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Experimental Section 

General. All chemicals were reagent grade and used as supplied. 
1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) 98% was purchased from Acros Organics (New 
Jersey). Pentadecane 99%, 4-Bromobenzonitrile 99%, and 3-Bromoanisole 98% were purchased 
from Sigma-Aldrich in St. Louis, MO. Morpholine 99% and 3-Iodoanisole 98% were purchased 
from Alfa-Aesar Lancaster in Pelham, NJ. 9,9-Dimethyl-4,5-bis (diphenyphosphino) xanthene 
98% (Xantphos) was purchased from Strem Chemicals in Newburyport, Massachusetts. 
Palladium (II) acetate was obtained from the Engelhard Corporation in Iselin, New Jersey and n-
dodecane 99% was purchased from Avocado Research Chemicals Ltd. in Heysham, Lancashire 
UK. Carbon monoxide cylinders were purchased from Airgas Inc in Radnor, PA. Toluene was 
purchased in CYCLE-TAINER solvent delivery kegs from Malinckrodt Baker Inc. in 
Phillipsburg, New Jersey. Before use, the toluene was vigorously purged with argon for two 
hours. The toluene was further purified by passing it under argon pressure through two packed 
columns of neutral alumina.1  

Characterization. All products of aminocarbonylation reactions were isolated by flash 
column chromatography on silica gel and characterized by 1H NMR, 13C NMR, and IR 
spectroscopy, as well as elemental analysis (Atlantic Microlab, Inc).  Two new compounds failed 
to give satisfactory elemental analyses.  For these copies of 1H and 13C NMR spectra are 
included.  Nuclear Magnetic Resonance spectra were recorded on a Varian Mercury 300.  
Infrared spectra were recorded using a Perkin-Elmer 2000 FT-IR.  All 1H NMR experiments are 
reported in δ units, parts per million (ppm) downfield from tetramethylsilane (internal standard) 
and were measured relative to the signal for residual chloroform (7.26 ppm) or dichloromethane 
(5.32 ppm) in the deuterated solvent.  All 13C NMR spectra are reported in ppm relative to 
residual chloroform (77.23 ppm) or dichloromethane (54.00 ppm) in the deuterated solvent and 
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all were obtained with 1H decoupling.  Melting points (uncorrected) were obtained on a Mel-
Temp capillary melting point apparatus.  Gas Chromatographic analyses were performed on a 
Hewlett-Packard 6890 gas chromatography instrument with an FID detector using 25 m x 0.20 
mm capillary column with cross-linked methyl siloxane as a stationary phase.  

 

Microreactor Experiments.  
Liquid Reagent Preparation: Liquid reagent mixtures were prepared under nitrogen in 

oven-dried glassware such that, once the two inlet streams were combined, the concentrations of 
each component in the reactor would be 0.5 M aryl halide, 1.5 M DBU, 0.5 M internal standard 
(dodecane or pentadecane), 0.01 M (2 mol % relative to aryl halide) Pd(OAc)2 and 0.011 M (2.2 
mol % relative to aryl halide) Xantphos.  The first reagent mixture was 1 M aryl halide, 3 M 
DBU, and 1 M dodecane or pentadecane dissolved in morpholine.  For example, a typical 
experiment would require 546 mg 4-bromobenzonitrile, 900 µL DBU and 829 µL pentadecane 
dissolved in 3 mL morpholine.  The catalyst solution was 0.02 M palladium(II) acetate and 0.02 
M ligand dissolved in neat toluene.   For example, a typical experiment would require 13.5 mg 
Pd(OAc)2 and 34.8 mg Xantphos dissolved in 3 mL toluene.  If particles were observed in either 
solution, the mixture was filtered before loading.  Filtration was performed by syringe over glass 
wool inserted into the luer end of an 18 Gauge needle. This filtered solution was transferred to a 
second dried flask under nitrogen from which the mixture was drawn into the stainless steel 
syringe.  

Gas Delivery via Syringe-Pump: Liquid reagents were loaded into high pressure stainless 
steel syringes (Harvard Apparatus 702267) and delivered by a syringe pump. A third stainless 
steel syringe was placed into a separate syringe pump. All syringes were connected to the reactor 
chuck with 1/16” OD, 0.009” ID stainless steel tubing.  To control the pressure in the reaction 
zone, the outlet of the reactor was connected to a pressure bomb. The gas cylinder outlet was 
split, with one branch connected to the microreactor gas inlet and the second branch connected to 
the bomb makeup inlet. The bomb inlet was regulated by an on/off valve; the syringe inlet was 
regulated by two three-way valves, with the first one (counting from the syringe) regulating flow 
either to the reactor or to the tank (3-way #1), and the second one either flowing from the tank to 
the syringe or venting the tank regulator to the atmosphere (3-way #2).  The pressure bomb was 
set up with outlet capillary tubing to allow for a slow constant leak from the headspace of the 
bomb and permit gas flow through the system. 

The syringes loaded with liquid reagents were placed into their syringe pump and the rear 
plate of the pump was advanced into contact with the syringe plungers. The syringe pump was 
then run at 500µL/min with a tissue held to the tip of the syringes until material was observed to 
flow from both syringes. At this point, the syringes were attached to the inlet tubing and the 
reactor was primed with 100µL to 150µL of material at a flow rate of 70µL/min. 

The gas syringe was emptied of air and installed into its syringe pump, with the rear plate of 
the pump secured in place where the plunger was expected to be at 8 mL of syringe volume.  The 
gas cylinder was then opened slowly and brought to 120 psi, allowing 8 mL of the syringe to fill 
with pressurized gas before shutting off the regulator.  The 3-way #2 was then vented to the 
atmosphere and closed.  The valve to the bomb was opened to allow for simultaneous 
pressurization of the bomb, the reactor, and the gas syringe.  Liquid reagent flow was started at 
the desired flow rate.  Gas was brought up to the desired pressure gradually while monitoring 
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optically the liquid flow through the reactor to ensure its forward progress.  The 3-way #1 was 
set from syringe to reactor and allowed to equilibrate with the gas pressure of the bomb, then 
closed.  The sample loop (see Operation and Sample Collection) was flushed with diluent and set 
to “Load.”  The 3-way #1 was again set from syringe to reactor, the gas flow was turned on to 
500 µL/min until gas slugs were observed, then set to the desired gas flow rate. 

Gas Delivery Directly from Gas Tank: The delivery of carbon monoxide directly from the 
source cylinder was found to be more reliable than syringe delivery. In this case, the system 
pressure was controlled by three needle valves (Upchurch P-445). The cylinder outlet was split 
and each branch was connected to a needle valve. One branch was connected to the microreactor 
gas inlet and the second branch was connected to the pressure bomb makeup inlet. To 
compensate for the flow path’s pressure drop and maintain sufficient pressure within the system, 
the cylinder regulator was set to a pressure 5% higher than the desired system pressure as 
measured by the pressure gauge on the bomb. The third needle valve was connected to the bomb 
outlet tubing such that there was a controlled constant leak from the headspace of the pressure 
bomb. 

Once loaded, the liquid reagent syringes were set up, prepared, and the reactor primed as 
described in the previous procedure. Next, the carbon monoxide cylinder was opened and the 
delivery pressure adjusted to the desired reactor pressure. The reactor gas inlet valve was opened 
slightly to allow gas flow into the reactor. The bomb inlet valve was then opened to allow 
pressurization of the bomb. The flow through the reactor was monitored and both the bomb and 
reactor inlet valves were adjusted to ensure that the reagent flow progressed forward during 
pressurization. 

When the bomb reached the desired pressure, all needle valves were closed and the cylinder 
delivery pressure was raised an additional 5%. The liquid reagent flow rate was next set to the 
desired reaction conditions and the reactor gas inlet was partially opened to allow gas flow and 
begin slug flow equilibration. Additionally, the leak valve was slightly opened to allow the 
microsystem to come to steady state. During operation, these two valves were used to maintain 
the desired flow rate as observed in the reactor by measuring the speed of the slugs on a 
stopwatch (VWR Traceable® 4-Channel Alarm Timer). The bomb inlet valve remained fully 
closed unless the pressure in the bomb dropped below the desired operating pressure, in which 
case the valve was opened to allow repressurization. 

Operation and Sample Collection: To operate the system in slug flow large changes in the 
pressure drop across the system had to be avoided. In addition to destabilizing the slug flow, 
large fluctuations in pressure could force reagents backwards into the reactor gas inlet. In order 
to facilitate sampling of the system without interrupting the flow through the reactor, an HPLC 
injection valve (Upchurch V-451) was connected to the reactor outlet.   

The injection valve was plumbed such that it operated in reverse of that on a standard HPLC 
system. Thus, when the valve was in the “Load” position (the position illustrated in Figure 1), 
flow from the reactor outlet proceeded through the sample loop before flowing into the pressure 
bomb. When the valve was turned to the “Inject” position, the reactor outlet flow bypassed the 
sample loop and proceeded directly into the bomb, the sample loop would then be connected to 
the diluent inlet and sample outlet ports. To prevent back-flow into the diluent supply, a check 
valve (Upchurch CV-3301) was installed to the diluent inlet. Thus, upon decompression, the 
sample would flow into a collection vial, placed at the outlet of the injection valve. The diluent 
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was a 50 vol% mixture of dichloromethane and isopropanol. This choice of solvents was 
compatible with the GC analysis method and the viscosity of this mixture approximated the 
apparent viscosity of the slug flow through the sample loop. By matching the viscosity, 
disturbances to the reactor flow were minimized. 

After a stable slug flow had been achieved, the temperature of the oil bath was raised. The 
temperature was controlled by a temperature controller with a K-type thermocouple and the 
actual bath temperature was measured by an alcohol thermometer. Once equilibrated to the 
desired operating point, the reactor was allowed to run until a full reactor volume had flowed 
through (78µL or 400µL combined flow). The sample loop was then flushed with diluent and set 
to the “Load” position to begin collecting a sample. Sample sizes were collected in a 322µL 
sample loop at liquid volumes between 100µL and 160µL as determined by the liquid flow rate 
from the syringe pump. Samples were collected by turning the sample valve to “Inject” and 
delivering 1.5mL of diluent through the sample loop into the collection vial, thus collecting 
properly diluted GC samples and rinsing the sample loop simultaneously. The valve was then 
returned to the “Load” position to collect the next sample. Multiple samples were collected at 
each set of reaction conditions before adjusting the temperature to the next data point. After the 
oil bath reached the next temperature, the reactor was again flushed with a reactor volume of 
slug flow before collecting the next set of samples. 

Sample Analysis:  The samples were analyzed by gas chromatography on an Agilent 6890 
Series gas chromatograph with an FID detector. The samples were injected by an Agilent 7683 
automatic liquid sampler, onto a 10 meter Agilent HP-1 capillary column (200µm I.D. 0.11µm 
film thickness) with a 1mL/min flow rate of nitrogen. The oven temperature was raised from 
70°C to 240°C over 6.5 minutes. Sample peak areas were normalized to the peak area of the 
internal standard and multiplied by the response factor for the compound divided by the response 
factor for the internal standard to determine the sample concentrations.  Compounds were 
isolated by column chromatography on the residue resulting from combining several samples 
from a series of experiments using the same stock-solutions and removing the solvent. 

 

N-(3-methoxybezoyl)morpholine (3). 1H NMR (300 MHz, CDCl3) δ: 7.35-7.27 (m, 1H), 6.98-
6.91 (m, 3H), 3.98-3.36 (m, 11H; slow rotation of amide) 13C NMR (75 MHz, CDCl3) δ: 168.9, 
158.8, 136.0, 128.8, 118.2, 114.6, 111.7, 65.9, 54.4, 47.3, 41.6   (observed complexity due to 
slow rotation of amide; definitive assignments have not yet been made). IR (neat, cm-1): 3063, 
2965, 2917, 2855, 1635, 1580, 1490, 1462, 1432, 1363, 1320, 1301, 1289, 1264, 1237, 1185, 
1141, 1114, 1070, 1044, 1023, 946, 915, 862, 818, 794, 749, 709, 691, 634, 580, 488, 425. A 
satisfactory elemental analysis was not obtained for this compound: Anal. Calcd for C12H15NO3: 
C, 65.14; H, 6.83.  Found: C, 64.70; H, 6.89. The 1H and 13C NMR spectra follow. 
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1-(3-methoxyphenyl)-2-morpholinoethane-1,2-dione (4). 1H NMR (300 MHz, CD2Cl2) δ: 
7.52-7.40 (m, 3H), 7.18-7.24 (m, 1H), 3.84 (s, 3H), 3.79-3.69 (m, 4H), 3.63-3.57 (dd, J = 4.9, 4.7 
Hz, 2H), 3.36-3.30 (dd, J = 4.9, 4.7 Hz, 2H). 13C NMR (75 MHz, CD2Cl2) δ: 191.8, 165.7, 160.6, 
134.8, 130.6, 123.0, 121.8, 113.3, 67.1, 67.0, 55.9, 46.6, 41.9. IR (neat, cm-1): 2969, 2920, 2856, 
1680, 1646, 1596, 1582, 1486, 1465, 1445, 1388, 1362, 1291, 1272, 1250, 1174, 1196, 1114, 
1068, 1038, 1014, 991, 933, 889, 876, 847, 820, 798, 759, 741, 682, 651, 588, 560, 437. A 
satisfactory elemental analysis was not obtained for this compound: Anal. Calcd for C13H15NO4: 
C, 62.64; H, 6.07.  Found: C, 61.50; H, 6.15. The 1H and 13C NMR spectra follow. 
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N-(4-cyanobezoyl)morpholine (6). mp 143 - 145 oC. 1H NMR (300 MHz, CDCl3) δ: 7.72-7.65 
(dd, J = 7.9, 1.1 Hz, 2H), 7.52-7.44 (dd, J = 7.9, 1.1 Hz, 2H), 3.86-3.48 (m, 6H; slow rotation of 
amide), 3.33 (brs, 2H). 13C NMR (75 MHz, CDCl3) δ: 167.6, 139.2, 131.9, 127.3, 117.6, 112.8, 
66.1, 47.4, 41.9 (observed complexity due to slow rotation of amide; definitive assignments have 
not yet been made). IR (neat, cm-1): 3119, 3087, 3035, 2982, 2931, 2905, 2862, 2228, 1950, 
1625, 1607, 1507, 1463, 1442, 1401, 1364, 1332, 1301, 1281, 1261, 1195, 1182, 1155, 1112, 
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1026, 1014, 972, 933, 911, 897, 855, 841, 759, 733, 677, 647, 636, 612, 574, 534, 515, 481, 415.  
Anal. Calcd for C12H12N2O2: C, 66.65; H, 5.59.  Found: C, 66.69; H, 5.49. 

 

1-(4-cyanophenyl)-2-morpholinoethane-1,2-dione (7). mp 112 - 115 oC. 1H NMR (300 MHz, 
CDCl3) δ:8.14-8.04 (m, 2H), 7.88-7.80 (m, 2H), 3.86-3.77 (m, 3H), 3.73-3.66 (m, 4H), 3.45-3.38 
(m, 4H). 13C NMR (75 MHz, CDCl3) δ: 189.1, 163.9, 135.7, 132.7, 132.5, 129.8, 124.8, 117.5, 
66.3, 45.9, 41.5. IR (neat, cm-1): 2973, 2923, 2859, 2231, 1689, 1645, 1607, 1568, 1502, 1467, 
1445, 1407, 1363, 1297, 1269, 1212, 1176, 1114, 1067, 1031, 1016, 982, 918, 856, 835, 780, 
734, 663, 649, 576, 546, 483, 428.  Anal. Calcd for C13H12N2O3: C, 63.93; H, 4.95.  Found: C, 
63.95; H, 5.11. 

 

N-(4-methoxybezoyl)morpholine2 (Table 1, entry 5). 1H NMR (300 MHz, CDCl3) δ: 7.43-7.34 
(m, 2H), 6.95-6.88 (m, 2H), 3.83 (s, 3H), 3.80-3.40 (m, 8H; slow rotation of amide) 13C NMR 
(75 MHz, CDCl3) δ: 169.3, 160.1, 128.5, 126.6, 112.9, 65.9, 54.5, 47.2, 42.7 (observed 
complexity due to slow rotation of amide; definitive assignments have not yet been made). IR 
(neat, cm-1): 2964, 2916, 2855, 1610, 1576, 1514, 1456, 1428, 1362, 1302, 1279, 1251, 1175, 
1158, 1114, 1067, 1022, 1007, 934, 894, 841, 795, 763, 729, 681, 631, 612, 585, 553, 486.   
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