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ABSTRACT: We report a novel metal-free chemical reduction of CO2 by a recyclable benzimidazole-based organo-hydride, whose 
choice was guided by quantum chemical calculations. Notably, benzimidazole-based hydride donors rival the hydride-donating abil-
ities of noble metal-based hydrides such as [Ru(tpy)(bpy)H]+ and [Pt(depe)2H]+. Chemical CO2 reduction to the formate anion 
(HCOO−) was carried out in the absence of biological enzymes, a sacrificial Lewis acid, or a base to activate the substrate or reductant. 
13CO2 experiments confirmed the formation of H13COO− by CO2 reduction with the formate product characterized by 1H-NMR and 
13C-NMR spectroscopies, and ESI-MS. The highest formate yield of 66% was obtained in the presence of potassium tetrafluoroborate 
under mild conditions. The likely role of exogenous salt additives in this reaction is to stabilize and shift the equilibrium towards the 
ionic products. After CO2 reduction, the benzimidazole-based hydride donor was quantitatively oxidized to its aromatic benzimidaz-
olium cation, establishing its recyclability. In addition, we electrochemically reduced the benzimidazolium cation to its organo-hy-
dride form in quantitative yield, demonstrating its potential for electrocatalytic CO2 reduction. These results serve as a proof of 
concept for the electrocatalytic reduction of CO2 by sustainable, recyclable and metal-free organo-hydrides.

INTRODUCTION  
The chemical reduction of carbon dioxide (CO2) to 

liquid fuels (e.g. methanol) powered by renewable energy 
would revolutionize the future energy landscape.1-2 Such a tech-
nology could effectively close the carbon cycle; however, de-
spite progress in the reduction of CO2 to valuable products, no 
process has effectively met the requirements for the practical 
conversion of CO2 to utilizable fuels. Furthermore, the scien-
tific community has not yet reached a consensus on a general 
approach to address this challenge.  

The reduction of CO2 via hydride (H−) transfer(s) 
stands as one of the most promising approaches to convert CO2 
to usable fuels,3-5 with several reports describing progress to-
wards implementation of such a system.6-8  Of course, CO2 can-
not proceed directly to methanol by hydride transfers exclu-
sively. An example is a recently proposed mechanism mediated 
by the organo-hydride dihydropyridine wherein CO2 undergoes 
a series of three reductions, each one followed by a protonation: 
first, to generate formic acid (HCOOH), second, to produce me-
thanediol  — which converts to formaldehyde (CH2O) with loss 
of water  — and finally to generate  methanol (CH3OH).9-10 This 

route may not always be effective, for example in cases where 
high activation barriers result in slow kinetics. A pteridine de-
rivative is believed to undergo a similar pathway of CO2 reduc-
tion, although the reduction by pteridines via this mechanism is 
not feasible due to slow kinetics.11 In any event, the predicted 
mechanism of CO2 reduction to methanol by hydride transfer 
we reported9,10 was somewhat complex. While the individual 
steps involved were relatively simple, the overall route was 
complicated in two senses: first, multiple steps, hydride trans-
fers, and proton transfers were involved; second, the prepara-
tion of the particular organic-hydride donor, dihydropyridine, 
involved electrode and photo-processes. This complexity sug-
gests that an effective experimental scrutiny of the mechanism 
might focus on particular steps in the mechanism. Thus, in the 
present work we experimentally examined a fundamental but 
more limited CO2 reduction; the key first reduction to formate 
by a chemically prepared (and different) organo-hydride donor 
that avoids the participation of proton transfer.  

Before proceeding, we provide some perspective on 
CO2 reduction via the use of other, non-organic hydrides. Tran-
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sition metal (TM) hydrides are the most commonly studied hy-
drides and have proven effective for the reduction of CO2, and 
thus merit discussion here. Some efforts have focused on deter-
mining the relative hydricity of TM hydrides, the thermody-
namic property which quantifies their potency as hydride do-
nors.12-15 Strong TM hydrides typically involve noble metals, 
such as [Ru(tpy)(bpy)H]+ and [Pt(depe)2H]+; typ =  2,2′:6′,2″-
terpyridine; bpy = 2,2′-bipyridine; depe = 1,2-bis(dieth-
ylphosphino)ethane.14 Recent advances using non-precious 
metal species,7, 16 such as Co(dmpe)2H, have been achieved in 
the reduction of CO2 to HCOO− (formate), but this requires a 
strong sacrificial base to form the requisite reducing complex 
in situ; dmpe = 1,2-bis(dimethylphosphino)ethane.7 Beyond the 
realm of TM-catalyzed processes, only one example of a recy-
cable organo-hydride has been experimentally demonstrated to 
reduce CO2 to HCOO−.8 Yet, even here, the intermediacy of a 
transition metal center, specifically ruthenium, is required: a di-
hydropyridine organo-hydride (which ultimately acts as the re-
ductant) forms part of a pbn (2-(pyridin-2-
yl)benzo[b][1,5]naphthyridine)) ligand of a Ru(bpy)2(pbnH2)2+ 
complex. Moreover, in this system a stoichiometric quantity of 
a Brønsted base is required to facilitate the transfer of the hy-
dride from the pbn ligand of the Ru complex to CO2.17  

While many transition metal-catalyzed and -coupled 
complexes effectively reduce CO2 to formate (and beyond), the 
unfortunate fact remains that the high cost of homogeneous no-
ble metal catalysts effectively hampers the development of eco-
nomical processes catalyzed by these complexes for the produc-
tion of utilizable fuels from CO2. Furthermore, the selectivity 
of metal-based electrocatalysts is often limited because byprod-
ucts such as CO and/or H2 are formed in addition to formate.18-

21 While CO and H2 are difficult to store and transport, formate 
(and formic acid) represents a promising energy carrier candi-
date, due to its low toxicity, easy transportation and straightfor-
ward handling.22-24 
Scheme 1. Reduction of CO2 to formate anion by benzimid-
azole-based organo-hydrides. 

 
Here we report what is to the best of our knowledge 

the first reduction of CO2 to HCOO− by a metal-free and recy-
clable organo-hydride derived from benzimidazoles (Scheme 
1). Benzimidazoles, direct analogs to imidazole-based cofactors 
present in 5,10-methenyltetrahydromethanopterin (Hmd) hy-
drogenase,25 have been previously identified as promising hy-
dride donors26-28 due to their characteristic conformation and an 
anomeric effect.29 The choice of this hydride donor, the concep-
tion of the reduction's mechanism, and results of the reduction 

were further guided by quantum chemical calculations. An ad-
ditional noteworthy aspect of the CO2 reduction illustrated in 
Scheme 1 is that the reaction proceeds in the absence of biolog-
ical enzymes,30 a sacrificial Lewis acid, or a base to activate the 
substrate or reductant.31  Specifically, we demonstrate that di-
hydrobenzimidazole organo-hydrides (1,3-dimethyl-2,3-dihy-
dro-1H-benzimidazole derivatives, species 1a-d in Scheme 1) 
are capable of chemically reducing CO2 to HCOO− in DMSO 
solvent. The choice of the solvent used was two-fold: (i) it is a 
polar solvent that helps stabilize the charged products (benzim-
idazolium cations and formate), while not possessing acidic 
protons (like methanol and water) prevents a possible hydrogen 
evolution reaction from the hydride; (ii) both benzimidazole-
hydride and CO2 are sufficiently soluble in DMSO.     

While CO2 reduction by metal-free hydrides has been 
previously achieved with organoboranes and organosilanes,32-42 
the inability to regenerate their active hydride forms has re-
stricted their use to only stoichiometric conditions;26 notably, 
significant progress has been made to employ dihydrogen in 
sustainable CO2 reduction processes catalyzed by Lewis acid 
and base pairs.43-45 In our attempt to identify a catalytic CO2 re-
duction system, we have electrochemically transformed ben-
zimidazolium cation (1,3-dimethyl-1H-benzimidazol-3-ium 
derivative 2c) to its corresponding organo-hydride 1c with 
quantitative yield. Thus, the present system serves as a proof of 
concept that organo-hydrides are capable of transferring a hy-
dride ion to CO2 and that the regeneration of the hydride can be 
achieved electrochemically. 

 
COMPUTATIONAL METHODS 

All stationary geometries (reactants, transition states 
and products) for the systems studied were computed using den-
sity functional theory based on the M06 density functional46 and 
6-31+G** basis set.47 To account for the effect of solvent, the 
implicit polarized continuum solvation model (CPCM)48-49 was 
employed in all calculations to treat the solute-solvent electro-
static interactions in dimethyl sulfoxide (DMSO) solvent. Cal-
culated values for relevant standard reduction potentials and 
pKa values were obtained following the previously published 
procedure.27 All reported energies were referenced to separated 
reactants in solution and calculations were performed using the 
GAUSSIAN 09 or 16 computational software packages.50 The 
supporting information (SI) sections 1 and 9 provide a more de-
tailed description of the calculated values.  

 
EXPERIMENTAL SECTION 

General methods. Benzimidazole (98%), 5,6-dime-
thylbenzimidazole (≥99%), 2-methylbenzimidazole (98%), io-
domethane (99%), 1,3,5-trimethoxybenzene (≥99%), sodium 
borohydride (99%), 13CO2 (99 atom % 13C, <3 atom % 18O), 
potassium iodide (≥99%), potassium bromide (≥99%), sodium 
iodide (≥99%), lithium bromide (≥99%) and potassium hex-
afluorophosphate (≥99%) were purchased from Sigma-Aldrich 
and used as received. Potassium nitrate (≥99%), potassium per-
chlorate (≥99%), and potassium tetrafluoroborate (98%) were 
purchased from Alfa Aesar and used as received. A 12CO2 gas 
cylinder was purchased from Air Products (Bone Dry, 99.9%). 
DMSO-d6 (d, 99.9%), MeCN-d3 (d, 99.8%) and methanol-d4 (d, 
99.8%) were purchased from Cambridge Isotope Laboratories, 
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Inc. DMF-d7 (d, 99.5%) was purchased from Sigma-Aldrich. 
Glass tube reactors were purchased from Ace Glass Incorpo-
rated: Tube, 9 ml, 150 psig, 19 mm O.D., 10.2 cm long (part # 
8648-62). 1H and 13C NMR spectroscopies were performed in a 
Bruker Ascend 400 MHz spectrometer at the University of Col-
orado Boulder NMR facility. Chemical shifts are referenced to 
the internal solvent resonance (DMSO, 2.50 ppm) and reported 
as parts-per-million (ppm). ESI-MS analysis was performed 
with a Synapt G2 HDMS Qtof (Waters) at the University of 
Colorado Boulder mass spectrometry facility. The generalized 
synthetic procedures were modified from those already reported 
in the literature.28, 51   

General experimental procedure for the synthesis 
of benzimidazoliums (2). The method we describe here was 
used to synthesize species 2c and it generally applies to the syn-
thesis of other benzimidazoliums (2). 60 mL of reagent grade 
methanol (0.83 M) was added to a 250 mL round bottom flask 
equipped with a magnetic stir bar, followed by the addition of 
6.61 g (50.0 mmol, 1.00 equiv) of 2-methylbenzimidazole, 12.5 
mL (28.5 g, 200 mmol, 4.00 equiv) of iodomethane, and, fi-
nally, 6.91 g (50.0 mmol, 1.00 equiv) of potassium carbonate 
(K2CO3). This suspension was subsequently heated at reflux for 
18 hours.  After cooling the reaction to room temperature, the 
solution was reduced in volume to ~30 mL in vacuo and the 
solids were filtered through a filter paper-topped Buchner filter.  
The filtered solids, which contained both residual K2CO3 and 
the desired product 1,2,3-trimethyl-1H-benzimidazol-3-ium io-
dide (species 2c) were added to a 250 mL round bottom flask 
containing 150 mL of reagent grade MeOH and heated to 60oC 
to dissolve most, but not all of the solids. The hot solution was 
then filtered through a Buchner funnel and the filtrate was col-
lected and placed into a freezer (~ -20°C) for 4 hours.  After this 
time the formed crystals were filtered from the supernatant, 
washed with additional portions of reagent grade acetone (50 
mL, 2x), and dried under vacuum to give 10.9 g (76% yield) of 
the desired 1,2,3-trimethyl-1H-benzimidazole-3-ium iodide 
(2c) as a white solid which was used in the subsequent reaction 
with no further purification. 1H NMR (400 MHz, DMSO-d6) δ 
8.03 – 7.94 (m, 2H), 7.68 – 7.59 (m, 2H), 4.00 (s, 6H), 2.87 (s, 
3H). 13C NMR (101 MHz, DMSO-d6) δ 152.25, 131.29, 125.81, 
112.69, 31.72, 10.62. HRMS (ESI): C10H13N2

+ calculated at 
161.1079; observed at 161.1078. See SI section 4 for character-
ization of other benzimidazoliums (2). 

General experimental procedure for the synthesis 
of dihydrobenzimidazoles (1). The method we describe here 
was used to synthesize species 1c and it generally applies to the 
synthesis of other dihydrobenzimidazoles (1). 40 mL of H2O 
and 60 mL of reagent grade diethyl ether (1.0:1.5, v:v, 0.10 M 
total dilution) were added to a 250 mL round bottom flask 
equipped with a magnetic stir bar.  Next, 2.88 g (10.0 mmol, 
1.00 equiv) of 1,2,3-trimethyl-1H-benzimidazole-3-ium iodide 
(2c) was added, followed by 1.13 g (30.0 mmol, 3.00 equiv) of 
sodium borohydride in small portions. This mixture was al-
lowed to react under vigorous stirring for 1 hour at room tem-
perature.  After this time, the reaction mixture was placed into 
a separatory funnel and the organic layer was extracted, then 
washed with deionized water (50 mL, 2×), and finally washed 
with brine (50 mL, 1×). The organic solution was dried over 
MgSO4, filtered, and concentrated under reduced pressure to 
yield 1.05 g (65% yield) of the title compound (1c) as a clear 

liquid.  The product was stored under argon in a ~ -20oC freezer 
until later use.  We note that species 1c solidified in the freezer 
at ~ -20oC and is stable for months when stored at ~ -20oC even 
after repeated exposure to air. 1H NMR (400 MHz, DMSO-d6) 
δ 6.59 – 6.50 (m, 2H), 6.42 – 6.33 (m, 2H), 4.00 (q, J = 5.3 Hz, 
1H), 2.61 (s, 6H), 1.39 (d, J = 5.3 Hz, 3H). 13C NMR (101 MHz, 
DMSO-d6) δ 142.59, 118.68, 105.65, 86.13, 33.52, 18.13. 
HRMS (ESI): (C10H14N2)Li+ calculated at 169.1317; observed 
at 169.1319. See SI section 4 for characterization of other dihy-
drobenzimidazoles (1). 

General experimental procedure for the reduction 
of CO2 with a representative benzimidazole hydride. 31.5 
mg (0.25 mmols, 20.00 equiv) of KBF4 was added to an oven-
dried 9 ml glass tube reactor (as shown in SI section 2, Figure 
S1; purchased from Ace Glass Incorporated) equipped with a 
9.5 × 4.7 mm egg-shaped magnetic stir bar purchased from 
VWR. This was then diluted with 500 µL of DMSO-d6 contain-
ing 2.0 mg (0.0125 mmol, 1.00 equiv) of species 1c and 4.2 mg 
(0.025 mmol, 2.00 equiv) of 1,3,5-trimethoxybenzene (as the 
internal standard) using a calibrated pipette. The tube was then 
sealed and degassed under vacuum while under sonication for 
a total of 5 minutes. After degassing, the valve connected to the 
vacuum was closed and 12CO2 at 20 psig (or 13CO2 at ~20 psig) 
was then introduced to the reaction vessel. The reaction mixture 
temperature was maintained at 50°C in an oil bath for 18 hours 
while stirring at 800 rpm. After this time, species 1c was fully 
consumed and an additional 200 µL of DMSO-d6 (in some 
cases methanol-d4) was added to improve the solubility of the 
solution. The reaction solution was then analyzed by 1H NMR 
spectroscopy (and in some cases 13C NMR spectroscopy).  

Cyclic voltammetry and digital simulations.  Cyclic 
and linear sweep voltammetries were performed using a BASi 
epsilon potentiostat in a VC-2 voltammetry cell (Bioanalytical 
Systems) using a glassy carbon (3 mm diameter, MF-2012, Bi-
oanalytical Systems) or tin (3 mm diameter, custom made, Bi-
oanalytical Systems) working electrode, a nonaqueous Ag/Ag+ 
reference electrode (MF-2062, Bioanalytical Systems) and a 
platinum wire (MW-4130, Bioanalytical Systems) as a counter 
electrode. The spectroscopic grade solvent DMSO and the elec-
trolyte tetrabutylammonium perchlorate (TBAP) were pur-
chased from Sigma Aldrich and used as received. Electrochem-
ical potentials were converted to NHE by adding 0.569 V to the 
experimental potentials.52 For cyclic voltammetry (CV) meas-
urements, the iodide salt of 2c was converted to perchlorate us-
ing a previously published procedure.53 The CV was simulated 
using DigiSim simulation software with the following 
parameters: (i) Electrode area: 0.07 cm2, planar electrode 
geometry, scan rate: 100 mV/s, resistance uncompensated; (ii) 
Semi-infinite diffusion model, diffusion constants for all 
species calculated using a Stokes radius obtained from 
optimized structures (D = 2.8 . 10-6 cm2/s), initial concentration 
of 2c: 1 mM; (iii) Mechanism: A + e− →  B (E0 = −1.96 V, Table 
S2); B = C (K and kf for this process was varied, see SI); C + 
e− →  D (E0 = 0.30 V, Table S2); (iv) Electron transfer kinetics 
were simulated using the Butler-Volmer model with the param-
eters: α/λ=0.5 eV, ks=10 cm/s. For details, see SI section 10. 

Controlled potential electrolysis. Bulk electrolysis 
was performed in a glovebox using a BASi EpsilonTM potenti-
ostat in a VC-2 voltammetry cell (Bioanalytical Systems), with 
a carbon fiber paper working electrode (Freudenberg H23, Fuel 
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Cell Store), a nonaqueous Ag/Ag+ reference electrode (MF-
2062, Bioanalytical Systems) and a coiled platinum wire in an 
auxiliary electrode chamber (MW-1033 and MR1196, Bioana-
lytical Systems) as the counter electrode. The electrolysis was 
performed in deuterated DMSO-d6 with 1,3,5-trimethoxyben-
zene (as the internal standard) while its progress was monitored 
using 1H-NMR spectroscopy. For details, see SI section 11. 

 
RESULTS AND DISCUSSION 

Benzimidazole organo-hydrides for CO2 reduction 
to formate. A number of previous studies have suggested that 
benzimidazole-based organo-hydrides are potentially strong 
hydride donors.4, 14, 26-28, 54 We used density functional theory 
(DFT) to calculate the thermochemical properties of CO2 reduc-
tion to HCOO− by four different benzimidazole-based organo-
hydrides (1a-d) in order to determine if such hydrides are com-
petent for this reduction. Table 1 shows that species 1a (the sim-
plest dihydrobenzimidazole considered, where R1 = H and R2 = 
H) is predicted to reduce CO2 to HCOO− with a calculated re-
action free energy of ΔG0

rxn = 4.2 kcal/mol, while regenerating 
species 2a. Species 1b, where R1 = Me and R2 = H, is predicted 
to be a stronger hydride donor relative to our base case 1a; 
ΔG0

rxn is now lowered to 2.0 kcal/mol. We calculate that sub-
stitution of Me at R2 further improves the hydride donation 
strength such that ΔG0

rxn= 0.7 kcal/mol for 1c. Finally, 1d with 
Me substituted at both R1 and R2 is predicted to be the strongest 
hydride donor reducing CO2 to HCOO− with ΔG0

rxn= -1.7 
kcal/mol. 
 
Table 1: Predicted thermochemical properties of CO2 re-
duction by reductants 1a-d with their corresponding exper-
imental formate yields. 

 

Hydride 
donor 

Formate yield 
(%)a 

∆G‡HT (298 K)  
(kcal/mol)d 

∆G0rxn (298 K) 
(kcal/mol)d 

RC-H 
(Å)e 

1a 5b 23.1 4.2 1.37 

1b 4b 22.1 2.0 1.39 

1c 59b (66)c 20.6 0.7 1.38 

1d 51c 21.1 -1.7 1.39 
aExperimental yields determined by 1H-NMR spectroscopy us-

ing 0.05 M of 1,3,5-trimethoxybenzene as an internal standard and 
species 1 as the limiting reagent. bReaction conditions: 0.50 ml 
DMSO-d6, [hydride donor] = 0.10 M, [KBr] = 0.50 M, PCO2 = 30 
psig, T = 50°C and t = 24 h (except t = 11 h for 1c). cReaction 
conditions: 0.50 ml DMSO-d6, [hydride donor] = 0.025 M, [KBF4] 
= 1.00 M, PCO2 = 20 psig, T = 50°C and t = 18 h. dTheoretical acti-
vation free energies (∆G‡HT) and reaction free energies (∆G0rxn) at 
standard conditions of 298 K and 1 atm, computed at the rM06/6-

31+G(d,p) level of theory in implicitly described (CPCM) DMSO 
solvent. eCalculated bond distance between the transferring hydride 
(H−) and the carbon (C) of CO2 at the transition state. The ball-and-
stick model shows the computed TS structure for reductant 1c. 

Our initial experimental results, reported in Table 1, 
are consistent with these calculations (except for the case of 
1d). The hydride donor 1c produced the correspondingly high-
est yield of HCOO− (59%) relative to weaker donors 1a and 1b 
(5% and 4%, respectively). These reactions were performed un-
der mild conditions (T= 50°C and PCO2= 30 psig) in DMSO-d6 
for 24 hours or less (11 hours for 1c); the addition of salts such 
as KBr was empirically discovered to significantly increase the 
yield of formate (vide infra). Modifying the reaction conditions 
resulted in an increase in HCOO− yield by 1c to 66%, while 1d 
produced a lower yield of 51% despite it being predicted to be 
a stronger hydride donor. Both 1c and 1d suffer from parasitic 
side reactions in DMSO that prevents their quantitative 
HCOO− yield;55 1d is a stronger hydride donor and thus suffered 
more from non-productive side reactions, thus explaining its 
lower formate yield relative to 1c (vide infra). 

The presumed formation of formate in our reaction 
was confirmed by its detection under synthetically relevant con-
ditions via both 1H-NMR spectroscopy and electrospray ioniza-
tion mass spectrometry (ESI-MS).  The 1H-NMR spectra ob-
tained after completion of the reaction exhibited a peak at 8.46 
ppm, which was confirmed to be formate by comparison to the 
authentic sample (see SI section 5). To further confirm for-
mate’s presence, ESI-MS in negative ion mode was employed. 
The formate anion was observed to complex with the added 
salts: for example, in SI section 6, we discuss our detection of 
the presence of the KBr⋅HCOO− complex in the correct isotopic 
ratios with m/z = 162.9, 164.9, and 166.9. Thus, these two ana-
lytical methods confirm the presence of formate in our product 
solution. 

 
Figure 1. 13C-NMR spectra of species 1c reacted with 13CO2 in 
DMSO-d6. Reaction conditions: [1c] = 0.10 M, [KBr] = 0.20 M, 
PCO2 = ~20 psig, T = 50oC and t = 16 h. 0.05 M 1,3,5-trimethox-
ybenzene was introduced as an internal standard. 13C-formate ap-
peared at 165.70 ppm; dissolved 13CO2 appeared at 124.18 ppm.56  

To further validate our proposed mechanism of reduc-
tion, we conducted experiments with isotopically enriched 
13CO2 gas (99 atom % 13C). Figure 1 confirms the presence of 
H13COO− (appearing at 165.70 ppm; see SI section 7 for com-
parison to the authentic sample) in the product solution after 
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13CO2 reacted with hydride species 1c. The significant enhance-
ment of H13COO−’s 13C-NMR signal relative to other species in 
the solution (peaks a-d) is apparent in Figure 1.  In addition, in 
SI section 7, we show that the 13C nuclear spin splits the 1H-
NMR peak of H13COO− into a doublet (at 8.27 and 8.72 ppm), 
further corroborating the presence of isotopically enriched 
H13COO−. These results demonstrate that the formate anion de-
tected in the reaction mixture is derived from the chemical re-
duction of the carbon dioxide introduced to our solution.   

Effect of salts and solvents. During the course of 
these studies, we empirically discovered that the addition of 
various salts to the reaction mixture greatly enhances the ob-
served formation of the formate anion. A similar salt effect was 
reported for a photochemically driven system involving the re-
duction of CO2 by pyridine57 and in the catalytic formation of 
acrylate from ethene and CO2.58 Table 2 indicates that in the 

absence of salts, the  HCOO− yield by 1c was nearly undetecta-
ble (5%, entry 1). Alternatively, under various reaction condi-
tions, the presence of salts (e.g. KBr, KI, LiBr and NaI) resulted 
in markedly higher yields of the reduced product (25-59%, en-
tries 2-7).  Of these salts, KBr produced the highest formate 
yield (59%, entry 3) relative to other salts under identical con-
ditions.  

We propose that adding salts creates a more polar en-
vironment that stabilizes ionic products (species 2c and 
HCOO−) by increasing the ionic strength of the solution, and 
thus biases the equilibrium towards the formation of ionic prod-
ucts. In fact, our calculations of a model including the salt KBr 
suggest that the salt effect significantly improves the thermody-
namics of the hydride transfer reaction from ΔG0

rxn = 0.7 
kcal/mol to ΔG0

rxn = -7.1 kcal/mol. 

Table 2. Reaction of species 1c or 1d with CO2 under various experimental conditions.  
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NN
MeMe

MeMe

HH
MeMe NN
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MeMe

MeMe

MeMe CC OO
HH

OOOO
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OO
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timetime
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RR11
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; 1d1d RR11
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Me
Me 2c2c RR11
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H 
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;
; 2d2d RR11

 
 
= 
= 

Me
Me  

Entrya Hydride 
donor 

[Hydride 
donor] (M) 

Salt [Salt] 
(M) 

CO2 
(psig)b 

Time 
(h) 

Consumption 
of 1 (%)c 

Formation 
of 2 (%)c 

Recovery 
of 2 (%) 

Formate 
Yield (%)c,d 

1 1c 0.100 - - 30 24 69 69 100 5 

2 1c 0.100 KBr 0.20 30 11 86 86 100 40 

3 1c 0.100 KBr 0.50 30 11 92 91 99 59e 
4 1c 0.100 KI 0.50 30 11 82 82 100 40e 

5 1c 0.100 LiBr 0.50 30 11 95 94 99 36e 

6 1c 0.100 NaI 0.50 30 11 87 86 99 25e 

7f  1c 0.100 KBr 0.50 30 24 79 77 97 33 

8 1c 0.050 KBF4 0.50 20 18 97 96 99 57 

9 1c 0.025 KBF4 0.50 20 18 100 99 99 61 

10 1c 0.025 KBF4 1.00g 20 18 100 100 100 66 

11 1c 0.025 KClO4 0.50 20 18 100 100 100 35 

12 1c 0.025 KNO3 0.50 20 18 100 100 100 49 

13 1c 0.025 KPF6 0.50 20 18 100 100 100 17 

14 1d 0.025 KBF4 1.00g 20 18 100 100 100 51 

15 1d 0.025 KNO3 1.00 20 18 100 99 99 53 
aAll reactions were conducted in 0.50 ml of DMSO-d6 solvent at 50oC, unless otherwise specified; the solution appeared slightly cloudy 

after reactions were completed, 0.20 ml of methanol-d4 (entries 1-7) or 0.20 ml of DMSO-d6 (entries 8-15) were added to the solution to 
improve solubility prior to acquiring NMR spectra. bPressure of introduced CO2 in psig. cDetermined from 1H-NMR spectroscopy using 0.05 
M of 1,3,5-trimethoxybenzene as an internal standard. dYield based on species 1 as the limiting reagent. eFormate yield was determined from 
the average of three runs, with reproducibility of ±5%. fReaction at 25oC. gSalt not fully soluble.  

Although we first performed the CO2 reductions at 
slightly elevated temperatures (50°C, entries 1-6), we antici-
pated that, in view of the predicted relatively low free energy 
activation barrier ∆G‡

HT (298 K) = 20.6 kcal/mol in Table 1, 
species 1c could still be capable of reducing CO2 to HCOO− at 

room temperature, T = 25°C. Indeed, species 1c was found to 
be effective as a reductant under ambient conditions, although 
lower yield of formate was obtained (33%, t = 24 h, entry 7), 
presumably due to the slower reaction rate. We also examined 
this reduction in several solvents: methanol-d4, MeCN-d3, and 
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DMF-d7 yielded essentially no formate. Mixed solvents com-
prising of DMSO-d6 with methanol-d4, MeCN-d3, or DMF-d7 in 
1:1 ratios by volume produced lower formate yields relative to 
pure DMSO-d6 (see SI section 8, Table S1). D2O was not ex-
amined as a solvent due to 1c’s poor solubility and tendency to 
react with water to form H2, as mentioned below. We propose 
that the observed reduced activity in methanol-d4, MeCN-d3 and 
DMF-d7 solvents is caused by their lower polarities (their po-
larity index values are 5.1, 5.8, and 6.4, respectively, compared 
to 7.2 for DMSO-d6).59 Just as was argued above in connection 
with the salt effect on the reaction, the lower solvent polarity is 
presumed to disfavor ionic product formation leading to re-
duced product yields. 

Reaction optimization and side reactions. In an ef-
fort to further increase formate yield (beyond the 59% yield of 
entry 3 of Table 2), we varied 1c’s concentration, types of po-
tassium salts, salt concentration, CO2 pressure, and length of re-
action time (Table 2, entries 8-13; also see SI Table S1). We 
found that by both lowering [1c] from 0.100 M to 0.025 M and 
increasing the reaction time from 11 h to 18 h, we were able to 
fully consume hydride donor 1c to quantitatively form 2c; how-
ever, not all 1c was consumed to form the desired formate prod-
uct as some reacted in parasitic side reactions (vide infra). From 
the results reported in Table 2 and Table S1 we also determined 
that a CO2 pressure of 20 psig produced a slight improvement 
over 30 psig while a higher CO2 pressure of 40 psig yielded 
poorer results (vide infra). At the reaction conditions of [1c] = 
0.025 M, PCO2 = 20 psig, t = 18 h and 0.50 M of KBF4, formate 
yield improved to 61% (entry 9). Notably, KBF4 gave a higher 
formate yield than the potassium salts KClO4, KNO3 and KPF6 
under identical conditions (entries 11-13). When [KBF4] was 
increased to 1.00 M or 40 equiv. relative to 1c, formate yield 
was further increased to 66% (entry 10). 

Under these optimized conditions, we tested the per-
formance of 1d (see SI section 3 for the synthetic procedure). 
1d was computationally predicted to be a slightly stronger hy-
dride donor than 1c, due to the moderate electron-donating abil-
ity of the methyl groups at the 5 and 6 positions of the benzim-
idazole. As reported in Table 1, 1d was predicted to reduce CO2 
to formate with the following properties: ∆G‡

HT = 21.1 
kcal/mol, ∆G0

rxn = -1.7 kcal/mol, and RC-H = 1.39 Å. However, 
despite being predicted as a stronger hydride donor, 1d pro-
duced formate yields of only 51% (1.00 M KBF4, entry 14) and 
53% (1.00 M KNO3, entry 15), lower than the 66% (entry 10) 
produced by 1c (while 1d was fully reacted to generate 2d). As 
we describe next, the hydrides of 1c and 1d participated in par-
asitic reactions that limit their formate yields. 

We have identified two potential channels for the non-
productive consumption of hydride donors 1c and 1d. First, we 
anticipate that the hydride can react with trace water in DMSO 
(present due to its hygroscopic nature) to form H2 and hydrox-
ide OH−.60 Second, the hydride could also non-productively re-
act with DMSO to form dimethyl sulfide55 and OH−. The OH− 
generated from these two sources likely reacts with excess CO2 
in the solution to form bicarbonate (HCO3

−); this anion may 
then complex with potassium cations present in the solution to 
form the less soluble KHCO3 salt. Indeed, this may well explain 
the observed cloudiness of the solution after completion of the 
reaction. Furthermore, we observed that formate yield by 1c 
was significantly lowered to 12% at a higher CO2 pressure of 

40 psig, as reported in Table S1. Following an argument similar 
to that above, we hypothesize that the larger excess of CO2 in-
creased OH− consumption, which in turn increased the parasitic 
consumption of 1c and 1d, thereby resulting in lower formate 
yields. Given that 1d is a stronger hydride donor, the parasitic 
consumption of its hydride was presumably more severe, thus 
producing a lower formate yield than 1c. Future design of the 
hydrides will focus on improving the kinetics of CO2 reduction, 
while preventing the parasitic loss of the hydrides.61 

Connections to dihydropyridine. Interestingly, the 
benzimidazole-based hydride systems studied here closely re-
semble our previously studied dihydropyridines, whose 
NADPH analogue is used as a recyclable hydride in natural 
photosynthetic CO2 fixation.9-10 Although, as explained in the 
Introduction, the present study is deliberately restricted com-
pared to ref. 10 --- with a focus on examining the fundamental 
concept of CO2 reduction by hydride transfer --- it is instructive 
to note key points of commonality. 

Perhaps the most important among several key fea-
tures in common between these two chemistries is a hydride 
bound to a carbon that neighbors a N atom of a ring that be-
comes aromatic upon transfer of the hydride; this provides an 
analogous source for the driving force for hydride transfer. The 
underlying dearomatization-aromatization cycle that creates the 
thermodynamic driving force for CO2 reduction was previously 
uncovered in the pyridine system.62,10 Similarly, because the ar-
omatic species 2 is dearomatized upon its reduction to com-
pound 1, the proclivity of this latter species to re-aromatize 
drives it to transfer H− to CO2 to form the formate product while 
recovering the aromatic species 2. While ref. 10 includes the 
next protonation step of formate to produce formic acid that is 
not addressed here, the experimental results we report confirm 
the reduction of CO2 by 1, and support the proposed theoretical 
homogeneous hydride transfer mechanism for the reduction of 
CO2 to methanol.10-11 For an extended discussion and refer-
ences, see ref. 9.  

Electrochemical regeneration. As determined by 
1H-NMR spectroscopy, 1 was consumed to quantitatively re-
cover the oxidized and aromatic species 2 (Table 2), thereby 
establishing its potential to function as a recyclable organo-hy-
dride. Here, we examine the possibility of regenerating 1c from 
2c electrochemically to achieve catalytic CO2 reduction. Gen-
erally, the recovery of 1 from the oxidized species 2 requires a 
net transfer of two electrons and a proton. Three possible path-
ways for electrochemical regeneration are represented in 
Scheme 2. The first pathway (pathway i) involving the protona-
tion of 2c followed by two successive electron transfers (ETs) 
has been discarded because of the inability to protonate the ben-
zimidazolium species 2c due to its high free energy cost. In con-
trast, the other two pathways in Scheme 2 (ii and iii) include an 
initial ET which leads to the formation of a neutral radical 2c•. 
The fate of 2c• depends on experimental conditions (e.g. applied 
electrochemical potentials and the presence of acids). Even 
though the second ET is calculated to be feasible at applied po-
tentials (pathway ii), a rapid dimerization of 2c•  impedes further 
recovery of the dihydrobenzimidazole hydride species 1c.63 Fi-
nally, in the presence of a proton source, the facile protonation 
of the radical 2c• enables a subsequent exergonic electron trans-
fer that leads to formation of the hydride 1c (pathway iii).  
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Inspired by the favorable calculated thermodynamic 
parameters for the electrochemical regeneration, we performed 
cyclic voltammetry (CV) experiments in the presence (pathway 
iii) and absence (pathway ii) of acids. Specifically, Figure 2a 
shows CVs of 2c obtained with different scanning directions in 
the presence and absence of phenol acting as a weak proton do-
nor. In both cases, the irreversible reduction peaks appear at 
−1.88 V vs. NHE, which is consistent with the calculated one-

electron reduction potential for 2c/2c• conversion (see SI sec-
tion 9, Table S2).  Interestingly, the current intensity doubled in 
the presence of phenol indicating a possible proton-coupled 
two-electron transfer process, as represented in pathway iii 
(Scheme 2). Similar behavior was observed when stronger acids 
(acetic, chloroacetic and tetrafluoroboronic acids) were em-
ployed.

 
Scheme 2. Sequential regeneration pathways for electrochemical conversion of species 2c to hydride-active species 1c. 
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Indeed, scanning to positive potentials from these re-

duction peaks (scan direction: −2.3 V to +0.75 V) resulted in 
the appearance of a peak at ~ +0.3 V vs. NHE only in the pres-
ence of the acid. The peak matches well with the calculated ox-
idation peak of species 1c (+0.30 V vs. NHE, Table S2). To 
confirm this regeneration, we performed the electrochemical 
oxidation of an authentic sample 1c; this indeed exhibited an 
oxidation potential at +0.36 V vs. NHE supporting the electro-
chemical regeneration of 1c from 2c (Figure 2a, inset).  

To evaluate the efficiency of electrochemical regener-
ation of 1c, the experimental CVs were compared with the sim-
ulation, which was computed assuming that 2c undergoes a pro-
ton-coupled two-electron reduction process to form 1c (Figure 
2b). An excellent match was obtained between the experimental 
and simulated voltammograms, indicating a quantitative con-
version of 2c to 1c and that no side reactions (e.g. dimerization) 
occur.
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Figure 2. Electrochemical regeneration of 1c from 2c. (a) Cyclic voltammograms at scan rates of 100 mV/s of 1 mM 2c in DMSO with 
(maroon solid) and without (blue solid) 100 eq. of phenol, baseline scan (blue dashed line) and a scan of a 100 mM solution of phenol in 
DMSO (maroon dashed line). Scan directions: +0.1 V → −2.3 V → +0.75 V → +0.1 V. Inset: the oxidation of authentic 1 mM solution of 
1c (green); (b) Experimental (baseline subtracted, gray) and simulated (orange dashed) CVs of 1 mM solution of 2c in the presence of phenol 
at a scan rate of 100 mV/s. Simulation parameters are described in the SI section 10, with K(PT) = 100 and kf(PT) = 104 s-1 giving the closest 
match to experimental values.

To further confirm and quantify the electrochemical 
conversion of 2c to 1c, we performed a controlled potential 
electrolysis experiment using a carbon fiber paper working 
electrode in DMSO-d6 and an excess of phenol. The electrolysis 
progress was monitored via 1H-NMR spectroscopy, with 1,3,5-
trimethoxybenzene as an internal standard. Over the course of 
4 h, 2c was quantitatively transformed to hydride 1c (Figure 3) 
at an applied potential of Eapp = −1.91 V (vs. NHE). Specifi-
cally, after electrolysis, the 1H-NMR spectra of the resulting 
product matched the authentic sample of 1c and the integration 
values (relative to 1,3,5-trimethoxybenzene at ~6.1 ppm) of the 
aromatic hydrogens were identical (0.56 in Figure 3a and 0.55 
in Figure 3b). The full conversion required a slight excess of 
supplied charge due to the competing proton reduction (Figure 
2a). This experiment rules out the possibility that 2c is involved 
in any side reactions (e.g. dimerization of the forming radical) 
in the course of electrolysis under the given experimental con-
ditions, which has often prevented the regeneration of previ-
ously studied NADH-analogs.64-68  

 
Figure 3. 1H-NMR spectra of catholyte DMSO-d6 solution of 1 
mM 2c in the presence of 150 equiv of phenol and 1,3,5-tri-
methoxybenzene as an internal reference, before (a) and after 
(b) bulk electrolysis on carbon fiber paper as the working elec-
trode at Eapp = −1.91 V vs. NHE. For clarity, the NMR signals 
of the excess phenol in the aromatic region were omitted; see 
SI section 11 for the full spectra. 

We note that the relatively slow hydride transfer ki-
netics (e.g. over hours, see Table 2) impedes the exploitation of 
the current system for electrocatalytic CO2 reduction, as we at-
tempted by electrochemical experiments on two different elec-
trodes (glassy carbon and tin) in the presence of CO2 (see SI 
section 12 for additional details). We suggest that the hydride 

transfer kinetics can be improved by tuning the thermodynamic 
hydricity of benzimidazole-based hydrides.26-28 In any event, 
the combined reduction of CO2 to formate and complete elec-
trochemical recovery of the active hydride form demonstrated 
here indicate that improving the kinetic properties of the current 
system could plausibly result in the development of metal-free 
catalytic systems for solar energy to fuels applications. 

 
CONCLUSIONS 

In conclusion, we have demonstrated the unprece-
dented use of metal-free and recyclable benzimidazole-based 
organo-hydrides (1) for the chemical reduction of CO2 to for-
mate, a reaction driven by the dearomatization-aromatization9,10 
of the dihydrobenzimidazole/benzimidazolium (1/2) redox cou-
ple. We further established the quantitative regeneration of 1 
from 2 via controlled potential electrolysis as proof of concept 
for conceivable electrocatalytic CO2 reduction with 1/2 redox 
couple.  

This work demonstrates an accessible CO2 reduction 
to formate by organo-hydrides, even in the absence of metal-
centers. The present results suggest the possibility of com-
pletely metal-free hydride sources as alternatives to noble 
metal-based hydride donors to reduce CO2 efficiently to usable 
fuels in a catalytic fashion. This opens the door to future devel-
opment of related organic species that are reduced to reactive 
hydrides electrochemically, photochemically or photoelectro-
chemically powered by renewable energy. In a more extended 
arena, we hope that the present work will inspire future research 
to incorporate an appropriate proton source into our proposed 
catalytic cycle to effect the reduction of CO2 directly to metha-
nol.  
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