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ABSTRACT: Molecular first-row transition metal complexes for electrocatalytic CO2 reduction mostly feature N-donor sup-
porting ligands, iron porphyrins being among the most prominent catalysts. Introducing N-heterocyclic carbene (NHC) liga-
tion has previously shown promising effects for some systems, yet the application of NHC iron complexes for electrochemical 
CO2 reduction has so far remained unreported. Herein we show that the macrocyclic tetracarbene iron complex 
[LFe(NCMe)2](OTf)2 (1), which can be described as an organometallic heme analogue, mediates selective electrocatalytic CO2-
to-CO conversion with a faradaic efficiency of over 90% and a very high initial observed catalytic rate constant (kobs) of 7,800 
s−1. Replacement of an axial MeCN ligand by CO significantly increases the catalyst stability and turnover number, while the 
rate of catalysis decreases only slightly (kobs = 3,100 s−1). Ferrous complexes with one or two axial CO ligands, 
[LFe(NCMe)(CO)](OTf)2 (1-CO) and [LFe(CO)2](OTf)2 (1-(CO)2), have been isolated and fully characterized. Based on linear 
sweep voltammogram (LSV) spectroelectro-IR (SEC-IR) studies for 1 and 1-CO, both under N2 and CO2 atmosphere, a mech-
anistic scenario in anhydrous acetonitrile is proposed. It involves two molecules of CO2 and results in CO and CO32− formation, 
whereby the first CO2 binds to the doubly reduced, pentacoordinated [LFe0(CO)] species. This work commences the explora-
tion of the reductive chemistry by the widely tunable macrocyclic tetracarbene iron motif, which is topologically similar to 
hemes but electronically distinct as the strongly -donating and redox inactive NHC scaffold leads to metal-centered reduc-
tion and population of the exposed dz² orbital, in contrast to ligand-based orbitals in the analogous porphyrin systems.

INTRODUCTION 

The excess atmospheric CO2 originating from the unsustain-
able consumption of fossil fuels is a major cause of global 
climate change.1, 2 For good reason, the possibility of using 
CO2 to produce electrofuels or C1 building blocks for chem-
ical industry is attracting great interest.1, 3 While the CO2 re-
duction abilities of a wide range of heterogenous catalysts 
have shown very promising results, an important benefit of 
investigating molecular catalysts is the well-defined active 
site where one can directly investigate correlations be-
tween geometric/electronic structures and reactivity. The 
use of earth abundant metal catalysts for this purpose is 
particularly attractive and features mainly manganese, iron, 
cobalt, and nickel. 

Electrocatalytic reduction of CO2 by molecular first-row 
transition metal catalysts has been most thoroughly studied 
for Fe-porphyrin (heme-type) systems,4, 5 and in elegant 
elaborations the porphyrin ligands have been equipped 
with pendant proton-relays, mostly using phenol as a pro-
ton source.4-8 Attaching trimethylanilinum groups as proton 
relays allowed Savéant and coworkers to achieve a selective 
(nearly 100 %) conversion of CO2 to CO with an impressive 
turnover frequency of over 106 s-1,6 and other second coor-
dination sphere modifications at the porphyrin have led to 
improvements such as, e.g., reduced O2 sensitivity or signif-
icantly lowered overpotentials.6, 9-12 Selective CO2 to CO 

electroreduction has also been achieved with non-macrocy-
clic iron and cobalt complexes based on tetradentate qua-
terpyridine (qpy) ligands (I, Scheme 1).13 Both complexes 
operate at very low overpotential, again with the require-
ment of a weakly acidic proton source; the Co complex dis-
plays TOF values similar to that of iron porphyrins.13, 14 An-
other prominent class of 3d metal based CO2 reduction cat-
alysts, inspired by classical rhenium-based systems, is the 
MnBr(bpy)(CO)3 type series of complexes, first introduced 
by the Deronzier group (III, Scheme 1, bpy = 2,2’-bipyri-
dine).15 Such Mn catalysts were later equipped with bulky 
substituents to prevent Mn-Mn dimerization,16 and this tun-
able platform has been widely modified to provide a deeper 
mechanistic understanding of CO2 reduction catalysis.17-21 

The complexes mentioned so far, as well as most other re-
ported first-row transition metal electrocatalysts for the re-
duction of CO2, feature supporting N-donor ligands.22 Re-
cent work has started to address the effects of alternative 
ligation, in particular that of N-heterocyclic carbenes 
(NHCs), on the efficiency and stability of CO2 reduction cat-
alysts.23-25 One successful approach retains the overall 
structural motif of the established 3d metal catalyst systems 
but replaces one or more N-donor units by NHCs. Jurss and 
coworkers reported a series of nickel26, 27 and cobalt28 elec-
trocatalysts whose tetradentate macrocyclic and nonmac-
rocyclic bpy-NHC hybrid ligands (II, Scheme 1) bear close 
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similarities with the qpy scaffold (I, Scheme 1); a compari-
son between the Co-qpy and the best bpy-NHC complex, 
where the two NHC units were linked to give a macrocycle, 
showed selectivities and Faradaic efficiencies that are quite 
similar.13, 14, 28 Systematic effects of both ligand perturbation 
and the influences of the metal atom described in these 
studies highlight the fine tuning necessary to produce good 
electrocatalysts for CO2 reduction. An organometallic ana-
logue of the prominent manganese fac-tricarbonyl platform 
III has been obtained by replacing the potentially redox ac-
tive bpy ligand with a bidentate bis(NHC) ligand (IV, 
Scheme 1).29 This organometallic catalyst has been further 
modified with sterically bulky substituents on the periph-
eral N groups of the NHC ligands to avoid any potential di-
merization. In fact, both Mn-NHC catalysts IV show turno-
ver frequencies (TOFs) that exceed those of the parent Mn-
bpy catalyst III, presumably due to the more electron do-
nating properties of the ligand.16, 21, 29, 30 These studies lead 
one to consider a purely organometallic analogue 1 of the 
classical Fe-porphyrin V as a promising electrocatalyst for 
CO2 reduction (Scheme 1). Iron complexes supported by 
macrocyclic tetracarbene ligand scaffolds have been inten-
sively studied in recent years, but the focus has been on 
their use in oxidation/oxygenation31-36 and aziridination 
chemistry37-39 as well as the isolation of high-valent and bi-
orelevant reactive intermediates. 40-44 In contrast, the re-
ductive chemistry of such “organometallic heme ana-
logues”35, 45 has hardly been studied so far.  

 
Scheme 1. Related N-donor and NHC-ligated electrocata-
lysts for the reduction of CO2; 1 is studied in this work. 

Here we report on the use of the Fe-tetracarbene complex 1 
(Scheme 1) as a precatalyst for the selective electrochemi-
cal CO2-to-CO conversion. Key considerations that motivate 
the choice of these organometallic heme analogues are: (i) 
the macrocyclic tetracarbene ligand scaffold is topologically 
similar to a porphyrin, but is expected to be redox inactive, 
thus confining all redox chemistry to the central metal ion; 

and (ii) the equatorial ligation with four very strong -do-
nor NHCs pushes the dx²−y² orbital high in energy,40 so that 
reduction of the FeII(d6) complex 1 will necessarily populate 
its dz² orbital. Low-valent formal Fe0 species are usually im-
plicated as the reactive species in Fe-porphyrin mediated 
CO2 electroreduction,46, 47 but computational and spectro-
scopic studies revealed that the reduction is ligand-cen-
tered and that they are best described as having an interme-
diate-spin FeII center that is antiferromagnetically coupled 
to a porphyrin diradical anion.48, 49 In contrast, an analogous 
Fe0 species derived from tetra(NHC) based 1 may be ex-
pected to feature a (dz²)2 configuration, potentially exhibit-
ing super-nucleophilic behavior like that seen in reduced 
cobalamins.50 As an additional benefit, the macrocyclic 
tetra(NHC) ligand platform offers a wide range of tunability 
including modification of the ring-size or the peripheral 
substituents at the NHC subunits.51-53  

RESULTS AND DISCUSSION 

Complex 1 has been synthesized as previously reported.51 
The inset of Figure 1 (black and blue) shows the redox 
chemistry of 1 under a N2 atmosphere in MeCN. 1 exhibits a 
reduction process at a peak potential Epa of −2.11 V and a 
reverse feature at Epa = -1.98 V (ν = 0.1 V s−1, Figure S1-S3, 
all potentials in this paper are referenced versus the Fc+|0 re-
dox couple). The shape of the anodic and cathodic peak is 
characteristic for an equilibrium reaction preceding the re-
versible electron transfer, presumably acetonitrile dissoci-
ation.54 A second irreversible reduction process appears at 
a peak potential Epc of –2.55 V followed a shoulder at a peak 
potential Epc of –2.7 V. In the reverse scan, two additional 
oxidation events can be seen at Epa,2 of –1.08 and Epa,3 of –
0.77 V when the potential has been scanned reductively be-
yond –2.5 V (Figure 1, inset). 

Figure 1. CV of 0.5 mM 1 under a N2 (black, blue) or CO2 (red) 
atmosphere in MeCN + 0.1 M Bu4NPF6 at 0.1 V/s with a glassy 
carbon working electrode. Inset shows reduction under N2 at-
mosphere (black, blue) as well as pre-wave of CO2 reduction 
wave (red). 

Under a CO2 atmosphere, the CV data of 1 show the appear-
ance of a large current increase with a half peak potential55 
of −2.35 V for the catalytic wave, which indicates CO2 reduc-
tion catalyzed by 1 (Figure 1). The wave exhibits a pre-wave 
that occurs at nearly the same potential as the first reduc-
tion process of 1 under a N2 atmosphere (Figure 1, inset). In 
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order to confirm CO2-reduction catalysis, controlled poten-
tial electrolysis experiments (CPE) were run to evaluate ca-
talysis and to identify the product(s). The head space of the 
cell after CPE at –2.21 V was analyzed by GC, and CO was 
observed as the only product after CPE with 92(5)% Fara-
day efficiency (FE). However, the current decreases over 
the course of the experiment when a large overpotential 
was applied (Figure S5). This indicates catalyst degradation 
during catalysis at more negative potentials. The maximum 
TON of 4.1(3) was achieved after applying a potential of –
2.21 V for 2 hours.  

The production of CO implies the existence of a Fe−CO in-
termediate, so the direct synthesis of potential Fe−CO spe-
cies was carried out. Two complexes, [LFe(CO)2](OTf)2 (1-
(CO)2) and [LFe(CH3CN)(CO)](OTf)2 (1-CO), were prepared 
from the reaction of 1 with CO gas (Figure 2). Under a CO 
atmosphere, 1-(CO)2 can be obtained. The complex was iso-
lated and fully characterized by the usual methods, includ-
ing NMR and IR spectroscopies (see experimental details 
below and Figures S6-S17 in the SI for further details on 1-
(CO) and 1-(CO)2). However, when the atmosphere is re-
placed by N2, one CO molecule is displaced, leaving 1-CO 
with an axial acetonitrile ligand as 6th ligand. The conver-
sion from 1-(CO)2 (ῦco = 1982 cm–1) to 1-CO (ῦco = 1938 cm–

1) can easily be monitored using IR spectroscopy (Figure 
S14). Molecular structures of 1-(CO)2 and 1-CO determined 
by X-ray diffraction (Figure 2) allow for a comparison of 
metric parameters. As expected for the increased π-back-
bonding to the single CO ligand in 1-CO, the Fe−CO bond of 
1-CO (1.72 Å) is shorter than either of those in 1-(CO)2 
(1.79 and 1.81 Å). The binding of either one or two CO mol-
ecules causes minimal changes to the Fe−CNHC bonds rela-
tive to 1. These observations agree with the 57Fe isomer 
shift and quadrupole splitting parameters observed in zero-
field Mößbauer spectroscopy. The shorter Fe−CO bonds, 
which lead to a compressed 4s orbital and a higher 4s elec-
tron density at the iron nucleus, and their increased π-back-
bonding abilities, which causes less shielding of the 4s or-
bital, combine for a much lower isomer shift  for both com-
plexes relative to 1. The decrease of the quadrupole split-
ting EQ upon going from 1 to 1-(CO)2 reflects an increas-
ingly spherical electron distribution around the nucleus 
upon the addition of a second CO molecule. 

 

Figure 2. Molecular structures of 1-CO and 1-CO2 along with 
57Fe Mößbauer parameters determined at 80 K. Mößbauer data 
for 1 is from reference 51. 

Since a large excess of CO is necessary to maintain the coor-
dination of both CO molecules in MeCN, subsequent CV 
studies focused on 1-CO. The CV data of 1-CO under a N2 
atmosphere show two reduction peaks with Epc,1 = –2.02 V 
and Epc,2 = –2.36 V, v = 0.1 V s–1 (Figure 2, inset). Initial re-
duction of 1-CO is irreversible, which suggests that the re-
duction is accompanied by loss of one axial ligand, as ex-
pected for the population of the dz² orbital. The second re-
duction process shows an anodic feature in the reverse scan 
at Epa = –2.29 V, which gets more prominent with increasing 
scan rates (Figure S18). Since the potential and reversibility 
of the second reduction process is distinctly different from 
the one in 1, we assume that initial reduction is accompa-
nied by MeCN loss (and not CO loss), as otherwise the same 
species are formed. In the anodic scan, a further oxidation 
event occurs at a peak potential Epa of –1.49 V, v = 0.1 V s−1. 
Under a CO2 atmosphere, there is an appearance of a large 
reductive wave quite similar to that observed for 1 (Figure 
3). The onset of the wave appears after initial reduction of 
1-CO. The half peak potential of the catalytic wave, Ecat/2 = –
2.38 V, appears at a nearly identical potential as for 1 and 
the second reduction event of 1-CO. The limiting catalytic 
current and the shape of the catalytic wave is scan rate in-
dependent as expected for a catalytic event under purely ki-
netic conditions (Figure S19).56, 57 Headspace analysis after 
CPE experiments at an applied potential of –2.21 V for 2 
hours confirmed CO formation with a FE of 120(13)% and 
a TON of 7.0(7). The FE of over 100% can be explained by 
the loss of the axial CO ligand, in this case, likely due to grad-
ual catalyst degradation over the long course of electroca-
talysis. As the current drop during catalysis is lower and the 
TON higher than in the same experiment employing 1, the 
stability of 1-CO under reductive conditions towards cata-
lyst decomposition seems to be higher than that of 1 (Figure 
S21).  

Figure 3. CV of 0.5 mM 1-CO under a N2 (black) or CO2 (red) 
atmosphere in MeCN + 0.1 M Bu4NPF6 scanning towards ca-
thodic potentials at 0.1 V s−1 with glassy carbon disk working 
electrode. Inset shows reduction under N2 atmosphere (black) 
as well as pre-wave of CO2 reduction wave (red). 

In order to compare the efficiency of 1-CO and 1 under cat-
alytic conditions, the observed rate constants kobs were es-
timated. The kobs was derived from the limiting catalytic cur-
rent as the catalytic wave exhibits a pre-wave at the foot of 
the wave and thus the foot-of-the-wave (FOWA) analysis is 
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not applicable.56, 57 Scan rate dependent CV data of 1 show 
that catalysis with 1 mM is not under pure kinetic condi-
tions as the data deviate slightly from perfect S-shape and 
the current depends on the scan rate indicating side phe-
nomena such as substrate consumption (Figure S4).56, 57 
Thus, the catalyst concentration was decreased to reach ki-
netic conditions. Indeed, at 0.5 mM, the catalytic current be-
comes scan rate independent (Figure S22), so that kobs can 
be estimated according to eq. 158: 

𝑖cat = 𝑛cat ∙ 𝐹 ∙ 𝐴 ∙ 𝐶cat ∙ √𝐷cat ∙ 𝑘obs  (1) 

𝑘obs = 𝑘cat[𝐶𝑂2]
𝑦    (2) 

Dividing icat by ip (current of a reversible non-catalytic event 
under identical conditions)59 eliminates several constants 
and a plot of icat over ip versus v1/2 leads to kobs (Figures S22-
23) 

𝑖cat

𝑖p
= 2.242 ∙ 𝑛cat√

𝑅∙𝑇

𝑛p
3 ∙𝐹

√𝑘obs√
1

𝑣
  (3) 

n = number of transferred electrons, F = Faraday constant, 
R = gas constant, ν = scan rate; T = temperature, kobs = ob-
served catalytic rate constant.  

Since CO must be formed in a disproportionation reaction 
of two equivalents of the formal CO2·– radical, the number of 
transferred electrons equals 2 per CO. This leads to very 
high kobs values of 7.8·103 s−1 for 1 and 3.1·103 s−1 for 1-CO, 
among the highest reported catalytic rate constants for a 
first-row transition metal CO2 reduction catalyst in the ab-
sence of a proton source. 

To shed light on the mechanism of CO2 reduction by both 1 
and 1-CO, linear sweep voltammogram (LSV) spectroelec-
tro-IR (SEC-IR) studies were performed on each complex 
both under an inert and CO2 environment in order to moni-
tor putative Fe−CO intermediates. The observed IR spec-
trum of 1-CO (Figure 4, top, black) shows a main band at 
1938 cm-1, and a small feature at 1981 cm−1 originating from 
minor amounts of 1-(CO)2. At the onset of the first reduc-
tion process (Figure 4, green), there is an appearance of a 
CO band at a frequency of 1819 cm−1 under N2. The shift of 
the CO band by about −118 cm−1 with regard to 1-CO is 
characteristic for a metal based reduction forming 
[LFeI(CO)]+ (DFT calculations predict a shift of −95 cm-1 
upon going from 1-CO to [LFeI(CO)]+; see SI). This supports 
the hypothesis that initial, irreversible reduction of 1-CO is 
accompanied by MeCN loss and not by CO loss. The second 
reduction is accompanied by the growth of a feature at ῦCO 
= 1730 cm−1 along with the decrease of the putative 
[LFeI(CO)]+ band. The feature at 1730 cm−1 is assigned as a 
[LFe0(CO)] species, which however is quite unstable. As 
soon as it is formed, it vanishes and is replaced by a species 
with a feature at 1874 cm−1. This is in line with the CV meas-
urements of 1-CO, where we observed reversibility for the 
second reduction process at faster scan rates, but not at 
slower. The instability of the doubly reduced species of 1-
CO was confirmed by chemical reduction. Adding two 
equivalents of sodium naphthalenide to 1-CO leads to the 
formation of a doubly reduced Fe−CO species with the same 
characteristic CO frequency at 1725 cm−1 in the solid state 
(Figure S30). However, dissolution of this species in MeCN 
converts it within minutes to two new species, one having 
the characteristic CO band at a frequency of 1874 cm−1, and 

the other being the putative [LFeI(CO)]+ intermediate with 
a band at 1821 cm-1. At very negative potentials there is also 
an appearance of a feature at 2117 cm−1, similar to that ob-
served in the reduction of acetonitrile under N2 as seen in 
Figure S24, which indicates that this band belongs to sol-
vent reduction and is not associated with the complex. 
Nearly the same species distribution is observed in SEC-IR 
after initial reduction of 1-(CO)2 (Figure S27). That is, initial 
reduction of 1-(CO)2 leads to the formation of [LFeI(CO)]+ 
(ν(CO) = 1819 cm−1), which indicates that 1-(CO)2 loses one 
CO ligand upon reduction. Further reduction forms the spe-
cies assigned to [LFe0(CO)] with a characteristic CO band at 
a frequency of 1730 cm−1, which then reacts further to form 
the species with a CO stretching vibration at a frequency of 
1874 cm−1. 

 

 

Figure 4. IR changes during the LSV scan of 1-CO from 0 to −2.3 
V (versus Ag wire) in CH3CN under N2 (top) or CO2 (bottom). 

Subsequently, SEC-IR of 1-CO under CO2 was investigated 
(Figure 4, bottom). During reduction at the foot of the wave 
prior catalysis (Figure 4, green), the CO bands of the starting 
materials at ῦCO = 1938 cm−1 (major, 1-CO) and ῦCO = 1981 
cm−1 (minor 1-(CO)2) decrease, and that assigned to the pu-
tative [LFeI−CO]+ species increases (ῦCO = 1819 cm−1). At the 
onset of the catalytic wave (Figure 4, red), bands at frequen-
cies of 1685 and 1645 cm−1 appear which are characteristic 
for HCO3− and CO32−.29 Under catalytic conditions no Fe0 spe-
cies is observed by SEC-IR and [LFeI(CO)]+ represents the 
steady state species. When the potential is scanned beyond 
the catalytic wave, the current decreases indicating that CO2 
is consumed, the baseline of the IR spectra shifts, reflecting 
the evolution of CO gas, (Figure 4, blue). Furthermore, the 
characteristic CO band of [LFeI(CO)]+ disappears and is re-
placed by the CO signature band of [LFe0(CO)] at 1730 cm−1. 
This species decomposes quickly as observed in the ab-
sence of CO2 forming the species with a CO frequency at 
1874 cm−1. The band at 1874 cm−1 appears after current 
drop, that is after catalysis, and thus, it does not likely rep-
resent a species that is relevant to the catalytic cycle. 

SEC-IR of 1 under N2 (Figure S25) does not show any char-
acteristic features, as expected considering the absence of a 
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potential Fe-CO motif. However, bands characteristic for 
Fe−CO species occur during catalysis under a CO2 atmos-
phere (Figure 5), most of which have been observed also 
with 1-CO. Upon reduction of 1 under catalytic conditions, 
several species occur nearly simultaneously, namely 
[LFeI(CO)]+ (ῦCO = 1819 cm−1), 1-(CO)2 (1981 cm−1), the de-
composition product of [LFe0(CO)] (ῦCO = 1874 cm−1), a pre-
viously unobserved species with a CO band at ῦCO = 1902 
cm−1, and slightly later also 1-CO (ῦCO = 1938 cm−1), Figure 
5. Since only the bands corresponding to HCO3− and CO32− 
can be seen in the blank reduction of CO2 in MeCN at very 
negative potentials, all of the other bands are resulting from 
the reduction of the iron complex.60 

Figure 5. IR changes during the LSV scan of 1 from 0 to −2.3 V 
in MeCN under CO2. 

The appearance of Fe−CO bands during the electrocatalytic 
reduction of CO2 by 1 implies the formation of 1-CO and its 
reduced products after initial catalytic turnover. However, 
there is less formation of [LFeI(CO)]+ (1819 cm−1) relative to 
that observed in the electrocatalysis by 1-CO and a more 
significant growth of the species with a CO band at a fre-
quency of 1874 cm−1. The greater formation of putative de-
cay species and diminished formation of the [LFeI(CO)]+ 
species proposed to be important to the catalytic cycle 
likely explains why 1 is less able to sustain catalysis than 1-
CO. 

Taking all measurements together, some general mechanis-
tic considerations can be developed. The formation of CO in 
the absence of protons necessitates a disproportionation 
reaction of two formal CO2·– radical species to produce CO 
and CO32−.61 Evidence for the production of CO32− is obtained 
in the SEC-IR experiments. This was also the proposed 
mechanism for the purely organometallic manganese cata-
lyst IV (Scheme 1) described above29 and for (2’2-bipyri-
dine)Re(CO)3Cl, which also catalyzes the CO2-to-CO/CO32– 
conversion. In the latter case, a dimeric rhenium species 
was postulated as crucial intermediate.62 Thus, we deter-
mined the reaction order in 1. Concentration dependent 
measurements of the limiting current icat revealed a linear 
dependency on c(1), which indicates that catalysis is first 
order in 1 and thus no dimeric species is formed in the rate 
determining step (Figure S31). Since we observe a very high 
current increase even in the presence of only 0.5 mM of 1 
and 1-CO, the formation of a dimeric species or a homoge-
neous electron transfer between two reduced species in a 
non-rate determining step seems unlikely and thus, we as-
sume that CO and CO32− are formed by the reaction of a re-
duced Fe–CO2 intermediate with a second equivalent of CO2, 
which is present in large excess (cf. 0.26 M in acetonitrile).63  

Initial reduction of 1 and of 1-CO under catalytic condition 
appears at the same potential as under N2, and thus, a pre-
equilibrium between 1 or 1-CO and CO2 is unlikely. Reduc-
tion of 1 is likely accompanied by loss of MeCN to give 
[LFeI(NCMe)]+ in a fast pre-equilibrium as its reduction ap-
pears quasi-reversible in the CV (vide supra). Initial reduc-
tion of 1-CO is irreversible and appears at more negative 
potentials than of 1 and thus, we assume that initial reduc-
tion of 1-CO is accompanied by MeCN loss forming the pen-
tacoordinated [LFeI(CO)]+ species, which is in accordance 
with the IR-SEC results. The loss of MeCN as a ligand is sup-
ported by DFT calculations, where the most stable FeI (d7) 
species derived from either 1 or 1-CO showed the loss of an 
axial MeCN ligand after optimization (Tables S3-S4). The 
same [LFeI(CO)]+ species is also formed upon reduction of 
1-(CO)2 via CO loss. DFT calculations furthermore confirm 
that reduction is metal-centered, the SOMO of [LFeI(CO)]+ 
and [LFeI(NCMe)]+ having largely dz² character and being 
polarized towards the open axial site (see Figures S47 and 
S49). The half-peak potentials of the catalytic waves are al-
most at the same potentials as the second reduction of 1-CO 
indicating that CO2 binds at the highly nucleophilic metal 
center in the Fe0 (d8) state . This is in line with IR-SEC ex-
periments where [LFeI(CO)]+ was identified as steady state 
species under catalytic conditions. Since 1-(CO)2 is ob-
served as minor species in IR-SEC under catalytic condi-
tions with 1 and 1-CO, we tentatively assume that the reac-
tion of the doubly reduced species with a second equivalent 
of CO2 is followed by formation of CO32− and 1-(CO)2. Fi-
nally, 1-(CO)2 is then reduced, which closes the catalytic cy-
cle to re-form the pentacoordinated [LFeI(CO)]+ species 
(Scheme 2). After initial turnover with 1, the same species 
are present as with 1-CO. However, the reduced species 
seems to be less stable in the former case as two side prod-
ucts are rapidly detected in the SEC-IR experiment of 1 and 
CO2 during catalysis with one being the decomposition 
product of the doubly reduced 1-CO species, whereas in the 
experiment employing 1-CO this species was only observed 
after catalysis. 
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Scheme 2. Proposed mechanism of electrocatalytic CO2 re-
duction catalyzed by 1 and 1-CO. After the first turnover, 1 
should follow the same mechanism as 1-CO. Notes: a L = CO 
except for the first turnover with 1, there L = MeCN; b MeCN 
is released rather than CO in the first turnover with 1. 

SUMMARY AND CONCLUSIONS 

The tetracarbene-iron complexes 1 and 1-CO catalyze the 
selective electroreduction of CO2 to CO and CO32− through a 
disproportionation mechanism in the absence of a proton 
source. 1 displays a very fast rate of catalytic turnover (kobs 
= 7.8·103 s–1), but only modest turnover numbers in bulk ex-
periments (TON = 4) because it degrades rather quickly un-
der catalytic conditions. When CO is bound in one of the ax-
ial coordination sites as in 1-CO, the stability is significantly 
increased (TON = 7.6) while the rate of catalysis decreases 
only slightly (kobs = 3.1·103 s−1). 1 and 1-CO represent the 
first examples of NHC-ligated iron complexes that are capa-
ble of electrocatalytically reducing CO2 to CO. 

Iron porphyrin complexes are among the most efficient and 
well-studied molecular electrocatalysts for the reduction of 
CO2 to CO.46 The present work now introduces macrocyclic 
tetracarbene iron complexes such as 1, which can be viewed 
as organometallic heme analogues, as a new catalyst class 
in the field. While macrocyclic tetracarbenes are topologi-
cally reminiscent of porphyrins and provide a strong equa-
torial ligand scaffold alike, they are electronically distinct. 
In particular, for low-valent tetracarbene iron species re-
sponsible for CO2 reduction, the electronic configuration is 
expected to be a cobalamin-like “supernucleophile” with 
electrons occupying the dz² orbital rather than the dx²-y² or 
ligand-based orbitals.40 Indeed, the rather large catalytic re-
action rate supports this beneficial electronic structure ef-
fect. 

The synthetic versatility of the tetracarbene macrocycle is 
an additional benefit of the new catalyst class, as it offers a 
wide range of tunability including modifications of both the 
macrocycle ring size and charge as well as the imidazole 
back-bone substituents.35, 38, 39, 45, 51, 52 As demonstrated, the 
sixth coordination site at the iron ion, trans to the CO2 bind-
ing site, can be used to modulate the catalytic activity and to 
increase the stability of the complex under reductive condi-
tions. This work paves the way towards establishing NHC-
based organometallic heme analogues as efficient and tun-
able CO reduction electrocatalysts, complementing the ar-
chetypical Fe-porphyrin systems. 

EXPERIMENTAL DETAILS 

Materials and Instrumentation. Solvents were obtained in 
reagent grade or better and then dried and degassed ac-
cording to standard procedures before use. Air-sensitive ex-
periment were carried out in a dry nitrogen atmosphere 
primarily in an MBraun LabMaster glovebox or using stand-
ard Schlenk techniques. NMR spectra were recorded on a 
Bruker Avance III HD 500 and a Bruker Avance III 300 spec-
trometer at a temperature of 298 K if not stated otherwise. 
Chemical shifts are reported in parts per million in relation 
to tetramethylsilane and referenced to the residual hydro-
gen atoms of the used deuterated solvents or their natural 
abundance 13C resonances.64 57Fe Mößbauer spectra were 

measured using a 57Co source in a Rh matrix using an alter-
nating constant acceleration Wissel Mößbauer spectrome-
ter equipped with a Janis closed-cycle helium cryostat. 
Transmission data were collected, and isomer shifts are re-
ported relative to iron metal at ambient temperature. Ex-
perimental data were simulated with Mfit software.65 

Cyclic voltammograms and electrocatalysis experiments 
were recorded on a NOVA/Autolab potentiostat in a home-
made gas-tight cell with a glassy carbon working electrode, 
platinum wire counter electrode, and silver wire pseudo-
reference electrode. The CV spectra were referenced to the 
Fc0/+ couple that was recorded under exact experimental 
conditions as an external reference in the cases where fer-
rocene or decamethylferrocene were not explicitly used as 
an internal reference. All electrochemical measurements 
were performed in a dry and degassed acetonitrile solution 
with 0.1 M tetrabutylammonium hexafluorophosphate un-
der a N2 or a CO2 environment. Ohmic drop was carefully 
compensated during CV measurements using NOVA 2.1.2 
software. The same air-tight cell and electrode configura-
tion was used for electrocatalysis experiments; however, 
the Pt wire counter electrode was separated from the bulk 
solution by a fritted-glass bridge. Solutions were prepared 
in a glovebox and sealed in an air-tight cell and studied ei-
ther under N2 or by purging the cell with CO2 for a minimum 
of 10 minutes (concentration of CO2 in saturated CH3CN so-
lution = 0.26 M).63 For GC measurements of gaseous prod-
ucts of CO2 reduction, 0.5 ml CH4 was added to the electro-
chemical cell for use as an internal standard in the GC. After 
electrolysis, gaseous products were measured and quanti-
fied with a Shimadzu GC-2014 equipped with a thermal con-
ductivity detector (TDC) and a ShinCarbon ST 80/100 silico 
column with either argon carrier gas (detection of H2) or he-
lium carrier gas (detection of CO). Calibration curves were 
made by injecting varied known quantities of CO into the 
electrochemical cell with a fixed amount of CH4 and meas-
uring the peak areas.  

Synthesis and Characterization. [H4L](OTf)4 and 
[LFe(CH3CN)2](OTf)2 (1) were synthesized according to 
previously reported methods without modification.51 

[LFeII(CO)2](OTf)2 (1-(CO)2) was synthesized by freeze-
pump-thawing a solution of 1 in MeCN (10 mL) and charg-
ing the flask with CO gas. After stirring the resulting solu-
tion at room temperature for 2 d, Et2O was added until a 
precipitate formed. The colorless solid was recrystallized 
from DCM/Et2O and dried under reduced pressure. Single 
crystals suitable for X-ray diffraction analysis were gath-
ered from slow diffusion of Et2O into a DCM solution of the 
product. [LFeII(CO)2](OTf)2 was further characterized by 1H 
NMR, 13C NMR, IR, and DFT:IR spectroscopies. When the CO 
atmosphere is removed, the resulting complex is a mixture 
of 1-(CO)2 and 1-CO, and the transition from one to the 
other can be observed in both NMR and IR (Figure S14). 1H 
NMR (300 MHz, CD3CN): δ = 5.85 (s, 4H, NCH2N), 4.49 (s, 8H, 
NCH2CH2N), 2.30 (d, J = 0.8 Hz, 12H, CH3), 2.21 (d, J = 0.8 Hz, 
12H, CH3) ppm. 13C{1H} NMR (75 MHz, CD3CN): δ = 212.1 
(CO), 172.6 (C2-Im), 130.1 (CIm), 128.3 (CIm), 122.2 (q, J(13C-
19F) = 321 Hz, SO3CF3), 56.9 (NCH2N), 46.5 (NCH2CH2N), 9.7 
(CImMe), 9.3 (CImMe) ppm. IR (ATR, CH3CN): ν̃ = 2995 (w), 
2942 (w), 1982 (s), 1674 (w), 1663 (w), 1484 (w), 1463 
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(w), 1448 (w), 1413 (w), 1398 (w), 1385 (w), 1366 (w), 
1333 (w), 1271 (s), 1225 (m), 1156 (s), 1033 (s), 997 (w), 
893 (w), 865 (w), 755 (w), 714 (w), 695 (w) cm−1. MS (ESI+ 
CH3CN): m/z = 693.1 ([LFeII(CO)(OTf)]+) CO likely lost dur-
ing ionization. CV (1.1 mM, (0.1M TBAPF6) CH3CN) – oxida-
tion potential at 0.96 V (vs. Fc+/0, 0.1 V s–1). Mößbauer (80 
K): δ = -0.04 mm s–1, ΔEQ = 0.97 mm s–1. 

[LFeII(CO)(MeCN)](OTf)2 (1-CO) was synthesized by dis-
solving 25 mg of 1 (2.8 x 10–5 mol) in 1.5 mL CH3CN and 
sealed in a Schlenk tube in a glovebox. The Schlenk tube was 
removed from the glovebox and connected to a Schlenk line 
connected to CO gas. The solution was frozen and the N2 at-
mosphere was removed by vacuum. The flask was then 
charged with 1 bar CO gas and allowed to thaw. This reac-
tion mixture was stirred overnight before removing the ex-
cess CO through several freeze-pump-thaw cycles. The 
sealed Schlenk tube was taken back into a glovebox where 
repeated recrystallizations of slow diffusion of Et2O into 
very concentrated CH3CN solutions of 1-CO allowed for the 
isolation of dark yellow boxy crystals suitable for character-
ization by single crystal X-ray diffraction. However, there 
were also very thin red-brown needles present in the solid 
that could not be separated. The solid was otherwise pure 
by Mößbauer and cyclic voltammetry, so the impurity is 
likely insignificant. [LFeII(CO)(MeCN)](OTf)2 was further 
characterized by 1H NMR, 13C NMR, IR, DFT:IR, and ESI-MS. 
[LFeII(CO)(MeCN)](OTf)2 can also be prepared by removing 
the CO atmosphere of [LFeII(CO)2](OTf)2, the conversion 
was monitored by IR. 1H NMR (300 MHz, CD3CN): δ = 5.92 
(d, J = 14.2 Hz, 2H, NCH2N), 5.73 (d, J = 13.9 Hz, 2H, NCH2N), 
4.70 (dd, J = 14.4, 7.6 Hz, 4H, NCH2CH2N), 4.32 (dd, J = 14.0, 
6.6 Hz, 4H, NCH2CH2N), 2.32 (d, J = 0.8 Hz, 12H, CH3), 2.22 
(d, J = 0.7 Hz, 12H, CH3) ppm. 13C{1H} NMR (125 MHz, 
CD3CN): δ = 224.1 (CO), 181.7 (C2-Im), 128.6 (CIm), 127.4 
(CIm), 122.1 (q, J(13C-19F) = 321 Hz, SO3CF3), 56.8 (NCH2N), 
46.4 (NCH2CH2N), 9.6 (CImMe), 9.3 (CImMe) ppm. IR (ATR, 
CH3CN): ν̃ = 2996 (w), 2942 (w), 1938 (s), 1680 (w), 1661 
(w), 1475 (w), 1445 (w), 1409 (w), 1376 (m), 1331 (w), 
1271 (s), 1225 (s), 1156 (m), 1033 (s), 915 (w), 891 (w), 
744 (w), 714 (w) cm−1. MS (ESI+ CH3CN): m/z = 693.1 
([LFeII(CO)(OTf)]+). CV (1 mM, (0.1M TBAPF6) CH3CN) – ox-
idation potential at 0.61 V (vs. Fc+/0, 0.1 V s-1). Mößbauer (80 
K): δ = 0.00 mm s–1, ΔEQ = 1.76 mm s–1.  

X-Ray Crystallography. Crystal data and details of the data 
collections are given in Table S1, selected bond lengths an-
gles in Table S2, molecular structures are shown in Figures 
S32-33. X-ray data for [LFe(CO)2](OTf)2 (1-(CO)2) were col-
lected on a STOE IPDS II diffractometer (graphite mono-
chromated Mo-Kα radiation, λ = 0.71073 Å) by use of  
scans at RT or –140 °C. X-ray data for 
[LFe(CO)(MeCN)](OTf)2 (1-(CO)) were collected at room 
temperature under otherwise same conditions, since de-
composition of the crystals at lower temperatures has been 
observed. The structures were solved with SHELXT and re-
fined on F2 using all reflections with SHELXL-2018.66, 67 Non-
hydrogen atoms were refined anisotropically. Hydrogen at-
oms were placed in calculated positions and assigned to an 
isotropic displacement parameter of 1.5/1.2 Ueq(C).  

The CF3SO3– counterion in [LFe(CO)(MeCN)](OTf)2 was 
found to be disordered (occupancy factors: 0.879(4) / 

0.121(4)). SAME and RIGU restraints and EADP constraints 
were used to model the disordered counterion. The unit cell 
of [LFe(CO)2](OTf)2 contains highly disordered solvent mol-
ecules (dichloromethane and diethyl ether) for which no 
satisfactory model for a disorder could be found. The sol-
vent contribution to the structure factors was calculated 
with PLATON SQUEEZE68 and the resulting .fab file was pro-
cessed with SHELXL using the ABIN instruction. The empir-
ical formula and derived values are in accordance with the 
calculated cell content. Face-indexed absorption correc-
tions were performed numerically with the program X-
RED.69 

DFT calculations. The ORCA program package (version 
4.2.1) was employed for all calculations.70 Geometry optimi-
zation and frequency calculation was performed starting 
from the crystallographic data (BP86 functional, def2-tzvp 
basis set,71, 72 RI approximation using the auxiliary def2/J 
basis set, D3 dispersion correction with Becke-Johnson 
damping,73 tight convergence and optimization criteria). 
Additional details regarding calculations as well as struc-
tures, tables of relevant bond lengths, and calculated IR 
spectra can be found in the supporting information. 

ASSOCIATED CONTENT  

A supporting information document that includes additional 
figures, spectroscopic characterization, crystallographic infor-
mation and DFT calculated structures and IR spectra is availa-
ble free of charge via the Internet at http://pubs.acs.org. 
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