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A solar-driven conversion of CO2 into fuels by artificial photosynthesis would not

only mitigate the greenhouse effect but also provide an alternative to obtain fuels in a re-

newable fashion. To this end, the new iron polypyridine catalyst [Fe(bpyNHEtPY2)L2]
2+

(L = H2O, CH3CN) was recently developed for the electrochemical reduction of CO2 to

CO. In this study, we performed density functional theory (DFT) electronic structure

calculations to shed light on a possible pathway for CO2 reduction and the origin of

the selectivity between CO2 versus hydrogen evolution reaction.

The metal center remains Lewis acidic throughout the reduction process due to lig-

and loss and mainly ligand based reduction stabilized by antiferromagnetic coupling to

a high spin Fe(II) center. This results in a high barrier for hydride formation but a

facile addition and activation of CO2 via an η2 coordination and stabilizing hydrogen

bonding by the amine group. The second unoccupied equatorial coordination site opens

up the possibility for an intramolecular protonation with a coordinated water ligand.

This facilitates protonation because not only CO2 but also the proton source H2O is

activated and properly aligned for a proton transfer due to the Fe−OH2 bond; con-

sequently, both protonation steps are facile. The moderate ligand field allows a rapid

ligand exchange for a second intramolecular protonation step and facilitates an exer-

gonic CO release. The lower selectivity of the related [Fe(bpyOHPY2)L2]
2+ compound

can be related to the more acidic second coordination sphere because it opens up the

possibility of an intramolecular proton transfer which has a comparable barrier to CO2

addition.

Introduction

The world energy consumption is approaching a record high 15000 Mtoe. Fossil fuels are

still one of the main energy sources resulting in a continuous rise of CO2 emissions.1 This

anthropogenic emission yields unprecedented high concentration of CO2 in the atmosphere

which is one of the main driving forces of global climate change. This has focused consider-

able attention on artificial photosynthesis.2,3 The solar driven conversion of CO2 into fuels

2



or other chemically useful compounds, will not only mitigate the greenhouse effect but also

provide a valuable method to obtain fuels in a renewable fashion. The inertness of CO2 is

illustrated by the negative one-electron reduction potential; however, coupled multi-electron

and multi-proton reductions make an efficient conversion at modest potentials feasible. Un-

fortunately, these potentials are similar to the potential of the hydrogen evolution reaction

(see Table 1).4 This means that its reduction requires not only energy but also the de-

ployment of a catalyst which is ideally substrate selective, efficient, stable and made out of

earth abundant materials. Several strategies are known for efficient CO2 conversion such

as biological,5 hydrogenation,6 photochemical,7 electrochemical,8 or photoelectrochemical

reduction.4,9,10 Among possible products CO is one of the most economically viable.11 It can

be further utilized to synthesize fuels using the Fischer-Tropsch process.12

One approach to reduce CO2 is to employ heterogeneous catalysts such as earth abundant

metallic electrodes; however, the catalytic mechanisms can be difficult to study, and catalytic

activities often suffer from poisoning of the electrode by the intermediates and substrate

selectivity.4,10,13–16 Indeed only Cu is capable of reducing CO2 beyond CO to C1 or C2

hydrocarbons, and not selectively or with high energy efficiency.17

As an alternative strategy, molecular homogeneous electrocatalysts can show high selec-

tivity, good turnover numbers, and fast catalytic rates. However, they usually operate at a

high overpotential. When operated in aqueous media, proton reduction takes place at a sim-

ilar potential (see table 1); thus, a high selectivity for the CO2 reduction reaction (CO2RR)

over the hydrogen evolution reaction (HER) is especially desirable. The catalyst acts as an

electron shuttle between an electrode and CO2 in solution. It accepts electrons and stabilizes

intermediates to facilitate the transformation which results in a smaller overpotential and

faster turnover rates. Many different molecular catalysts have been developed but are often

based on expensive metals like Re, Ir or Ru.4,8 However, many notable catalysts containing

earth abundant first row transition metals such as Mn, Co, Fe, Ni, Cu and Zn were devel-

oped recently.18–25 They can be incorporated into covalent or metal organic frameworks,26–28
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attached on surfaces29,30 or incorporated into a flow cell architecture31 to further enhance

their activity.

Table 1: Reduction potentials of CO2 and proton reduction at pH = 7 versus NHE.4,32

2H+ + 2e– −−→ H2 E0= −0.42 V
CO2 + 2H+ + 2 e– −−→ CO + H2O E0= −0.53 V
CO2 + e– −−→ CO ·–

2 E0= −1.90 V

In the quest for rational catalyst design, mechanistic studies of both a spectroscopic

and computational nature are essential to uncover possible intermediates and intrinsic fac-

tors influencing selectivity and activity. Several molecular electrocatalysts for the two elec-

tron, two proton reduction of CO2 to CO were studied thoroughly; most prominently, the

Re(bpy)(CO)3Cl family and its derivatives. Experimental efforts include (spectro) electro-

chemical analysis, rapid scan Fourier-transform infrared spectroscopy (FTIR) spectroscopy

during stopped-flow mixing, kinetic isotope studies and X-ray absorption spectroscopy.33–40

In addition, a mechanism was proposed using density functional theory (DFT) calculations.41

Further computational studies elucidated the mechanistic differences between the rhenium

and manganese derivatives and explained the importance of weak Brønsted acids for the

manganese catalyst.42,43 The second protonation was determined to be the rate limiting step

which coincides with the proton dependence of the catalytic activity. The high selectivity

favoring CO2 reduction over HER is one of the main advantages of this family of catalysts.

Although thermodynamics favors the formation of a hydride intermediate, the high reac-

tion barrier compared to the essentially barrierless CO2 addition makes the H2 pathway

kinetically inaccessible.

Another well-studied system is [Ni(cyclam)]2+ (cyclam = 1,4,8,11-tetraazacyclotetradecane),

which was also investigated using DFT.44,45 A single initial reduction of the metal, followed

by CO2 binding is proposed. Next, a proton coupled electron transfer (PCET) step yields a

carboxylate anion followed by the concerted second protonation and C–O bond cleavage to

yield CO and H2O. The dissociation of CO then regenerates the catalyst to close the cat-
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alytic cycle. The Ni(II)-CO species can also accept an electron and the calculated reduction

potentials are much lower than for the initial reduction of the Ni(II) complex. Dissociation of

CO from the reduced Ni(I)-CO species is an endergonic process. Therefore, this species was

predicted to accumulate during catalysis.45 This poisoning of the catalyst is also observed

experimentally and determined to be rate-limiting.46,47

Iron is one of the most earth-abundant elements. Hence, it is especially desirable to use it

as the central metal of a catalyst. The prominent catalyst family for the conversion of CO2

to CO are iron porphyrin-based. They show very high turnover rates accompanied by a high

selectivity for CO2 reduction.22,48 The catalytic pathway for the iron tetraphenylporphyrin

starts with two initial reductions of the catalyst, a recent combined spectroscopic and com-

putational investigation revealed that both reductions are mainly ligand-centered.49 This is

followed by the formation of a CO2 adduct, a two step protonation and dehydration. At low

acid concentrations, the second protonation is the rate-limiting step. The CO release to re-

generate the catalyst is coupled to another reduction.50,51 A computational study confirmed

that the second protonation has a significantly higher barrier than the first protonation.52

Further mechanistic studies clarified the role of the pendant phenol groups in the more active

heme catalyst: the CO2 adduct is initially stabilized by the pendant phenol groups through

intramolecular hydrogen bonding. The first protonation of the CO2 adduct is believed to

involve proton transfer from the pendant phenol group, followed by reprotonation of the

phenoxide ion by external phenol. Thus, the pre-positioned phenol groups act as both hy-

drogen bonding stabilizers and as local proton donors53 The second protonation is assumed

to occur via a PCET step with concerted cleavage of the C−O bond.53,54

The incorporation of proton relays like phenol groups in the secondary and outer coordi-

nation spheres is a well-established strategy in bioinspired catalyst design to control product

selectivity and enhance catalytic activity.20,22,48,55–62 Correct positioning of the hydrogen

bonding moiety can play crucial role in tuning the activity of the catalyst for CO2 to CO

reduction.63,64 To this end, a recent experimental study identified a family of non-heme iron
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complexes [Fe(bpyRPY2Me)]2+ with various protic functional groups in the second coordi-

nation sphere as a viable catalysts for the conversion of CO2 to CO in acetonitrile solutions

with 11 M H2O.64 Among the tested compositions, the ethylamine functional group (R =

NHEt) is notable for affording the [Fe(bpyNHEtPY2Me)L2]
2+ complex with high CO2 to CO

conversion activity, high selectivity against HER, and electrolytically stable for 12 h (see

figure 1). Interestingly, the Fe complex bearing the more acidic hydroxyl group instead fa-

vors production of H2 CO in a ca. 2:1 ratio.64 The new catalyst features three functional

partitions: a reactive metal center, a ligand-based electron reservoir, and a secondary coor-

dination sphere Brønsted-acidic moiety. However, the mechanistic details remain unclear.

This study presents first efforts to elucidate the Fe-catalyzed CO2 reduction mechanism using

electronic structure calculations.

N

N L
FeII

N

L

N

HN

2 H+

2 e-

CO2

CO + H2O

H2

Figure 1: The catalytic system [Fe(bpyNHEtPY2Me)L2]
2+ (L = CH3CN), a CO2 reduction

catalyst with high selectivity against hydrogen evolution reaction.
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Computational Model

Density functional theory calculations were performed with the Q-Chem package65 (version

5.0.2) using the ωB97X-D66 and ωB97M-V67 functionals. All reported geometries were fully

optimized in the gas phase without constraints. Minimum and transition state structures

were verified by having only positive, real frequency eigenvalues or having only one imaginary

frequency, respectively. The geometry optimization and frequency calculations were per-

formed with ωB97X-D and a mixed basis (def2-SVP basis for all main group elements, def2-

TZVP basis set for Fe).68 Single point calculations with the larger def2-TZVPP basis68 using

ωB97M-V67 were used to refine the electronic structure for free energies and barrier heights.

The ωB97M-V functional has performed very well in comparative assessments of density func-

tionals for both main group69 and transition metal70 chemistry. The solvation energies were

calculated using the C-PCM model (acetonitrile, ε = 37.5) as implemented in Q-Chem.71

Additional calculation were performed with B97-D72 and B3LYP73–75+D376 to gauge func-

tional dependency and can be found in the Supporting Information (SI). CASSCF/NEVPT2

calculations were performed with Orca (version 4.0.0.2)77 employing the RI approximation

along with the def2-TZVPP basis and auxiliary basis set.78 All molecular orbitals (MO) were

plotted using an isovalue of 0.03 (blue: positive, red: negative values) and spin density using

an isovalue of 0.005 (green: α spin density, yellow: β spin density).

The reaction free energies (∆RG), activation energies (∆G‡), reduction potentials and

pK a values were calculated based on the standard thermodynamic cycles (see Refs41,45,79,80).

The Gibbs free energies include enthalpic contributions from the zero-point energy correction

and the entropic contribution is calculated from the vibrational frequencies at T = 298 K.

Solvation energies were approximated by performing single point calculations applying the

implicit C-PCM solvent model.

The calculation of pK a values requires the Gibbs free energy of a proton, which cannot

be calculated using quantum chemical methods. Therefore, we used the experimental value

based on the Sackur-Tetrode equation and an estimated solvation energy ofG(H+) =−264.6 kcal/mol.79,81
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Employing this experimental value makes it challenging to compute accurate pK a values be-

cause an error of 1.36 kcal/mol leads to a deviation of 1 pK a unit.82 Other studies found

deviations between this approach and experimental values of ± 3 units.83 In this vein, we

tested our computational protocol with two acids (CH3COOH and phenol); in both cases

the computed pK a values were lower than the experimental ones in acetonitrile by 4 units

(see SI table S10). In spite of this systematic computational error, calculated relative pK a

values are more reliable because of favorable error cancellation by removing the experimental

free energy of the proton. Thus, calculated pK a values should mainly be compared against

each other. Furthermore, it is important to note that electrolyses with the Fe catalysts were

conducted in a solution of 11 M H2O in acetonitrile, saturated with 1 atm of CO2, not in

pure acetonitrile.64 These experimental conditions lead to several important complications

that merit further discussion here. First, experimental pK a values of acids in mixtures of

acetonitrile and water are lower than in pure acetonitrile.84,85 This decrease in pKa is not

accounted for by the implicit solvent model used in our calculations. Therefore, the ac-

tual pK a of possible intermediates under the experimental conditions should be lower than

the calculated values. An overview of pK a values and corresponding free energies for all

relevant intermediates are provided in table S11. Second, the introduction of CO2 to the

water-acetonitrile mixture lowers the effective pKa of H2O to 11.2.86 This occurs via the

complexation between CO2 and OH– , and is not accounted for in our computational model

either.

Reduction potentials are reported against the ferrocene/ferrocenium (Fc/Fc+) couple

used as an internal standard.80,87 This method allows accurate predictions even at a modest

level of theory with an accuracy of < 100 mV relative to experimental values.80 However,

other studies have shown that the errors can be larger for charged transition metal complexes

and are functional-dependent. 83,88–90

The correct prediction of (adiabatic) spin gaps (∆hs/lsG = G(hs)−G(ls)) in first row TS

metal complexes is very sensitive to the choice of the density functional. Generalized gradient
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approximation (GGA) functionals tent to overstabilize the low-spin (ls) state whereas hybrid

functionals tend to overstabilize the high-spin (hs) state. The amount of Hartree-Fock (HF)

exchange plays a crucial role because it is found that spin gaps depend almost linearly on

the amount of HF exchange incorporated in the functional. An increasing amount of HF

exchange stabilizes the hs state.91–94 Various studies specifically for iron complexes revealed

that hybrid functionals perform better for correctly predicting the ground spin state. How-

ever, the recommended amount of HF exchange varies.92,94–96 The range separated hybrid

ωB97M-V (short range: 12% HF exchange) performed best in predicting both the exper-

imentally known spin gap of [Fe(bpyNHEtPY2Me)L2]
2+ (L = CH3CN) and the reduction

potentials (see SI).

[Fe(bpyNHEtPY2Me)L2]
2+ has two open coordination sites, which are occupied by solvent

ligands. Acetonitrile, water, or hydroxide ion are conceivable due to the experimental con-

ditions. All three ligands occupy similar positions in the spectrochemical series. However,

water not only interacts as a ligand but can also form intramolecular hydrogen bonds. This

can lead to an overestimation of the dissociation energies, as hydrogen bonding might in the

experiment be provided by solvent (water) molecules. The hydroxide ion is charged which

results in overestimation of the binding energy to positively charged species because solva-

tion is only taken into account implicitly. Acetonitrile solely acts as a σ-donating ligand and

is not charged. Hence, it is used as the primary ligand in this study to compare the stability

of different coordination numbers.

We reasoned that H2O should be used as the main proton source for calculating reac-

tion barriers (i.e. kinetics) involving protonation reactions, because under the experimental

conditions the concentration of water is significantly higher (by a factor of roughly 105)

than both H3O
+ and H2CO3.45 The reaction barriers with H2CO3 are also presented. These

kinetic barriers do not reflect the experimental catalytic system (as the concentration of

carbonic acid is vanishingly small). We include them here to illustrate how barriers for the

protonation steps can vary when using a stronger acid source; for example, when another acid
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is added to the reaction mixture. The calculated pK a of H2CO3 is significantly lower than

commonly used acids sources like phenol97 or trifluoroethanol18 (see table S10). Therefore,

the H2CO3 barriers should be lower than with these weaker acids.
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Results and Discussion

Various reaction pathways for the catalytic reaction of [Fe(bpyNHEtPY2Me)L2)]
2+ are ex-

plored in this study using electronic structure calculations. The proposed reaction mechanism

is depicted in figure 2. The paper is structured as follows: in the first part, the catalytic

cycle is described step-wise starting with the initial reduction, followed by CO2 fixation and

protonation. In the second part, alternative intermediates are presented and discussed with

respect to their relevance.

A consistent naming scheme is used throughout the manuscript which encodes the multi-

plicity (2S+1), the total charge, the iron coordination number (CN) and a consecutive num-

ber X for each intermediate step (1: initial complex, 2: CO2 adduct, ...):
multiplicity
charge XCN, e.g.

5
216 describes the initial hexacoordinated complex [Fe(bpyNHEtPY2Me)L2)]

2+ in the quintet

spin state and overall charge 2+.

Reduction of the Initial Complex

The optimized geometry of the initial complex is illustrated in figure 3. The calculated and

experimentally determined X-ray crystal structure show good agreement between theory and

experiment using the ωB97X-D functional (see SI table S1). The Fe(II) compound shows a

distorted octahedral coordination by a tetradentate chelating ligand (bpyNHEtPY2Me) and

two solvent molecules (in this case, acetonitrile) (figure 3 (a)). The spin gap between high

and low-spin states is only 1.5 kcal/mol with the low-spin state being higher in energy.

This is in good agreement with the experimentally determined effective magnetic moment

µeff=1.4 µB,64 which demonstrates the presence of both spin states in experimental samples

and a spin gap of less than 1.0 kcal/mol.

The cyclic voltammetry (CV) of [Fe(bpyNHEtPY2Me)L2)]
2+ exhibits two one-electron

reduction events within a narrow 0.2 V window at −1.79 V and −1.87 V versus Fc/Fc+.64

The calculated reduction potential of [Fe(bpyNHEtPY2Me)L2)]
2+, here denoted 5

216, to yield

11



E0 = -1.79 V
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FeII
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CO2RR
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n CO
2  Binding

Protonatio
nCO Release

pKa = 27
H2O: ΔRG = -4.0  
H2O: ΔG‡ = 26.7
H2CO3: ΔG‡ = 11.1

Fe

C
O OH

O

H

H

TS: Intra-
molecular + H+

+ L

+ L

Figure 2: Proposed mechanism for the selective CO2 to CO reduction using
[Fe(bpyNHEtPY2Me)L2)]

2+. The red colored molecular moiety indicate localization of the
excess electrons; reaction and activation energies in kcal/mol; reduction potentials against
Fc/Fc+; L = CH3CN expect for the free energies and activation energies of the intramolec-
ular protonation steps where water/hydroxide is used (see main text for justification); pK a
values were computed using L = CH3CN.

[Fe(bpyNHEtPY2Me)L2)]
+, 6

116, is −1.79 V, in excellent agreement with the experimental

result; the analysis of the spin densities of the unreduced complex 5
216 versus the one electron

reduced complex 6
116 in figures 3 (b) and (c) reveals a non-innocent ligand-based reduction

in the bpy π∗. A ligand-based reduction was also observed in all other spin states and is

robust to the choice of DFT functional. A schematic MO diagram is depicted in figure 4 (a).

The second reduction event is accompanied by the dissociation of one or two solvent

ligands. We identified two possible intermediates: the four-coordinate trigonal pyramidal

complex ([Fe(bpyNHEtPY2Me)]0, 3
014) and the five-coordinate trigonal bipyramidal species

12



([Fe(bpyNHEtPY2Me)(η2−NCCH3)]
0, 3

014), see figure 5. The ground states for both com-

plexes 3
014 and 3

015 were calculated to be triplet states, with the corresponding quintet states

calculated to be 4.5 and 1.9 kcal/mol higher in energy, respectively.

The complex 3
015 contains a side-on bound, bent acetonitrile ligand (∠(NCC) = 142.4◦),

which implies a ligand-based second reduction step featuring a reduced acetonitrile in an

η2 coordination mode. Although rare, the side-on bound η2 acetonitrile ligand has been

crystallographically observed in a number of low valent transition metal complexes, including

Mo,98 W,99 Ni,100 Ir,101 and Nb.102 The spin density plot and the β HOMO and β HOMO−1

shed light on the electronic structure: two β electrons in an acetonitrile π∗ orbital and a bpy

π∗ orbital couple antiferromagnetically (afm) with the Fe-t2g orbitals of a high spin metal

center to an overall triplet state (see fig. S1 (a) & (b)). In addition, the decrease in the

coordination number and η2 coordination of CH3CN results in a distorted ligand field. The

schematic MO diagram in figure 4 (b) summarizes the electronic structure. Interestingly, the

Mulliken spin population on iron does not decrease drastically upon reduction from 5
216 (3.8)

to 3
015 (3.3). The electron density on the metal only slightly increases during the reduction

process and the increase of electron density due to afm coupling is compensated by a ligand

loss. The calculated reduction potential of −1.87 V is again in excellent agreement with

experimental measurements.

The electronic structure of the four-coordinate complex 3
014 is best described as a reduced

bpy and a reduced pyridine ligand resulting in a doubly reduced chelate ligand framework

which couples to a high-spin Fe(II) center as illustrated by the spin density in figure 6.

A schematic diagram of the frontier MOs of 3
014 is depicted in figure 4 (c). The species

is 7.7 kcal/mol higher in energy than 3
015, resulting in a calculated reduction potential of

−2.20 V (deviation of −330 mV from experiment). However, both isomers exhibit signif-

icant spin contamination (<S2>(3014) = 3.5, <S2> (3014) = 3.2 and <S2>(triplet) = 2).

Furthermore, the energy difference between the two isomers is strongly dependent on the

choice of functional: wB97M-V predicted the largest energy difference and PBE the smallest
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at 1.8 kcal/mol.

All hybrid functionals tend to localize the additional electron density upon both reduction

steps onto the ligand suggesting a doubly reduced ligand framework which couples to a

high-spin Fe(II) center. In contrast, local functionals like PBE preferably delocalize more

electron density at the metal center which would suggest a stronger afm (or metal based

reduction). This is illustrated by the different spin densities obtained with ωB97M-V and

PBE in figure 6. This finding is in agreement with current literature about the physical

and formal oxidation states of the central metal in reduced complexes containing redox-

active ligand frameworks like Fe(II) pyridine and bpy complexes.103–106 Benchmark of density

functionals against wave function methods showed in such cases a poor performance of hybrid

functionals. The top performers were local functionals like PBE and TPSS which suggests

that ωB97M-V is not an ideal choice for this doubly reduced intermediate.104 Therefore, we

employed CASSCF(8,7)/NEVPT2 to get insights into the static correlation in the electronic

structure and an estimate of the energy difference between the two isomers (see SI for a

detailed discussion). Both 3
014 and 3

015 revealed partial occupation numbers of the natural

orbitals and confirm that these highly reduced Fe(II) pyridine complexes have some amount

of static correlation.

The wave-function method predict a small gap of ≈2 kcal/mol and 3
015 to be lower in

energy (see SI for further details). An in-depth analysis of the electronic structure of these

two possible intermediates using CASSCF is beyond the scope of this work.107–111 However,

this discussion should illustrate that 3
014 and 3

015 are likely closer in energy as predicted by

the computational set up used in this study and thus are both accessible species. Overall, 3014

is most likely the key reactive intermediate in the catalytic cycle, and the active species for

the binding and activation of CO2 (vide infra). Both excess electrons are highly delocalized

among the bpy π∗ and py π∗ and the metal center. The antiferromagnetic ordering in

the electronic structure makes this intermediate challenging for KS-DFT. The ligand-based

character of the reductions was reported with both experimental and computational evidence
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by some of us for a similar polypyridine iron catalyst.112
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Figure 3: a) the optimized geometry of [Fe(bpyNHEtPY2Me)L2]
2+ (5216); b) spin density of

5
216 and c) spin densiity of the singly reduced intermediate [Fe(bpyNHEtPY2Me)L2]

+ (6116).
In contrast to 5

216, the spin density on the ligand in 6
116

is non-zero, indicating that the first reduction is ligand-centered.
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Figure 4: Schematic diagram of the frontier molecular orbitals of a) 6
116

([Fe(bpyNHEtPY2Me)L2]
+), b) 3

015 ([Fe(bpyNHEtPY2Me)(η2−NCCH3)]
0) and c) 3

014

([Fe(bpyNHEtPY2Me)]0) including the key molecular orbitals for the reduction step. In
(a) the α SOMO is a ligand centered, bpy π∗, consistent with fig. 3. The doubly reduced
species shown in panels (b) and (c), exhibit antiferromangetic coupling between ligand and
metal orbitals, leading to partial occupation and strong correlation (indicated by half-length
arrows).

Figure 5: a) Geometry of five-coordinate doubly reduced complex 3
015

([Fe(bpyNHEtPY2Me)(η2−NCCH3)]
0) and b) the four-coordinate alternative 3

014

([Fe(bpyNHEtPY2Me)]0).
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Figure 6: Spin density of 3
014 ([Fe(bpyNHEtPY2Me)]0) using the ωB97M-V (a) and the PBE

(b) functionals, respectively. (α spin density green; β spin density yellow); ωB97M-V local-
izes most of the excess electron density in the ligand framework whereas PBE delocalizes
the excess electrons strongly over both ligand and metal center resulting in significantly less
spin density in the ligand moiety.
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CO2 Binding

There are four different binding modes for CO2 to bind to a metal center: three restricted to

an interaction between metal center and CO2 and one involving a metal-ligand cooperation

(MLC) (see figure 7). The following discussion focuses on the metal binding; metal ligand

cooperation will be discussed in a later part of the manuscript.

O
C

O

M

O

C
O

M

O
C O

M
η1-CO2 η2-CO2 η1-OCO

O
C O

ML
MLC

Figure 7: Schematic illustration of the four possible CO2 binding modes (MLC = metal
ligand cooperation).

The reaction pathway remains on the triplet surface and the lowest energy species

[Fe(bpyNHEtPY2Me)(η2−CO2)]
0 is a pentacoordinated CO2 adduct in the η2 binding mode

(3025, see fig. 8 (a)) (the quintet species is 2.2 kcal/mol higher in energy). The OCO angle

(∠(OCO)) is 139◦, which indicates at least partial reduction of the CO2 fragment (∠(OCO)

is 134◦ for free CO ·–
2 ). This is also confirmed by the spin density of 3

025 which shows signif-

icant excess spin in the CO2 moiety (see figure S4). The 3
025 adduct is 2.4 kcal/mol lower in

energy than the η1-OCO isomer [Fe(bpyNHEtPY2Me)(CO2−κO)]0 (3025(η1κO)). This prefer-

ence for the η2 binding mode can be rationalized by analysing the electronic structure: the

η2 binding mode enables a σ interaction between the O lone pair and the Fe-dz2 orbital (see

the frontier MO in figure 8 (b)), a π interaction between the CO2 π∗ orbital with a Fe-t2g

orbital (see the frontier MO in figure 8 (c)) and hydrogen bonding by the amine group. A

dative bond σ bond is formed between the oxygen lone pair and a Fe-eg type orbital (dz2).

In total, three electrons occupy both bonding and anti bonding orbitals due to the high spin

iron center. Thus, the interaction is still net stabilizing, the frontier anitbonding e *g (dz2) is

depicted in figure 8 (b) (low lying bonding orbitals are depicted in figures S10 (a) and (b)).

The occupied π∗ orbital in the singly reduced CO2 moiety can delocalize onto two Fe-t2g
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orbitals which are empty in the β space (figure 8 (c)). This interaction motif illustrates that

the Fe center remains Lewis acidic, allowing an effective coordination of the oxygen.

Both reduced complexes 3
015 and 3

014 can act as the active species to bind and activate

CO2, the energetics and kinetics involving both species are summarized in table 2. In a first

scenario, the binding of CO2 to 3
015 via an η2 binding mode is slightly thermodynamically

uphill and kinetically inhibited as the activation barrier is high. The geometry of the TS

is illustrated in figure 9 (b) and involves not only the bond formation of both Fe−CO2 and

Fe−OCO bonds but also the simultaneous bond dissociation of the Fe−N and Fe−C bonds

of the bound CH3CN, rationalizing the high barrier. It is noteworthy that the amine group

already forms a hydrogen bond to CO2 at the TS. In a second scenario, CO2 binds to 3
014

via the η2 binding mode which is thermodynamically favorable and the activation barrier

is significantly lower because CO2 can directly bind at the axial position with favorable

hydrogen bonding (see figure 9 (a)). In a third scenario, CO2 can bind via a η1-OCO.

However, this is not only thermodynamically less favorable but also kinetically inaccessible.

In summary the analysis of the CO2 adducts indicate that the active species for CO2 binding

is 3
014 and the resulting adduct 3

025 binds CO2 in the η2 binding mode including a stabilizing

hydrogen bond from the amine group.

Table 2: Relative Gibbs free reaction energies and barriers for the formation of CO2 adducts
after the second reduction (energies in kcal/mol).
∗ using B97-D geometries because the TS could not be located with wB97X-D.

Reaction ∆RG ∆G‡

3
015 + CO2 −−→ 3

025(η2) + CH3CN 2.1 25.4
3
014 + CO2 −−→ 3

025(η2) −5.7 9.5
3
014 + CO2 −−→ 3

025(η1κO) −2.5 ≈44∗

Protonation of the CO2 Adduct

The subsequent protonation of the reduced CO2 significantly lowers the energy of the CO2

π∗ orbital, inducing a second charge transfer from the complex to COOH moiety. This
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Figure 8: a) geometry of the CO2 adduct 3
125; b) MO illustrating the interaction of the

oxygen lone pair with the metal dz2 orbital; c) MO illustrating the stabilization of the CO2
π∗ with a t2g metal orbital via a π type interaction.
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Figure 9: Geometries of the key transition states in the catalytic cycle: CO2 addition to
a) 3

014, b) 3
015, c) first protonation of 3

025, d) second protonation of 5
136, both protonation

transition states utilize water as the proton source (distances in Å).

reduction of the CO2 ligand is reflected in the smaller O-C-O bond angle of 118◦ (see SI

fig S7). Upon protonation and charge transfer the bonding situation changes from a π

type interaction of the CO ·–
2 to a dative bond of the CO2H

– lone pair as a σ-donor into

the Fe-dz2 orbital. This causes a change of the binding mode from η2 to η1-COO which

leads to a small high-spin (S = 2) low-spin (S = 0) gap, similar to the unreduced catalyst

species. The hexacoordinated carboxy species [Fe(bpyNHEtPY2Me)(CO2H)L]
+ in the low-

spin configuration is the most stable intermediate (1136). However, the two high-spin isomers

lie within 1.5 kcal/mol (5135: 0.5 kcal/mol and 5
136: 1.5 kcal/mol). The advantage of the

high-spin surfaces is the ability to undergo rapid ligand exchange associated with a geometry

conversion from trigonal-bipyramidal to octahedral.

The open axial coordination site allows the CO2 adduct 3
025 to coordinate a water molecule

as a sixth ligand, which opens up the possibility of a intramolecular proton transfer using

H2O. The formation of such a precomplex is only slightly endergonic (2.5 kcal/mol). The

intramolecular protonation pathway leads to two major advantages: first, a perfect alignment

of the H2O and CO2 molecules for the subsequent protonation due to a hydrogen- and a
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dative bond of the water and the hydrogen bond of the amine group (see the TS geometry

in figure 9 (c); second, the enhancement of the Brønsted acidity of the H2O through binding

to the Lewis acidic metal center. This polarizes the O–H bond and stabilizes the resulting

base. Hence, the first protonation reaction yielding 5
135 is facile both thermodynamically

(−9.9 kcal/mol) and kinetically (barrierless). The first protonation step is also barrierless

on the quintet surface (see table S3).

The second protonation is able to follow an intramolecular pathway as well. This is

attributed to the fact that the energy difference between the five and six-coordinated carboxy

intermediates is only 1.0 kcal/mol (vide supra). This facilitates the rapid ligand exchange

featuring the removal of the leftover hydroxide ligand from the complex, followed by the

coordination of a new water molecule. Alternatively, the hydroxide can also get protonated

by another acid source in solution (e.g. H2CO3).

The second protonation step is accompanied by the cleavage of the C–O bond and results

in H2O and a metal carbonyl [Fe(bpyNHEtPY2Me)(CO)L]2+ (2146). The reaction is more likely

to proceed on the quintet surface because it has a slightly lower barrier. However, both singlet

and quintet surfaces have similar energetics and kinetics (see table 3). Similarly to the first

protonation step, a coordinated water ligand benefits from an enhanced acidity due to the

Fe−OH2 bond and its optimized geometric alignment (see figure 9 (d)) yielding an exergonic

process (−3.3 kcal). The intramolecular second proton transfer happens simultaneously

with the heterolytic cleavage of the C–O bond and the release of one water molecule. The

concerted bond formation and cleavage is crucial to compensate the kinetic penalty of the

C–O bond splitting, which has been estimated to be 36 kcal/mol.45 Thus, the intramolecular

process has still a sizeable barrier with 8.9 kcal/mol. The barrier gets lowered by 2.7 kcal/mol

if the proton source is H2CO3 which accelerates the this step by a factor of 100. In summary,

an EEC mechanism is proposed with the CO2 binding as the rate limiting step and the COOH

intermediate as the resting state. The second protonation step is prohibited on the triple

surface for both kinetic and thermodynamic reasons. The barrier for the second protonation
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is 15.4 kcal/mol, 6.5 kcal/mol larger than the barrier along the quintet surface. Additionally,

the triplet carboxy intermediate is 14 kcal/mol higher in energy than the quintet carboxy

intermediate 5
135, presumably because of an less preferred intermediate spin Fe center on the

triplet surface.

The high oxidation state of iron (Fe(II)) in the resulting carbonyl intermediate 1
246 ratio-

nalizes the exergonic nature of the CO release (−6.0 kcal/mol) to regenerate 5
216 barrierless.

The interaction is mainly driven by the σ forward-donation of the CO because the π back-

donation is limited by the high oxidation state of the central metal. In addition, the CO

release is further enhanced by the low solubility of CO in water which promotes its direct

release into gas phase thus also reducing the likelihood of catalyst poisoning at this step in

the cycle (vide infra). The free energy diagram of the complete catalytic pathway is depicted

in figure 10.

Table 3: The activation energies and pK a values of both protonation steps. The activation
and reaction free energies correspond to the intramolecular proton transfer using H2O (re-
actant) & OH– (product) as a sixth ligand. The pK a values refer to the equilibria using
acetonitrile as a ligand and experimental free energy for H+.

Reaction ∆RG ∆G‡ pKa

3
025 +H2O −−→ 5

036OH −9.9 - 26
5
135 +H2O −−→ 1

146OH + H2O −3.3 8.9 15
5
135 +H2CO3+L −−→ 1

246 + H2O+HCO –
3 −1.8 6.1 15

1
136 +H2O −−→ 1

146OH + H2O −2.8 9.9 14
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Figure 10: Free energy landscape of both CO2RR and HER pathways for
[Fe(bpyOHPY2Me)L2)]

2+ (green) and [Fe(bpyNHEtPY2Me)L2)]
2+ (black); solid lines cor-

respond to intermediate states and dashed line to a transition states; the sixth ligand L
corresponds to CH3CN, except for the two intramolecular protonation steps where water
and hydroxide are used; assuming a rapid ligand exchange between both protonation steps
(see main text for justification).
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Possible Pathways Towards Catalyst Degradation and Activity De-

crease

A high selectivity towards CO2RR versus HER is an important feature of a CO2 reduction

catalyst and is experimentally observed for the [Fe(bpyNHEtPY2Me)L2]
2+ system. It is a key

feature of a good catalyst and can originate either from thermodynamics45 or kinetics.41,42

Furthermore, catalyst degradation tremendously reduces the efficiency of catalytic materials.

Thus, both aspects should be understood and are investigated in this section.

A possible mechanism for HER involves the formation of a hydride [HFe(bpyNHEtPY2Me)L].

The addition of a proton to 6
116 results in the formation of a metal hydride intermediate (2256).

Upon addition of the proton, a coincident oxidation of the metal center and bpy·– takes place

to form H– . The hydride is a strong σ donor; hence, the resulting stronger d-orbital splitting

stabilizes the low spin configuration. However, the formation of the complex 2
256 is thermo-

dynamically unfavorable and thus would require strong acidic conditions as the pK a of the

complex is negative. Thus, the formation of a hydride species can be ruled out after the first

reduction step.

In contrast, the formation of a hydride species from 3
014 is thermodynamically favorable

with a pK a of 33 which is higher than any pK a in the CO2RR; using water as the proton

source the free energy is −4.0 kcal/mol comparable to CO2 addition. The resulting hydride

species is hexacoordinated and low spin (1156). The two excess electrons localize to form a H–

and a Fe(II) metal center as the proton gets reduced by the two electrons delocalized over

the metal and π∗ orbital of the ligand framework. However, a high barrier (26.7 kcal/mol)

for hydride formation with water as the proton source hinders HER kinetically. This barrier

shrinks significantly (11.1 kcal/mol) using a moderately strong acid (H2CO3). Therefore,

the main product of catalysis should be CO even when a moderately strong acid is added to

the reaction mixture albeit with lower selectivity. The high selectivity even with moderately

strong acids can be explained by the electronic structure of 3
014. The highly delocalized

excess electrons and the low coordination number results in a Lewis acidic and positively

26



charged metal center. On the one hand, CO2 has a high quadruple moment allowing for a

facile coordination via the oxygen resulting in a lower barrier (9.5 kcal/mol). On the other

hand, the coordination of an acid (via hydrogen) to a Lewis acid metal center results in a

high barrier. Thus, despite being thermodynamically favored, the addition of H+ even with

an acidic proton source (H2CO3) is about 15 times slower than CO2.

A third reduction is a possible degradation pathway because the dissociation of CO from

a singly reduced carbonyl intermediate is significantly endergonic (∆RG = 9.6 kcal/mol, but

barrierless) and could consequently trap the catalyst, especially in solvents with higher CO

solubility than acetonitrile. This CO poisoning was observed and proposed for the nickel

cyclam system.45,47 A third reduction can happen at various stages of the catalytic cycle:

First, the reduction of the CO2 adduct is unlikely as the reduction potential is −2.16 V vs

Fc/Fc+ which is more negative than the two reductions of 5
216. In addition, the protonation

processes utilize H2O as an intramolecular proton source; therefore, the lifetime of these

species is expected to be short and make an additional reduction less likely. Second, the

reduction of the carboxy intermediate 5
135 yielding 4

035 (−1.81 V) is feasible because the

potential is less negative than the potential required to obtain 3
015. Third, the carbonyl

intermediate 1
246 can readily be reduced to 4

145 (−1.00 V) because the excess electron increases

the backbonding of CO as indicated by the red-shift of 136 cm–1 in the carbonyl stretching

mode.

The bent acetonitrile in 3
015 suggests a protonation of the activated acetonitrile may be

possible (see figures S1 (a) & (b)). However, the protonation is kinetically inhibited using

H2O as the proton source with a barrier over 30 kcal/mol. The transition state for the possible

intramolecuar protonation of the activated CH3CN is depicted in figure S9. Therefore, 3
015

is kinetically inhibited for the reaction with both CO2 and H2O.
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Figure 11: Geometries of for the transition states for a possible formation of a hydride using
(a) water and (b) carbonic acid as the proton source (distances in Ångstrom).
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Hydroxyl Substituent

The hydroxyl substituent complex [Fe(bpyOHPY2Me)L2)]
2+ showed a high Faradaic effi-

ciency but low selectivity. In bulk electrolysis, significant amounts of both CO and H2 were

observed. The lower selectivity of the can be related to the increased acidity of the second

coordination sphere. The doubly reduced active species of [Fe(bpyOHPY2Me)L2)]
2+ (3014OH)

has two competing pathways with similar activation barriers: an intramolecuar proton trans-

fer and CO2 addition.

On the one hand, the high acidity of the hydroxyl group opens up the possibility of

an intramolecular proton transfer for 3
014OH from the hydroxyl group to the Fe center with

an activation energy of 9.6 kcal/mol. The transition state is shown in figure 13 (a). This

process yields a hydride which is an important intermediate for HER. On the other hand,

the addiction of CO2 to 3
014OH has a slightly lower barrier of 8.3 kcal/mol and results in

the CO2RR pathway. The transition state is depicted in figure 13 (b). Thus, the stronger

hydrogen bonding further facilitates CO2 binding as the barrier is lower than for the NHEt

isomers (9.5 kcal/mol) but dramatically decreases selectivity by opening up a facile HER

pathway. This situation is illustrated in a free energy diagram of the two reaction pathways
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in figure 10 for both the OH and NHEt substituent.

Alternative Catalysis Cycles

In addition to the discussed catalysis cycle, two alternative pathways are conceivable which

either originate due to the binding of CO2 to an alternative species formed during the

catalysis cycle or stem from an altered CO2 binding mode. They will be described in the

following section, which includes a discussion about their limitations with respect to the

proposed catalytic cycle.

Figure 13: Geometries of the and key parameters of the transition states for a) intramolecular
proton transfer and b) CO2 addition of [Fe(bpyOHPY2) L2Me)]2+ (distances in Å).

1. CO2 could also bind to the singly reduced species 6
116 by replacing a solvent ligand

suggesting an ECE mechanism. The most stable isomer is a six-coordinated quartet state

with CO2 in an η2 mode (4126). The CO2 activation process is endergonic (4.6 kcal/mol)

implying that the species could exist in equilibrium. The reaction barrier of this step is

13.8 kcal/mol making it the rate limiting step in this cycle. The calculated potential for the

reduction of the CO2 adduct 4
126 to 3

025 is -1.76 V vs Fc/Fc+ which is in very good agreement
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with the experimentally applied potential. The subsequent protonation of 3
025 is identical to

the proposed catalytic cycle. It is noteworthy that no singly reduced CO2 adducts could be

computed for the parent compound revealing that in this case the amine group is crucial for

the CO2 binding. In summary, it is both thermodynamically and kinetically less favorable

to bind CO2 after only 1 initial reduction. The rate limiting step remains the CO2 addition

and the resting states remains the carboxy adduct.

2. Alternatively to the formation of a solely metal-bound adduct, CO2 can also cooper-

atively bind to the ligand framework (see figure 7). This was observed in several other cases

e.g. pincer-type complexes113–115 zirconium metallocene phosphinoaryloxide complex116 as

well as in catalytic processes.117,118 There are two conceivable ligand-based binding sites for

CO2 in this ligand framework; it can be inserted into the amine group yielding a carbamate

or can bind via a reversible C–C bond to the ligand framework (see fig. 14).

In a first scenario, CO2 is bound to the amine group. However, the formation of

this carbamate intermediate is not favorable in comparison to a metal bound CO2 adduct

(8.6 kcal/mol). In addition, it readily rearranges to a metal-hydride via an intramolecular

proton transfer (∆GR = −22.8 kcal/mol). The nucleophilic character of the hydride would

either favor the hydrogen evolution upon addition of a second proton or the formation of

formic acid over the experimentally observed CO.

In a second scenario, CO2 can bind via a reversible C–C bond to a pyridine forming an

sp3-C2 carbon in the ring (5025CC see fig. S7). This intermediate is the most stable isomer

in the CO2 adduct isomer-space as it is more than 20 kcal/mol lower in energy than the

metal bound adducts in all spin states. A mechanism using this species is conceivable via

an aromatization/dearomatization sequence as the second reduction to 3
014 already breaks

the aromaticity in the pyridine (vide supra). Both protonation steps are possible (pKa =

12, 15) and the second protonation leads to a concerted O–H bond formation and C-C

and C-O bond cleavage yielding H2O, CO and the starting complex 5
216. The regaining of

aromaticity seems to be the main driving force for the C-C bond cleavage. However, 5
025CC
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is only accessible from 3
025(η1κO) ([Fe(bpyNHEtPY2Me)(CO2−κO)]0) (see figure S5) which

is an unlikely intermediate. The discussion about CO2 adducts (vide supra) ruled out a

direct formation of the η1-OCO adduct. But it was not possible to locate a transition state

connecting to the η2 adduct (3015) or binding CO2 directly in the metal ligand cooperation

(MLC) binding mode. However, the energy difference between both CO2 adducts (3015(η2)

and 3
025(η1κO)) is 2.4 kcal/mol. Therefore, if the lifetime of 3

025 would be sufficiently long,

an equilibrium could form between both binding modes. This would open up the possibility

to enter the CC pathway. However, the proposed cycle predicts a very facile and fast first

protonation step which makes the formation of the 5
025CC intermediate unlikely.
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Conclusion

Electronic structure calculations were performed in order to study the electrochemical re-

duction of CO2 to CO by [Fe(bpyNHEtPY2Me)L2]
2+. A schematic free energy diagram sum-

marizing the results is depicted in figure 10. The redox active ligand framework paired with

a high spin Fe(II) center allows effective delocalization of additional electrons rationalizing

the reduction events at mild negative potentials. The metal center remains Lewis acidic

through the reduction process because of the non-innocent chelate ligand framework and the

ability to dissociate up to two solvent ligands. The high Lewis acidity of the Fe in the doubly

reduced intermediate results in a high barrier for the formation of a hydride intermediate.

In contrast, the binding of CO2 is facile due to its high quadruple moment uncovering the

origin of the selectivity in the kinetics. The CO2 adduct exhibits an η2 binding mode to

maximize the π-type coupling of the singly reduced CO2 π
∗ to a t2g-type d-orbital. The

Lewis acidity of the central metal allows further charge delocalization via a dative bond of

the oxygen to the metal center. Furthermore, the amine group forms a favorable hydrogen

bond to stabilize the CO2 adduct.

The second available equatorial coordination site opens up the possibility of intramolecu-

lar protonation by coordination of H2O. The formation of this precomplex facilitates proto-

nation because not only CO2 but also the proton source H2O is activated due to the Fe−OH2

bond. This polarizes the O–H bond and aligns both CO2 and H2O properly, resulting in a

barrier-less first protonation. The small ligand field results in a high spin quintet surface for

both protonation steps. The energy difference between the five and hexacoordinated car-

boxy intermediates is small which allows a rapid ligand exchange for a second intramolecular

protonation. This step exhibits a concerted heterolytic cleavage of the C-O bond and the

release of a water molecule. The resulting carbonyl species is only weakly bound due to the

high oxidation state and weak ligand field; thus, the CO release is exergonic to recover the

initial state of the catalyst. The proposed mechanism follows an EEC mechanism with the

formation of the CO2 adduct as the rate-limiting step. This rationalized the importance of
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the second coordination sphere.

The lower selectivity of the corresponding hydroxy-substituted complex [Fe(bpyOHPY2Me)L2]
2+

is connected to the higher acidity of the hydroxyl group as it opens up the possibility of an

intramolcular proton transfer to form a hydride intermediate. This barrier is even lower than

protonation with an acid source (H2CO3) and has a similar magnitude than CO2 addition.

This rationalizes the experimental finding that [Fe(bpyOHPY2Me)L2]
2+ produces both CO

and H2.
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Graphical TOC Entry

Selective CO2
reduction reaction using the [Fe(bpyNHEtPY2)L2]

2+ (L = H2O, CH3CN)
catalyst. Spin density of the doubly reduced intermediate (bottom left),
CO2 adduct (bottom middle), transition state for the intramolecular pro-
tonation (bottom right) and transition state for hydride formation top.
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