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ABSTRACT   

Carbon dioxide hydrogenation with base to generate formate salts can provide a means of storing 

hydrogen in an energy dense solid. The stored hydrogen can later be released upon acidification 

of the formate salts or formic acid can be used directly in fuel cells. However, this application 

requires catalytic CO2 hydrogenation, which would ideally use an earth abundant metal as the 

catalyst.  In this article, six new (CNC)CoIL2 pincer complexes were synthesized and fully 

characterized, including single crystal X-Ray diffraction analysis on four new complexes. These 

complexes contain an imidazole-based (1R) N-heterocyclic carbene (NHC) ring or a benzimidazole 

based NHC ring (2R) in the CNC pincer. The R group is para to N on the pyridine ring and been 

varied from electron withdrawing (CF3) to donating (Me, OMe) substituents. The L type ligands 

have included CO and phosphine ligands (in PPh32 and PMe32). Thus, two known Co complexes (1, 

1OMe) and six new complexes (1Me, 1CF3, 2, 2OMe, PPh32, PMe32) were studied for the CO2 

hydrogenation reaction. In general, the unsubstituted CNC pincer complexes bearing two carbonyl 

ligands led to the highest activity. The best catalyst, 2, remains active for over 16 h and produces 

a turnover number of 39,800 with 20 bars of 1:1 CO2 / H2 mixture at 60 °C.  
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INTRODUCTION 

The combustion of fossil fuels contributes to global warming due to increasing levels of 

CO2 in the atmosphere. Carbon Dioxide also represents an abundant carbon source which could 

be used for hydrogen storage.1-2 Carbon dioxide hydrogenation in the presence of base (e.g. 

NaHCO3) typically leads to formate salts (e.g. sodium formate) which can be used to store 

hydrogen in an energy dense solid.3-6 (Scheme 5.1) These formate salts can be used as hydrogen 

storage materials with hydrogen and CO2 release upon acidification of the compounds.7 

 

Scheme 1. CO2 hydrogenation and to produce formate salts  

The development of the homogeneous CO2 hydrogenation has made significant progress 

in the past 30 years and has been summarized in several reviews.5, 8-12 Several reports have used 

homogeneous catalysts based upon precious metals including Ir, Ru, Pd, and Rh.13-25 For example, 

Nozaki’s PNP iridium(III) catalyst (Lit-1, Figure 1) achieves 3.5 × 106  turnovers (TON) for CO2 

hydrogenation to form potassium formate.13 However, iridium is one of the rarest elements in the 

Earth's crust. A more sustainable process can be envisioned by using earth abundant 3d transition 

elements for catalytic CO2 hydrogenation and Mn,26 Fe,27 Co,28-30 Ni31 and Cu32-33 complexes have 

been used as homogeneous catalysts for this reaction. Hazari and Bernskoetter reported that the 

(PNP)Fe(II) catalyst (Lit-2, Figure 1) hydrogenates CO2 in the presence of the base 1,8-

diazabicycloundec-7-ene (DBU) with nearly 60,000 TON due to rate acceleration from a Lewis 

acid (LiOTf) and metal-ligand cooperativity involving the nitrogen of the PNP ligand.27 Similarly, 

the (PNP)Co(I) complex Lit-3 (Figure 1) also takes advantage of the same factors (DBU and 

LiOTF) to produce 29,000 TON for CO2 hydrogenation.28  
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Figure 1. Previous examples of CO2 hydrogenation. 

We recently reported cobalt(I) and nickel (II) CNC pincer complexes that are active 

catalysts for photochemical CO2 reduction via sacrificial electrons and protons to form CO and/or 

formate.34-36 The CNC pincer ligand was derived from pyridine and N-heterocyclic carbene (NHC) 

donor groups wherein the pyridine electronic properties can be modulated by changing the 

substituent para to nitrogen.37-38 We speculated that these cobalt(I) complexes may be viable 

catalysts for thermal CO2 hydrogenation.  

In this report, a series of Co(I) CNC pincer complexes (Figure 2) were synthesized and 

studied for CO2 hydrogenation. The “1” series of compounds uses an imidazole derived NHC ring 

whereas the “2” series has a benzimidazole derived NHC ring in the CNC pincer. In our L1R and 

L2R nomenclature, L (when present) is ligand that replaces a CO on cobalt(I) and R is the para 

substituent on the pyridine ring of the CNC pincer. Six of the complexes are new including 1CF3, 

1Me, 2, 2OMe, PPh32, and PMe32. Two of the complexes (1 and 1OMe) were previously reported.34 All 

eight complexes were studied herein for the CO2 hydrogenation reaction to produce formate.  
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Figure 2. Structures of Co(I) CNC pincer catalysts used for CO2 hydrogenation. 

 

Results and Discussion 

Synthesis. The synthesis of the cobalt(I) complexes (Figure 2) followed the procedures previously 

developed in the group.34 Each preligand (L1R(HOTf)2 and L2R(HOTf)2) was deprotonated with 

triethylamine in presence of Co2(CO)8 to make corresponding 1R′ and 2R′ complexes (Scheme 2). 

This disproportionation of Co2(CO)8 yielded the Co(I) CNC pincer complexes and a [Co(CO)4]- 

anion (as the major product with some [OTf]- present) as observed in our prior publication and in 

the literature with other ligands.34, 39-40 To avoid the presence of two Co sources during catalysis, 

a salt metathesis with sodium tetrakis(3,5-trifluoromethyl)phenyl)-borate (NaBArF24) was 

performed to obtain pure 1R and 2R with the BArF24 anion. Catalysts 1R was synthesized with a 

wide variety of R groups: R = H, OMe, CF3, and Me to test both electron donating and withdrawing 
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substituents. The yields of complexes 1R are reported in Scheme 2 and the supporting information 

and they range from 8 to 52% for two steps. A more limited scope was synthesized for 2R: R = H, 

OMe. With complex 2 (R = H), we also substituted one CO ligand for with triphenyl phosphine 

(PPh32, >99% yield) or trimethyl phosphine (PMe32, >99% yield). These compounds were 

characterized by 1H, 13C, 19F, and 31P (for phosphine complexes) NMR, IR, and high res. MS or 

elemental analysis as described in the supporting information. Crystallographic data is reported 

for selected complexes as described below.  

Scheme 2. Synthesis of cobalt(I) complexes used for CO2 hydrogenation. 

 

Single Crystal X-ray Diffraction. Crystals suitable for single crystal X-ray diffraction were 

obtained for 2OMe by slow evaporation of diethyl ether with a drop of acetonitrile. The other 

crystals were obtained by layering hexanes on top of either a concentrated solution of 2 or PPh32 in 
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diethyl ether or a concentrated solution of PMe32 in dichloromethane. The structures of the 

complexes are shown in Figure 3 with a view of the primary coordination sphere to emphasize the 

change in geometry at the metal center upon phosphine coordination. The geometry index value 

τ5 was also calculated and shown below each structure.41 The τ5 values can be between 0 and 1, 

which corresponds to a perfect square pyramid and a trigonal bipyramid, respectively. According 

to the value shown in Figure 3 and Table 1, all the dicarbonyl complexes have τ5 values in the 

range around ~0.5 to 0.6 (including previously published values for 1 and 1OMe). These distortions 

from trigonal bipyramid geometry are due to the chelate ring constraints, and do not represent 

formation of a square pyramid geometry. , and phosphine derivatives have τ5 values between 0.22 

and 0.29. Compared to the dicarbonyl complex 2 (τ5 = 0.559), its phosphine derivatives PPh32 (τ5 

= 0.284) and PMe32 (τ5 = 0.222) are closer to a square pyramid geometry. This geometry change 

creates a free site trans to phosphine on the metal center.  

 

Figure 3. Molecular diagram of the new cobalt(I) complexes based on crystallographic data with 

hydrogen atoms and the BArF24 anions removed for clarity. The cobalt first coordination sphere is 
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also shown for each complex along with the τ5 parameter. Thermal ellipsoids are drawn at the 50% 

probability level. 

 As shown in Table 1, the Co-C(NHC) bond length decreased slightly from the imidazole 

derived complexes (1R) to the benzimidazole complexes (L2R). The other distances around the 

metal center (Co-CO and Co-N) were similar across the series of dicarbonyl complexes. The 

substitution of one CO ligand for a phosphine results (in PMe32 and PPh32) in a shortened Co-CO 

distance by ~0.04 Å which may be due to enhanced back bonding due to a more electron rich metal. 

The C6-O3 distance in 2OMe is 1.343(2) Å which shows that the methoxy group has partial double 

bond character due to resonance; similar bond distances have been noted in other methoxy 

substituted pincer complexes.34, 37, 42-43  
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Table 1. Selected bond lengths, angles, and τ5 parameter for Co(I) complexes.a Complexes 1 and 

1OMe were reported in a prior publication and are shown here for comparison.34  

Designation 1 1OMe 2 2OMe PPh32 PMe32 

bond angles (°)       

N3−Co1−CNHC‑avg 79.4(1) 79.3(1) 79.72(6) 79.67(7) 80.05(6) 80.25(6) 

N3−Co1−CCO‑avg 125.4(1) 125.2(1) 123.90(7) 124.33(8) 142.55(6) 146.14(6) 

N3−Co1−P1     102.53(4) 104.09(8) 

C14−Co1−Lb 109.2(2) 109.7(1) 112.08(7) 111.3(1) 114.90(5) 109.76(9) 

C1−Co1−C11 158.8(1) 158.6(1) 159.28(6) 159.28(8) 159.59(6) 159.43(6) 

τ5 0.548 0.545 0.559 0.530 0.284 0.222 

bond lengths (Å)       

Co1−CNHC‑avg 1.922(4) 1.914(3) 1.888(1) 1.894(2) 1.884(2) 1.876(1) 

Co1−N3 1.916(3) 1.918(2) 1.908(1) 1.919(1) 1.902(1) 1.897(1) 

Co1−CCO‑avg 1.775(4) 1.775(4) 1.786(2) 1.769(2) 1.743(1) 1.743(2) 

Co1−P1     2.2483(4) 2.236(3) 

CCO−OCO‑avg 1.145(6) 1.144(6) 1.138(2) 1.143(3) 1.153(1) 1.151(2) 

aAverages are used when applicable. bL = C15 or P1 depending on respective metal bounded atom. 
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Vibrational Spectroscopy. Complexes 1 and 1OMe were previously studied by FTIR 

spectroscopy.34 The dicarbonyl Co(I) cations have C2v symmetry (Table 2 entries 1-6) and show 

A1 symmetric carbonyl stretches of weak intensity between 2011 and 2034 cm-1 and B2 asymmetric 

carbonyl stretches of strong intensity between 1958 and 1982 cm-1. The phosphine substituted Co(I) 

cations (Table 2 entries 7 and 8) have Cs symmetry and only one carbonyl stretch is observed and 

is assigned as an A' vibrational mode. These phosphine complexes display a much lower CO 

stretch (at 1948-1949 cm-1) than the dicarbonyl complexes (at 1958-2034 cm-1) which reflects the 

electron donation from phosphine to the Co(I) center which allows for substantial backbonding to 

CO. For both type 1 (imidazole derived) and type 2 (benzimidazole derived) complexes, changing 

the R group on the pyridine ring from H to OMe (in 1 vs. 1OMe or 2 vs. 2OMe) increased the electron 

density at metal center for more back bonding to CO and decreased the carbonyl stretch by 10 – 

21 cm-1. It appears that Me and OMe are similarly electron donating, as 1Me and 1OMe display 

similar CO stretches. In contrast, changing the R group from H to the more electron withdrawing 

CF3 has no influence on the A1 stretch but it increased the B2 mode by 9 cm-1 which is consistent 

with a less electron rich metal.  
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Table 2. Carbonyl stretching frequencies collected via FTIR-ATR for Co(I) complexes. 

 Entry Complex Carbonyl Frequencies 

[cm−1] 

 1 1a 2025 (A1), 1968 (B2) 

 2 1OMe a 2011 (A1), 1958 (B2) 

 3 1Me  2012 (A1), 1960 (B2) 

 4 1CF3  2025 (A1), 1977 (B2) 

 5 2  2034 (A1), 1982 (B2) 

 6 2OMe  2013 (A1), 1962 (B2) 

 7 PPh32  1949 (A') 

 8 PMe32  1948 (A') 

a The values were previously reported.34 

  

https://doi.org/10.26434/chemrxiv-2024-sw83b ORCID: https://orcid.org/0000-0002-7937-8019 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-sw83b
https://orcid.org/0000-0002-7937-8019
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

13 

CO2 hydrogenation. CO2 hydrogenation reactions were studied by using a Parr reactor 

pressurized with 1:1 CO2 and H2. The reactions were run in tetrahydrofuran (THF) solution 

containing Co complex, lithium triflate (LiOTf) as a Lewis acid, and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as base to trap the product generated by the CO2 

hydrogenation (Scheme 3). While the role of DBU has been discussed and debated in the 

literature,44 the current consensus is that DBU acts as a base and does not bind CO2. In dry solvent, 

there is no evidence for a zwitterionic complex forming between DBU and CO2.45  

 

Scheme 3. CO2 hydrogenation reaction catalyzed by Co(I) CNC pincer complex. 

Several control experiments were run initially to determine the extent of background 

reaction in the absence of a catalyst (Table 3). The product (HDBU+ HCO2-) is isolated in small 

amounts in the absence of cobalt or in the presence of a cobalt anion source (entries 1 and 2, 

respectively). Entry 2 shows that NaCo(CO)4 produces less product than no cobalt catalyst, and 

thus shows no rate acceleration.  
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Table 3. Control experiments for CO2 hydrogenation to form [HDBU]+[HCO2]-.a 

Entry Catalyst LiOTf [HDBU]+[HCO2]- 

1 N/A 0.32 mmol 40(3) μmol 

2 0.3 μmol of 

NaCo(CO)4 

0.32 mmol 32(5) μmol 

aAll experiments were done in triplicate. Conditions: Parr reactor was pressurized with 40 bars of CO2 / H2 mixture 

and 4.8 mmol of DBU and heated at 80 °C for 4 h after placing reaction mixture into the reactor in glovebox. Reaction 

mixture was prepared in 5 mL THF. See the Supporting Information for further details.  

 With control experiments completed, we tested eight catalysts for CO2 hydrogenation in 

the presence of LiOTf and DBU (Table 4). These results show that with the imidazole derived 

NHC rings, catalyst 1 is most active with 11,000 TON. Surprisingly, any R group substitution 

within 1R catalysts gives a slight decrease in activity to ~3,000 to 4,000 TON for 1OMe, 1Me, and 

1CF3. We suggest that this trend is due to side reactions that lead to catalyst decomposition for 1R 

derivatives. A similar trend was observed between 2 and 2OMe (14,900 vs. 2,200 TON, 

respectively). Overall comparing 1 vs. 2 and 1OMe vs. 2OMe, there is no clear trend with respect to 

benzimidazole vs. imidazole derived NHC rings, but 2 is the best catalyst of the group. Phosphine 

substitution for CO appears to decrease the TON values from 14,900 (2) to 12,000 (PMe32) or 6,900 

(PPh32) (entries 8 and 9), but phosphine is not as detrimental as R group substitution on the pyridine 

ring. With the reasons for these trends being unclear, we proceeded with further experiments on 2 

given that 2 is the best catalyst. Using these same conditions but stopping the reaction at different 

time points for analysis, it is apparent that the catalyst 2 is most active at the beginning of the 

reaction but it maintains activity for the full 16 hours (Table 5 and Figure 4).  
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Table 4. Catalyst activity for CO2 hydrogenation.a 

Entry Complex TON (×103)b 

1 1 11(2) 

2 1OMe 3.8(9) 

3 1Me 2.74(7) 

4 1CF3 4.2(6) 

5 2 14.9(9) 

6 2OMe 2.2(8) 

7 PMe32 12(2) 

8 PPh32 6.9(9) 

aAll experiments were done in triplicate or quadruplicate and were analyzed by 1H NMR. Conditions: Parr reactor was 

pressurized with 40 bars of CO2 / H2 mixture and heated at 80 °C for 4 h after placing reaction mixture into the reactor 

in glovebox. Reaction mixture contains 6 μM Co complex, 0.384 M DBU, 64 mM LiOTf in THF solution. See the 

Supporting Information for further details. bTurnover number is calculated based on DMF internal standard added 

while preparing the NMR sample. 
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Table 5. Influence of reaction time.a 

Entry Time (h) TON (×103)b 

1 1 2.5(3) 

2 2 5.3(1) 

3 4 8.5(9) 

4 8 11.0(3) 

5 16 14(1) 

aAll experiments were done in triplicate or quadruplicate and were analyzed by 1H NMR. Conditions: Parr reactor was 

pressurized with 40 bars of CO2 / H2 mixture and heated at 80 °C after placing reaction mixture into the reactor in 

glovebox. Reaction mixture contains 45.5 μM Co complex 2, 1.92 M DBU, 64 mM LiOTf, and in THF solution. See 

the Supporting Information for further details. bTurnover number is calculated based on DMF internal standard added 

while preparing NMR sample. 

 

 

Figure 4. Turnover numbers with different reaction times for complex 2.  
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Further studies on catalyst 2 were performed by varying the pressure and the temperature 

of the reaction (Table 6). Keeping the temperature constant at 80 °C and varying the pressure in 

entries 1-6 showed that 20 bar was the optimal pressure of 50/50 CO2 and H2. This may represent 

a compromise between having sufficient reactants, but too high a pressure may inhibit CO loss 

which would be necessary to generate a free site for catalysis. In entries 7-10, we used constant 

pressure and varied the temperature, which showed that 60 °C was optimal. This may represent a 

compromise between having sufficient activation energy, but avoiding high temperatures which 

may lead to decomposition. A full study of the initial rates as a function of temperature and 

measuring catalyst spectra before and after the reaction would be necessary to clarify this 

temperature dependence, however this is beyond the scope of the current work.  

With these optimized conditions, the reaction was run on larger scale with 32.5 μM of 

complex 2, 91.4 mM of LiOTf, and 2.7 M of DBU in 3.5 mL of THF solution under 20 bars of 1:1 

CO2 / H2 mixture and heated at 60 °C for 16 h. The best TON observed for complex 2 under these 

conditions was 3.98(8) × 104.  

Using the above information along with studies of similar catalysts in the literature,26 we 

can propose a mechanism for CO2 hydrogenation in Scheme 4. The initial [(CNC)Co(CO)2]+ 

complex 2 is an 18 e- complex, which must lose a CO ligand to enable H2 binding. The 16e- 

[(CNC)Co(CO)]+ complex can bind H2 to form a Co(I)-h2-H2 complex or a Co(III) dihydride, both 

of which have 18 electrons. Deprotonation with DBU then leads to a cobalt(I) hydride, [(CNC)Co 

(CO)H], which is poised to nucleophilically attack CO2. The resulting formate complex can be H 

bound or O bound. Formate dissociation then returns to the [(CNC)Co(CO)]+ intermediate. The 

optimal rate involving intermediate pressure of CO2/H2 suggests that CO dissociation is required. 
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Rate acceleration in the presence of Lewis acids has generally been attributed to Li+ binding to 

formate and assisting in formate dissociation.26-27, 46  

 

Table 6. The influence of pressure and temperature with catalyst 2.a The optimal TON values were 

obtained with the conditions highlighted in red.  

Entry Pressure (bar) Temperature (°C) TON (×103)b 

1 60 80 5.9(4) 

2 40 80 8.5(9) 

3 30 80 10.0(3) 

4 20 80 22(1) 

5 10 80 7.2(5) 

6 5 80 6.5(5) 

7 40 100 9.7(7) 

8 40 60 21(3) 

9 40 40 4.0(4) 

10 40 22 4.1(4) 

aAll experiments were done in triplicate or quadruplicate and were analyzed by 1H NMR. Conditions: Parr reactor was 

pressurized with CO2 / H2 mixture and heated for 4 h accordingly after placing reaction mixture into the reactor in 

glovebox. Reaction mixture contains 45.5 μM Co complex 2, 1.92 M DBU, 64 mM LiOTf, in THF solution. See the 

Supporting Information for further details. bTurnover number is calculated based on DMF internal standard added 

while preparing NMR sample. 
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Scheme 4. A proposed mechanism using catalyst 2 for CO2 hydrogenation. 
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Conclusions 

Six new Co(I) CNC pincer complexes are reported with full characterization data including 

single crystal X-Ray diffraction on four complexes. A change in geometry from trigonal bipyramid 

to square pyramid is observed upon phosphine coordination. The vibrational spectra show the 

electronic influence of the R group on the pincer ring with electron donor groups (OMe, Me) 

resulting in CO stretch that is decreased due to increasing back-bonding from an electron rich Co(I) 

metal center. A similar influence is observed by coordination of an electron donating phosphine 

ligand. Eight complexes (six new and two previously reported) have been used as catalysts for 

CO2 hydrogenation with DBU as the base and LiOTf as a Lewis Acid. Herein, the three most active 

catalysts (all with TON >10,000) are 2, PMe32, and 1 in order of decreasing activity (Table 4). It 

appears that R groups on the pincer ring which are either electron donating or withdrawing tend to 

decrease catalytic activity which may relate to catalyst decomposition pathways. Catalyst 2 was 

studied further, and it appears that moderate temperature (60 °C) and pressure (20 bar of 1:1 CO2: 

H2) results in higher catalytic activity. This may relate to key steps in the catalytic cycle involving 

CO ligand loss and CO2 or H2 coordination, which are thus favored by intermediate pressures. 

Likewise, faster rates at intermediate temperatures may relate to having sufficient activation 

energy but avoiding decomposition pathways. Using these optimized conditions, nearly 40,000 

TON is achieved which surpasses other studies with Co(I) catalysts.28  Future studies will aim to 

study this mechanism further by the method of initial rates with each catalyst.  
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