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Experimental Methods 
Materials. Cesium carbonate (≥99%, for large-scale reactions) was purchased from Chem Impex 
International; D2O (99.0%) was purchased from Cambridge Isotope Laboratories; 2-furoic acid, 
DMSO-d6, and Activated Carbon Norit SA 2 were purchased from Acros Organics; anhydrous 
potassium carbonate (99.0%), concentrated hydrochloric acid, and sodium L-(+)-tartrate 
dihydrate (99.7%) were purchased from Fisher Scientific; carbon dioxide (99.5%) was purchased 
from Praxair. All chemicals were used as received without further purification.   

Experimental Apparatus.  

Experiments under 1 bar of flowing CO2 or N2 were performed in 40 mL vials with septum caps 
(Fisher Scientific product number 12-100-106) that were seated in aluminum blocks on Ika C-
Mag HS 7 hot plates with ETS-D5 temperature controllers. Flow through the vial block 
experiments was controlled using variable area flowmeters purchased from Dwyer (VFA-21-
BV). A representative setup is shown in Fig. S1. In experiments to determine the effect of water 
on the system, the flow gas was passed through a glass bubbler filled with water in order to 
saturate it prior to entering the reaction vials. 

Experiments under pressurized CO2 (8 bar) under static conditions were performed in a custom-
built reactor composed of a reaction vessel, a temperature control apparatus, and a gas 
delivery apparatus (Fig. S2). All of the parts in contact with the CO2 and/or solid reactants 
were 316 stainless steel (SS). Briefly, the reaction vessel was a pipe (1.5 in. schedule 40 ¾ NPT 
threaded pipe) fitted on the bottom with a pipe cap and on the top with a reducer and Swagelok 
port connector. The temperature control apparatus was composed of a Swagelok tube fitting 
union tee and a bored-through Swagelok tube fitting reducer with a K-type thermocouple run 
through the tube fitting such that when fitted onto the top of the reactor it would be 1 cm off of 
the bottom. This design allowed for internal measurement of the reaction temperature. The 
temperature was controlled using a J-Kem Scientific four-channel temperature controller 
(MODEL QUAD). The gas delivery apparatus was composed of a Swagelok port connector, a 
tube fitting Swagelok ball valve, a short tube, a Swagelok male run tee, a Swagelok port 
connector, a Swagelok poppet check valve (variable pressure—max 150 psi); and a Norgren 
manifold regulator for CO2 delivery and pressure regulation (R72M-2AK-RMG). The gas 
delivery apparatus fits onto the temperature controller apparatus. The reactor was wrapped with 2 
ft. of ½ in. wide 120 volt 156 watt HTS/Amptek heavy AMOX insulated duo heat tape (AWH-
051-020D-MP). On top of this heat tape was wrapped a layer of Ledault 2 in. wide twill weave 
titanium exhaust heat shield wrap followed by a layer of aluminum foil. The leads of the heat 
tape were inserted into the same channel as that used for the temperature controller apparatus. A 
representative setup is shown in Fig. S2. 

Experiments under pressurized CO2 (8 bar) under flowing conditions on a 10 or 100 mmol scale 
were performed in a custom-built flow-reactor that can be broken into five constituent parts: a 
temperature controller, a flow controller, a CO2 pre-heater, a reaction vessel, and an 
exhaust apparatus. All of the parts in contact with the CO2 and/or solid reactants were 316 SS. 
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The temperature controller was a J-Kem Scientific four-channel temperature controller 
(MODEL QUAD) and was used to both monitor and control the temperatures of the entire 
reactor.  

The flow controller consisted of four components connected in the following order: a Norgren 
manifold regulator for CO2 delivery and pressure regulation (R72M-2AK-RMG), a Swagelok 
male run tee, a pressure relief valve (Swagelok poppet check valve, variable pressure—max 150 
PSI), a metering valve (Swagelok), and a flow meter (Dwyer variable area flowmeter VFA-21). 
The pressure relief valve was inserted between the regulator and the metering valve by using the 
male run tee. All of the components were connected by tubing with appropriate adapters and 
fittings. The exit tube from the flow meter was connected to the CO2 pre-heater.  

The CO2 pre-heater consisted of a 2 ft. long piece of 1 in. outer diameter tubing stuffed with 
grade #00 (very fine) steel wool (GMT brand steel wool pads) and fitted with two Swagelok tube 
fitting reducing unions (1 in. to ¼ in. tube). Along the tube was placed a 12 in. long K-type 
thermocouple. The tube was then wrapped with Ledault 2 in. wide twill weave titanium exhaust 
heat shield wrap followed by a layer of aluminum foil. On top of the aluminum foil was wrapped 
an 8 ft. long ½ in. wide 120 volt 624 watt HTS/Amptek heavy AMOX insulated duo heat tape 
(AWH-051-080D-MP). The pre-heater was then wrapped with a second layer of titanium 
exhaust heat-shield wrap followed by another layer of aluminum foil. The exhaust of the pre-
heater was connected to a union tee. Into the base of the union tee was fitted a bored-through 
Swagelok tube fitting reducer and through this was fitted a 12 in. long K-type thermocouple. 
This thermocouple was used to regulate the temperature of the gas stream, while the other 
thermocouple was used to monitor the exterior temperature of the gas pre-heater. The power 
delivered to the apparatus was limited to 50% of the rating of the heat tape to prevent burn-out 
(Failure to do so will result in damage to the apparatus in the event of gas flow stoppage). The 
final port of the union tee fed into the reaction vessel.  

The reaction vessel consisted of a 1.5 in or 6 in. schedule 40 316 SS ¾ pipe with male NPT 
threaded ends wrapped with PTFE tape and fitted with two class 150 reducers (¾ female NPT to 
⅜ in. Swagelok tube fittings). Off of both ⅜ in. Swagelok tube fittings were ⅜ in. to ¼ in. 
Swagelok port connectors. One end of the reactor was placed into the union tee of the exhaust of 
the CO2 pre-heater; the other end of the reactor lead to the exhaust apparatus. Along the reactor 
was placed a 12 in. long K-type thermocouple. The reactor was then wrapped with Ledault 2 in. 
wide twill weave titanium exhaust heat shield wrap followed by a layer of aluminum foil. On top 
of the aluminum foil was wrapped a 2 ft. long ½ in. wide 120 volt 156 watt HTS/Amptek heavy 
AMOX insulated duo heat tape (AWH-051-020D-MP). The reactor was then wrapped with a 
second layer of titanium exhaust heat-shield wrap followed by another layer of aluminum foil. 
The temperature of the reactor exterior was controlled by the thermocouple placed along the 
reactor prior to being wrapped with the exhaust wrap.  

The exhaust apparatus consisted of a Swagelok union tee with ¼ in. tube fittings that was 
seated onto the exhaust of the reaction vessel. One of the union tee ports was capped and the 
other was connected to a Swagelok poppet check valve (variable pressure—max 150 PSI). This 
final check valve controlled the pressure of the reactor and was accordingly set to 8 bar absolute. 
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For some experiments, the cap was replaced with a bored-through Swagelok tube fitting reducer 
through which was fitted a 12” long K-type thermocouple. This thermocouple was be used to 
monitor the temperature of the exhaust gas stream.  

A representative setup of the assembled reactor is shown in Fig. S3.  

Experiments under pressurized CO2 (8 bar) under flowing conditions on a 1 mol scale were 
performed in a reactor that can be broken into five constituent parts: a temperature controller, a 
flow controller, a CO2 pre-heater, a reaction vessel, and an exhaust apparatus. The 
temperature controller, flow controller, CO2 pre-heater, and exhaust apparatus were the 
same as those described for the 10 and 100 mmol scale reactions. The reaction vessel, however, 
instead consisted of a 500 mL 316L SS doubled-ended Swagelok sample cylinder with ¼ female 
NPT connections (316L-HDF4-500). These connections were fitted with two Swagelok tube 
fitting male connectors wrapped with PTFE tape (¼ in. tube OD to ¼ in. male NPT), and two ¼ 
in. to ¼ in. Swagelok port connectors. Along the reactor were placed two 12 in. long K-type 
thermocouples. The thermocouples were spaced evenly so that bottom inch of each 
thermocouple covered either the top or bottom zone of the reactor. The reactor was then wrapped 
with Ledault 2 in. wide twill weave titanium exhaust heat shield wrap followed by a layer of 
aluminum foil. On top of the aluminum foil were wrapped two separate 2 ft. long ½ in. wide 120 
volt 156 watt HTS/Amptek heavy AMOX insulated duo heat tapes (AWH-051-020D-MP) such 
that one covered the top zone and one covered the bottom zone. The reactor was then wrapped 
with a second layer of titanium exhaust heat-shield wrap followed by another layer of aluminum 
foil. The top thermocouple was set to control the temperature of the top heat tape and the bottom 
thermocouple was set to control the temperature of the bottom heat tape.  

A representative setup of the assembled reactor is shown in Fig. S4.  

Structural analysis. 1H-NMR and 13C-NMR spectra were recorded at 23 °C on a Varian Unity 
Inova 600 MHz spectrometer, Varian Unity Inova 500 MHz spectrometer, Varian Direct Drive 
400 MHz spectrometer, Varian Mercury 400 MHz spectrometer, or Varian Unity Inova 300 
MHz spectrometer. 1H chemical shifts (δ) are reported in parts per million (ppm) downfield from 
tetramethylsilane and referenced to residual protium in the NMR solvent (D2O, δ = 4.79, CDCl3, 
δ = 7.26).   

Experimental procedures.  
Experiments on a 0.5 mmol scale under 1 bar flowing CO2 or N2. 

Preparation of reactant mixtures consisting of 2-furoate + 0.75 equivalents CO3
2– with different 

ratios of K+:Cs+ 

2-furoic acid and 1.25 total equivalents of carbonate (either consisting of Cs2CO3 or a mixture of 
K2CO3 and Cs2CO3 with molar ratio 1:1, 2:1, 3:1, or 4:1) were co-dissolved in sufficient 
deionized water to prepare a solution 0.1 M in 2-furoate. Each 0.5 mmol sample was prepared by 
measuring out 5.00 mL of the appropriate solution into a 40 mL vial and evaporating to dryness 
by heating at 150 °C for at least 1 h. The solid mixture was used directly for C–H carboxylation 
reactions or decomposition studies. 
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Preparation of reactant mixtures consisting of 2,5-furandicarboxylate + 0.75 equivalents CO3
2– 

with different ratios of K+:Cs+ 

2,5-furandicarboxylic acid and 1.75 total equivalents of carbonate (either consisting of Cs2CO3 
or a mixture of K2CO3 and Cs2CO3 with molar ratio 1:1, 2:1, 3:1, or 4:1) were co-dissolved in 
sufficient deionized water to prepare a solution 0.1 M in 2,5-furandicarboxylate. Each 0.5 mmol 
sample was prepared by measuring out 5.00 mL of the appropriate solution into a 40 mL vial and 
evaporating to dryness by heating at 150 °C for at least 1 h. The solid mixture was used directly 
for decomposition studies. 

Preparation of reactant mixtures consisting of 2-furoate + variable equivalents CO3
2– with 3:1 

K+:Cs+ 

2-furoic acid and variable equivalents of carbonate (1.05, 1.25, 1.5, and 2 total equivalents 
consisting of a mixture of K2CO3 and Cs2CO3 with a molar ratio of 3:1) were co-dissolved in 
sufficient deionized water to prepare a solution 0.1 M in 2-furoate. Each 0.5 mmol sample was 
prepared by measuring out 5.00 mL of the appropriate solution into a 40 mL vial and evaporating 
to dryness by heating at 150 °C for at least 1 h. The solid mixture was used directly for C–H 
carboxylation reactions. 

Preparation of reactant mixtures consisting of 2-furoate + 0.5 equivalents 2,5-furandicarboxylate 
+ 0.75 equivalents CO3

2– with 2:1 K+:Cs+ 

2-furoic acid and 0.5 equivalents of 2,5-furandicarboxylic acid were combined with 1.75 
equivalents of a 2:1 mixture of K2CO3 and Cs2CO3 and co-dissolved in sufficient deionized 
water to prepare a solution 0.1 M in 2-furoate. Each 0.5 mmol sample was prepared by 
measuring out 5.00 mL of this solution into a 40 mL vial and evaporating to dryness by heating 
at 150 °C for at least 1 h. The solid mixture was used directly for C–H carboxylation reactions. 

C–H carboxylations under 1 bar flowing CO2 

Vials containing the appropriate 0.5 mmol samples were placed in the reaction apparatus 
described above and shown in Fig. S1. The hotplates were set to the desired reaction temperature 
and the total CO2 flow rate was set to achieve a CO2 flow of 40 mL min–1 per vial (50 mL min–1 
per vial reading on the Dwyer VFA-21-BV). After reaction for a given period of time, the 
samples were cooled to ambient temperature and dissolved in D2O. Each sample was prepared 
for NMR analysis by filtering through a 0.2 µm PTFE syringe filter. Product yields were 
calculated from integration of the 1H NMR peaks using sodium L-(+)-tartrate dihydrate as an 
internal standard. 

Thermal decomposition studies under 1 bar flowing N2 

Vials containing the appropriate 0.5 mmol samples were placed in the reaction apparatus 
described above and shown in Fig. S1. The hotplates were set to the desired temperature and the 
total N2 flow rate was set to achieve a N2 flow of 50 mL min–1 per vial (50 mL min–1 per vial 
reading on the Dwyer VFA-21-BV). After heating for a given period of time, the samples were 
cooled to ambient temperature and dissolved in D2O. Each sample was prepared for NMR 
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analysis by filtering through a 0.2 µm PTFE syringe filter. Product yields were calculated from 
integration of the 1H NMR peaks using sodium L-(+)-tartrate dihydrate as an internal standard. 

C–H carboxylation under pressurised CO2. 

Preparation of reactant mixtures consisting of alkali 2-furoate + 0.75 equivalents M2CO3
 

2-furoic acid and 1.25 equivalents of CO3
2– (various ratios of K+:Cs+) were dissolved in 

minimum amount of water and evaporated to dryness by heating at 200 °C in a vacuum oven. 
Once dry, the solid mixture was cooled, ground using a mortar and pestle or Cleanblend 
commercial blender, and then further dried in the vacuum for an additional 1 hour before being 
used for the C–H carboxylation reactions. Note: residual moisture in the reactant mixture reduces 
the yield of the carboxylation reaction. 

Experiments under static pressurized CO2 (8 bar) 

The reactant mixture was charged into the pipe and pipe cap portion of the static 8 bar reactor. 
The 1.5 in. long pipe was used for the 1 and 10 mmol scale reactions. The reactor was sealed and 
then evacuated. The ball valve was closed and the reactor was then hooked up to the high 
pressure CO2 line (purging the stainless steel tubing while attaching it to the line). The ball valve 
was opened and the reactor was backfilled with CO2 to a pressure of 8 bar absolute. The reactor 
was then wrapped with the heat tape, exhaust wrap, and aluminum foil. The reactor was heated 
to the desired temperature, maintained at that temperature for a given period of time, and then 
cooled to ambient temperature and depressurized. Depending on the scale of the reaction, the 
following workup was performed. 

1 mmol scale: The reaction material was dissolved in D2O and filtered through a plug of Celite 
washing with a minimum of D2O. To the resulting solution was added sodium L-(+)-tartrate 
dihydrate (115.0 mg, 0.5 mmol). A 1H NMR was taken of the resulting solution. The product 
yields were calculated from integration of the 1H NMR peaks using the sodium L-(+)-tartrate 
dihydrate as an internal standard. 

10 mmol scale: The reaction material was dissolved in a minimum of DI H2O and filtered 
through a plug of Celite washing with a minimum of DI H2O. The resulting solution was 
evaporated to dryness by heating at 150 °C for at least 2 h followed by drying at 150 °C in vacuo 
for at least 0.5 h. To the material was added sodium L-(+)-tartrate dihydrate (1.1504 g, 5 mmol). 
The material was then dissolved with D2O. A 1H NMR was taken of the resulting solution. The 
product yields were calculated from integration of the 1H NMR peaks using the sodium L-(+)-
tartrate dihydrate as an internal standard. 

Small-scale experiments under flowing pressurized CO2 (8 bar) 

The reaction mixture was charged into the 10 mmol scale 8 bar flowing CO2 reactor. Once 
loaded, CO2 was flowed through the reactor to purge the residual air at a rate of 143 mL min–1 @ 
8 bar (0.5 L min–1 reading on Dwyer VFA-21). The reactor and its gas stream were then heated 
to the appropriate reaction temperature. Once the reactor reached the reaction temperature, the 
timer was started. After 14 hours, the reactor was cooled to room temperature and disassembled. 
The same work-up was followed as described for the static experiments. 
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Large-Scale experiments under flowing pressurized CO2 (8 bar) 

The reaction mixture was charged into the appropriately sized reaction vessel (100 mmol or 1 
mol) and then the reactor components were assembled. Once loaded, CO2 was flowed through 
the reactor to purge the residual air at the prescribed flow rate depending on the reaction scale 
(see below). The reactor and its gas stream were then heated to 260 °C (or 285 °C). Once the 
reactor reached 260 °C (or 285 °C), the appropriate ramp rate, maximum temperature, and soak 
time were programmed into the J-Kem 4-channel temperature controller and the reaction was 
started. Once the programmed sequence had completed, the reaction was cooled to room 
temperature and disassembled. The reaction material was dissolved in a minimum of DI H2O and 
decolorized with activated carbon. The activated carbon and residual insoluble material was 
removed by filtering the solution through a pad of celite. The resulting solution was then 
acidified below a pH of 2 with concentrated hydrochloric acid causing the precipitation of the 
FDCA. This material was collected by filtration on a glass frit and washed with 0.1 M 
hydrochloric acid. The resulting filter cake was dried overnight in a vacuum oven at 200 °C to 
afford an off-white powder. 

CO2 Flow Rate: 

100 mmol scale – 140 mL min–1 @ 8 bar (0.5 L min–1 reading on Dwyer VFA-21) 

1 mol scale – 140 mL min–1 @ 8 bar (0.5 L min–1 reading on Dwyer VFA-21) 
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NMR References 

The NMR peaks in the spectra for the carboxylation reactions were assigned to the different 
products by comparison to spectra for pure Cs+ salts obtained independently from the pure 
carboxylic acids. The resonances for these compounds are provided below for reference.   

2,5-Furandicarboxylic Acid 
1H-NMR (400 MHz, DMSO-d6)  
 δ 7.29 (s, 2H) 
13C-NMR (125 MHz, DMSO-d6) 
 δ 159.0, 147.1, 118.5 

Cesium 2-furoate 
1H-NMR (600 MHz, D2O)  
 δ 7.58 (q, J = 0.9 Hz, 1.8 Hz, 1H), 6.98 (dd, J = 0.9 Hz, 3.5 Hz, 1H), 6.53 (dd, J = 1.8 

Hz, 3.5 Hz, 1H) 
13C-NMR (125 MHz, D2O) 
 δ 167.2, 150.0, 145.6, 115.6, 112.3 

Cesium furan-2,5-dicarboxylate 
1H-NMR (400 MHz, D2O)  
 δ 6.95 (s, 2H) 
13C-NMR (100 MHz, D2O) 
 δ 166.1, 150.4, 115.8 

Cesium acetate 
1H-NMR (400 MHz, D2O)  
 δ 1.87 (s, 3H) 
13C-NMR (100 MHz, D2O) 
 δ 181.4, 23.6 
Cesium malonate 
1H-NMR (400 MHz, D2O)  
 δ 3.09 (s, 2H) 
13C-NMR (100 MHz, D2O) 
 δ 177.29, 49.03 
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Figures 

 
Fig. S1. Experimental apparatus for the 1 bar experiments with flowing CO2 or N2 
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Fig. S2. Experimental apparatus for the 8 bar static CO2 experiments. Left to right: bare reactor 
being wrapped sequentially with heat tape, titanium exhaust wrap, and a layer of aluminum foil.  
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Fig. S3. Experimental apparatus for the 100 mmol-scale 8 bar flowing-CO2 experiments. Top left 
to top right: bare reactor with exposed thermocouples being wrapped sequentially with titanium 
exhaust wrap, aluminum foil, heat tape, a second layer of titanium exhaust wrap, and a second 
layer of aluminum foil. Bottom: fully assembled reactor. 
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Fig. S4. Experimental apparatus for the 1 mol-scale 8 bar flowing-CO2 experiments. Top left to 
top right: bare reactor with exposed thermocouples being wrapped sequentially with titanium 
exhaust wrap, aluminum foil, heat tape, a second layer of titanium exhaust wrap, and a second 
layer of aluminum foil. Bottom: fully assembled reactor. 
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Fig. S5. A representative 1H-NMR for the FDCA isolated from the 1 mole experiment in 
DMSO-d6. 
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Fig. S6. A representative 13C-NMR for the FDCA isolated from the 1 mole experiment in 
DMSO-d6. 
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Fig. S7. A representative 1H-NMR in D2O of the 5 h time point for the 2:1 K+:Cs+ blend at 285 
℃ for the kinetic experiments described in Figure 3 of the main text. 



S16 
 

 
Fig. S8. Kinetics of the C–H carboxylation of the 5 position of 2-furoate promoted by CO3

2– at 
various loadings of CO3

2– (0.75 to 1.5 equiv.). All yields and conversions were determined by 
comparison to an internal standard by NMR. 


