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I. General Information: All flow experiments were performed using Vapourtec R4/R2 
plus chemistry system (Figure 1). All reagents and solvents were used as supplied. 1H 
NMR spectra were recorded using an internal deuterium lock at ambient temperature on a 
Varian 400 MHz spectrometer. An internal reference of δH 7.26 was used for CDCl3. 
Data are presented as follows: chemical shift (in ppm on the δ scale relatively to δTMS = 
0), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint. = quintuplet, m = 
mutiplet, br = broad, dd = doublet of doublet, dt = doublet of triplet, dq = doublet of 
quartet), coupling constant (J/Hz) and integration. 13C NMR spectra were recorded on a 
Varian 400 MHz spectrometer. An internal reference of δC 77.0 was used for CDCl3. 
Melting points were recorded on a Mel-Temp (Laboratory Devices). High resolution 
mass spectra were recorded using a Agilent 6220 mass spectrometer with electrospray 
ionization source and Agilent 1200 liquid chromatograph. The resolution of the MS 
system was approximately 11000 (FWHM definition). 
 
 
 
 

 
Figure 1. Vapourtec R4/R2 plus flow chemistry system 
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II. Reaction optimization for Ullmann coupling of 1a and 2a. 

 

III. Ullmann coupling in CTFR.  

General procedure: A solution of 1a (2.0 mmol, 1 M), 2a (2.40 mmol, 1.2 M) and 
tetrabutylammonium acetate (2.2 mmol, 2.2 M) in dry CH3CN (2 mL) was injected into a 
injection loop of the R2 unit of the Vapourtec flow system. The flow stream was pumped 
at 0.167 mL/min equating to a residence time of 120 min. The reagent stream was 
directed into CTFRs (two reactors were connected in series using 1.0 mm i.d. PFA tubing, 
each reactor has 10 mL internal volume, a 250 psi BPR was connected after CTFRs) 
heated at 150 ºC using R4 unit of the Vapourtec system. After leaving flow reactors, the 
crude reaction solution was collected by fraction collector into 20 mL glass vials. The 
leached copper was then removed by stirring the crude reaction mixture with 
QuadraPure™ TU resins (1.5 mmol/g loading, 2g) at room temperature for 2 h. Filter off 
the resin, evaporation of the solvent and flash chromatography on silica gel (0% - 10% 
EtOAc/heptane eluant) afforded the desired product as a pale yellow oil (273 mg, 74%).  
 
 
 

3a

NH2
+

I

1a 2a

copper tube (10 mL)
CH3CN, t, residence time

entrya

base (equiv.)

t (oC) residence time (min) conversionb

1

2

3

pyridine (5.0)

base (equiv.)

DIPEA (5.0)

Et3N (5.0)

150

150

150

4 DBU (3.0) 150

30

30

30

30

6 TBAA (1.1) 150 30

5 TBAA (1.1) 120

7 TBAA (1.1) 200

30

30

8c TBAA (1.1) 150 60

10c TBAA (1.1) 150 120

65%

100%

85%

0%

80%

flow rate (mL/min)

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.17

< 5%

< 5%

< 5%

0%

a Reaction conditions: 1a (2 mmol, 1 M), 2a (2.4 mmol, 1.2 M), entries 1-9 were carried out in
CTFR; b Conversion is based on 1H NMR analysis of crude materials; c Two 10 mL CTFRs
were connected in series; d Reaction was carried out in PFA tube reactor;
e Batch reaction, μwave, 400 W, CuI (10 mol %), CH3CN (1.0 M); f Batch reaction, μwave, 400
W, Cu powder (10 mol %), CH3CN (1.0 M); g Batch reaction, oil bath, CuI (10 mol %).

11d TBAA (1.1) 150 30

12e TBAA (1.1) 150 30 50%

0%0.33

-

13 f TBAA (1.1) 150 30 31%-

9c TBAA (1.1) 150 100 95%0.33

H
N

13g TBAA (1.1) 90 960 40%-
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 N-benzylaniline (3a). 1H NMR (400 MHz, CDCl3) δ 7.35 - 7.45 (m, 
4H), 7.35 - 7.28 (m, 1H), 7.26 - 7.18 (m, 2H), 6.77 (t, J = 7.33 Hz, 1H), 
6.69 (d, J = 7.58 Hz, 2H), 4.38 (s, 2H), 4.07 - 4.34 (m, 1H); 13C NMR 
(100MHz, CDCl3) δ 129.2, 128.6, 127.5, 127.2, 117.6, 112.9, 48.3. 

 
 N-benzylaniline (3b). (334 mg, 78%), pale yellow oil. 1H NMR 
(400 MHz, CDCl3) δ 7.42 - 7.31 (m, 4 H), 7.27 - 7.31 (m, 1H), 
7.09 (t, J = 8.0 Hz, 1H), 6.31 (td, J = 8.0, 1.89 Hz, 2H), 6.23 (t, J 
= 2.15 Hz, 1H), 4.52 - 4.83 (brs, NH), 4.32 (s, 2H), 3.75 (s, 3H); 

13C NMR (100MHz, CDCl3) δ 160.7, 149.4, 139.2, 129.9, 128.5, 127.4, 127.1, 105.9, 
102.5, 98.8, 54.9, 48.1. 

 
4-phenylmorpholine (3c). (247 mg, 76%), light brown solid. 1H NMR 
(400 MHz, CDCl3) δ 7.31 - 7.19 (m, 2 H), 7.09 - 6.79 (m, 3H), 3.88 (t, J 
= 4.5 Hz, 4H), 3.17 (t, J = 4.0 Hz, 4 H); 13C NMR (100MHz, CDCl3) δ 
151.2, 129.1, 120.0, 115.6, 66.9, 49.3. 

 
1-phenyl-1H-pyrazole (3d) (264 mg, 92%), colorless oil.  1H NMR (400 
MHz, CDCl3) δ 7.92 (d, J = 2.5 Hz, 1H), 7.73 - 7.68 (m, 3H), 7.48 - 7.43 
(m, 2H), 7.31 - 7.27 (m, 1H), 6.47 (t, J = 2.0 Hz, 1H). 13C NMR (100 
MHz, CDCl3) δ 141.0, 140.1, 129.4, 126.7, 126.4, 119.2, 107.5. 

 
1-phenyl-1H-indole (3e). (322 mg, 83%), colorless oil. 1H NMR (400 MHz, 
CDCl3) δ 7.44 (d, J = 7.6 Hz, 1H), 7.34 - 7.30 (m, 1H), 7.30 - 7.24 (m, 4 H), 
7.15 - 7.07 (m, 2 H), 7.00 - 6.89 (m, 2 H), 6.44 (d, 1 H); 13C NMR (100 MHz, 
CDCl3) δ 139.8, 135.8, 129.6, 129.3, 127.9, 126.4, 124.3, 122.3, 121.1, 

120.3, 110.5, 103.5.  
 
2-chloro-4-(1H-pyrazol-1-yl)pyridine (3f). (155 mg, 53%), white solid. 
1H NMR (400 MHz, CDCl3) δ δ 8.42 (d, J = 4.0 Hz, 1H), 8.01 (d, J = 2.0 
Hz, 1H) 7.79 (s, 1H), 7.72 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 2.0, 4.0 Hz), 
6.56 (dd, J = 2.8, 1.8 Hz). 13C NMR (100 MHz, CDCl3) δ 152.9, 150.7, 

147.8, 143.0, 126.8, 112.7, 111.3, 109.6; HRMS (Cl/NH3) m/z calcd for C8H6ClN3 
[M+H]+ 179.0250 found 179.0253. 

 
1-phenylpyrrolidin-2-one (3g). (305 mg, 95%), white solid. 1H NMR 
(400 MHz, CDCl3) δ 7.61 (d, J = 8.8 Hz, 2H), 7.43 - 7.31 (m, 2H), 7.20 - 
7.08 (m, 1 H), 3.87 (t, J = 6.9 Hz, 2H), 2.62 (t, J = 8.0 Hz, 2H), 2.17 
(quint., 2 H); 13C NMR (100 MHz, CDCl3) δ 174.2, 139.3, 128.7, 124.4, 
119.9, 48.7, 32.7, 18.0.  

 
1-(4-fluorophenyl)azetidin-2-one (3h). (280 mg, 85%), white solid. 
1H NMR (400 MHz, CDCl3) δ 7.43 - 7.30 (m, 2H ), 7.11 -  6.95 (m, 
2H), 3.62 (t, J = 4.4 Hz, 2H), 3.13 (t, J = 4.0 Hz, 2 H); 13C NMR (100 
MHz, CDCl3) δ 164.1, 160.2, 157.7, 134.8, 117.5, 117.4, 116.0, 115.8, 
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38.2, 36.2; HRMS (Cl/NH3) m/z calcd for C9H8FNO [M+H]+ 165.0590 found 165.0591; 
m.p. 81 °C - 83 °C. 
 
IV. Reaction optimization for Sonogashira coupling of 1a and phenylacetylene 

V. Sonogashira coupling in CTFR. 
 
General procedure: A solution of 1a (1.0 mmol, 1 M) in dry DMF (1.0 mL) and a 
solution of phenylacetylene (1.20 mmol, 1.2 M) and tetrabutylammonium acetate (1.1 
mmol, 1.1 M) in dry DMF (1.0 mL) were injected into separate injection loops of the R2 
unit of the Vapourtec flow system. Each channel containing the flow stream was pumped 
at 0.167 mL/min (at a total rate of 0.333 mL/min, equating 30 min residence time). The 
two streams were then mixed in a T-mixer before being directed into the a 10 mL CTFR 
heated at 170 ºC (a 100 psi BPR was connected after the reactor). After leaving the flow 
reactor, the crude reaction solution was collected by fraction collector into 20 mL glass 
vials. The leached copper was then removed by stirring the crude reaction mixture with 
QuadraPure™ TU resins (1.5 mmol/g loading, 2g) at room temperature for 2 h. Filter off 
the resin, evaporation of the solvent in Genervac and flash chromatography on silica gel 
(0% - 5% CH2Cl2/heptane eluant) afforded the desired product as a pale yellow oil (273 
mg, 74%).  
 
 
 
 

5a

+

I

1a

10 mL CTFR
solvent, t , residence time

base (equiv)

entrya t (oC) residence time (min) conversionb

1

2

3

n-BuNH2 (5.0)

base (equiv.)

DIPEA (5.0)

Et3N (5.0)

150

150

150

4 TBAA (1.5) 150

20 min

20 min

20 min

20 min

6c TBAA (1.1) 170

30 min5 TBAA (1.1) 170

7c TBAA (1.1) 170

30 min

8c TBAA (1.1) 170

30 min

87%

70%

75%

10%

< 5%

< 5%

72%

a Reaction conditions: 1a (1.0 mmol, 1 M), 4a (1.2 mmol, 1.2 M), entries 1-8 were experiments carried out in
CTFR; b Conversion is based on 1H NMR analysis of crude materials; c Precipitations were observed and
caused subsequent system clogging; d Reaction was carried out in PFA tube reactor; e μwave, 400 W, CuI (10
mol %), DMF (0.5 M); f μwave, 400 W, Cu powder (10 mol %), DMF (0.5 M).

9d TBAA (1.1) 170 20 min

10e TBAA (1.1) 170 30 min 84%

0%

11f TBAA (1.1) 170 30 min 10%

96%

solvent

DMF

DMF

DMF

DMF

CH3CN

EtOAc

EtOH 30 min

DMF

DMF

DMF

DMF

4a

flow rate (mL/min)

0.50

0.50

0.50

0.50

0.33

0.33

0.33
0.33

0.50

-

-
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1,2-diphenylethyne (5a). (161 mg, 90%), white solid. 1H NMR 
(400 MHz, CDCl3) δ 7.40 – 7.20 (m, 6H), 7.58 - 7.50 (m, 4H).  
 
 
 
1-chloro-2-(phenylethynyl)benzene (5b). (186 mg, 87%), colorless 

oil. 1H NMR (400 MHz, CDCl3) δ 7.63 - 7.53 (m, 2 H), 7.46 - 7.42 

(m, 1 H), 7.39 - 7.33 (m, 2 H), 7.30 - 7.21 (m, 3 H). 13C NMR (100 MHz, CDCl3) δ 

135.9, 133.2, 131.7, 129.3, 129.2, 128.6, 128.3, 126.4, 123.2, 122.9, 94.5, 86.1. 

 

1-(phenylethynyl)-2-(trifluoromethyl)benzene (5c). 1H NMR (400 

MHz, CDCl3) δ 7.68 (t, J = 7.4 Hz, 2H), 7.60 - 7.49 (m, 3H), 7.45 - 

7.34 (m, 4H).  

 

 1-methoxy-3-(phenylethynyl)benzene (5d). 1H NMR (400 

MHz, CDCl3) δ 7.57 - 7.50 (m, 2H), 7.39 - 7.31 (m, 3H), 7.29 - 

7.23 (m, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.07 (dd, J = 2.5, 1.3 Hz, 

1H), 6.87 - 6.93 (m, 1H), 3.83 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 159.3, 131.6, 

129.4, 128.32, 128.27, 124.2, 124.1, 123.1, 116.3, 114.9, 89.4, 89.1, 55.2. 

 

trimethyl(phenylethynyl)silane (5e).  1H NMR (400 MHz, CDCl3) δ 

7.50 - 7.43 (m, 2H), 7.32 – 7.28 (m, 3H), 0.25 (s, 9H).  

 

2-(phenylethynyl)pyridine (5f). 1H NMR (400 MHz, CDCl3) δ 

8.63 (d, J = 4.2 Hz, 1H), 7.68 (td, J = 7.8, 1.8 Hz, 1H), 7.65 - 7.56 

(m, 2H), 7.53 (d, J = 7.8 Hz, 1H), 7.41 - 7.31 (m, 3H), 7.24 (dd, J = 

4.0, 8.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 150.0, 143.4, 136.1, 132.0, 128.9, 128.3, 

127.1, 122.7, 122.2, 89.2, 88.5.  
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VI. Reaction optimization for decarboxylation of 5-methoxy-2-nitrobenzoic acid. 

 
VII. Decarboxylation in CTFR. 
 
General procedure: A solution of 6a (2.0 mmol, 1 M) in dry NMP (2 mL) was injected 
into a injection loop of the R2 unit of the Vapourtec flow system. The flow stream was 
pumped at 0.667 mL/min equating to a residence time of 15 min. The reagent stream was 
directed into a 10 mL CTFR (a 250 psi BPR was connected after CTFR) heated at 250 ºC 
using R4 unit of the Vapourtec system. After leaving flow reactor, the crude reaction 
solution was collected by fraction collector into 20 mL glass vials. The leached copper 
was then removed by stirring the crude reaction mixture with QuadraPure™ TU resins 
(1.5 mmol/g loading, 2g) at room temperature for 2 h. The resin was filtered off and the 
remaining solution was diluted with 20 mL methyl tert-butyl ether, and the organic phase 
was washed with half saturated sodium chloride solution (4 x) to remove NMP, and then 
dried over MgSO4. Evaporation of the solvent afforded the desired product as a white 
solid, no additional purification needed (290 mg, 95%).  

 

1-methoxy-4-nitrobenzene (7a). 1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 

4.0 Hz, 2H), 6.96 (d, J = 4.0 Hz, 2H), 3.91 (s, 3H). 

 

 

 1,2-difluoro-4-nitrobenzene (7b). 1H NMR (400 MHz, CDCl3) δ 8.19 - 

8.02 (m, 1H), 7.44 - 7.29 (m, 2H).  

 

NO2

OMe

H

7a

H

NO2F

F

7b

NO2
CO2H

OMe

NMP, t , residence time

NO2
H

OMe

entrya t (oC) residence time (min) conversionb

1

2

3

170

180

190

4 250

30 min

30 min

30 min

15 min

5c 190
6d 190

30 min

7e 190

30 min

0%

53%

77%

40%

72%

100%

a Reaction conditions: 6a (2 mmol, 1 M), entries 1-4 were carried out in CTFR;
b Conversion is based on 1H NMR analysis of crude materials; c Reaction was
carried out in a stainless steel tube reactor; d μwave, 400 W, Cu2O (10 mol %),
NMP (1.0 M); e μwave, 400 W, Cu powder (1.0 equiv), NMP (1.0 M).

30 min

10 mL CTFR

100%

6a 7a

flow rate (mL/min)

0.33

0.33
0.33

0.67

0.33

-

-
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2-nitrophenol (7c). 1H NMR (400 MHz, CDCl3) δ 10.6 (s, 1H), 8.1 (dd, J = 
8.6, 1.5 Hz, 1H), 7.67 - 7.50 (m, 1H), 7.17 (dd, J = 8.5, 1.1 Hz, 1H), 7.07- 
6.87 (m, 1H). 
 

nitrobenzene (7d). 1H NMR (400 MHz, CDCl3) δ 8.31 - 8.19 (m, 1H), 7.80 - 

7.65 (m, 1H), 7.63 - 7.46 (m, 1H). 

 

 

4-methoxyquinoline (7e). 1H NMR (400 MHz, CDCl3) δ 8.76 (d, J = 5.0 

Hz, 1H), 8.21 (d, J = 7.6 Hz, 1H), 8.05 (d, J = 8.6 Hz, 1H), 7.80 - 7.65 (m, 

1H), 7.59 - 7.45 (m, 1H), 6.75 (d, J = 5.3 Hz, 1H), 4.06 (s, 3H); 13C NMR 

(100 MHz, CDCl3) δ 162.3, 151.2, 148.9, 129.7, 128.7, 125.6, 121.7, 121.3, 100.0, 55.6. 

 

5-fluoro-1H-indole (7f). 1H NMR (400 MHz, CDCl3) δ 8.13 (brs, 1H),  

7.33 - 7.23 (m, 3H), 6.95 (td, J = 9.0, 2.4 Hz, 1H), 6.60 - 6.43 (m, 1H); 
13C NMR (100 MHz, CDCl3) δ 159.1, 156.8, 132.3, 128.2 (128.1), 

125.8, 111.6 (111.5), 110.5 (110.3), 105.5, (105.3), 102.8 (102.8).  

 

7-methoxybenzofuran (7g). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 2.0 

Hz, 1H), 7.23 - 7.12 (m, 2H), 6.81 (dd, J = 7.6, 1.3 Hz, 1H), 6.77 (d, 1H) 

4.02 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 145.5, 145.0, 144.3, 129.1, 

123.4, 113.5, 106.9, 106.2, 56.0. 

 

3-chlorobenzo[b]thiophene (7h).  1H NMR (400 MHz, CDCl3) δ 7.94 - 

7.77 (m, 2H), 7.55 - 7.38 (m, 2H), 7.32 (s, 1H). 13C NMR (100 MHz, 

CDCl3) δ 138.3, 136.0, 125.3, 124.8, 122.8, 121.8, 121.0, 120.7. 
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VIII. Selected 1H and 13C NMR spectra.  
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IX. Trace copper analysis. 
 
The amount of leached copper was determined through Graphite Furnace atomic 
absorption of crude reaction samples. 
 
Sample 082-1 (without using copper scavengers): The sample was obtained by 
Sonogashira reaction of iodobenzene and phenylacetylene using our general flow 
conditions described in the Supporting Information, and without using any metal 
scavenger. After the reaction, the solvent was removed under reduced pressure and the 
sample was used immediately for trace copper analysis. 
 
Sample  082-2 (after using copper scavenger): The sample was obtained by Sonogashira 
reaction of iodobenzene and phenylacetylene using our general flow conditions described 
in the Supporting Information, and the leached copper was then removed by stirring the 
crude reaction mixture with QuadraPure™ TU resins (1.5 mmol/g loading, 1g) at room 
temperature for 2 h. After filtering off the resin and evaporation of the solvent, the 
sample was used immediately for trace copper analysis. 
 
Experimental procedures for determining copper: Approx 5mg of sample was weighed 
into a quartz vessel and digested in an Anton Paar Microwave 3000 with 5.0ml conc 
nitric acid using the following program. A blank a was also run . The sample solutions 
were analysed using a Thermo Solaar graphite furnace atomic absorption against copper 
standards of between 5ppb and 50ppb. The standard solutions were obtained using the 
auto dilute function from a 100ppb stock standard and the samples were auto diluted until 
they contained less than 50ppb Pd. The instrument will attempt 4 autodilutions, with a 
max dilution of 50x. If the results are still not within range the result will be quoted as a 
minimum value.  
Results 
 

Sample Cu ppm rsd 
BLANK 0.0 15.3 

YZ-082-1 A 9 (autodiluted 50x)  3858 0.9 
YZ-082-1 B (autodiluted 50x) 2906 0.5 

YZ-082-2 A (autodiluted 3.636x) 49 5.7 
YZ-082-2 B (autodiluted 2.985x) 39 3.2 

 
Summary 
 

Sample 
Cu (ppm) 
Result A 

Cu (ppm) 
Result B 

Cu (ppm) 
Average 

YZ-082-1 3858 2906 3382 
YZ-082-2 49 39 44 

 
The average leached copper for sample 082-1 is 3382 ppm and the average leached 
copper for sample 082-2 is 44 ppm.  
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Full details of copper analysis parameters and results (SOLAAR AA Report): 
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