0 equiv.), N-

methylpropan-2-amine (1.0 mL, 9.57 mmol, 1.2 equiv.), and triethylamine (1.7 mL, 12.0 mmol, 

1.5 equiv.). Anhydrous CH2Cl2 (16.0 mL, 0.50 M) was added and the reaction was stirred for 12 h.  

After 12 h, water (30 mL) was added and the aqueous layer was extracted with three portions of 

CH2Cl2. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by recrystallization from EtOAc/hexanes to afford the title compound as a 

crystalline solid (1.26 g, 7.30 mmol, 92% yield). 1
H NMR (500 MHz, CDCl3): 4.42 (hept, J = 6.8 

Hz, 1H, C(2)H), 4.17 (br. s, 1H, NH), 2.61 (s, 3H, C(1)H3), 1.32 (br. s, 9H, 3 × C(6)H3), 1.04 (d, J 

= 6.8 Hz, 6H, 2 × C(3)H3). 
13

C NMR (125 MHz, CDCl3):  157.26, 50.69, 44.72, 29.68, 26.99, 
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20.14. IR (thin film): 3359, 2977, 2957, 2925, 1629, 1525, 1481, 1451, 1387, 1363, 1356, 1335, 

1321, 1234, 1209, 1193, 1148, 1122, 1075 cm
-1

. HRMS (ESI-TOF) calculated for C9H20N2O 

[M+H]
+
 requires m/z 173.1648, found 173.1647. 

 

 
 

tert-Butyl 2-methylpyrrolidine-1-carboxylate. A 50 mL round-bottomed flask equipped with a 

magnetic stirring bar was charged with di-tert-butyl dicarbonate (2.44 g, 11.2 mmol, 1.0 equiv.) 

and MeCN (11 mL). 2-methylpyrrolidine (1.20 mL, 11.7 mmol, 1.05 equiv.) was added and the 

solution was stirred at room temperature for 16 h. The reaction mixture was concentrated in vacuo 

and the resulting oil was diluted with Et2O (100 mL). The solution was washed with 1 M aq. HCl 

(50 mL) and brine (50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The residue 

was purified by flash column chromatography eluting 5% EtOAc/hexanes to afford the title 

compound as a colorless oil (1.76 g, 9.51 mmol, 85% yield). 
1
H NMR (500 MHz, CDCl3): δ 3.86 

(m, 1H, C(7)H), 3.37–3.28 (m, 2H, C(4)H2), 1.97 (dddd, J = 12.0, 9.5, 7.4, 7.4 Hz, 1H, C(6)Ha), 

1.86 (m, 1H, C(5)Ha), 1.77 (m, 1H, C(5)Hb), 1.53 (m, 1H, C(6)Hb), 1.45 (s, 9H, 3 × C(1)H3), 1.14 

(d, J = 6.3 Hz, 3H, C(8)H3). 
13

C NMR (125 MHz, CDCl3):  154.67, 78.91, 52.90, 46.39, 33.12, 

28.71, 23.38, 20.65. The spectroscopic properties of this compound are consistent with data 

reported in the literature.
44
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IV. Experimental Data 

 

 
 

tert-Butyl 2-(4-(methoxycarbonyl)phenyl)pyrrolidine-1-carboxylate (14). An 8 mL vial 

equipped with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 

mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous 

DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-

Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate 

(1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, 

sonicated for 10 minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and 

water (360 µL, 20 mmol, 40 equiv.) were added before the mixture was degassed via two cycles of 

freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue 

LED and stirred for 16 h with cooling by fan. The reaction mixture was removed from the light, 

diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of 

EtOAc. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by flash chromatography eluting with 5% EtOAc/hexanes to afford the title 

compound as a waxy white solid (123 mg, 0.40 mmol, 81% yield, mixture of rotamers 2.1:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 8.3 Hz, 4H, 2 × C(10)H, A+B), 7.22 (d, J = 8.3 Hz, 

4H, 2 × C(9)H, A+B), 4.96 (br. m, 1H, C(7)H, B), 4.78 (br. m, 1H, C(7)H, A), 3.89 (s, 6H, 

C(13)H3, A+B), 3.67–3.46 (br. m, 4H, C(4)H2, A+B), 2.40–2.24 (br. m, 2H, C(6)Ha, A+B), 1.94–

1.73 (m, 6H, C(5)H2 and C(6)Hb, A+B), 1.43 (br. s, 9H, 3 × C(1)H3, B), 1.15 (br. s, 9H, 3 × 

C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  167.11 (A+B), 154.51 (A+B), 150.70 (A), 149.66 (B), 

129.90 (B), 129.71 (A), 128.59 (A+B), 125.56 (A+B), 79.59 (A+B), 61.30 (A), 60.75 (B), 52.13 

(A+B), 47.48 (B), 47.25 (A), 36.04 (A), 34.87 (B), 28.56 (B), 28.23 (A), 23.68 (B), 23.38 (A). The 

spectroscopic properties of this compound are consistent with data reported in the literature.
45

 

 

tert-Butyl 2-(4-(methoxycarbonyl)phenyl)pyrrolidine-1-carboxylate (14): large-scale reaction. 

A 40 mL vial equipped with a cross-shaped magnetic stirring bar was charged with tert-butyl 

pyrrolidine-1-carboxylate (2.0 mL, 11 mmol, 2.0 equiv.) and methyl 4-bromobenzoate (1.2 g, 5.6 

mmol, 1.0 equiv.). Ir[dF(CF3)ppy]2(dtbbpy)PF6 (63 mg, 56 µmol, 1.0 mol%) was added as a 0.50 

M solution in anhydrous DMSO (7.0 mL) and quinuclidin-3-yl acetate (0.96 mL, 6.2 mmol, 1.1 

equiv.) was added. 4,7-Dimethoxy-1,10-phenanthroline (13 mg, 56.0 µmol, 1.0 mol%) and 

nickel(II) bromide trihydrate (15 mg, 56.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution 

in anhydrous DMSO (7.0 mL, sonicated for 10 minutes before addition). Water (3.0 mL, 168 
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mmol, 30 equiv.) was added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed, placed between two 34 W blue LEDs (~6 cm), and stirred 

for 24 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

K2CO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 5–8% EtOAc/hexanes. A small amount of residual 

phenol was removed by washing the contaminated material, dissolved in EtOAc, with five portions 

of K2CO3. The resulting organic layer was dried over Na2SO4, filtered, and concentrated. 

Consolidation of the purified material afforded the title compound as a waxy white solid (1.34 g, 

4.4 mmol, 78% yield). 

 

 
 

tert-Butyl-2-(4-acetylphenyl)pyrrolidine-1-carboxylate (15). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 4'-bromoacetophenone (100 mg, 0.50 mmol, 1.0 equiv.) 

and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 

3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 12 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 15–25% EtOAc/hexanes to afford the title 

compound as a colorless oil (121 mg, 0.42 mmol, 84% yield, mixture of rotamers 3:1 A:B). 
1
H 

NMR (500 MHz, CDCl3): δ 7.90 (d, J = 8.3 Hz, 4H, 2 × C(10)H, A+B), 7.26 (d, J = 8.1 Hz, 4H, 2 

× C(9)H, A+B), 4.96 (br. m, 1H, C(7)H, B), 4.81 (br. m, 1H, C(7)H, A), 3.70–3.48 (br. m, 4H, 

C(4)H2, A+B), 2.59 (s, 6H, C(13)H3, A+B), 2.41–2.27 (br. m, 2H, C(6)Ha, A+B), 1.94–1.84 (m, 

4H, C(5)H2, A+B), 1.80 (dddd, J = 11.9, 6.0, 5.7, 5.7 Hz, 2H, C(6)Hb, A+B), 1.47 (br. s, 9H, 3 × 

C(1)H3, B), 1.17 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  197.94 (A+B), 154.55 

(A+B), 150.95 (A), 149.93 (B), 135.83 (A+B), 128.78 (B), 128.57 (A), 125.76 (A+B), 79.65 

(A+B), 61.29 (A), 60.80 (B), 47.55 (B), 47.27 (A), 36.04 (A), 34.92 (B), 28.61 (B), 28.29 (A), 
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26.77 (A+B), 23.78 (B), 23.39 (A). The spectroscopic properties of this compound are consistent 

with data reported in the literature.
8 

 

 
 

tert-Butyl-2-(3-fluoro-5-(trifluoromethyl)phenyl)pyrrolidine-1-carboxylate (16). An 8 mL vial 

equipped with a magnetic stirring bar was charged with 1-bromo-3-fluoro-5-

(trifluoromethyl)benzene (121 mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 

mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 

mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) 

and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock 

solution in anhydrous DMSO (1 mL, sonicated for 10 minutes before addition). N-Boc pyrrolidine 

(175 µL, 1.0 mmol, 2.0 equiv.) and water (180 µL, 10 mmol, 20 equiv.) were added before the 

mixture was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and 

placed ~6 cm away from a 34 W blue LED and stirred for 16 h with cooling by fan. The reaction 

mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer 

was extracted with three portions of EtOAc. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash chromatography eluting with 2% 

EtOAc/toluene to afford the title compound as a colorless oil (120 mg, 0.35 mmol, 71% yield, 

mixture of rotamers 1.75:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 7.27–7.15 (br. m, 4H, C(13)H 

and C(11)H, A+B), 7.10 (d, J = 9.0 Hz, 2H, C(9)H, A+B), 4.98 (br. m, 1H, C(7)H, B), 4.80 (br. m, 

1H, C(7)H, A), 3.72–3.50 (br. m, 4H, C(4)H2, A+B), 2.46–2.29 (br. m, 2H, C(6)Ha, A+B), 1.99–

1.76 (br. m, 6H, C(5)H2 and C(6)Hb, A+B), 1.48 (br. s, 9H, 3 × C(1)H3, B), 1.22 (br. s, 9H, 3 × 

C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  162.68 (d, J = 249.1 Hz, A+B), 154.65 (B), 154.38 

(A), 149.57 (A), 148.54 (B), 132.53 (q, J = 29.8 Hz, A+B), 123.45 (q, J = 272.7 Hz, A+B), 118.32 

(A), 118.11 (B), 116.08 (d, J = 21.8 Hz, A+B), 111.10 (d, J = 24.8 Hz, A+B), 80.00 (A+B), 60.97 

(A), 60.39 (B), 47.53 (B), 47.30 (A), 36.04 (A), 34.86 (B), 28.54 (B), 28.22 (A), 23.68 (B), 23.46 

(A). 
19

F NMR (282 MHz, CDCl3):  -62.77 (s, A+B), -111.12 (dd, J = 9.0, 9.0 Hz, A+B). IR (thin 

film): 3318, 2977, 1737, 1693, 1607, 1453, 1389, 1365,1348, 1251, 1229, 1162, 1125, 1091 cm
-1

. 

HRMS (ESI-TOF) calculated for C16H19F4NO2 [M+Na]
+
 requires m/z 356.1244, found 356.1244. 
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tert-Butyl-2-(4-(methylsulfonyl)phenyl)pyrrolidine-1-carboxylate (17). An 8 mL vial equipped 

with a magnetic stirring bar was charged with 1-bromo-4-(methylsulfonyl)benzene (118 mg, 0.50 

mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous 

DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-

Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate 

(1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, 

sonicated for 10 minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and 

water (360 µL, 20 mmol, 40 equiv.) were added before the mixture was degassed via two cycles of 

freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue 

LED and stirred for 12 h with cooling by fan. The reaction mixture was removed from the light, 

diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of 

EtOAc. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by flash chromatography eluting with 30% EtOAc/hexanes to afford the title 

compound as a white solid (127 mg, 0.39 mmol, 78% yield, mixture of rotamers 1.2:1 A:B). 
1
H 

NMR (500 MHz, CDCl3): δ 7.88 (d, J = 8.1 Hz, 4H, 2 × C(10)H, A+B), 7.37 (d, J = 8.1 Hz, 4H, 2 

× C(9)H, A+B), 4.99 (br. m, 1H, C(7)H, B), 4.84 (br. m, 1H, C(7)H, A), 3.70–3.51 (br. m, 4H, 

C(4)H2, A+B), 3.05 (s, 3H, C(12)H3, A), 3.03 (s, 3H, C(12)H3, B), 2.45–2.29 (br. m, 2H, C(6)Ha, 

A+B), 1.95-1.73 (br. m, 6H, C(5)H2 and C(6)Hb, A+B), 1.46 (br. s, 9H, 3 × C(1)H3, B), 1.18 (br. s, 

9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  154.70 (B), 154.40 (A), 151.88 (A), 150.86 

(B), 138.89 (A+B), 127.84 (B), 127.57 (A), 126.54 (A), 126.43 (B), 80.00 (B), 79.90 (A), 61.18 

(A), 60.71 (B), 47.63 (B), 47.31 (A), 44.74 (A+B), 36.08 (A), 34.97 (B), 28.60 (B), 28.29 (A), 

23.75 (B), 23.38 (A). IR (thin film): 2997, 2973, 2921, 2874, 1685, 1597, 1478, 1451, 1393, 1363, 

1303, 1284, 1244, 1212, 1145, 1116, 1088, 1077 cm
-1

. HRMS (ESI-TOF) calculated for 

C16H23NO4S [M+Na]
+
 requires m/z 348.1240, found 348.1244. 
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tert-Butyl-2-(1-oxo-1,3-dihydroisobenzofuran-5-yl)pyrrolidine-1-carboxylate (18). An 8 mL 

vial equipped with a magnetic stirring bar was charged with 5-bromoisobenzofuran-1(3H)-one 

(107 mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). 

Anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were 

added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide 

trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1 mL, sonicated for 10 minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 

2.0 equiv.) and water (360 µL, 20 mmol, 40 equiv.) were added before the mixture was degassed 

via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from 

a 34 W blue LED and stirred for 18 h with cooling by fan. The reaction mixture was removed from 

the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three 

portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 15% EtOAc/toluene 

to afford the title compound as a white solid (115 mg, 0.38 mmol, 76% yield, mixture of rotamers 

1.3:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 7.85 (d, J = 7.9 Hz, 2H, C(10)H, A+B), 7.35 (br. d, J = 

7.9 Hz, 2H, C(9)H, A+B), 7.29 (s, 2H, C(15)H, A+B), 5.28 (s, 4H, C(13)H2, A+B), 5.01 (br. m, 

1H, C(7)H, B), 4.87 (br. m, 1H, C(7)H, A), 3.72–3.53 (br. m, 4H, C(4)H2, A+B), 2.46–2.31 (br. 

m, 2H, C(6)Ha, A+B), 1.91 (dddd, J = 6.9, 6.9, 6.7, 6.7 Hz, 4H, C(5)H2, A+B), 1.86–1.76 (br. m, 

2H, C(6)Hb, A+B), 1.45 (br. s, 9H, 3 × C(1)H3, B), 1.16 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 

MHz, CDCl3):  171.07 (A+B), 154.69 (B), 154.38 (A), 152.78 (A), 151.77 (B), 147.29 (B), 

147.11 (A), 126.95 (A), 126.67 (B), 126.05 (B), 125.85 (A), 124.45 (A+B), 119.06 (B), 118.90 

(A), 80.00 (B), 79.85 (A), 69.72 (B), 69.65 (A), 61.51 (A), 61.13 (B), 47.70 (B), 47.36 (A), 36.22 

(A), 35.15 (B), 28.60 (B), 28.29 (A), 23.88 (B), 23.44 (A). The spectroscopic properties of this 

compound are consistent with data reported in the literature.
45 

 

 
 

tert-Butyl-2-(4-chlorophenyl)pyrrolidine-1-carboxylate (19). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 1-bromo-4-chlorobenzene (96 mg, 0.50 mmol, 1.0 equiv.) 

and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 

3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-
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backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 18 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

colorless oil (99 mg, 0.35 mmol, 70% yield, mixture of rotamers 1.9:1 A:B). 
1
H NMR (500 MHz, 

CDCl3): δ 7.28–7.24 (m, 4H, 2 × C(10)H, A+B), 7.10 (br. d, J = 8.4 Hz, 4H, 2 × C(9)H, A+B), 

4.89 (br. m, 1H, C(7)H, B), 4.73 (br. m, 1H, C(7)H, A), 3.67–3.44 (br. m, 4H, C(4)H2, A+B), 

2.37–2.21 (br. m, 2H, C(6)Ha, A+B), 1.94–1.81 (m, 4H, C(5)H2, A+B), 1.81–1.73 (dddd, J = 11.8, 

5.9, 5.4, 5.4 Hz, 2H, C(6)Hb, A+B), 1.44 (br. s, 9H, 3 × C(1)H3, B), 1.20 (br. s, 9H, 3 × C(1)H3, 

A). 
13

C NMR (125 MHz, CDCl3):  154.59 (A+B), 143.84 (A), 142.83 (B), 132.21 (A+B), 128.42 

(A+B), 126.97 (A+B), 79.55 (A+B), 60.87 (A), 60.37 (B), 47.23 (A+B), 36.12 (A), 34.98 (B), 

28.34 (A+B), 23.30 (A+B). The spectroscopic properties of this compound are consistent with data 

reported in the literature.
8 

 

 
 

tert-Butyl-2-phenylpyrrolidine-1-carboxylate (20). An 8 mL vial equipped with a magnetic 

stirring bar was charged with bromobenzene (79 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 18 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

waxy white solid (89 mg, 0.36 mmol, 72% yield, mixture of rotamers 2.2:1 A:B). 
1
H NMR (500 

MHz, CDCl3): δ 7.29 (dd, J = 7.6, 7.6 Hz, 4H, 2 × C(10)H, A+B), 7.23–7.13 (m, 6H, 2 × C(9)H 

and C(11)H, A+B), 4.96 (br. m, 1H, C(7)H, B), 4.75 (br. m, 1H, C(7)H, A), 3.70–3.45 (br. m, 4H, 

C(4)H2, A+B), 2.38–2.21 (br. m, 2H, C(6)Ha, A+B), 1.97–1.75 (m, 6H, C(5)H2 and C(6)Hb, A+B), 

1.45 (br. s, 9H, 3 × C(1)H3, B), 1.17 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  
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154.72 (A+B), 145.27 (A), 144.16 (B), 128.44 (B), 128.23 (A), 126.59 (A+B), 125.64 (A), 125.47 

(B), 79.30 (A+B), 61.47 (A), 60.77 (B), 47.45 (B), 47.22 (A), 36.16 (A), 34.95 (B), 28.65 (B), 

28.27 (A), 23.57 (B), 23.33 (A). The spectroscopic properties of this compound are consistent with 

data reported in the literature.
46 

 

 
 

tert-Butyl-2-(p-tolyl)pyrrolidine-1-carboxylate (21). An 8 mL vial equipped with a magnetic 

stirring bar was charged with 1-bromo-4-methylbenzene (86 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 20 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

white solid (95 mg, 0.36 mmol, 73% yield, mixture of rotamers 2:1 A:B). 
1
H NMR (500 MHz, 

CDCl3): δ 7.13–7.01 (m, 8H, 2 × C(9)H and 2 × C(10)H, A+B), 4.92 (br. m, 1H, C(7)H, B), 4.74 

(br. m, 1H, C(7)H, A), 3.67–3.43 (br. m, 4H, C(4)H2, A+B), 2.37–2.20 (br. m, 8H, C(12)H3 and 

C(6)Ha, A+B), 1.95–1.74 (m, 6H, C(5)H2 and C(6)Hb, A+B), 1.45 (br. s, 9H, 3 × C(1)H3, B), 1.19 

(br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  154.77 (A), 154.61 (B), 142.18 (A), 

141.23 (B), 136.04 (A+B), 129.15 (B), 128.85 (A), 125.54 (A), 125.39 (B), 79.22 (A+B), 61.14 

(A), 60.56 (B), 47.42 (B), 47.12 (A), 36.14 (A), 35.02 (B), 28.65 (B), 28.32 (A), 23.59 (B), 23.23 

(A), 21.17 (A+B). The spectroscopic properties of this compound are consistent with data reported 

in the literature.
46 
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tert-Butyl-2-(3-(tert-butyl)phenyl)pyrrolidine-1-carboxylate (22). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 1-bromo-3-(tert-butyl)benzene (107 mg, 0.50 mmol, 1.0 

equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 

mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 16 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

colorless oil (120 mg, 0.40 mmol, 79% yield, rotameric). 
1
H NMR (500 MHz, CDCl3): δ 7.25–

7.20 (m, 2H, C(10)H and C(11)H), 7.16 (br. m, 1H, C(13)H), 6.97 (m, 1H, C(9)H), 4.75 (br. m, 

1H, C(7)H), 3.71–3.44 (br. m, 2H, C(4)H2), 2.30 (br. m, 1H, C(6)Ha), 1.99–1.77 (br. m, 3H, 

C(5)H2 and C(6)Hb), 1.59–0.98 (br. m, 18H, 3 × C(1)H3 and 3 × C(15)H3).
13

C NMR (125 MHz, 

CDCl3):  154.71, 151.03, 145.00, 127.97, 123.51, 122.68, 122.54, 79.19, 61.81, 47.31, 36.27, 

34.73, 31.52, 28.37, 23.44. IR (thin film): 2965, 2817, 1692, 1605, 1478, 1454, 1389, 1364, 1250, 

1159, 1111, 1079 cm
-1

. HRMS (ESI-TOF) calculated for C19H29NO2 [M+H]
+
 requires m/z 

304.2271, found 304.2266. 

 
 

tert-Butyl-2-(4-methoxyphenyl)pyrrolidine-1-carboxylate (23). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 4-bromoanisole (94 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 
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1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 24 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 5% EtOAc/hexanes to afford the title compound as 

a colorless oil (89 mg, 0.32 mmol, 64% yield, mixture of rotamers 2:1 A:B). 
1
H NMR (500 MHz, 

CDCl3): δ 7.08 (d, J = 8.3 Hz, 4H, 2 × C(9)H, A+B), 6.83 (d, J = 8.3 Hz, 4H, 2 × C(10)H, A+B), 

4.90 (br. m, 1H, C(7)H, B), 4.71 (br. m, 1H, C(7)H, A), 3.79 (s, 6H, C(12)H3, A+B), 3.66–3.42 

(br. m, 4H, C(4)H2, A+B), 2.34–2.17 (br. m, 2H, C(6)Ha, A+B), 1.95–1.74 (m, 6H, C(5)H2 and 

C(6)Hb, A+B), 1.45 (br. s, 9H, 3 × C(1)H3, B), 1.20 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 

MHz, CDCl3):  158.34 (A+B), 154.78 (A+B), 137.43 (A), 136.40 (B), 126.72 (A+B), 113.88 (B), 

113.56 (A), 79.25 (A+B), 60.86 (A), 60.25 (B), 55.40 (A+B), 47.39 (B), 47.12 (A), 36.19 (A), 

35.01 (B), 28.65 (B), 28.35 (A), 23.59 (B), 23.27 (A). The spectroscopic properties of this 

compound are consistent with data reported in the literature.
46 

 

 
 

tert-Butyl-2-(o-tolyl)pyrrolidine-1-carboxylate (24). An 8 mL vial equipped with a magnetic 

stirring bar was charged with 1-bromo-2-methylbenzene (86 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 32 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

colorless oil (91 mg, 0.35 mmol, 70% yield, mixture of rotamers 2.1:1 A:B). 
1
H NMR (500 MHz, 

CDCl3): δ 7.17–6.98 (m, 8H, C(9)H, C(10)H, C(11)H and C(12)H, A+B), 5.13 (br. m, 1H, C(7)H, 
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B), 4.96 (br. m, 1H, C(7)H, A), 3.73–3.45 (br. m, 4H, C(4)H2, A+B), 2.38–2.20 (br. m, 8H, 

C(14)H3 and C(6)Ha, A+B), 2.00–1.79 (m, 4H, C(5)H2, A+B), 1.77–1.64 (m, 2H, C(6)Hb, A+B), 

1.46 (br. s, 9H, 3 × C(1)H3, B), 1.14 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  

154.54 (A+B), 143.36 (A), 142.01 (B), 134.20 (B), 133.96 (A), 130.67 (B), 130.08 (A), 126.55 

(B), 126.36 (A), 126.02 (A), 125.91 (B), 124.56 (A), 124.03 (B), 79.35 (B), 79.13 (A), 58.17 

(A+B), 47.53 (B), 47.22 (A), 34.27 (A), 32.99 (B), 28.67 (B), 28.20 (A), 23.27 (A+B), 19.39 

(A+B). The spectroscopic properties of this compound are consistent with data reported in the 

literature.
46

 

 

 
 

tert-Butyl-2-(2-fluorophenyl)pyrrolidine-1-carboxylate (25). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 1-bromo-2-fluorobenzene (87 mg, 0.50 mmol, 1.0 equiv.) 

and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 

3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 24 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 2% EtOAc/toluene to afford the title compound as a 

colorless oil (79 mg, 0.30 mmol, 60% yield, mixture of rotamers A(major):B(minor)). 
1
H NMR 

(500 MHz, CDCl3): δ 7.22–7.03 (m, 6H, C(9)H, C(10)H and C(11)H, A+B), 6.99 (dd, J = 10.2, 

8.5 Hz, 2H, C(12)H, A+B), 5.27–4.96 (br. m, 2H, C(7)H, A+B), 3.69–3.42 (br. m, 4H, C(4)H2, 

A+B), 2.41–2.24 (br. m, 2H, C(6)Ha, A+B), 1.95–1.78 (br. m, 6H, C(5)H2 and C(6)Hb, A+B), 1.45 

(br. s, 9H, 3 × C(1)H3, B), 1.19 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  159.95 

(d, J = 245.2 Hz, A+B), 154.47 (A+B), 131.89 (A), 130.91 (B), 128.13 (d, J = 8.1 Hz, A+B), 

127.03 (A), 126.70 (B), 123.86 (d, J = 3.4 Hz, A+B), 115.21 (d, J = 22.2 Hz, A+B), 79.45 (A+B), 

55.37 (A+B), 47.00 (A+B), 34.58 (A), 33.50 (B), 28.25 (A+B), 23.46 (A+B). 
19

F NMR (282 MHz, 

CDCl3):  -118.66 (br. s, B), -119.96 (br. s, A). IR (thin film): 2975, 2878, 1692, 1588, 1486, 

1457, 1388, 1364, 1274, 1245, 1223, 1158, 1115, 1096, 1080 cm
-1

. HRMS (ESI-TOF) calculated 

for C15H20FNO2 [M+Na]
+
 requires m/z 288.1370, found 288.1371. 
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tert-Butyl-2-(pyridin-4-yl)pyrrolidine-1-carboxylate (26). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 4-bromopyridine.HCl (97 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (3.0 mL) and 3-

acetoxyquinuclidine (162 µL, 1.05 mmol, 2.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) and water (901 µL, 50 

mmol, 100 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 8 h with cooling by fan. The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 66% EtOAc/hexane to afford the title compound as 

a pale yellow oil (81 mg, 0.33 mmol, 65% yield, mixture of rotamers 1.8:1 A:B). 
1
H NMR (500 

MHz, CDCl3): δ 8.58–8.44 (br. m, 4H, 2 × C(10)H, A+B), 7.10 (d, J = 5.8 Hz, 4H, 2 × C(9)H, 

A+B), 4.90 (br. m, 1H, C(7)H, B), 4.73 (dd, J = 8.1, 4.6 Hz, 1H, C(7)H, A), 3.69–3.45 (m, 4H, 

C(4)H2, A+B), 2.42–2.25 (m, 2H, C(6)Ha, A+B), 1.92–1.83 (m, 4H, C(5)H2, A+B), 1.83–1.74 (m, 

2H, C(6)Hb, A+B), 1.45 (br. s, 9H, 3 × C(1)H3, B), 1.19 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 

MHz, CDCl3):  154.60 (A+B), 154.34 (A), 154.32 (B), 149.78 (A+B), 120.87 (A+B), 79.90 

(A+B), 60.61 (A), 60.06 (B), 47.47 (B), 47.23 (A), 35.64 (A), 34.44 (B), 28.59 (B), 28.24 (A), 

23.75 (B), 23.35 (A). The spectroscopic properties of this compound are consistent with data 

reported in the literature.
45 

 

 
 

tert-Butyl-2-(6-(trifluoromethyl)pyridin-3-yl)pyrrolidine-1-carboxylate (27). An 8 mL vial 

equipped with a magnetic stirring bar was charged with 5-chloro-2-(trifluoromethyl)pyridine (91 
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mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). 

Anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were 

added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide 

trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1 mL, sonicated for 10 minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 

2.0 equiv.) and water (18 µL, 1.00 mmol, 2 equiv.) were added before the mixture was degassed 

via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from 

a 34 W blue LED and stirred for 4 h with cooling by fan. The reaction mixture was removed from 

the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three 

portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 3% EtOAc/hexanes 

to afford the title compound as a white solid (128 mg, 0.41 mmol, 81% yield, mixture of rotamers 

1.3:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 8.56 (br. s, 2H, C(12)H, A+B), 7.69–7.58 (m, 4H, 

C(9)H and C(10)H, A+B), 4.99 (br. m, 1H, C(7)H, B), 4.85 (br. m, 1H, C(7)H, A), 3.70–3.50 (m, 

4H, C(4)H2, A+B), 2.46–2.31 (m, 2H, C(6)Ha, A+B), 1.97–1.75 (m, 6H, C(5)H2 and C(6)Hb, 

A+B), 1.44 (br. s, 9H, 3 × C(1)H3, B), 1.18 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, 

CDCl3):  154.60 (B), 154.21 (A), 148.18 (A), 147.85 (B), 146.80 (q, J = 35.8 Hz, A), 146.69 (q, J 

= 35.1 Hz, B), 143.89 (A), 142.89 (B), 134.49 (B), 134.29 (A), 121.71 (q, J = 273.8 Hz, A+B), 

120.30 (B), 120.15 (A), 80.15 (A+B), 59.05 (A), 58.72 (B), 47.49 (B), 47.27 (A), 35.97 (A), 34.70 

(B), 28.53 (B), 28.26 (A), 23.80 (B), 23.44 (A). 
19

F NMR (282 MHz, CDCl3):  -67.71 (br. s, 

A+B). The spectroscopic properties of this compound are consistent with data reported in the 

literature.
8 

 

 
 

tert-Butyl-2-(pyrimidin-5-yl)pyrrolidine-1-carboxylate (28). An 8 mL vial equipped with a 

magnetic stirring bar was charged with 5-chloropyrimidine (57 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) was added before the 

mixture was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and 

placed ~6 cm away from a 34 W blue LED and stirred for 4 h with cooling by fan. The reaction 

mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer 
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was extracted with three portions of EtOAc. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash chromatography eluting with 80-

100% Et2O/hexanes to afford the title compound as a pale yellow solid (76 mg, 0.31 mmol, 61% 

yield, mixture of rotamers 1.4:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 9.10 (br. s, 2H, C(10)H, 

A+B), 8.58 (br. s, 4H, 2 × C(9)H, A+B), 4.93 (br. m, 1H, C(7)H, B), 4.75 (br. m, 1H, C(7)H, A), 

3.71–3.47 (br. m, 4H, C(4)H2, A+B), 2.47–2.30 (br. m, 2H, C(6)Ha, A+B), 2.01–1.78 (br. m, 6H, 

C(5)H2 and C(6)Hb, A+B), 1.44 (br. s, 9H, 3 × C(1)H3, B), 1.21 (br. s, 9H, 3 × C(1)H3, A). 
13

C 

NMR (125 MHz, CDCl3):  157.52 (A), 157.39 (B), 154.78 (A+B), 154.57 (B), 154.13 (A), 

137.94, (A), 136.99 (B), 80.28 (A+B), 57.44 (A), 56.97 (B), 47.37 (B), 47.23 (A), 35.76 (A), 34.38 

(B), 28.54 (B), 28.32 (A), 23.89 (B), 23.55 (A). IR (thin film): 2977, 1739, 1688, 1565, 1478, 

1447, 1400, 1367, 1344, 1253, 1230, 1217, 1198, 1160, 1118, 1107 cm
-1

. HRMS (ESI-TOF) 

calculated for C13H19N3O2 [M+H]
+
 requires m/z 250.1550, found 250.1547. 

 

 
 

tert-Butyl-2-(2-fluoropyridin-4-yl)pyrrolidine-1-carboxylate (29). An 8 mL vial equipped with 

a magnetic stirring bar was charged with 4-chloro-2-fluoropyridine (66 mg, 0.50 mmol, 1.0 equiv.) 

and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 

3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). N-Boc pyrrolidine (175 µL, 1.0 mmol, 2.0 equiv.) was added before the 

mixture was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and 

placed ~6 cm away from a 34 W blue LED and stirred for 5 h with cooling by fan. The reaction 

mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer 

was extracted with three portions of EtOAc. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash chromatography eluting with 10% 

EtOAc/hexanes to afford the title compound as a colorless oil (111 mg, 0.42 mmol, 83% yield, 

mixture of rotamers 1.5:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 8.17–8.09 (br. m, 2H, C(10)H, 

A+B), 7.00 (d, J = 4.9 Hz, 2H, C(9)H, A+B), 6.73 (s, 2H, C(12)H, A+B), 4.92 (br. m, 1H, C(7)H, 

B), 4.76 (br. m, 1H, C(7)H, A), 3.68–3.46 (br. m, 4H, C(4)H2, A+B), 2.43–2.27 (br. m, 2H, 

C(6)Ha, A+B), 1.95–1.75 (br. m, 6H, C(5)H2 and C(6)Hb, A+B), 1.45 (br. s, 9H, 3 × C(1)H3, B), 

1.22 (br. s, 9H, 3 × C(1)H3, A). 
13

C NMR (125 MHz, CDCl3):  164.28 (d, J = 237.9 Hz, A+B), 

160.60 (d, J = 7.5 Hz, A), 159.55 (d, J = 9.0 Hz, B), 154.62 (B), 154.22 (A), 147.69 (d, J = 14.8 

Hz, A+B), 118.73 (B), 118.63 (A), 106.34 (d, J = 37.9 Hz, A+B), 80.17 (A+B), 60.43 (A), 59.96 



S24 

(B), 47.48 (B), 47.22 (A), 35.54 (A), 34.37 (B), 28.57 (B), 28.27 (A), 23.82 (B), 23.38 (A). 
19

F 

NMR (282 MHz, CDCl3):  -68.48 (br. s, A+B). IR (thin film): 2976, 2880, 1691, 1610, 1572, 

1479, 1454, 1387, 1365, 1279, 1256, 1160, 1143, 1109, 1080 cm
-1

. HRMS (ESI-TOF) calculated 

for C14H19FN2O2 [M+H]
+
 requires m/z 267.1503, found 267.1504. 

 

 
 

Methyl 4-(1-pivaloylpyrrolidin-2-yl)benzoate (30). An 8 mL vial equipped with a magnetic 

stirring bar was charged with 2,2-dimethyl-1-(pyrrolidin-1-yl)propan-1-one (155 mg, 1.0 mmol, 

2.0 equiv.), methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.), and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). 3-acetoxyquinuclidine (85 µL, 0.55 

mmol, 1.1 equiv.) and anhydrous DMSO (1.0 mL) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Water (450 µL, 25 mmol, 50 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed, placed ~6 cm 

away from a 34 W blue LED, and stirred for 12 h with cooling by fan. The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with three portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 10% EtOAc/hexanes 

to afford the title compound as a white solid (115 mg, 0.40 mmol, 79% yield, rotameric). 
1
H NMR 

(500 MHz, CDCl3): δ 7.96 (d, J=8.1 Hz, 2H, 2 × C(4)H), 7.19 (d, J=8.1 Hz, 2H, 2 × C(5)H), 5.22 

(br m, 1H, C(7)H), 3.88 (s, 3H, C(1)H3), 3.86 (br m, 2H, C(10)H2), 2.26 (dddd, J=12.5, 8.0, 8.0, 

8.0 Hz, 1H, C(8)Ha), 1.99 (br m, 1H, C(9)Ha), 1.93 (br m, 1H, C(9)Hb), 1.73 (br m, 1H, C(8)Hb), 

1.27 (br s, 9H, 3 × C(13)H3). 
13

C NMR (125 MHz, CDCl3):  176.57, 167.10, 150.00, 130.01, 

128.57, 125.27, 62.76, 52.13, 49.01, 39.31, 33.34, 27.64, 25.49. IR (thin film): 2962, 2880, 1715, 

1613, 1509, 1482, 1417, 1428, 1403, 1360, 1311, 1285, 1231, 1203, 1192, 1174, 1165, 1149, 1115, 

1103, 1033, 1019 cm
-1

. HRMS (ESI-TOF) calculated for C17H23NO3 [M+H]
+
 requires m/z 

290.1751, found 290.1748.  

 

 



S25 

 

Benzyl 2-(4-(methoxycarbonyl)phenyl)pyrrolidine-1-carboxylate (31). An 8 mL vial equipped 

with a magnetic stirring bar was charged with benzyl pyrrolidine-1-carboxylate (205 mg, 1.0 

mmol, 2.0 equiv.), and methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.). 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%) was added as a 0.50 M stock solution 

in anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) was 

added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide 

trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (450 µL, 25 mmol, 50 equiv.) 

was added before the mixture was degassed via two cycles of freeze-pump-backfill-thaw. The 

reaction was sealed, placed ~6 cm away from a 34 W blue LED, and stirred for 24 h with cooling 

by fan. The reaction mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, 

and the aqueous layer was extracted with three portions of EtOAc. The combined organic layers 

were dried over Na2SO4, filtered, and concentrated. The residue was purified by flash 

chromatography eluting with 15% EtOAc/hexanes to afford the title compound as a colorless oil 

(86 mg, 0.25 mmol, 51% yield, mixture of rotamers 1.4:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 

8.02–7.93 (m, 4H, 2 × C(4)H, A+B), 7.42–7.30 (m, 4H, 2 × C(14)H, A+B), 7.30–7.10 (m, 8H, 2 × 

C(15)H, A+B and 2 × C(5)H, A+B), 6.88 (d, J=7.2 Hz, 2H, C(16)H, A+B), 5.16 (d, J=12.5 Hz, 

1H, C(12)Ha, B), 5.09 (d, J=12.5 Hz, 1H, C(12)Hb, B), 5.06–4.88 (m, 4H, C(12)H2, A and C(7)H, 

A+B), 3.93 (s, 3H, C(1)H3, A), 3.90 (s, 3H, C(1)H3, B), 3.76–3.59 (m, 4H, C(10)H2, A+B), 2.43–

2.27 (m, 2H, C(8)Ha, A+B), 1.96–1.81 (m, 6H, C(9)H2, A+B and C(8)Hb, A+B). 
13

C NMR (125 

MHz, CDCl3):  167.07 (A+B), 155.03 (A+B), 149.80 (A), 149.01 (B), 136.98 (B), 136.57 (A), 

129.99 (B), 129.94 (A), 128.87 (A+B), 128.61 (B), 128.31 (A), 128.12 (B), 128.10 (A), 127.78 

(B), 127.51 (A), 125.64 (A+B), 67.02 (B), 66.86 (A), 61.37 (B), 61.10 (A), 52.23 (A), 52.18 (B), 

47.84 (A), 47.36 (B), 35.94 (A), 34.84 (B), 23.81 (B), 23.16 (A). IR (thin film): 2951, 2880, 1698, 

1610, 1498, 1435, 1406, 1349, 1310, 1274, 1211, 1175, 1102, 1077, 1018 cm
-1

. HRMS (ESI-TOF) 

calculated for C20H21NO4 [M+H]
+
 requires m/z 340.1543, found 340.1542; [M+Na]

+
 requires m/z 

362.1363, found 362.1363; [M+K]
+
 requires m/z 378.1102, found 378.1103.  

 

 
 

N-(tert-Butyl)-2-(4-(trifluoromethyl)phenyl)pyrrolidine-1-carboxamide (32). An 8 mL vial 

equipped with a magnetic stirring bar was charged with N-(tert-butyl)pyrrolidine-1-carboxamide 

(341 mg, 2.0 mmol, 2.0 equiv.), and 1-bromo-4-(trifluoromethyl)benzene (140 µL, 1.0 mmol, 1.0 

equiv.). Ir[dF(CF3)ppy]2(dtbbpy)PF6 (11.2 mg, 10 µmol, 1.0 mol%) was added as a 0.50 M stock 
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solution in anhydrous DMSO (2.0 mL) and 3-acetoxyquinuclidine (171 µL, 2.2 mmol, 1.1 equiv.) 

was added. 4,7-Dimethoxy-1,10-phenanthroline (2.4 mg, 10 µmol, 1.0 mol%) and nickel(II) 

bromide trihydrate (2.7 mg, 10 µmol, 1.0 mol%) were added as a 0.50 M stock solution in 

anhydrous DMSO (2.0 mL, sonicated for 10 minutes before addition). Water (540 µL, 30 mmol, 

30 equiv.) was added before the mixture was degassed via two cycles of freeze-pump-backfill-

thaw. The reaction was sealed, placed ~6 cm away from a 34 W blue LED, and stirred for 24 h 

with cooling by fan. The reaction mixture was removed from the light, diluted with aq. NaHCO3 

and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The combined 

organic layers were dried over Na2SO4, filtered, and concentrated. The residue was purified by 

flash chromatography eluting with 30% EtOAc/hexanes to afford the title compound as a white 

solid (250 mg, 0.80 mmol, 80% yield). 1
H NMR (500 MHz, CDCl3): δ 7.59 (d, J=8.1 Hz, 2H, 2 × 

C(3)H), 7.34 (d, J=8.1 Hz, 2H, 2 × C(4)H), 4.86 (dd, J=8.0, 3.7 Hz, 1H, C(6)H), 3.94 (br s, 1H, 

NH), 3.60 (dd, J=6.7, 6.7 Hz, 2H, C(9)H2), 2.38 (dddd, J=12.3, 8.0, 8.0, 8.0 Hz, 1H, C(7)Ha), 

1.95–1.87 (m, 2H C(8)H2), 1.86–1.79 (m, 1H, C(7)Hb), 1.22 (s, 9H, 3 × C(12)H3). 
13

C NMR (125 

MHz, CDCl3):  156.24, 148.22, 129.56 (q, J=32.3 Hz), 126.06, 125.81 (q, J=3.8 Hz), 124.27 (q, 

J=272.0 Hz), 60.67, 50.89, 47.17, 36.18, 29.54, 23.56. IR (thin film): 3324, 2970, 2871, 1633, 

1531, 1479, 1452, 1419, 1391, 1357, 1324, 1271, 1241, 1214, 1160, 1119, 1105, 1066, 1016 cm
-1

. 

HRMS (ESI-TOF) calculated for C16H21F3N2O [M+H]
+
 requires m/z 315.1679, found 315.1677.  

 

Deprotection of a related substrate, N-Bac 2-phenylpyrroldine, was conducted according to a 

literature procedure.
47 

 

 

 
 

tert-Butyl 2-(4-(methoxycarbonyl)phenyl)piperidine-1-carboxylate (33). An 8 mL vial 

equipped with a magnetic stirring bar was charged with tert-butyl piperidine-1-carboxylate (190 

µL, 1.0 mmol, 2.0 equiv.), and methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.). 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%) was added as a 0.50 M stock solution 

in anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was 

added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide 

trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (360 µL, 20 mmol, 40 equiv.) 

was added before the mixture was degassed via two cycles of freeze-pump-backfill-thaw. The 

reaction was sealed, placed ~6 cm away from a 34 W blue LED, and stirred for 6 h with cooling by 
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fan. After 6 h, additional 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was added and 

the mixture was resealed, replaced ~6 cm away from the 34 W blue LED, and stirred for an 

additional 18 h with cooling by fan. The reaction mixture was removed from the light, diluted with 

aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 10% Et2O/hexanes to afford the title compound as a 

colorless oil (67 mg, 0.21 mmol, 42% yield). 1
H NMR (500 MHz, CDCl3): δ 8.00 (d, J=8.2 Hz, 

2H, 2 × C(4)H), 7.28 (d, J=8.2 Hz, 2H 2 × C(5)H), 5.47–5.36 (br m, 1H, C(7)H), 4.13–4.00 (br m, 

1H, C(11)Ha), 3.91 (s, 3H, C(1)H3), 2.76 (ddd, J=13.5, 12.2, 3.7 Hz, 1H C(11)Hb), 2.34–2.25 (br 

m, 1H C(8)Ha), 1.92 (dddd, J=13.7, 13.7, 5.6, 3.6 Hz, C(8)Hb), 1.66–1.28 (m, 4H, C(9)H2 and 

C(10)H2), 1.45 (s, 9H, 3 × C(14)H3). 
13

C NMR (125 MHz, CDCl3):  167.10, 155.70, 146.38, 

129.99, 128.49, 126.65, 79.97, 53.60, 52.21, 40.46, 28.55, 28.42, 25.41, 19.51. IR (thin film): 

2937, 2863, 1722, 1687, 1611, 1574, 1436, 1410, 1365, 1336, 1316, 1273, 1252, 1176, 1154, 1106, 

1031, 1018 cm
-1

. HRMS (ESI-TOF) calculated for C18H25NO4 [M+Na]
+
 requires m/z 342.1676, 

found 342.1676. 

 

 
 

tert-Butyl 2-(4-(methoxycarbonyl)phenyl)azepane-1-carboxylate (34). An 8 mL vial equipped 

with a magnetic stirring bar was charged with tert-butyl azepane-1-carboxylate (205 µL, 1.0 mmol, 

2.0 equiv.), methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.), and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (2.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Water (405 µL, 23 mmol, 45 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed, placed ~6 cm 

away from a 34 W blue LED, and stirred for 20 h with cooling by fan. The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with three portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 10% Et2O/hexanes to 

afford the title compound as a colorless oil (115 mg, 0.35 mmol, 69% yield, mixture of rotamers 

1.1:1 A:B). 
1
H NMR (500 MHz, CDCl3): δ 7.96 (d, J=8.3 Hz, 4H, 2 × C(4)H, A+B), 7.27 (d, 

J=8.6 Hz, 2H, 2 × C(5)H, B), 7.23 (d, J=8.1 Hz, 2H, 2 × C(5)H, A), 5.21 (dd, J=12.1, 6.4 Hz, 1H, 
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C(7)H, B), 4.93 (dd, J=12.3, 5.7 Hz, 1H, C(7)H, A), 4.18 (ddd, J=14.4, 3.3, 3.3 Hz, 1H, C(12)Ha, 

A), 3.96–3.87 (m, 1H, C(12)Ha, B), 3.90 (s, 3H, C(1)H3, A), 3.89 (s, 3H, C(1)H3, B), 3.01 (dd, 

J=14.4, 11.5 Hz, 1H, C(12)Hb, A), 2.89 (ddd, J=14.1, 11.9, 1.3 Hz, 1H, C(12)Hb, B), 2.43–2.34 

(m, 1H, C(8)Ha, B), 2.24 (ddd, J = 14.5, 8.3, 5.7 Hz, 1H, C(8)Ha, A), 2.01–1.19 (m, 14H, C(8)Hb, 

A+B, C(9)H2, A+B, C(10)H2, A+B, and C(11)H2, A+B), 1.47 (s, 9H, 3 × C(15)H3, B), 1.27 (s, 

9H, 3 × C(15)H3, A). 
13

C NMR (125 MHz, CDCl3):  167.15 (B), 167.14 (A), 156.18 (B), 155.85 

(A), 150.56 (A), 149.40 (B), 129.97 (B), 129.84 (A), 128.57 (B), 128.54 (A), 125.83 (B), 125.61 

(A), 79.82 (A), 79.73 (B), 60.85 (A), 58.70 (B), 52.18 (A), 52.14 (B), 43.66 (B), 43.39 (A), 36.43 

(A), 35.64 (B), 30.12 (A), 29.73 (B), 29.68 (B), 29.62 (A), 28.65 (B), 28.42 (A), 26.78 (A), 25.86 

(B). IR (thin film): 2972, 2928, 2855, 1722, 1687, 1611, 1436, 1401, 1365, 1341, 1310, 1274, 

1214, 1155, 1103, 1018 cm
-1

. HRMS (ESI-TOF) calculated for C19H27NO4 [M+Na]
+
 requires m/z 

356.1832, found 356.1829.  

 

 
 

tert-Butyl-2-(4-(methoxycarbonyl)phenyl)azetidine-1-carboxylate (35). An 8 mL vial equipped 

with a magnetic stirring bar was charged with N-Boc azetidine (236 mg, 1.5 mmol, 3.0 equiv.), 

methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 

mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (43 µL, 0.28 

mmol, 0.55 equiv.) were added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) 

and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock 

solution in anhydrous DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (360 µL, 

20 mmol, 40 equiv.) was added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred 

for 12 h with cooling by fan.  After 12 h, an additional portion of 3-acetoxyquinuclidine (43 µL, 

0.28 mmol, 0.55 equiv.) was added via syringe addition through the septum and stirring was 

continued for a further 18 h (30 h total). The reaction mixture was removed from the light, diluted 

with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. 

The combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 10% EtOAc/hexanes to afford the title compound as 

a colorless oil (85 mg, 0.29 mmol, 58% yield). 1
H NMR (500 MHz, CDCl3):  8.03 (d, J = 8.1 Hz, 

2H, 2 × C(4)H), 7.41 (d, J = 8.1 Hz, 2H, 2 × C(5)H), 5.23 (dd, J = 7.3, 7.3 Hz, 1H, C(7)H), 4.07–

3.96 (m, 2H, C(9)H2), 3.92 (s, 3H, C(1)H3), 2.65 (m, 1H, C(8)Ha), 2.11 (m, 1H, C(8)Hb), 1.33 (br. 

s, 9H, 3 × C(12)H3). 
13

C NMR (125 MHz, CDCl3):  167.05, 156.52, 147.81, 129.93, 129.24, 

125.85, 79.85, 64.00, 52.18, 29.80, 28.37, 25.40. IR (thin film): 3002, 2975, 2954, 2889, 1721, 
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1683, 1610, 1462, 1439, 1381, 1366, 1348, 1311, 1273, 1255, 1192, 1177, 1152, 1133, 1113, 1101, 

1058, 1017 cm
-1

. HRMS (ESI-TOF) calculated for C16H21NO4 [M+Na]
+
 requires m/z 314.1363, 

found 314.1364. 

 

 
 

tert-Butyl-3-hydroxy-2-(4-(methoxycarbonyl)phenyl)azetidine-1-carboxylate (36). An 8 mL 

vial equipped with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 

0.50 mmol, 1.0 equiv.), tert-butyl 3-hydroxyazetidine-1-carboxylate (260 mg, 1.5 mmol, 3.0 

equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (2.0 

mL) and 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (540 µL, 30.0 mmol, 60 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred with cooling by fan. After 6 h, an additional portion of 3-

acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was added via syringe addition through the 

septum and stirring was continued for a further 18 h (24 h total). The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with five portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 10-15% 

EtOAc/toluene to afford the title compound as a white solid (69 mg, 0.23 mmol, 45% yield, >20:1 

d.r.). 
1
H NMR (500 MHz, CDCl3): δ 8.01 (d, J = 8.3 Hz, 2H, 2 × C(4)H), 7.38 (d, J = 8.3 Hz, 2H, 

2 × C(5)H), 4.99 (d, J = 4.3 Hz, 1H, C(7)H), 4.26 (m, 1H, C(8)H), 4.18 (m, 1H, C(9)Ha), 3.91 (s, 

3H, C(1)H3), 3.85 (dd, J = 9.1, 5.0 Hz, 1H, C(9)Hb), 2.77 (br. s, 1H, OH), 1.33 (s, 9H, 3 × 

C(12)H3). 
13

C NMR (125 MHz, CDCl3):  167.10, 157.09, 144.97, 130.01, 129.55, 125.88, 80.41, 

74.24, 69.93, 56.40, 52.30, 28.34. IR (thin film): 3342, 2979, 1718, 1706, 1646, 1610, 1438, 1414, 

1386, 1369, 1280, 1180, 1145, 1097, 1080, 1019 cm
-1

. HRMS (ESI-TOF) calculated for 

C16H21NO5 [M+Na]
+
 requires m/z 330.1312, found 330.1312. The relative stereochemistry of the 

title compound was corroborated by nOe experiments (as indicated on the compound structure). 

No significant nOe was observed between C(5)H and the OH. 
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tert-Butyl 2-(4-(methoxycarbonyl)phenyl)-3-((2-methylpyridin-4-yl)oxy)azetidine-1-

carboxylate. An 8 mL vial equipped with a magnetic stirring bar was charged with quinuclidine 

(4.5 mg, 0.04 mmol, 0.1 equiv.), tert-butyl-3-hydroxy-2-(4-(methoxycarbonyl)phenyl)azetidine-1-

carboxylate 36 (123 mg, 0.40 mmol, 1.0 equiv.), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (4.5 mg, 4.0 µmol, 

1.0 mol%) and K2CO3 (55 mg, 0.40 mmol, 1.0 equiv.) and then anhydrous MeCN (1.1 mL) was 

added. 4,4’-di-tert-butyl-2,2’-dipyridyl (5.4 mg, 20.0 µmol, 5.0 mol%) and NiCl2
.
DME (4.4 mg, 

20.0 µmol, 5.0 mol%) were added as a stock solution in anhydrous MeCN (0.5 mL, sonicated for 

10 minutes before addition). 4-Bromo-2-methylpyridine (71 µL, 0.60 mmol, 1.5 equiv.) was added 

before the mixture was degassed via three cycles of freeze-pump-backfill-thaw. The reaction was 

sealed, placed 1 cm away from three blue LED strips and stirred with cooling by fan. After 28 h, 

the reaction mixture was removed from the light, diluted with aq. NaHCO3 (50 mL) and EtOAc (20 

mL), and the aqueous layer was extracted with two further portions of EtOAc (2 × 20 mL). The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 60% EtOAc/hexane to afford the title compound as 

a pale yellow oil (123 mg, 0.31 mmol, 77% yield, >20:1 d.r.). 
1
H NMR (500 MHz, CDCl3): δ 8.27 

(d, J = 5.7 Hz, 1H, C(15)H), 8.08 (d, J = 8.2 Hz, 2H, 2 × C(4)H), 7.46 (d, J = 8.2 Hz, 2H, 2 × 

C(5)H), 6.46-6.38 (m, 2H, C(14)H and C(17)H), 5.20 (br. m, 1H, C(7)H), 4.68 (ddd, J = 6.4, 4.3, 

4.3 Hz, 1H, C(8)H), 4.41 (dd, J = 9.5, 6.6 Hz, 1H, C(9)Ha), 4.05 (dd, J = 9.6, 4.5 Hz, 1H, C(9)Hb), 

3.94 (s, 3H, C(1)H3), 2.43 (s, 3H, C(18)H3), 1.33 (br. s, 9H, 3 × C(12)H3). 
13

C NMR (125 MHz, 

CDCl3):  166.83, 162.94, 160.59, 156.38, 150.76, 143.80, 130.29, 130.22, 126.49, 109.91, 

108.06, 80.77, 73.17, 71.45, 54.07, 52.38, 28.31, 24.72. IR (thin film): 2972, 1703, 1596, 1570, 

1480, 1435, 1389, 1366, 1307, 1276, 1178, 1140, 1107, 1077, 1049, 1019 cm
-1

. HRMS (ESI-TOF) 

calculated for C22H26N2O5 [M+H]
+
 requires m/z 399.1914, found 399.1914. The relative 

stereochemistry of the title compound was assigned by analogy with azetidine 36. 
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tert-Butyl-4-fluoro-2-(4-(methoxycarbonyl)phenyl)pyrrolidine-1-carboxylate (37). An 8 mL 

vial equipped with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 

0.50 mmol, 1.0 equiv.), tert-butyl 3-fluoropyrrolidine-1-carboxylate (189 mg, 1.0 mmol, 2.0 

equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 

mL) and 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (450 µL, 25.0 mmol, 50 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred with cooling by fan. After 6 h, an additional portion of 3-

acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was added via syringe addition through the 

septum and stirring was continued for a further 24 h (30 h total). The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with three portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 5% acetone/hexanes 

to afford the title compound as a white solid (110 mg, 0.34 mmol, 68% yield, 2.8:1 d.r. (A:B, 

2.8:1), mixtures of rotamers A1(major):A2(minor) and B1(major):B2(minor) observable in 
13

C 

spectrum). 
1
H NMR (500 MHz, CDCl3): δ 8.02–7.96 (m, 4H, 2 × C(4)H, A+B), 7.33–7.25 (m, 4H, 

2 × C(5)H, A+B), 5.33–5.15 (br. m, 2H, C(9)H, A+B), 5.15–4.88 (br. m, 2H, C(7)H, A+B), 4.17–

3.62 (m, 10H, C(10)H2 and C(1)H3, A+B), 2.76–2.47 (m, 2H, C(8)Ha, A+B), 2.29 (m, 1H, 

C(8)Hb, B), 1.95 (br. ddd, J = 42.0, 10.9, 10.9 Hz, C(8)Hb, A), 1.54–1.04 (m, 18H, 3 × C(13)H3, 

A+B). 
13

C NMR (125 MHz, CDCl3):  167.09 (2B1+2), 166.95 (2A1+2), 154.49 (11A1+2), 

154.23 (11B1+2), 149.65 (6A1), 149.36 (6B1), 148.71 (6A2), 148.50 (6B2), 130.23, 129.96, 

129.68 (4A1+2 + 4B1+2), 129.03 (3A1+2), 128.72 (3B1+2), 125.85, 125.67, 125.39 (5A1+2 + 

5B1+2), 93.15 (d, J = 174.3 Hz, 9B2), 92.11 (d, J = 177.8 Hz, 9B1), 91.82 (d, J = 178.2 Hz, 9A2), 

91.28 (d, J = 177.8 Hz, 9A1), 80.29 (12B1+2), 80.24 (12A1+2), 60.04, 59.72 (7A1+2 and 7B1+2), 

54.48 (d, J = 22.3 Hz, 10A/B), 54.12 (d, J = 22.4 Hz, 10A/B), 52.19 (1A1+2), 52.12 (1B1+2), 

43.57 (d, J = 21.5 Hz, 8A1), 42.66 (d, J = 21.3 Hz, 8A2), 41.28 (d, J = 20.4 Hz, 8B1), 40.60 (d, J = 

20.4 Hz, 8B2), 28.45, 28.09 (13A1+2 and 13B1+2). 
19

F NMR (282 MHz, CDCl3):  -171.30 (br. 

m, B), -178.16 (br. m, A). IR (thin film): 2980, 1694, 1611, 1478, 1437, 1393, 1366, 1314, 1278, 

1170, 1114, 1060, 1018 cm
-1

. HRMS (ESI-TOF) calculated for C17H22FNO4 [M+Na]
+
 requires m/z 

346.1425, found 346.1423.  
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An analytical sample of diastereomer A was obtained by flash chromatography eluting with 10% 

EtOAc/hexanes to allow assignment of the relative stereochemistry. 
1
H NMR (500 MHz, CDCl3): 

δ 7.99 (d, J = 8.3 Hz, 2H, 2 × C(4)H), 7.28 (d, J = 8.3 Hz, 2H, 2 × C(5)H), 5.23 (br. m, 1H, 

C(9)H), 4.92 (br. m, 1H, C(7)H), 4.10 (br. m, 1H, C(10)Ha), 3.91 (s, 3H, C(1)H3), 3.74 (br. m, 1H, 

C(10)Hb), 2.69 (m, 1H, C(8)Ha), 1.95 (br. ddd, J = 42.0, 10.9, 10.9 Hz, C(8)Hb), 1.49–1.04 (m, 

9H, 3 × C(13)H3). The relative stereochemistry of the title compound was corroborated by nOe 

experiments (as indicated on the compound structure). A strong nOe was observed between C(5)H 

and C(10)Hb. No significant nOe was observed between C(5)H and C(10)Ha. A strong nOe was 

observed between C(9)H and C(10)Hb. No significant nOe was observed between C(9)H and 

C(10)Ha. 

 

 
 

Methyl 4-(6-oxopiperidin-2-yl)benzoate (38). An 8 mL vial equipped with a magnetic stirring 

bar was charged with piperidin-2-one (99 mg, 1.0 mmol, 2.0 equiv.), and methyl 4-bromobenzoate 

(108 mg, 0.50 mmol, 1.0 equiv.). Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%) was 

added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL). An additional 2.0 mL anhydrous 

DMSO and 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) were added. 4,7-Dimethoxy-

1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 

µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated 

for 10 minutes before addition). Water (1.1 mL, 60 mmol, 120 equiv.) was added before the 

mixture was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed, 

placed ~6 cm away from a 34 W blue LED, and stirred for 6 h with cooling by fan. After 6 h, 

additional 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was added and the mixture was 

resealed, replaced ~6 cm away from the 34 W blue LED, and stirred for an additional 18 h with 

cooling by fan (24 h total). The reaction mixture was removed from the light, diluted with aq. 

NaHCO3 and EtOAc, and the aqueous layer was extracted with five portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 100% EtOAc to afford the title compound as an off-

white solid (72 mg, 0.31 mmol, 62% yield). 
1
H NMR (500 MHz, CDCl3): δ 8.04 (d, J=8.4 Hz, 2H, 

2 × C(4)H), 7.37 (d, J=8.4 Hz, 2H, 2 × C(5)H), 5.97 (br s, 1H, NH), 4.63 (dd, J=8.9, 4.8 Hz, 1H, 

C(7)H), 3.92 (s, 3H, C(1)H3), 2.56–2.38 (m, 2H, C(10)H2), 2.20–2.07 (m, 1H, C(8)Ha), 1.96–1.86 

(m, 1H, C(9)Ha), 1.86–1.75 (m, 1H, C(9)Hb), 1.68 (dddd, J=13.8, 10.8, 8.9, 3.1 Hz, 1H, C(8)Hb). 
13

C NMR (125 MHz, CDCl3):  172.45, 166.74, 147.65, 130.33, 130.01, 126.21, 57.65, 52.36, 

32.09, 31.42, 19.64. IR (thin film): 3182, 3059, 2952, 2911, 1716, 1642, 1578, 1480, 1440, 1424, 
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1401, 1339, 1306, 1275, 1185, 1156, 1114, 1101, 1076, 1060, 1020 cm
-1

. The spectroscopic 

properties of this compound are consistent with data reported in the literature.
48 

 

 
 

Methyl 4-(5-oxopyrrolidin-2-yl)benzoate (39). An 8 mL vial equipped with a magnetic stirring 

bar was charged with pyrrolidin-2-one (85 mg, 1.0 mmol, 2.0 equiv.), and methyl 4-

bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.). Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 

1.0 mol%) was added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL). An additional 2.0 

mL anhydrous DMSO and 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) were added. 

4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide 

trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (1.1 mL, 60 mmol, 120 equiv.) 

was added before the mixture was degassed via two cycles of freeze-pump-backfill-thaw. The 

reaction was sealed, placed ~6 cm away from a 34 W blue LED, and stirred for 6 h with cooling by 

fan. After 6 h, additional 3-acetoxyquinuclidine (43 µL, 0.28 mmol, 0.55 equiv.) was added and 

the mixture was resealed, replaced ~6 cm away from the 34 W blue LED, and stirred for an 

additional 18 h with cooling by fan. The reaction mixture was removed from the light, diluted with 

aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 100% EtOAc to afford the title compound as an off-

white solid (76 mg, 0.35 mmol, 69% yield). 
1
H NMR (500 MHz, CDCl3): δ 8.03 (d, J=8.4 Hz, 2H, 

2 × C(4)H), 7.37 (d, J=8.4 Hz, 2H, 2 × C(5)H), 6.41 (s, 1H, NH), 4.82 (dd, J=7.1, 7.1 Hz, 1H, 

C(7)H), 3.91 (s, 3H, C(1)H3), 2.61 (dddd, J=12.9, 9.3, 7.8, 5.2 Hz, 1H, C(8)Ha), 2.53–2.36 (m, 

2H, C(9)H2), 1.95 (dddd, J=12.9, 9.3, 8.1, 6.5 Hz, 1H, C(8)Hb). 
13

C NMR (125 MHz, CDCl3):  

178.65, 166.76, 147.73, 130.41, 129.96, 125.70, 57.90, 52.34, 31.30, 30.21. IR (thin film): 3175, 

3075, 2950, 1717, 1685, 1610, 1465, 1425, 1368, 1349, 1318, 1278, 1263, 1188, 1158, 1105, 1038, 

1018 cm
-1

. HRMS (ESI-TOF) calculated for C12H13NO3 [M+H]
+
 requires m/z 220.0968, found 

220.0964.  
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Methyl 4-(1,3-dimethyl-2-oxoimidazolidin-4-yl)benzoate (40A) and methyl 4-((3-methyl-2-

oxoimidazolidin-1-yl)methyl)benzoate (40B). An 8 mL vial equipped with a magnetic stirring 

bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (360 µL, 20.0 mmol, 40 equiv.) and N,N’-dimethylethyleneurea 

(109 µL, 1.0 mmol, 2.0 equiv.) were added before the mixture was degassed via two cycles of 

freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue 

LED and stirred for 9 h with cooling by fan. The reaction mixture was removed from the light, 

diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with five portions of 

EtOAc. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by flash chromatography eluting with 15% EtOAc/toluene to afford the title 

compound as a colorless oil (104 mg, 0.42 mmol, 84% yield, mixture of regioisomers 3:1 A:B). 
1
H 

NMR (500 MHz, CDCl3): δ 8.04 (d, J = 8.4 Hz, 2H, 2 × C(4)H, A), 7.98 (d, J = 8.3 Hz, 2H, 2 × 

C(4)H, B), 7.37 (d, J = 8.4 Hz, 2H, 2 × C(5)H, A), 7.33 (d, J = 8.3 Hz, 2H, 2 × C(5)H, B), 4.45–

4.40 (m, 3H, C(7)H (A) and C(8)H2 (B)), 3.91 (s, 3H, C(1)H3, A), 3.89 (s, 3H, C(1)H3, B), 3.66 (t, 

J = 8.8 Hz, 1H, C(11)Ha, A), 3.31–3.26 (m, 2H, C(11)H2, B), 3.19–3.13 (m, 2H, C(7)H2, B), 3.04 

(t, J = 8.8 Hz, 1H, C(11)Hb, A), 2.83 (s, 6H, C(10)H3, A+B), 2.63 (s, 3H, C(8)H3, A). 
13

C NMR 

(125 MHz, CDCl3):  166.98 (B), 166.72 (A), 161.78 (A), 161.52 (B), 144.87 (A), 142.86 (B), 

130.40 (A), 130.38 (A), 130.00 (B), 129.38 (B), 128.04 (B), 127.02 (A), 60.34 (A), 53.99 (A), 

52.34 (A), 52.22 (B), 48.42 (B), 45.10 (B), 42.37 (B), 31.56 (B), 31.41 (A), 29.96 (A). IR (thin 

film): 3468, 2951, 2866, 1693, 1611, 1497, 1436, 1415, 1397, 1355, 1309, 1274, 1190, 1176, 

1103, 1079, 1052, 1018 cm
-1

. HRMS (ESI-TOF) calculated for C13H16N2O3 [M+H]
+
 requires m/z 

249.1234, found 249.1229.  

 

Solvent regioselectivity effects: Under modified reaction conditions (MeCN (0.25 M), 12 eq. H2O) 

the regioselectivity of the C-H arylation protocol was observed to be 1:1 40A:40B (18% yield).  
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Methyl 4-(1,3-dimethyl-2-oxohexahydropyrimidin-4-yl)benzoate (41A) and methyl 4-((3-

methyl-2-oxotetrahydropyrimidin-1(2H)-yl)methyl)benzoate (41B). An 8 mL vial equipped 

with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 

equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 

mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (360 µL, 20.0 mmol, 40 equiv.) and N,N’-dimethylpropyleneurea 

(121 µL, 1.0 mmol, 2.0 equiv.) were added before the mixture was degassed via two cycles of 

freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue 

LED and stirred for 8 h with cooling by fan. The reaction mixture was removed from the light, 

diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with five portions of 

EtOAc. The combined organic layers were dried over Na2SO4, filtered, and concentrated. The 

residue was purified by flash chromatography eluting with 50% EtOAc/hexanes to afford the title 

compound as a pale yellow oil (93 mg, 0.36 mmol, 71% yield, mixture of regioisomers 1:1.2 A:B). 
1
H NMR (500 MHz, CDCl3): δ 8.00 (d, J = 8.3 Hz, 2H, 2 × C(4)H, A), 7.95 (d, J = 8.2 Hz, 2H, 2 × 

C(4)H, B), 7.31 (d, J = 8.2 Hz, 2H, 2 × C(5)H, B), 7.22 (d, J = 8.3 Hz, 2H, 2 × C(5)H, A), 4.57 (s, 

2H, C(8)H2, B), 4.50 (m, 1H, C(7)H, A), 3.89 (s, 3H, C(1)H3, A), 3.87 (s, 3H, C(1)H3, B), 3.25 (t, 

J = 6.0 Hz, 2H, C(11)H2, B), 3.15 (t, J = 6.0 Hz, 2H, C(7)H2, B), 3.08–3.04 (m, 2H, C(11)H2, A), 

2.96 (s, 6H, C(10)H3, A+B), 2.85 (s, 3H, C(8)H3, A), 2.37 (dddd, J = 13.4, 10.1, 5.9, 5.9 Hz, 1H, 

C(12)Ha, A), 1.95-1.84 (m, 3H, C(12)Hb (A) and C(12)H2 (B)). 
13

C NMR (125 MHz, CDCl3):  

167.04, 166.76 (A+B), 156.69, 156.51 (A+B), 146.87 (A), 144.17 (B), 130.15 (A), 129.86 (B), 

129.56 (A), 128.99 (B), 127.68 (B), 126.31 (A), 61.23 (A), 52.24, 52.12 (A+B). 51.19 (B), 47.95 

(B), 45.53 (B), 43.93 (A), 35.94 (A+B), 34.98 (A), 29.64 (A), 22.28 (B). IR (thin film): 2947, 

2863, 2234, 1718, 1623, 1514, 1436, 1416, 1316, 1277, 1214, 1193, 1178, 1107, 1019 cm
-1

. 

HRMS (ESI-TOF) calculated for C14H18N2O3 [M+H]
+
 requires m/z 263.1390, found 263.1388.  

 

Solvent regioselectivity effects: Under modified reaction conditions (MeCN (0.25 M), 12 eq. H2O) 

the regioselectivity of the C-H arylation protocol was observed to be 1:10 41A:41B (50% yield).  
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Methyl 4-(2-oxohexahydropyrimidin-4-yl)benzoate (42). An 8 mL vial equipped with a 

magnetic stirring bar was charged with tetrahydropyrimidin-2(1H)-one (85 mg, 1.0 mmol, 2.0 

equiv.), and methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.). 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%) was added as a 0.50 M stock solution 

in anhydrous DMSO (1.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) was 

added. 4,7-Dimethoxy-1,10-phenanthroline (0.6 mg, 2.5 µmol, 0.50 mol%) and nickel(II) bromide 

trihydrate (0.7 mg, 2.5 µmol, 0.50 mol%) were added as a 0.50 M stock solution in anhydrous 

DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (360 µL, 20 mmol, 40 equiv.) 

was added before the mixture was degassed via two cycles of freeze-pump-backfill-thaw. The 

reaction was sealed, placed ~6 cm away from a 34 W blue LED, and stirred for 24 h with cooling 

by fan. The reaction mixture was removed from the light, diluted with aq. NaHCO3 and CHCl3, 

and the aqueous layer was extracted with three portions of CHCl3. The combined organic layers 

were washed with aq. LiCl, dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 3% MeOH/dichloromethane to afford the title 

compound as an off-white solid (81 mg, 0.35 mmol, 70% yield). 
1
H NMR (500 MHz, CDCl3): δ 

8.04 (d, J=8.3 Hz, 2H, 2 × C(4)H), 7.41 (d, J = 8.3 Hz, 2H, 2 × C(5)H), 5.01 (br s, 2H, 2 × NH), 

4.66 (dd, J = 7.0, 4.3 Hz, 1H, C(7)H), 3.92 (s, 3H, C(1)H3), 3.41–3.32 (m, 1H, C(9)Ha), 3.28–3.20 

(m, 1H, C(9)Hb), 2.25–2.12 (m, 1H, C(8)Ha), 1.92 (dddd, J = 12.8, 7.9, 7.9, 4.3 Hz, 1H C(8)Hb). 
13

C NMR (125 MHz, CDCl3):  166.78, 156.59, 147.46, 130.31, 130.01, 126.23, 54.92, 52.36, 

38.33, 30.31. IR (thin film): 3224, 3081, 2921, 1730, 1716, 1677, 1610, 1578, 1516, 1439, 1417, 

1355, 1338, 1312, 1278, 1215, 1198, 1170, 1135, 1116, 1105, 1071, 1020 cm
-1

. HRMS (ESI-TOF) 

calculated for C12H14N2O3 [M+H]
+
 requires m/z 235.1077, found 235.1076.  

 

 
 

Methyl 4-((1,3,3-trimethylureido)methyl)benzoate (43). An 8 mL vial equipped with a magnetic 

stirring bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 
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1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (360 µL, 20.0 mmol, 40 equiv.) and 1,1,3,3-tetramethylurea (120 

µL, 1.0 mmol, 2.0 equiv.) were added before the mixture was degassed via two cycles of freeze-

pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and 

stirred for 32 h with cooling by fan. The reaction mixture was removed from the light, diluted with 

aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with five portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 15% EtOAc/toluene to afford the title compound as 

a pale yellow oil (93 mg, 0.37 mmol, 74% yield). 
1
H NMR (500 MHz, CDCl3): δ 7.97 (d, J = 8.3 

Hz, 2H, 2 × C(4)H), 7.31 (d, J = 8.3 Hz, 2H, 2 × C(5)H), 4.39 (s, 2H, C(7)H2), 3.87 (s, 3H, 

C(1)H3), 2.81 (s, 6H, 2 × C(10)H3), 2.71 (s, 3H, C(8)H3). 
13

C NMR (125 MHz, CDCl3):  166.95, 

165.46, 143.63, 129.92, 129.09, 127.57, 53.95, 52.14, 38.76, 36.94. IR (thin film): 3476, 2948, 

1718, 1639, 1612, 1495, 1435, 1416, 1379, 1274, 1176, 1106, 1062, 1018 cm
-1

. HRMS (ESI-TOF) 

calculated for C13H18N2O3 [M+H]
+
 requires m/z 251.1390, found 251.1389.  

 

 
 

Methyl 4-(((tert-butoxycarbonyl)(methyl)amino)methyl)benzoate (44). An 8 mL vial equipped 

with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 

equiv.), tert-butyl dimethylcarbamate (218 mg, 1.5 mmol, 3.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (2.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (0.6 mg, 2.5 µmol, 0.5 mol%) and nickel(II) bromide trihydrate (0.7 mg, 2.5 µmol, 

0.5 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (720 µL, 40.0 mmol, 80 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred for 36 h with cooling by fan. The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with three portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 5% EtOAc/hexanes 

to afford the title compound as a colorless oil (91 mg, 0.33 mmol, 65% yield, mixture of rotamers 

A(major):B(minor)). 
1
H NMR (500 MHz, CDCl3): δ 7.99 (d, J = 8.0 Hz, 4H, 2 × C(4)H, A+B), 

7.31–7.22 (br. m, 4H, 2 × C(5)H, A+B), 4.52–4.40 (br. m, 4H, C(7)H2, A+B), 3.90 (s, 6H, C(1)H3, 

A+B), 2.86 (br. s, 3H, C(8)H3, A), 2.79 (br. s, 3H, C(8)H3, B) 1.49 (br. s, 9H, 3 × C(11)H3, B), 

1.43 (br. s, 9H, 3 × C(11)H3, A). 
13

C NMR (125 MHz, CDCl3):  167.00 (A+B), 156.25 (B), 

155.77 (A), 143.65 (A+B), 129.98 (A+B), 129.21 (A+B), 127.55 (B), 127.04 (A), 80.07 (A+B), 
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52.65 (A), 52.20 (A+B), 51.89 (B), 34.41 (A), 34.27 (B), 28.52 (A+B). IR (thin film): 2977, 1721, 

1690, 1613, 1480, 1452, 1435, 1391, 1366, 1276, 1246, 1175, 1143, 1107, 1019 cm
-1

. HRMS 

(ESI-TOF) calculated for C15H21NO4 [M+Na]
+
 requires m/z 302.1363, found 302.1360.  

 

 
 

Methyl 4-(((tert-butoxycarbonyl)(tert-butyl)amino)methyl)benzoate (45). An 8 mL vial 

equipped with a magnetic stirring bar was charged with N-methyl tert-butylamine (187 mg, 1.0 

mmol, 2.0 equiv.), methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (3.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Water (720 µL, 40 mmol, 80 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred for 24 h with no fan cooling (at 50 ºC).  The reaction 

mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer 

was extracted with three portions of EtOAc. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash chromatography eluting with 10% 

EtOAc/hexanes to afford the title compound as a colorless oil (75 mg, 0.23 mmol, 47% yield). 1
H 

NMR (500 MHz, CDCl3):  7.98 (d, J = 8.2 Hz, 2H, 2 × C(4)H), 7.27 (d, J = 7.7 Hz, 2H, 2 × 

C(5)H), 4.61 (s, 2H, C(7)H2), 3.90 (s, 3H, C(1)H3), 1.43 (s, 9H, 3 × C(9)H3), 1.37 (s, 9H, 3 × 

C(12)H3). 
13

C NMR (125 MHz, CDCl3):  167.20, 156.05, 147.01, 129.86, 128.48, 126.20, 79.90, 

56.32, 52.16, 48.70, 29.66, 28.60. IR (thin film): 2961, 2925, 1719, 1683, 1612, 1454, 1435, 1418, 

1374, 1363, 1276, 1247, 1208, 1155, 1104, 1072, 1028, 1015 cm
-1

. HRMS (ESI-TOF) calculated 

for C18H27NO4 [M+Na]
+
 requires m/z 344.1832, found 344.1833.  
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Methyl 4-(1-((tert-butoxycarbonyl)amino)butyl)benzoate (46). An 8 mL vial equipped with a 

magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.), 

tert-butyl butylcarbamate (173 mg, 1.0 mmol, 2.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 

mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (3.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 

mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) 

and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock 

solution in anhydrous DMSO (1 mL, sonicated for 10 minutes before addition). Water (990 µL, 

55.0 mmol, 110 equiv.) was added before the mixture was degassed via two cycles of freeze-

pump-backfill-thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and 

stirred for 32 h with cooling by fan. The reaction mixture was removed from the light, diluted with 

aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with five portions of EtOAc. The 

combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 5-8% EtOAc/hexanes to afford the title compound 

as a white solid (89 mg, 0.29 mmol, 58% yield). 
1
H NMR (500 MHz, CDCl3): δ 7.99 (d, J = 8.1 

Hz, 2H, 2 × C(4)H), 7.33 (d, J = 8.1 Hz, 2H, 2 × C(5)H), 4.85 (br. s, 1H, NH), 4.66 (br. m, 1H, 

C(7)H), 3.90 (s, 3H, C(1)H3), 1.76–1.59 (br. m, 2H, C(8)H2), 1.48–1.19 (m, 11H, C(9)H2 and 3 × 

C(13)H3), 0.91 (t, J = 7.4 Hz, 3H, C(10)H3). 
13

C NMR (125 MHz, CDCl3):  167.07, 155.31, 

148.76, 130.02, 129.05, 126.38, 79.75, 54.69, 52.21, 39.13, 28.49, 19.46, 13.92. IR (thin film): 

3360, 2985, 2939, 2877, 1714, 1678, 1612, 1525, 1447, 1434, 1389, 1367, 1358, 1341, 1307, 1280, 

1267, 1249, 1168, 1113, 1101, 1085, 1063, 1002 cm
-1

. HRMS (ESI-TOF) calculated for 

C17H25NO4 [M+Na]
+
 requires m/z 330.1676, found 330.1674.  

 

 
 

Methyl 4-(1-(3-(tert-butyl)-1-ethylureido)ethyl)benzoate (47). An 8 mL vial equipped with a 

magnetic stirring bar was charged with N-Bac diethylamine (172 mg, 1.0 mmol, 2.0 equiv.), 

methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 

mg, 5.0 µmol, 1.0 mol%). 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and 

nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution 

in anhydrous DMSO (1.0 mL, sonicated for 10 minutes before addition). 3-acetoxyquinuclidine 

(85 µL, 0.55 mmol, 1.1 equiv.) and water (270 µL, 15 mmol, 30 equiv.) were added before the 

mixture was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and 

placed ~6 cm away from a 34 W blue LED and stirred for 24 h with cooling by fan.  The reaction 

mixture was removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer 
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was extracted with five portions of EtOAc. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The residue was purified by flash chromatography eluting with 10% 

EtOAc/toluene to afford the title compound as a crystalline solid (101 mg, 0.33 mmol, 66% yield). 
1
H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.1 Hz, 2H, 2 × C(4)H), 7.37 (d, J = 8.2 Hz, 2H, 2 × 

C(5)H), 5.63 (q, J = 7.2 Hz, 1H, C(7)H), 4.19 (br. s, 1H, NH), 3.90 (s, 3H, C(1)H3), 3.04 (dq, J = 

14.4, 7.1 Hz, 1H, C(9)Ha), 2.93 (dq, J = 14.6, 7.2 Hz, 1H, C(9)Hb), 1.53 (d, J = 7.2 Hz, 3H, 

C(8)H3), 1.33 (br. s, 9H, 3 × C(13)H3), 1.01 (t, J = 7.2 Hz, 3H, C(10)H3). 
13

C NMR (125 MHz, 

CDCl3):  167.03, 156.90, 148.08, 129.78, 128.96, 127.23, 52.20, 51.74, 50.93, 37.88, 29.69, 

17.50, 15.38. IR (thin film): 3363, 2955, 2928, 1716, 1617, 1524, 1502, 1450, 1433, 1393, 1377, 

1358, 1315, 1274, 1215, 1189, 1110, 1082, 1066, 1018 cm
-1

. HRMS (ESI-TOF) calculated for 

C17H26N2O3 [M+H]
+
 requires m/z 307.2016, found 307.2014.  

 

 
 

Methyl 4-((3-(tert-butyl)-1-butylureido)methyl)benzoate (48A) and methyl 4-(1-(3-(tert-

butyl)-1-methylureido)butyl)benzoate (48B). An 8 mL vial equipped with a magnetic stirring 

bar was charged with N-Bac butylmethylamine (186 mg, 1.0 mmol, 2.0 equiv.), methyl 4-

bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 

µmol, 1.0 mol%). Anhydrous DMSO (3.0 mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 

equiv.) were added. 4,7-Dimethoxy-1,10-phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and 

nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 1.0 mol%) were added as a 0.50 M stock solution 

in anhydrous DMSO (1.0 mL, sonicated for 10 minutes before addition). Water (720 µL, 40 mmol, 

80 equiv.) was added before the mixture was degassed via two cycles of freeze-pump-backfill-

thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred for 24 h 

with cooling by fan.  The reaction mixture was removed from the light, diluted with aq. NaHCO3 

and EtOAc, and the aqueous layer was extracted with five portions of EtOAc. The combined 

organic layers were dried over Na2SO4, filtered, and concentrated. The residue was purified twice 

by flash chromatography, first by eluting with 10% EtOAc/toluene, followed by eluting with 20% 

acetone/hexanes to afford the title compound as a colorless oil (124 mg, 0.39 mmol, 78% yield, 

mixture of regioisomers 4:1 A:B). Regioisomer A: 
1
H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.2 

Hz, 2H, 2 × C(4)H), 7.28 (d, J = 8.1 Hz, 2H, 2 × C(5)H), 4.47 (s, 2H, C(7)H2), 4.19 (br. s, 1H, 

NH), 3.88 (s, 3H, C(1)H3), 3.16 (t, J = 7.5 Hz, 2H, C(8)H2), 1.53–1.45 (m, 2H, C(9)H2), 1.34–1.22 

(m, 2H, C(10)H2), 1.28 (br. s, 9H, 3 × C(14)H3), 0.88 (t, J = 7.4 Hz, 3H, C(11)H3). 
13

C NMR (125 

MHz, CDCl3):  166.96, 157.17, 144.18, 130.05, 129.21, 126.99, 52.17, 50.88, 50.29, 47.50, 
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30.56, 29.51, 20.27, 13.93. Regioisomer B: 
1
H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 8.6 Hz, 

2H, 2 × C(4)H), 7.35 (d, J = 8.2 Hz, 2H, 2 × C(5)H), 5.55 (dd, J = 9.9, 5.8 Hz, 1H, C(7)H), 4.24 

(br. s, 1H, NH), 3.88 (s, 3H, C(1)H3), 2.50 (s, 3H, C(11)H3), 1.94–1.73 (m, 2H, C(8)H2), 1.41–

1.32 (m, 2H, C(9)H2), 1.34 (br. s, 9H, 3 × C(14)H3), 0.96 (t, J = 7.4 Hz, 3H, C(10)H3). 
13

C NMR 

(125 MHz, CDCl3):  167.03, 157.75, 146.97, 129.73, 128.89, 127.53, 55.37, 52.14, 50.91, 32.75, 

29.59, 28.81, 19.71, 14.11.  IR (thin film): 3384, 2958, 2930, 2873, 1720, 1639, 1613, 1515, 1481, 

1454, 1435, 1392, 1362, 1276, 1208, 1176, 1108, 1019 cm
-1

. HRMS (ESI-TOF) calculated for 

C18H28N2O3 [M+H]
+
 requires m/z 321.2173, found 321.2171.  

 

Solvent regioselectivity effects: Under modified reaction conditions (MeCN (0.25 M), 20 eq. H2O) 

the regioselectivity of the C-H arylation protocol was observed to be 10:1 48A:48B (53% yield).  

 

 
 

Methyl 4-((3-(tert-butyl)-1-isopropylureido)methyl)benzoate (49). An 8 mL vial equipped with 

a magnetic stirring bar was charged with N-Bac isopropylmethylamine (172 mg, 1.0 mmol, 2.0 

equiv.), methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Water (360 µL, 20 mmol, 40 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred for 24 h with cooling by fan.  The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with five portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 10% EtOAc/toluene 

to afford the title compound as a crystalline solid (125 mg, 0.41 mmol, 82% yield). 1
H NMR (500 

MHz, CDCl3): δ 8.00 (d, J = 8.3 Hz, 2H, 2 × C(4)H), 7.34 (d, J = 8.1 Hz, 2H, 2 × C(5)H), 4.59 

(hept, J = 6.8 Hz, 1H, C(8)H), 4.32 (s, 2H, C(7)H2), 4.01 (br. s, 1H, NH), 3.89 (s, 3H, C(1)H3), 

1.18 (br. s, 9H, 3 × C(12)H3), 1.10 (d, J = 6.8 Hz, 6H, 2 × C(9)H3). 
13

C NMR (125 MHz, CDCl3): 

 166.84, 157.28, 144.82, 130.12, 129.24, 126.34, 52.17, 50.86, 45.71, 44.99, 29.39, 20.87. IR 

(thin film): 3444, 2965, 2925, 1703, 1655, 1610, 1517, 1454, 1422, 1391, 1363, 1328, 1278, 1211, 

1175, 1108, 1064, 1015 cm
-1

. HRMS (ESI-TOF) calculated for C17H26N2O3 [M+H]
+
 requires m/z 

307.2016, found 307.2019.  
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tert-Butyl-2-(4-(methoxycarbonyl)phenyl)-5-methylpyrrolidine-1-carboxylate (50). An 8 mL 

vial equipped with a magnetic stirring bar was charged with methyl 4-bromobenzoate (108 mg, 

0.50 mmol, 1.0 equiv.), tert-butyl 2-methylpyrrolidine-1-carboxylate (185 mg, 1.0 mmol, 2.0 

equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (3.0 

mL) and 3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 10 

minutes before addition). Water (540 µL, 30.0 mmol, 60 equiv.) was added before the mixture was 

degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 cm 

away from a 34 W blue LED and stirred for 24 h with cooling by fan. The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with five portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 5% EtOAc/hexanes 

to afford the title compound as a colorless oil (99 mg, 0.31 mmol, 62% yield, 1:1 d.r. (A:B, 1:1), 

mixtures of rotamers 2:1 A1:A2 and B1(major):B2(minor)). 
1
H NMR (500 MHz, CDCl3): δ 8.00–

7.93 (m, 8H, 2 × C(4)H, A1+2 and B1+2), 7.29 (d, J = 8.1 Hz, 4H, 2 × C(5)H, B1+2), 7.18 (d, J = 

8.1 Hz, 4H, 2 × C(5)H, A1+2), 5.01 (d, J = 8.6 Hz, 1H, C(7)H, A2), 4.97–4.67 (m, 3H, C(7)H, A1 

and B1+2), 4.28 (m, 1H, C(10)H, A1), 4.21–3.97 (m, 3H, C(10)H, A2 and B1+2), 3.89–3.85 (m, 

12H, C(1)H3, A1+2 and B1+2), 2.50–2.37 (m, 2H, C(8)Ha, A1+2), 2.30–2.22 (m, 2H, C(8)Ha, 

B1+2), 2.13–1.99 (m, 4H, C(9)Ha, A1+2 and B1+2), 1.89–1.79 (m, 2H, C(8)Hb, B1+2), 1.72–1.63 

(m, 2H, C(8)Hb, A1+2), 1.61–1.55 (m, 2H, C(9)Hb, B1+2), 1.54–1.48 (m, 2H, C(9)Hb, A1+2), 

1.48–1.04 (br. m, 48H, C(11)H3 and 3 × C(14)H3, A1+2 and B1+2). 
13

C NMR (125 MHz, CDCl3): 

 167.17, 167.12 (2A1+2 + 2B1+2), 154.64 (12B1+2), 154.06 (12A2), 153.88 (12A1), 151.01 

(6A1), 150.76 (6B1+2), 149.73 (6A2), 129.90 (4A2), 129.78 (4B1+2), 129.67 (4A1), 128.56, 

128.53, 128.49 (3A1+2 + 3B1+2), 125.62 (5B1+2), 125.39 (5A1), 125.28 (5A2), 79.61 (13A2), 

79.51 (13B1+2), 79.36 (13A1), 63.04 (7B1), 62.72 (7B2), 61.55 (7A1), 61.05 (7A2), 54.74, 54.02 

(10A1+2 + 10B1+2), 52.16, 52.13, 52.10 (1A1+2 + 1B1+2), 34.74 (8B1), 33.85 (8B2), 32.52 

(8A1), 32.26 (9B1+2), 31.77 (8A2), 29.95 (9A2), 29.25 (9A1), 28.61, 28.22 (14A1+2 + 14B1+2), 

21.46 (11B2), 21.14 (11B1), 20.72 (11A2), 19.90 (11A1). IR (thin film): 2973, 1721, 1683, 1611, 

1436, 1386, 1366, 1276, 1167, 1109, 1085, 1018 cm
-1

. HRMS (ESI-TOF) calculated for 

C18H25NO4 [M+Na]
+
 requires m/z 342.1676, found 342.1679.  
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Methyl 4-(tetrahydrofuran-2-yl)benzoate (51). An 8 mL vial equipped with a magnetic stirring 

bar was charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Tetrahydrofuran (203 µL, 2.5 mmol, 5.0 equiv.) and water (360 µL, 20 

mmol, 40 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-

backfill-thaw. The reaction was sealed and placed ~6 cm away from two 34 W blue LEDs and 

stirred for 24 h with cooling by fan.  The reaction mixture was removed from the light, diluted 

with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. 

The combined organic layers were dried over Na2SO4, filtered, and concentrated. The residue was 

purified by flash chromatography eluting with 10% EtOAc/hexanes to afford the title compound as 

a colorless oil (78 mg, 0.38 mmol, 76% yield). 1
H NMR (500 MHz, CDCl3): δ 8.00 (d, J = 8.4 Hz, 

2H, 2 × C(4)H), 7.39 (d, J = 8.2 Hz, 2H, 2 × C(5)H), 4.94 (dd, J = 7.2, 7.2 Hz, 1H, C(7)H), 4.11 

(dt, J = 8.4, 6.9 Hz, 1H, C(10)Ha), 3.96 (dt, J = 8.0, 7.1 Hz, 1H, C(10)Hb), 3.90 (s, 3H, C(1)H3), 

2.36 (m, 1H, C(8)Ha), 2.01–1.97 (m, 2H, C(9)H2), 1.77 (m, 1H, C(8)Hb). 
13

C NMR (125 MHz, 

CDCl3):  167.16, 149.09, 129.80, 129.04, 125.56, 80.32, 69.00, 52.18, 34.85, 26.10. IR (thin 

film): 2952, 2876, 1718, 1612, 1435, 1409, 1308, 1274, 1190, 1176, 1109, 1057, 1018 cm
-1

. 

HRMS (ESI-TOF) calculated for C12H14O3 [M+H]
+
 requires m/z 207.1016, found 207.1017. The 

spectroscopic properties of this compound are consistent with data reported in the literature.
49

 

 

 
 

Methyl 4-(oxetan-2-yl)benzoate (52). An 8 mL vial equipped with a magnetic stirring bar was 

charged with methyl 4-bromobenzoate (108 mg, 0.50 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 3-

acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (1.2 mg, 5.0 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (1.4 mg, 5.0 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1.0 mL, sonicated for 10 

minutes before addition). Oxetane (228 µL, 3.5 mmol, 7.0 equiv.) and water (360 µL, 20 mmol, 40 
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equiv.) were added before the mixture was degassed via two cycles of freeze-pump-backfill-thaw. 

The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred for 36 h with 

cooling by fan.  The reaction mixture was removed from the light, diluted with aq. NaHCO3 and 

EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The combined organic 

layers were dried over Na2SO4, filtered, and concentrated. The residue was purified by flash 

chromatography eluting with 10% EtOAc/hexanes to afford the title compound as a colorless oil 

(51 mg, 0.26 mmol, 53% yield). 1
H NMR (500 MHz, CDCl3): δ 8.06 (d, J = 8.2 Hz, 2H, 2 × 

C(4)H), 7.49 (d, J = 8.1 Hz, 2H, 2 × C(5)H), 5.86 (dd, J = 7.6, 7.6 Hz, 1H, C(7)H), 4.85 (ddd, J = 

7.9, 5.9, 5.9 Hz, 1H, C(9)Ha), 4.68 (ddd, J = 9.2, 5.8, 5.8 Hz, 1H, C(9)Hb), 3.92 (s, 3H, C(1)H3), 

3.07 (m, 1H, C(8)Ha), 2.62 (m, 1H, C(8)Hb). 
13

C NMR (125 MHz, CDCl3):  167.04, 148.84, 

130.01, 129.58, 125.02, 82.37, 68.58, 52.25, 30.75. IR (thin film): 2954, 2890, 1717, 1612, 1436, 

1408, 1275, 1192, 1106, 1064, 1018 cm
-1

. HRMS (EI) calculated for C11H12O3 [M]
+
 requires m/z 

192.0781, found 192.0781.  

 

 
 

Methyl 4-(4-methylbenzyl)benzoate (53). An 8 mL vial equipped with a magnetic stirring bar 

was charged with methyl 4-bromobenzoate (53.8 mg, 0.25 mmol, 1.0 equiv.) and 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.8 mg, 2.5 µmol, 1.0 mol%). Anhydrous DMSO (0.5 mL) and 3-

acetoxyquinuclidine (43 µL, 0.28 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (0.6 mg, 2.5 µmol, 1.0 mol%) and nickel(II) bromide trihydrate (0.7 mg, 2.5 µmol, 

1.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (0.5 mL, sonicated for 10 

minutes before addition). Xylene (154 µL, 1.25 mmol, 5.0 equiv.) and water (135 µL, 7.5 mmol, 

30 equiv.) were added before the mixture was degassed via two cycles of freeze-pump-backfill-

thaw. The reaction was sealed and placed ~6 cm away from a 34 W blue LED and stirred for 24 h 

with cooling by fan.  The reaction mixture was removed from the light, diluted with aq. NaHCO3 

and EtOAc, and the aqueous layer was extracted with three portions of EtOAc. The combined 

organic layers were dried over Na2SO4, filtered, and concentrated. A 54% in situ yield was 

obtained by 
1
H NMR spectroscopy against 1,3-benzodioxole as an internal standard. 

1
H NMR (500 

MHz, CDCl3): δ 7.95 (d, J = 8.4 Hz, 2H, 2 × C(4)H), 7.25 (d, J = 8.4 Hz, 2H, 2 × C(5)H), 7.11 (d, 

J = 7.8 Hz, 2H, 2 × C(10)H), 7.07 (d, J = 8.1 Hz, 2H, 2 × C(9)H), 3.99 (s, 2H, C(7)H2), 3.90 (s, 

3H, C(1)H3), 2.33 (s, 3H, C(12)H3). 
13

C NMR (125 MHz, CDCl3):  167.21, 146.97, 137.20, 

136.04, 129.92, 129.41, 129.00, 128.95, 128.11, 52.14, 41.63, 21.16. The spectroscopic properties 

of this compound are consistent with data reported in the literature.
50 

 

During the course of our studies, we were intrigued to find that using modified reaction conditions 

in the absence of 3-acetoxyquinuclidine (2 equiv. xylene, 1 equiv. methyl 4-bromobenzoate, 1 
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mol% nickel(II) bromide trihydrate, 1 mol% 4,7-dimethoxy-1,10-phenanthroline, 1 mol% 

Ir[dF(CF3)ppy]2(dtbbpy)PF6, 2 equiv. Na2CO3, MeCN (0.25 M), fan cooling, 24 h) a 74% in situ 

yield was obtained by 
1
H NMR spectroscopy against 1,3-benzodioxole as an internal standard. 

Under these conditions an alternative mechanism appears to be operative and we spectulate that 

bromine radical, generated from bromide, is responsible for the HAT event. 

 

 
 

1-(tert-Butyl)-2-methyl-5-(4-(trifluoromethyl)phenyl)pyrrolidine-1,2-dicarboxylate. An 8 mL 

vial equipped with a magnetic stirring bar was charged with 1-bromo-4-(trifluoromethyl)benzene 

(113 mg, 0.50 mmol, 1.0 equiv.), N-Boc-L-proline methyl ester (229 mg, 1.0 mmol, 2.0 equiv.) 

and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 5.0 µmol, 1.0 mol%). Anhydrous DMSO (1.0 mL) and 

3-acetoxyquinuclidine (85 µL, 0.55 mmol, 1.1 equiv.) were added. 4,7-Dimethoxy-1,10-

phenanthroline (2.4 mg, 10.0 µmol, 2.0 mol%) and nickel(II) bromide trihydrate (2.7 mg, 10.0 

µmol, 2.0 mol%) were added as a 0.50 M stock solution in anhydrous DMSO (1 mL, sonicated for 

10 minutes before addition). Water (450 µL, 25.0 mmol, 50 equiv.) was added before the mixture 

was degassed via two cycles of freeze-pump-backfill-thaw. The reaction was sealed and placed ~6 

cm away from a 34 W blue LED and stirred for 48 h with cooling by fan. The reaction mixture was 

removed from the light, diluted with aq. NaHCO3 and EtOAc, and the aqueous layer was extracted 

with five portions of EtOAc. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The residue was purified by flash chromatography eluting with 1% acetone/hexanes 

and then dried under high vacuum (100 mTorr) at 65 °C for 3 h to afford the title compound as a 

colorless oil (123 mg, 0.33 mmol, 66% yield, 4:1 d.r. (A:B, 4:1), mixtures of rotamers 1.1:1 A1:A2 

and 1.2:1 B1:B2). 
1
H NMR (500 MHz, CDCl3): δ 7.71–7.66 (m, 4H, 2 × C(4)H, B1+2), 7.61–7.54 

(m, 8H, 2 × C(3)H, A1+2 + B1+2), 7.32–7.24 (m, 4H, 2 × C(4)H, A1+2), 5.22 (d, J = 8.7 Hz, 1H, 

C(6)H, A1), 5.08 (dd, J = 8.7, 1.8 Hz, 1H, C(6)H, A2), 5.01 (dd, J = 8.1, 4.1 Hz, 1H, C(6)H, B2), 

4.80 (dd, J = 7.3, 7.3 Hz, 1H, C(6)H, B1), 4.64 (dd, J = 9.0, 1.8 Hz, 1H, C(9)H, A2), 4.56–4.48 

(m, 2H, C(9)H, A1 + B1), 4.38 (dd, J = 7.6, 7.6 Hz, 1H, C(9)H, B2), 3.81 (s, 6H, C(11)H3, B1+2),  

3.77 (s, 3H, C(11)H3, A1/2), 3.77 (s, 3H, C(11)H3, A1/2), 2.57–2.45 (m, 2H, C(7)Hb, A1+2), 

2.40–2.31 (m, 2H, 1 × C(7)H2, B1+2), 2.30–2.19 (m, 4H, C(8)Ha (A1+2) and 1 × C(8)H2 (B1+2)), 

2.10–1.86 (m, 6H, C(8)Hb (A1+2), 1 × C(8)H2 (B1+2) and 1 × C(7)H2 (B1+2)), 1.82–1.72 (m, 2H, 

C(7)Ha, A1+2), 1.40 (s, 18H, 3 × C(14)H3, A1/2 + B1/2), 1.19 (s, 9H, 3 × C(14)H3, A1/2), 1.14 (s, 

9H, 3 × C(14)H3, B1/2). 
13

C NMR (125 MHz, CDCl3):  173.77 (10B2), 173.68 (10B1), 173.44 

(10A1), 173.13 (10A2), 154.28 (12B1), 154.20 (12A2), 153.84 (12B2), 153.69 (12A1), 148.68 
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(5A2), 148.33 (5B1), 147.67 (5A1), 147.32 (5B2), 129.28 (q, J = 32.3 Hz, 2A1), 129.25 (q, J = 

32.3 Hz, 2A2), 129.12 (q, J = 32.3 Hz, 2B1+2), 126.73 (4B1), 126.46 (4B2), 125.78 (4A2), 125.75 

(4A1), 125.67 (q, J = 3.8 Hz, 3A1/2), 125.52 (q, J = 4.0 Hz, 3B1/2), 125.40 (q, J = 3.8 Hz, 3A1/2), 

125.25 (q, J = 3.9 Hz, 3B1/2), 124.44 (q, J = 271.8 Hz, 1B1+2), 124.32 (q, J = 272.0 Hz, 1A1/2), 

124.29 (q, J = 271.9 Hz, 1A1/2), 80.85 (13B1/2), 80.75 (13A1), 80.56 (13A2 + 13B1/2), 62.69 

(6B1), 61.96 (6B2), 61.33 (6A2), 61.07 (6A1), 60.77 (9B2), 60.38 (9A1), 60.26 (9B1), 59.95 

(9A2), 52.44, 52.27 (11A1+2 + 11B1+2), 35.55 (7B1), 34.45 (7B2), 33.51 (7A2), 32.54 (7A1), 

29.09 (8B2), 28.83 (8B1), 28.36 (14A1/2), 28.32 (14B1/2), 28.17 (8A1), 28.15 (14A1/2), 28.09 

(14B1/2), 27.27 (8A2). 
19

F NMR (282 MHz, CDCl3):  -62.32 (s, B1/2), -62.34 (s, A1/2), -62.40 

(s, B1/2), -62.43 (s, A1/2). IR (thin film): 2975, 1746, 1698, 1620, 1420, 1382, 1366, 1323, 1257, 

1216, 1199, 1158, 1114, 1066, 1016 cm
-1

. HRMS (ESI-TOF) calculated for C18H22F3NO4 [M+Na]
+
 

requires m/z 396.1393, found 396.1395. The relative stereochemistry of the major diastereomer A 

of the title compound was corroborated by nOe experiments (as indicated on the compound 

structure). No significant nOe was observed between C(4)H and C(7)Hb or C(8)Hb. No significant 

nOe was observed between C(9)H and C(8)Hb. 

 

 
 

1-(tert-Butoxycarbonyl)-5-(4-(trifluoromethyl)phenyl)pyrrolidine-2-carboxylic acid (55). A 50 

mL round-bottomed flask equipped with a magnetic stirring bar was charged with 1-(tert-butyl)-2-

methyl-5-(4-(trifluoromethyl)phenyl)pyrrolidine-1,2-dicarboxylate (400 mg, 1.1 mmol, 1.0 equiv.), 

THF (7 mL) and H2O (3.5 mL). LiOH (128 mg, 5.4 mmol, 5.0 equiv.) was added and the solution 

was stirred at room temperature for 10 h. The reaction mixture was concentrated in vacuo to 

remove the THF and was then diluted with H2O (100 mL) and Et2O (50 mL). The aqueous portion 

was further extracted with Et2O (50 mL) and was then acidified to pH 4 by addition of 1 M aq. 

HCl. The acidified aqueous portion was extracted with Et2O (3 × 75 mL) and these organic 

extracts were combined, washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo 

to afford the title compound as a white solid (347 mg, 0.97 mmol, 90% yield, 6:1 d.r. (A:B, 6:1), 

mixtures of rotamers 2:1 A1:A2 and B1(major):B2(minor)). 
1
H NMR (500 MHz, CDCl3): δ 7.62–

7.56 (m, 8H, 2 × C(3)H, A1+2 + B1+2), 7.37 (d, J = 7.9 Hz, 4H, 2 × C(4)H, B1+2), 7.30 (d, J = 

8.0 Hz, 2H, 2 × C(4)H, A2), 7.24 (d, J = 8.1 Hz, 2H, 2 × C(4)H, A1), 5.23 (d, J = 8.7 Hz, 1H, 

C(6)H, A2), 5.02 (d, J = 8.5 Hz, 1H, C(6)H, A1), 4.76 (dd, J = 6.7, 6.7 Hz, 2H, C(6)H, B1+2), 

4.72 (d, J = 8.6 Hz, 1H, C(9)H, A1), 4.61–4.53 (m, 3H, C(9)H, A2 + B1+2), 2.58–2.45 (m, 4H, 

C(7)Hb (A1+2) and 1 × C(7)H2 (B1+2)), 2.42–2.26 (m, 4H, C(8)Ha (A1+2) and 1 × C(8)H2 
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(B1+2)), 2.23–2.04 (m, 4H, C(8)Hb (A1+2) and 1 × C(8)H2 (B1+2)), 2.00–1.89 (m, 2H, 1 × 

C(7)H2, B1+2), 1.87–1.77 (m, 2H, C(7)Ha, A1+2), 1.43 (s, 18H, 3 × C(13)H3, A2 + B1/2), 1.21 (s, 

9H, 3 × C(13)H3, A1), 1.15 (s, 9H, 3 × C(13)H3, B1/2). 
13

C NMR (125 MHz, CDCl3):  179.04 

(10B2), 178.89 (10A2), 176.76 (10A1), 175.74 (10B1), 155.95 (11B1), 155.08 (11A1), 153.87 

(11B2), 153.70 (11A2), 148.16 (5A1), 147.61 (5B1), 147.46 (5A2), 147.12 (5B2), 129.48 (q, J = 

33.0 Hz, 2B1+2), 129.42 (q, J = 32.4 Hz, 2A1), 129.37 (q, J = 32.4 Hz, 2A2), 126.52 (4B1), 

126.44 (4B2), 125.75 (4A2), 125.70 (4A1), 125.49 (q, J = 3.8 Hz, 3A1/2), 124.30 (q, J = 271.9 Hz, 

1A2), 124.25 (q, J = 271.9 Hz, 1A1), 82.00 (12B1), 81.46 (12A1), 81.33 (12B2), 81.19 (12A2), 

63.09 (6B1), 62.08 (6B2), 61.58 (6A1), 61.07 (6A2), 60.79 (9B1), 60.74 (9B2), 60.18 (9A2), 60.02 

(9A1), 35.65 (7B1), 34.51 (7B2), 33.51 (7A1), 32.53 (7A2), 29.10 (8B2), 28.35 (13A2), 28.15 

(13A1), 28.06 (8A2), 27.85 (8B1), 26.69 (8A1). 
19

F NMR (282 MHz, CDCl3):  -62.37 (s), -62.42 

(s), -62.43 (s). IR (thin film): 2984, 1753, 1636, 1419, 1373, 1325, 1243, 1159, 1141, 1113, 1067 

cm
-1

. HRMS (ESI-TOF) calculated for C17H20F3NO4 [M+Na]
+
 requires m/z 382.1237, found 

382.1236. The carbon peaks for 3A1/2, 3B1+2, 1B1+2 and 13B1+2 could not be identified due to 

overlapping signals/the low quantity of the minor diastereomer. The relative stereochemistry of the 

major diastereomer A of the title compound was corroborated by nOe experiments (as indicated 

on the compound structure). No significant nOe was observed between C(4)H and C(7)Hb or 

C(8)Hb. No significant nOe was observed between C(9)H and C(8)Hb. 

 

 
 

tert-Butyl-2-(2-fluoropyridin-4-yl)-5-(4-(trifluoromethyl)phenyl)pyrrolidine-1-carboxylate 

(56). A 40 mL vial equipped with a magnetic stirring bar was charged with 1-(tert-

butoxycarbonyl)-5-(4-(trifluoromethyl)phenyl)pyrrolidine-2-carboxylic acid (108 mg, 0.30 mmol, 

1.0 equiv.), NiCl2.glyme (6.6 mg, 30.0 µmol, 10 mol%.), 4,4’-di-tert-butyl-2,2’dipyridyl (12.1 mg, 

45.0 µmol, 15 mol%), Cs2CO3 (98 mg, 0.30 mmol, 1.0 equiv.) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 

(3.4 mg, 3.0 µmol, 1.0 mol%). 4-Bromo-2-fluoropyridine (79 mg, 0.45 mmol, 1.5 equiv.) in 

anhydrous DMF (15 mL) was added and the reaction mixture was degassed by sparging the 

solution with N2 for 20 minutes. The reaction was sealed, placed between two 34 W blue LEDs 

(approx. 6 cm from each) and stirred for 24 h with cooling by fan. The reaction mixture was 

removed from the light and diluted with aq. NaHCO3 (30 mL) and EtOAc (30 mL). The layers 

were separated and the aqueous layer was further extracted with three portions of EtOAc (3 × 30 

mL). The combined organic layers were washed with water (50 mL) and brine (50 mL), dried over 

Na2SO4, filtered, and concentrated. The residue was purified by flash chromatography eluting with 
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10-15% EtOAc/hexanes to afford the title compound as a colorless oil (90 mg, 0.22 mmol, 73% 

yield, 4:1 d.r. (A:B, 4:1), A: mixture of rotamers 1.1:1 A1:A2, B: rotameric but peaks unresolved). 
1
H NMR (500 MHz, CDCl3): δ 8.18 (dd, J = 9.8, 5.1 Hz, 3H, C(13)H, A1+2 + B), 7.65–7.56 (m, 

6H, 2 × C(3)H, A1+2 + B), 7.50–7.38 (br. m, 2H, 2 × C(4)H, B), 7.34–7.28 (m, 4H, 2 × C(4)H, 

A1+2), 7.16 (br. m, 1H, C(14)H, B), 7.09–7.04 (m, 2H, C(14)H, A1+2), 6.90 (br. m, 1H, C(11)H, 

B), 6.82–6.75 (br. m, 2H, C(11)H, A1+2), 5.34 (d, J = 7.3 Hz, 1H, C(6)H, A2), 5.29 (d, J = 8.0 

Hz, 1H, C(9)H, A1), 5.19 (d, J = 7.8 Hz, 1H, C(6)H, A1), 5.15 (d, J = 7.6 Hz, 1H, C(9)H, A2), 

5.01 (br. m, 2H, C(6)H and C(9)H, B), 2.52–2.36 (m, 6H, C(7)Ha and C(8)Ha, A1+2 + B), 2.11–

1.91 (m, 2H, C(7)Hb and C(8)Hb, B), 1.83–1.71 (m, 4H, C(7)Hb and C(8)Hb, A1+2), 1.26–1.12 

(m, 27H, 3 × C(17)H3, A1+2 + B). 
13

C NMR (125 MHz, CDCl3):  164.38 (d, J = 238.5 Hz, 

12A1), 164.32 (d, J = 238.9 Hz, 12A2), 164.27 (d, J = 238.4 Hz, 12B), 160.03 (d, J = 7.2 Hz, 

10A2), 158.88 (d, J = 7.2 Hz, 10A1), 155.44 (15B), 153.72 (15A1), 153.41 (15A2), 148.46 (5A1), 

147.95 (d, J = 15.4 Hz, 13A1/2), 147.90 (d, J = 15.3 Hz, 13A1/2), 147.25 (5A2), 129.45 (q, J = 

32.4 Hz, 2A1/2), 129.43 (q, J = 32.4 Hz, 2A1/2), 126.60 (4B), 125.76 (q, J = 3.7 Hz, 3A1/2), 

125.63 (4A1), 125.57 (4A2), 125.51 (q, J = 3.8 Hz, 3A1/2), 124.25 (q, J = 271.9 Hz, 1A2), 124.21 

(q, J = 271.9 Hz, 1A1), 119.21 (14B), 118.64 (d, J = 3.8 Hz, 14A1), 118.48 (d, J = 3.8 Hz, 14A2), 

107.13 (d, J = 38.2 Hz, 11B), 106.25 (d, J = 38.1 Hz, 11A1), 106.18 (d, J = 37.9 Hz, 11A2), 81.09 

(16B), 80.86 (16A2), 80.77 (16A1), 62.01 (6A1), 61.51 (6A2), 61.29 (d, J = 2.9 Hz, 9A2), 60.83 

(d, J = 3.0 Hz, 9A1), 32.24 (8A1), 31.66 (7A2), 31.44 (8A2), 30.91 (7A1), 28.16 (17B), 28.14 

(17A1/2), 28.08 (17A1/2). 
19

F NMR (282 MHz, CDCl3):  -62.35 (s), -62.42 (s), -67.99 (s), -68.10 

(s). IR (thin film): 2976, 1738, 1694, 1611, 1572, 1480, 1411, 1379, 1366, 1323, 1161, 1112, 1067, 

1015 cm
-1

. HRMS (ESI-TOF) calculated for C21H22F4N2O2 [M+H]
+
 requires m/z 411.1690, found 

411.1689. Due to the highly rotameric nature of diastereomer B of the title compound only 

characteristic 
13

C signals are provided. The relative stereochemistry of the major diastereomer A 

of the title compound was corroborated by nOe experiments (as indicated on the compound 

structure). No significant nOe was observed between C(6)H and C(9)H. 
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V. Cyclic Voltammetry Data 

 

Cyclic voltammetry was performed on a CH Instruments Electrochemical Analyzer (CHI600E). A 

0.005 M CH3CN solution of 3-acetoxyquinuclidine 3 was prepared with 0.1 M tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte and the solution was sparged with N2 for 15 

minutes. The cyclic voltammogram was obtained using a glassy carbon working electrode, a Pt 

counter electrode, and a saturated calomel reference electrode. Scan rate = 0.05 V/s. 

 

 
 

Figure S1. Cyclic voltammogram of HAT reagent 3 shows an irreversible oxidation event at 

+1.22 V vs. SCE in CH3CN, which corresponds to the generation of amine radical cation 5.  

 
 

 

 

 

 

 

 

 

 

 

 



S50 

VI. NMR Spectral Data for Novel Compounds 

 

 

 

 

3 



S51 

 

 

 

 



S52 

 

 

 



S53 

 

 



S54 

 

 



S55 

 

 

 

 

16 



S56 

 

 

 

 

17 



S57 

 

 

 

 

22 



S58 

 

 

 

 

25 



S59 

 

 

 

 

28 



S60 

 

 

 

 

29

 



S61 

 

 

 

 

30

 



S62 

 

 

 

 

31

 



S63 

 

 

 

 

32 



S64 

 

 

 

 

33

 



S65 

 

 

 

 

34

 



S66 

 

 

35 



S67 

 

 

 

 

36

 



S68 

 

 

 

 



S69 

 

 

 

 

37

 



S70 

 

 

 

 

39

 



S71 

  

 

 

 

40

 



S72 

 

 

 

 

41

 



S73 

   

 

 

 

42

 



S74 

  

 

 

 

43

 



S75 

 

 

 

 

44

 



S76 

 

 

45

 



S77 

 

 

 

 

46

 



S78 

 

 

47 



S79 

 

 

48

 



S80 

 

 

49 



S81 

 

 

 

 

50

 



S82 

 

 

52

 



S83 

  

 

 

 



S84 

 

 

 

 

55

 



S85 

 

 

 

 

56

 



VII. REFERENCES 

1. M. Beller, C. Bolm, Transition Metals for Organic Synthesis, Vol. 1 (Wiley-VCH, Weinheim, 
2004. 

2. A. De Meijere, F. Diederich, Metal-Catalyzed Cross-Coupling Reactions, Vol. 1 (Wiley-VCH, 
Weinheim, 2004). 

3. A. de Meijere, F. E. Meyer, Fine feathers make fine birds: The Heck reaction in modern garb. 
Angew. Chem. Int. Ed. Engl. 33, 2379–2411 (1995). doi:10.1002/anie.199423791 

4. L. J. Goossen, G. Deng, L. M. Levy, Synthesis of biaryls via catalytic decarboxylative cou-
pling. Science 313, 662–664 (2006). doi:10.1126/science.1128684 Medline 

5. N. Rodríguez, L. J. Goossen, Decarboxylative coupling reactions: A modern strategy for C-C-
bond formation. Chem. Soc. Rev. 40, 5030–5048 (2011). doi:10.1039/c1cs15093f Med-
line 

6. L. L. Anka-Lufford, M. R. Prinsell, D. J. Weix, Selective cross-coupling of organic halides 
with allylic acetates. J. Org. Chem. 77, 9989–10000 (2012). doi:10.1021/jo302086g 
Medline 

7. J. C. Lo, J. Gui, Y. Yabe, C.-M. Pan, P. S. Baran, Functionalized olefin cross-coupling to con-
struct carbon-carbon bonds. Nature 516, 343–348 (2014). doi:10.1038/nature14006 Med-
line 

8. Z. Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C. MacMillan, Merging 
photoredox with nickel catalysis: Coupling of -carboxyl sp3-carbons with aryl halides. 
Science 345, 437–440 (2014). doi:10.1126/science.1255525 Medline 

9. V. G. Zaitsev, D. Shabashov, O. Daugulis, Highly regioselective arylation of sp3 C-H bonds 
catalyzed by palladium acetate. J. Am. Chem. Soc. 127, 13154–13155 (2005). 
doi:10.1021/ja054549f Medline 

10. S. J. Pastine, D. V. Gribkov, D. Sames, sp3 C-H bond arylation directed by amidine protect-
ing group: α-arylation of pyrrolidines and piperidines. J. Am. Chem. Soc. 128, 14220–
14221 (2006). doi:10.1021/ja064481j Medline 

11. J. He, S. Li, Y. Deng, H. Fu, B. N. Laforteza, J. E. Spangler, A. Homs, J.-Q. Yu, Ligand-
controlled C(sp³)-H arylation and olefination in synthesis of unnatural chiral α-amino ac-
ids. Science 343, 1216–1220 (2014). doi:10.1126/science.1249198 Medline 

12. F.-L. Zhang, K. Hong, T.-J. Li, H. Park, J.-Q. Yu, Organic chemistry. Functionalization of 
C(sp3)-H bonds using a transient directing group. Science 351, 252–256 (2016). 
doi:10.1126/science.aad7893 Medline 

13. J. J. Topczewski, P. J. Cabrera, N. I. Saper, M. S. Sanford, Palladium-catalysed transannular 
C-H functionalization of alicyclic amines. Nature 531, 220–224 (2016). 
doi:10.1038/nature16957 Medline 

14. M. Lee, M. S. Sanford, Platinum-catalyzed, terminal-selective C(sp(3))-H oxidation of ali-
phatic amines. J. Am. Chem. Soc. 137, 12796–12799 (2015). doi:10.1021/jacs.5b09099 
Medline 

S86 
 

http://dx.doi.org/10.1002/anie.199423791
http://dx.doi.org/10.1126/science.1128684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16888137&dopt=Abstract
http://dx.doi.org/10.1039/c1cs15093f
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21792454&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21792454&dopt=Abstract
http://dx.doi.org/10.1021/jo302086g
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23095043&dopt=Abstract
http://dx.doi.org/10.1038/nature14006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25519131&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25519131&dopt=Abstract
http://dx.doi.org/10.1126/science.1255525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24903563&dopt=Abstract
http://dx.doi.org/10.1021/ja054549f
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16173737&dopt=Abstract
http://dx.doi.org/10.1021/ja064481j
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17076471&dopt=Abstract
http://dx.doi.org/10.1126/science.1249198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24626923&dopt=Abstract
http://dx.doi.org/10.1126/science.aad7893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26816374&dopt=Abstract
http://dx.doi.org/10.1038/nature16957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26886789&dopt=Abstract
http://dx.doi.org/10.1021/jacs.5b09099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26439251&dopt=Abstract


15. J. C. Lewis, P. S. Coelho, F. H. Arnold, Enzymatic functionalization of carbon-hydrogen 
bonds. Chem. Soc. Rev. 40, 2003–2021 (2011). doi:10.1039/C0CS00067A Medline 

16. J. J. Warren, T. A. Tronic, J. M. Mayer, Thermochemistry of proton-coupled electron transfer 
reagents and its implications. Chem. Rev. 110, 6961–7001 (2010). 
doi:10.1021/cr100085k Medline 

17. J. M. Mayer, Understanding hydrogen atom transfer: From bond strengths to Marcus theory. 
Acc. Chem. Res. 44, 36–46 (2011). doi:10.1021/ar100093z Medline 

18. M. S. Chen, M. C. White, Combined effects on selectivity in Fe-catalyzed methylene oxida-
tion. Science 327, 566–571 (2010). doi:10.1126/science.1183602 Medline 

19. T. Newhouse, P. S. Baran, If C-H bonds could talk: Selective C-H bond oxidation. Angew. 
Chem. Int. Ed. 50, 3362–3374 (2011). doi:10.1002/anie.201006368 Medline 

20. K. Qvortrup, D. A. Rankic, D. W. C. MacMillan, A general strategy for organocatalytic acti-
vation of C-H bonds via photoredox catalysis: Direct arylation of benzylic ethers. J. Am. 
Chem. Soc. 136, 626–629 (2014). doi:10.1021/ja411596q Medline 

21. J. D. Cuthbertson, D. W. C. MacMillan, The direct arylation of allylic sp(3) C-H bonds via 
organic and photoredox catalysis. Nature 519, 74–77 (2015). doi:10.1038/nature14255 
Medline 

22. J. Jin, D. W. C. MacMillan, Alcohols as alkylating agents in heteroarene C-H functionaliza-
tion. Nature 525, 87–90 (2015). doi:10.1038/nature14885 Medline 

23. J. L. Jeffrey, J. A. Terrett, D. W. C. MacMillan, O-H hydrogen bonding promotes H-atom 
transfer from α C-H bonds for C-alkylation of alcohols. Science 349, 1532–1536 (2015). 
doi:10.1126/science.aac8555 Medline 

24. D. Liu, C. Liu, H. Li, A. Lei, Direct functionalization of tetrahydrofuran and 1,4-dioxane: 
Nickel-catalyzed oxidative C(sp3)–H arylation. Angew. Chem. Int. Ed. 52, 4453–4456 
(2013). doi:10.1002/anie.201300459 Medline 

25. D. Liu, Y. Li, X. Qi, C. Liu, Y. Lan, A. Lei, Nickel-catalyzed selective oxidative radical 
cross-coupling: An effective strategy for inert Csp3-H functionalization. Org. Lett. 17, 
998–1001 (2015). doi:10.1021/acs.orglett.5b00104 Medline 

26. J. M. R. Narayanam, C. R. J. Stephenson, Visible light photoredox catalysis: Applications in 
organic synthesis. Chem. Soc. Rev. 40, 102–113 (2011). doi:10.1039/B913880N Medline 

27. C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Visible light photoredox catalysis with tran-
sition metal complexes: Applications in organic synthesis. Chem. Rev. 113, 5322–5363 
(2013). doi:10.1021/cr300503r Medline 

28. D. M. Schultz, T. P. Yoon, Solar synthesis: Prospects in visible light photocatalysis. Science 
343, 1239176 (2014). doi:10.1126/science.1239176 Medline 

29. B. P. Roberts, Polarity-reversal catalysis of hydrogen-atom abstraction reactions: Concepts 
and applications in organic chemistry. Chem. Soc. Rev. 28, 25–35 (1999). 
doi:10.1039/a804291h 

30. M. S. Lowry, J. I. Goldsmith, J. D. Slinker, R. Rohl, R. A. Pascal, G. G. Malliaras, S. Bern-
hard, Single-layer electroluminescent devices and photoinduced hydrogen production 

S87 
 

http://dx.doi.org/10.1039/C0CS00067A
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21079862&dopt=Abstract
http://dx.doi.org/10.1021/cr100085k
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20925411&dopt=Abstract
http://dx.doi.org/10.1021/ar100093z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20977224&dopt=Abstract
http://dx.doi.org/10.1126/science.1183602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20110502&dopt=Abstract
http://dx.doi.org/10.1002/anie.201006368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21413105&dopt=Abstract
http://dx.doi.org/10.1021/ja411596q
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24341523&dopt=Abstract
http://dx.doi.org/10.1038/nature14255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25739630&dopt=Abstract
http://dx.doi.org/10.1038/nature14885
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26308895&dopt=Abstract
http://dx.doi.org/10.1126/science.aac8555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26316601&dopt=Abstract
http://dx.doi.org/10.1002/anie.201300459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23512429&dopt=Abstract
http://dx.doi.org/10.1021/acs.orglett.5b00104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25651336&dopt=Abstract
http://dx.doi.org/10.1039/B913880N
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20532341&dopt=Abstract
http://dx.doi.org/10.1021/cr300503r
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23509883&dopt=Abstract
http://dx.doi.org/10.1126/science.1239176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24578578&dopt=Abstract
http://dx.doi.org/10.1039/a804291h


from an ionic iridium(III) complex. Chem. Mater. 17, 5712–5719 (2005). 
doi:10.1021/cm051312+ 

31. Y.-R. Luo, Handbook of Bond Dissociation Energies in Organic Compounds (CRC Press, 
Boca Raton, FL, 2003). 

32. W.-Z. Liu, F. G. Bordwell, Gas-phase and solution-phase homolytic bond dissociation ener-
gies of H-N(+) bonds in the conjugate acids of nitrogen bases. J. Org. Chem. 61, 4778–
4783 (1996). doi:10.1021/jo950933r Medline 

33. M. Durandetti, M. Devaud, J. Perichon, New J. Chem. 20, 659 (1996). 

34. In related studies, we have demonstrated that HAT processes can be achieved using catalytic 
quantities of 3-acetoxyquinuclidine in the presence of base. 

35. For heteroaryl halides, no product was observed in the absence of nickel catalyst, supporting 
the cross-coupling mechanism outlined in Fig. 2. See supplementary materials for control 
reactions. 

36. K. R. Campos, A. Klapars, J. H. Waldman, P. G. Dormer, C. Y. Chen, Enantioselective, pal-
ladium-catalyzed α-arylation of N-Boc-pyrrolidine. J. Am. Chem. Soc. 128, 3538–3539 
(2006). doi:10.1021/ja0605265 Medline 

37. J. A. Terrett, J. D. Cuthbertson, V. W. Shurtleff, D. W. C. MacMillan, Switching on elusive 
organometallic mechanisms with photoredox catalysis. Nature 524, 330–334 (2015). 
doi:10.1038/nature14875 Medline 

38. D. D. Perrin, W. L. F. Armarego, Purification of Laboratory Chemicals (Pergamon, Oxford, 
ed. 3, 1988. 

39. W. C. Still, M. Kahn, A. Mitra, Rapid chromatographic technique for preparative separations 
with moderate resolution. J. Org. Chem. 43, 2923–2925 (1978). 
doi:10.1021/jo00408a041 

40. K.-Y. Kim, B. C. Kim, H. B. Lee, H. Shin, Nucleophilic fluorination of triflates by tetrabu-
tylammonium bifluoride. J. Org. Chem. 73, 8106–8108 (2008). doi:10.1021/jo8015659 
Medline 

41. A. Millet, D. Dailler, P. Larini, O. Baudoin, Ligand-controlled α- and β-arylation of acyclic 
N-Boc amines. Angew. Chem. Int. Ed. 53, 2678–2682 (2014). 
doi:10.1002/anie.201310904 Medline 

42. H. M. L. Davies, C. Venkataramani, Catalytic enantioselective synthesis of β2-amino acids. 
Angew. Chem. Int. Ed. 41, 2197 (2002). doi:10.1002/1521-
3773(20020617)41:12<2197::AID-ANIE2197>3.0.CO;2-N 

43. L. R. Steffel, T. J. Cashman, M. H. Reutershan, B. R. Linton, Deuterium exchange as an in-
dicator of hydrogen bond donors and acceptors. J. Am. Chem. Soc. 129, 12956–12957 
(2007). doi:10.1021/ja076185s Medline 

44. C. Quinet, L. Sampoux, I. E. Marko, Base-catalysed intramolecular hydroamination of vinyl 
sulfides. Eur. J. Org. Chem. 2009, 1806–1811 (2009). doi:10.1002/ejoc.200900009 

S88 
 

http://dx.doi.org/10.1021/cm051312+
http://dx.doi.org/10.1021/jo950933r
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11667411&dopt=Abstract
http://dx.doi.org/10.1021/ja0605265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16536525&dopt=Abstract
http://dx.doi.org/10.1038/nature14875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26266976&dopt=Abstract
http://dx.doi.org/10.1021/jo00408a041
http://dx.doi.org/10.1021/jo8015659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18808183&dopt=Abstract
http://dx.doi.org/10.1002/anie.201310904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24504659&dopt=Abstract
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3c2197::AID-ANIE2197%3e3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3c2197::AID-ANIE2197%3e3.0.CO;2-N
http://dx.doi.org/10.1021/ja076185s
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17915878&dopt=Abstract
http://dx.doi.org/10.1002/ejoc.200900009


45. Z. Zuo, D. W. C. MacMillan, Decarboxylative arylation of α-amino acids via photoredox ca-
talysis: A one-step conversion of biomass to drug pharmacophore. J. Am. Chem. Soc. 
136, 5257–5260 (2014). doi:10.1021/ja501621q Medline 

46. R. K. Dieter, S. J. Li, Copper cyanide-catalyzed palladium coupling of N-tert-
butoxycarbonyl-protected α-lithio amines with aryl iodides or vinyl iodides. J. Org. 
Chem. 62, 7726–7735 (1997). doi:10.1021/jo970985b 

47. M. B. Tait, S. Butterworth, J. Clayden, 2,2- and 2,6-Diarylpiperidines by aryl migration with-
in lithiated urea derivatives of tetrahydropyridines. Org. Lett. 17, 1236–1239 
(2015).doi:10.1021/acs.orglett.5b00199 Medline 

48. Y.-F. Wang, K. K. Toh, E. P. J. Ng, S. Chiba, Mn(III)-mediated formal [3+3]-annulation of 
vinyl azides and cyclopropanols: A divergent synthesis of azaheterocycles. J. Am. Chem. 
Soc. 133, 6411–6421 (2011).doi:10.1021/ja200879w Medline 

49. J. Luo, J. Zhang, Donor–acceptor fluorophores for visible-light-promoted organic synthesis: 
Photoredox/Ni dual catalytic C(sp3)–C(sp2) cross-coupling. ACS Catal. 6, 873–877 
(2016). doi:10.1021/acscatal.5b02204 

50. R. B. Bedford, M. Huwe, M. C. Wilkinson, Iron-catalysed Negishi coupling of benzyl hal-
ides and phosphates. Chem. Commun. (Camb.) (5): 600–602 
(2009).doi:10.1039/B818961G Medline 

S89 
 

http://dx.doi.org/10.1021/ja501621q
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24712922&dopt=Abstract
http://dx.doi.org/10.1021/jo970985b
http://dx.doi.org/10.1021/acs.orglett.5b00199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25692395&dopt=Abstract
http://dx.doi.org/10.1021/ja200879w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21449592&dopt=Abstract
http://dx.doi.org/10.1021/acscatal.5b02204
http://dx.doi.org/10.1039/B818961G
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19283304&dopt=Abstract

	aaf6635-SMrefs.pdf
	VII. REFERENCES




