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1. Materials and methods 
 
Ru-Macho-BH (1) (Strem Chemicals, 98%), Ru-Macho (2) (Strem Chemicals, 98%), 
RuCl2(SNSEt)CO (4) (Aldrich, 97%), pentaethylenehexamine (PEHA, Aldrich, tech. grade), 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, Aldrich, 98%), 1,1,3,3-tetramethylguanidine 
(TMG, Aldrich, 99%) and anhydrous K3PO4 (Alfa Aesar, 97%) were used without further 
purification. FeHBrPNPiPr(CO) (3) and RuHClPN(Me)PPh(CO) (5) were prepared by 
following the literature procedures.1 Complexes 1-5 and K3PO4 were stored and weighed 
in an argon filled glovebox. THF, triglyme, diglyme, 1,4-dioxane, 1,3,5-
trimethoxybenzene (Aldrich, >99.0%, standard), THF-d8 and D2O were obtained from 
commercial suppliers. 1H, 31P and 13C NMR spectra were recorded on 400 and 500 MHz 
Varian NMR spectrometers. 1H and 13C NMR chemical shifts were determined relative to 
the internal standard (1,3,5-trimethoxy benzene, TMB) or residual solvent signals (D2O 
or THF-d8). 31P NMR chemical shifts were determined relative to the external standard 
H3PO4. The gas mixtures were analyzed using a Thermo gas chromatograph (column: 
Supelco, Carboxen 1010 plot, 30 mx0.53 mm) equipped with a TCD detector (CO 
detection limit: 0.099 v/v%). FTIR of the gas mixtures were recorded on a Jasco FT/IR-
4600 instrument. H2 (Gilmore, ultra high pure grade), CO2 (Gilmore, instrument grade), 
1:3 CO2:H2 (Airgas, certified standard-spec grade) were used without further 
purification. 

 

Scheme S1. Catalysts screened in this study  
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2. Standard Procedure for Hydrogenation of CO2 using PEHA and catalysts (1-5): 

Catalyst 1-5, K3PO4, amine (PEHA, DBU or TMG) and 10 mL solvent (THF, 1,4-dioxane, 
diglyme or triglyme) were added in a nitrogen chamber to a 134 mL Monel Parr reactor 
equipped with a magnetic stir bar, thermocouple and piezoelectric pressure transducer. 
After pressurizing the reactor with a CO2/H2 mixture, the LabVIEW 8.6 software was 
used to monitor and record the internal temperature and pressure of the reactor. The 
reaction mixture was stirred at room temperature (RT) for 30 min and then heated on a 
pre-heated oil bath directly to 125-165 °C or following the temperature ramp strategy 
(95 °C followed by 155 °C). After heating for a given amount of time, the reactor was 
cooled to RT and the gas mixture was analyzed by GC. A biphasic reaction mixture 
containing a white oily material (lower layer) and a pale yellow solution (upper layer) 
was obtained. Water was added to the above mixture until all the oily material was 
dissolved resulting in a homogeneous solution. 100 mg (1.69 mmol) of 1,3,5-
trimethoxybenzene was added as an internal standard to the reaction mixture. The 
reaction mixture was then analyzed by 1H and 13C NMR with a few drops of D2O to lock 
the signals (shown below).  

 

Figure S1. 1H NMR after hydrogenation of CO2 to methanol using PEHA, catalyst 1 and 
K3PO4 with the temperature ramp strategy (95 °C for 18h followed by 155 °C for 18h) in 
D2O. 
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Figure S2. 13C NMR after hydrogenation of CO2 to methanol using PEHA, catalyst 1 and 
K3PO4 with the temperature ramp strategy (95 °C for 18h followed by 155 °C for 18h) in 
D2O. 

 

Figure S3. 1H NMR after hydrogenation of CO2 to methanol using PEHA and catalyst 1 at 
155 °C (40 h) in D2O. 
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Figure S4. 13C NMR after hydrogenation of CO2 to methanol using PEHA and catalyst 1 at 
155 °C (40 h) in D2O. 

 

 

 

 

Figure S5. Effect of (a) CO2:H2 ratio (at 155 °C) and(b) temperature (at CO2/H2(1:3) = 75 
bar) on the CH3OH yield and CO content. Reaction conditions: PEHA = 3.4 mmol, catalyst 
1=20 μmol, t = 40 h and triglyme = 10 mL. CH3OH amount was determined by 1H NMR. 
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3. Recycling studies 

a) In THF: Catalyst 1 (12 mg, 0.020 mmol), PEHA (790 mg, 3.4 mmol) and THF (10 mL) 
were added under nitrogen atmosphere to a 134 mL Monel Parr reactor equipped with 
a magnetic stir bar, thermocouple and piezoelectric pressure transducer. After 
pressurizing the reactor with 75 bar of a CO2/H2 (1:3) mixture, the LabVIEW 8.6 software 
was used to monitor and record the internal temperature and pressure of the reactor. 
The reaction mixture was stirred at RT for 30 min and then heated in an oil bath to 155 
°C. After heating at that temperature for 40 h, the reactor was cooled to room 
temperature and the gas mixture was analyzed by GC. A biphasic reaction mixture 
containing white oily material (lower layer) and a pale yellow solution (upper layer) was 
obtained. The yellow solution containing the catalyst, PEHA, THF, methanol and water  
was transferred to the 100 mL Schlenk flask and all volatiles (THF, methanol and water) 
were removed under vacuum at RT and collected at -195.8 °C (liquid nitrogen 
temperature). To the collected volatiles, 100 mg (1.69 mmol) of 1,3,5-
trimethoxybenzene was added as a standard and the solution analyzed by 1H and 13C 
NMR with a few drops of D2O to lock the signals. The catalyst and PEHA remaining after 
the removal of volatiles were transferred back to the oily material in the autoclave using 
10 mL THF. This mixture was used to carry out the following CO2 hydrogenation cycle by 
re-pressurizing the autoclave with 75 bar of a CO2/H2 (1:3) mixture. A total of 5 
hydrogenation runs were performed using the above procedure. 

b) In triglyme: Catalyst 1 (12 mg, 0.020 mmol), PEHA (1185 mg, 5.1 mmol) and triglyme 
(10 mL) were added under nitrogen atmosphere to a 134 mL Monel Parr reactor 
equipped with a magnetic stir bar, thermocouple and piezoelectric pressure transducer. 
After pressurizing the reactor with 75 bar of a CO2/H2 (1:9) mixture, the LabVIEW 8.6 
software was used to monitor the internal temperature and pressure of the reactor. The 
reaction mixture was stirred at RT for 30 min and then heated in an oil bath at 145 °C. 
After heating the reactor for 40 h, the reactor was cooled to room temperature and the 
gas mixture was analyzed by GC. A biphasic reaction mixture containing white oily 
material (lower layer) and a pale yellow solution (upper layer) was obtained. The yellow 
solution was transferred to the 100 mL Schlenk flask and methanol-water was removed 
by simple distillation under nitrogen at atmospheric pressure. To the collected volatiles, 
DMF was added as a standard and the solution analyzed by 1H and 13C NMR with a few 
drops of D2O or CDCl3 to lock the signals. The catalyst, PEHA and triglyme remaining 
after the removal of methanol and water mixture, were transferred to the oily material 
in the autoclave using ~1-2 mL THF. This mixture was used to carry out 4 additional 
hydrogenation runs (for a total of 5 runs) following the above procedure (Figure S6). 
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Figure S6. Recycling study in triglyme. Reaction conditions: PEHA=5.1 mmol, catalyst=20 
μmol, CO2/H2(1:9) =75 bar, T=145 °C, t=40h (each run) and triglyme=10 mL. Black line: 
amount of methanol formed in each run. Red line: total amount of methanol formed. 
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4. Repeated pressure refill experiment 

Catalyst 1 (48 mg, 0.08 mmol), PEHA (4.7 g, 20.4 mmol) and triglyme (40 mL) were 
added in a nitrogen chamber to a 134 mL Monel Parr reactor equipped with a magnetic 
stir bar, thermocouple and piezoelectric pressure transducer. After pressurizing the 
reactor with 75 bar of CO2/H2(1:3) mixture, the LabVIEW 8.6 software was used to 
monitor and record the internal temperature and pressure of the reactor. The reaction 
mixture was stirred at room temperature (RT) for 30 min and then heated on a pre-
heated oil bath directly to 149 °C. As the pressure in the system dropped due to CO2 
hydrogenation, several pressure refills to about 90 bar with a CO2/H2 (1:3) mixture were 
performed at 149 °C (Figure S7).  After heating for a given amount of time, the reactor 
was cooled to RT and the gas mixture was analyzed by GC (CO=0.1%, H2=96%, 
CO2=3.9%). A biphasic reaction mixture containing a white oily material (lower layer) 
and a pale yellow solution (upper layer) was obtained. Water was added to the above 
mixture until all the oily material was dissolved resulting in a homogeneous solution. 
The above solution was transferred to the 100 mL Schlenk flask and methanol-water 
was removed by simple distillation under nitrogen at atmospheric pressure. To the 
collected volatiles, THF was added as a standard and the solution analyzed by 1H and 13C 
NMR with a few drops of D2O to lock the signals. 

 

                       

Figure S7. Repeated pressure refill experiment. Reaction conditions: PEHA=20.4 mmol, 
catalyst 1=80 μmol, CO2/H2 (1:3)=75 bar, T=149 °C, triglyme=40 mL. CO content in the 
gas mixture (analyzed by GC)=0.1%. 
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5. NMR study of the reaction mixture: In order to gain additional insight into the 
reaction pathway, NMR experiments were carried out to study the formation of new 
organometallic species. Catalyst 1 was heated to 155 °C in the presence of PEHA under 
75 bar CO2/H2 (1:3) for 40 h in THF-d8. A biphasic reaction mixture containing a white 
oily lower layer and a pale yellow upper layer solution was obtained. NMR showed that 
the white oily material contained the carbamate, bicarbonate/carbonate and formate 
salts of PEHA. The yellow solution displayed two new hydride species appearing as 
triplets at -6.2 ppm (JH-P=16.5 Hz, major species) and -5.8 ppm (JH-P=18.7 Hz, minor 
species) in 1H NMR with the corresponding 31P NMR signals at 57.8 ppm and 56.9 ppm, 
respectively. In 13C NMR, two carbonyl signals were observed at 200.8 ppm and 192.9 
ppm respectively (Figure S8-10). ESI-MS analysis of the NMR sample (Figure S11) 
showed an m/z peak at 600.08 corresponding to the cationic complex, 
RuH(CO)2(HN(CH2CH2PPh2)2)+. As proposed by Kuriyama et al., we also surmise that in 
the presence of CO an equilibrium between the monocarbonyl 
RuH(CO)(HN(CH2CH2PPh2)2)+ and dicarbonyl complex, RuH(CO)2(HN(CH2CH2PPh2)2)+ is 
possible.2 Therefore, RuH(CO)2(HN(CH2CH2PPh2)2)+ is probably the resting state of the 
catalytic cycle. Interestingly, although PEHA can act as potential multidentate nitrogen 
donor ligand to the Ru center, no ligand exchange occurred under the reaction 
conditions, as evidenced by the absence of free PNP ligand signal in 31P NMR. Even after 
5 cycles, no significant amount of free PNP ligand was observed; hydrides at -6.2 ppm 
and -5.8 ppm were the only hydridic species observed by 1H NMR (from the recycling 
studies with THF after removal of CH3OH, H2O and THF). 

 

Experimental details 

Catalyst 1 (12 mg) was added to PEHA (10 mg) and THF-d8 (2 ml) in a nitrogen chamber 
to a 134 mL Parr reactor equipped with a magnetic stir bar, thermocouple and 
piezoelectric pressure transducer. After pressurizing the reactor with 75 bar of a 1:3 
CO2/H2 mixture, the LabVIEW 8.6 software was used to monitor and record the internal 
temperature and pressure of the reactor. The reaction mixture was stirred at RT for 30 
min and then heated in an oil bath directly to 155 °C. After heating the reactor for 40 h, 
the reactor was cooled to room temperature and the gas mixture was analyzed by GC. A 
biphasic reaction mixture containing white oily material (lower layer) and a pale yellow 
solution (upper layer) was obtained. The pale yellow solution was analyzed by 1H, 13C 
and 31P NMR and ESI-MS (shown below).  
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Figure S8. 1H NMR of the yellow solution obtained after heating the catalyst 1 and PEHA 
in THF-d8 to 155 °C. 

 

Figure S9. 13C NMR of the yellow solution obtained after heating the catalyst 1 and PEHA 
in THF-d8 to 155 °C. 
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Figure S10. 31P NMR of the yellow solution obtained after heating the catalyst 1 and 
PEHA in THF-d8 to 155 °C. 

 

Figure S11. Electro-spray ionization mass spectrometry (ESI-MS) of the yellow solution 
obtained after heating the catalyst 1 and PEHA in THF-d8 to 155 °C. An m/z peak at 
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600.08 corresponds to the cationic complex, RuH(CO)2(HN(CH2CH2PPh2)2)+.  Similar 
coordination of CO to the Ru center was also shown with Ru(acac)2/triphos, which 
catalyzed the CO2 hydrogenation to CH3OH under acidic conditions.3 

6. CO2 capture from air and conversion to methanol in water 

a) CO2 capture from Air: PEHA (790 mg, 3.4 mmol) was dissolved in water (15 mL) in a 
30 mL vial. 200 mL/min of synthetic air (N2/O2 80/20) containing 400 ppm CO2 was 
bubbled through the vial using a needle for 64 h (an additional 5 ml of water was added 
after 40 h). After 64 h, the reaction mixture was sparged with nitrogen for an hour at RT. 
THF was added as a standard to the solution, and the mixture analyzed by 13C NMR with 
decoupled-NOE, relaxation delay=25s (rd>25s did not change the integration), pulse 
angle=45° or 95°, scans=1000-2000 and acquisition time=1.36s.4 

b) Ru Catalysis: After the CO2 capture from air, the total volume of the PEHA/water 
mixture reduced to 5 mL due to the evaporation of water. This mixture was transferred 
using ~3 mL water to a 134 mL Monel Parr reactor equipped with a magnetic stir bar, 
thermocouple and piezoelectric pressure transducer in a N2 chamber. Catalyst 1 (Ru-
Macho-BH, 12 mg, 0.020 mmol) and 1,4-dioxane (10 mL) or triglyme (10 mL) were 
added to the above mixture. After pressurizing the reactor with H2 (50 bar), the 
LabVIEW 8.6 software was used to monitor and record the internal temperature and 
pressure of the reactor. The reaction mixture was stirred at RT for 30 min and then 
heated in an oil bath directly to 155 °C. After heating for 40 h (or 55 h), the reactor was 
cooled to RT and the gas mixture was analyzed by GC and IR. A homogeneous pale 
yellow solution was obtained. 100 mg (1.69 mmol) of 1,3,5-trimethoxybenzene was 
added as a standard to the reaction mixture. The reaction mixture was analyzed by 1H 
and 13C NMR with a few drops of D2O to lock the signals (shown below). 
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Figure S12. 13C NMR of the solution after the CO2 capture from air in D2O. 

 

Figure S13. 1H NMR showing methanol formed from CO2 capture from air using catalyst 
1 and triglyme (solvent) in D2O.  
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7. CO2 capture from air and conversion to methanol in the absence of water 

a) CO2 capture from air: PEHA (790 mg, 3.4 mmol) was dissolved in triglyme (10 mL) in a 
134 mL Monel Parr reactor vessel equipped with a magnetic stir bar and rubber septum. 
200 mL/min of synthetic air (N2/O2 80/20) containing 400 ppm CO2 was bubbled through 
the solution for 64 h using a needle. White solid (carbamate) crashed out of the reaction 
mixture. After 64 h, the reaction mixture was sparged with nitrogen for an hour at RT, 
and used as is for the catalytic hydrogenation step. 

b) Ru Catalysis: The rubber septum attached to the reactor vessel described above was 
removed in a N2 chamber. Catalyst 1 (Ru-Macho-BH, 12 mg, 0.020 mmol) was added to 
the above mixture and sealed with the reactor head equipped with a thermocouple and 
piezoelectric pressure transducer. After pressurizing the reactor with H2 (50 bar), the 
LabVIEW 8.6 software was used to monitor and record the internal temperature and 
pressure of the reactor. The reaction mixture was stirred at RT for 30 min and then 
heated in an oil bath directly to 155 °C. After heating for 40 h, the reactor was cooled to 
RT and the gas mixture was analyzed by GC and IR. A biphasic reaction mixture 
containing the white solid and a pale yellow solution was obtained. 100 mg (1.69 mmol) 
of 1,3,5-trimethoxybenzene was added as a standard to the reaction mixture. The 
reaction mixture was analyzed by 1H and 13C NMR with a few drops of D2O to lock the 
signals. No methanol was observed by 1H NMR and only traces of formate and N-formyl 
products were detected in the absence of water during the CO2 capture from the air. 
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