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ABSTRACT: Molecular electrocatalysts for CO2-to-CO conversion often operate at large overpotentials, with the cleavage of a C-

O bond in the [metal-CO2]
n+ intermediate largely contributing to this unfavorable phenomenon. In natural CO dehydrogenase enzymes 

as well as synthetic systems, it has been shown that additional Lewis acids can aid in weakening the C-O bond by O-coordination. 

Illustrated with ruthenium-based CO2 reduction electrocatalysts, [(tBu3tpy)(pp)Ru(CH3CN)]2+ (tBu3tpy = 4,4,4-tri-tert-butyl-

2,2:6,2-terpyridine; pp = bidentate polypyridine), we herein present computational and experimental evidence for a mechanistic 

route that involves one metal center that acts as both Lewis base and Lewis acid at different stages of the catalytic cycle. The Lewis 

basic character of the Ru center manifests itself in the initial nucleophilic attack at the CO2 substrate to form [Ru-CO2]
0, while its 

Lewis acid character allows for the formation of a 5-membered metallacyclic intermediate, [Ru-CO2CO2]
0,c, by intramolecular cy-

clization of a linear [Ru-CO2CO2]
0 species that is formed from [Ru-CO2]

0 and a second equivalent of CO2. The pathway is enabled 

by the flexible ligation of polypyridine ligands that liberate coordination sites upon demand. The cyclic intermediate, [Ru-CO2CO2]
0,c, 

is crucial for energy-conserving turnover, as it allows for a third reduction at a more positive potential than that of the starting complex 

Ru2+. The calculated activation barrier for C-O bond cleavage in [Ru-CO2CO2]
−1,c is dramatically decreased to merely 10.5 kcal mol‒

1 as compared to the 60 kcal mol−1 required for C-O bond cleavage in the non-cyclic [Ru-CO2CO2]
0 adduct. The ruthenacyclic inter-

mediates have been characterized experimentally by FTIR and 13C NMR spectroscopy during electrocatalytic turnover and been 

corroborated by density functional theory (DFT) investigations. The present report is the first of its kind that experimentally observes 

metallacyclic intermediates during catalytic turnover in electrocatalytic CO2 reduction, offering a new design feature that can be 

implemented consciously in future catalyst designs. 

 

INTRODUCTION 

Electrochemical reduction of CO2 can assist in mitigating at-

mospheric CO2 levels and offer scalable means to store renew-

able electricity in energy dense compounds such as CO. Unfor-

tunately, the electrochemical conversion of CO2 to CO typically 

suffers from high overpotentials1-3 that impede efficient imple-

mentation. In molecular transition metal-based catalysts, three 

key steps have been identified as potential kinetic bottlenecks: 

1) CO2 binding to the catalyst that is accompanied by bending 

of linear CO2, 2) cleavage of a C-O bond in the [metal-CO2]
n+ 

adduct and 3) CO dissociation from the catalyst. Of these three 

steps, the current report focuses mainly on C-O bond cleavage 

by molecular catalysts. Excessive electrochemical reduction 

steps have been shown to facilitate this process, but they typi-

cally occur at more negative standard potentials, thus leading to 

high overpotentials.4-6 In nature, carbon monoxide 

dehydrogenase enzymes (CODH) can efficiently and reversibly 

convert CO to CO2.
7 In the active site of CODH from the anaer-

obic bacterium C. hydrogenoformans, there is a [Ni-4Fe-5S] 

cluster, called the C-cluster, which consists of a [Ni-3Fe-4S] 

cubane linked to a unique Fe site through a sulfide.8,9 In this 

cluster, Ni is the redox active center to which CO2 binds. In 

close proximity is a redox inactive Fe(III) Lewis acid that facil-

itates C-O cleavage by stabilizing the OH− group formed during 

the process.9 Artificial systems attempt to mimic this function 

and the simple addition of Brønsted acids is frequently reported 

to enhance catalytic activity.4,5,10-20 Also, several metal com-

plexes with intramolecular Brønsted acidic groups positioned 

close to the reactive center have been shown to facilitate C-O 

cleavage.3,21-33  
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Figure 1. Representations of some transition metal-bound CO2 adducts: (a-c) previously proposed,34-37 stabilized by Lewis acid (LA) 

cations like Mg2+ and Li+; (i and ii) investigated in the present work. The dashed green lines (----) indicate the scission of C-O and O-

LA bonds in the subsequent step of the respective catalytic cycles. 

Examples of catalytic rate enhancements for CO2 electroreduc-

tion by Lewis acidic metal ions in molecular catalysts are com-

paratively rare.34,35,37 In some of these systems, cyclic interme-

diates that comprise the catalytic metal center, two molecules 

of CO2 and an exogenous alkali or alkaline earth metal Lewis 

acid have been proposed (Figure 1); however, to the best of our 

knowledge, none was observed experimentally.34-37 It has been 

postulated that C-O cleavage from these cyclic intermediates is 

more facile compared to the systems without the additional 

Lewis acid. 

Herein, we report an unprecedented pathway for C-O bond 

cleavage in the overall reductive disproportionation of CO2 to 

CO and CO3
2− that requires neither excessive catalyst reduc-

tions nor external Lewis acids. We present computational and 

experimental evidence for a mechanistic route that involves one 

metal center that acts as both Lewis base and Lewis acid at dif-

ferent stages of the catalytic cycle. The pathway is enabled by 

the flexible ligation of polypyridine ligands that can liberate co-

ordination sites upon demand. 

RESULTS AND DISCUSSION 

The aforementioned mechanism is exemplified on two Ru-

based catalysts, [Ru(tBu3tpy)(CH3bpy)(CH3CN)]2+ (12+)38,39 

and [Ru(tBu3tpy)(CH3phen)(CH3CN)]2+ (22+) (Scheme 1; 

tBu3tpy = 4,4,4-tri-tert-butyl-2,2:6,2-terpyridine; CH3bpy 

= 6-methyl-2,2-bipyridine, CH3phen = 2-methyl-1,10-phenan-

throline) that differ in the bidentate ligand motif.  

Scheme 1. Pictorial representation of complexes 12+ and 22+ 

(cis and trans isomers), and their two-electron reduced CO2 

adducts [1-CO2]0 and [2-CO2]0, respectively. 

 

The bidentate phenanthroline in 22+ is a stronger coordinating 

ligand than 2,2-bipyridine in 12+. The presence of the methyl 

group ortho to the nitrogen in the bidentate ligand is motivated 

by our previous finding that it labilizes the coordinated CH3CN 

upon one-electron reduction of the complex.38,39 

Complexes 12+ and 22+ were prepared from RuIII(tBu3tpy)(Cl)3 

and the respective bidentate ligand by slight modifications of 

published procedures40 (see ESI for details). While 12+ is iso-

lated solely in its trans form38 (Scheme 1, top), the NMR spec-

trum of 22+ (Figure S4) indicates the presence of two coordina-

tion isomers that differ in the position of the methyl group in 

the bidentate ligand with respect to the coordinated CH3CN (de-

picted as cis-22+ and trans-22+ in Scheme 1). 

As mentioned above, owing to the ortho methyl groups of the 

bidentate ligand, both complexes can liberate the CH3CN ligand 

upon one-electron reduction.38 The coordinatively unsaturated 

intermediate acts as a Lewis base towards CO2, ultimately lead-

ing to the two-electron reduced CO2 adducts [1-CO2]
0 and [2-

CO2]
0 (Scheme 1) which are the starting points of the present 

study. In case of [2-CO2]
0, DFT calculations indicate that both 

isomers of 22+ lead to the trans-[2-CO2]
0 isomer shown in 

Scheme 1, as the nucleophilic attack of the reduced, pentacoor-

dinate Ru center on CO2 occurs from the sterically least occu-

pied side of the complex (Scheme S1). 

The cyclic voltammograms (CVs) of complexes 12+ and 22+ 

show electrochemically reversible one-electron reductions un-

der argon at −1.76 V and −1.77 V vs. Fc+/0 respectively (Figure 

2, Table S1). Upon addition of CO2 (0.28 M)41, the first reduc-

tions become irreversible with noticeable enhancement in ca-

thodic current, indicative of the electrochemical disproportion-

ation of CO2 to CO and carbonate. 

As discussed above, C-O bond cleavage is one of the kinetic 

bottlenecks in CO2 reduction chemistry, and mechanistic details 

of this step have hitherto been elusive for [1-CO2]
0 and [2-

CO2]
0. It is well documented for related systems that in the ab-

sence of any exogenous Lewis acids such as protons or metal 

salts, the oxygen of the metal-bound CO2 is sufficiently nucle-

ophilic to attack a second CO2 molecule.42 
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Figure 3. DFT-calculated pathway from [1-CO2]0 to CO3
2‒ via the cyclic three-electron reduced intermediate [1-COOCO2]‒1,c at an 

applied potential of −1.82 V vs. Fc+/0 in CH3CN.

DFT calculations show that this is also the preferred pathway 

for [1-CO2]
0 and [2-CO2]

0, thereby producing [1-CO2CO2]
0 and 

[2-CO2CO2]
0, respectively (Figures 3 and 4). The activation en-

ergy (ΔGǂ) for this step is calculated to be 15.4 kcal mol−1 and 

10.9 kcal mol−1 for [1-CO2]
0 and [2-CO2]

0, respectively, with 

corresponding reaction free energies of 8.0 kcal mol−1 and 4.1 

kcal mol−1.  

 

Figure 2. Cyclic voltammograms (shown is the first reduction) 

under Ar (black) and CO2 (red; 0.28 M) of 1.0 mM solutions of 

(a) 1(PF6)2 and (b) 2(PF6)2.  = 0.1 V s−1, CH3CN/0.1 M TBAPF6. 

While [1-CO2CO2]
0 is a plausible intermediate in the catalytic 

cycle, direct C-O bond cleavage to produce CO3
2− and the car-

bonyl complex (Scheme S2(a)) is not a viable option, as the 

calculated ΔGǂ for this reaction is extremely high (60.5 kcal 

mol−1). Moreover, electrochemical reduction of [1-CO2CO2]
0 to 

further weaken the aforementioned C-O bond is also unlikely 

because the calculated standard potential at −2.13 V (vs. Fc+/0) 

is significantly more negative than the applied potential (−1.82 

V vs. Fc+/0)38. Alternatively, the negatively charged terminal ox-

ygen in [1-CO2CO2]
0 could potentially attack the Ru center of a 

second 5-coordinate intermediate that is obtained by dissocia-

tion of CH3CN from one-electron reduced 1+.38 Such an attack 

would form a bimetallic intermediate with a -C(O)O-C(O)O- 

bridge (Scheme S2(b)), similar to the one proposed for 

ReI(bpy)(CO)3X catalysts.43-45 However, this scenario is un-

likely as well given that the catalytic current shows a first order 

dependence on catalyst concentration in the range 0.05 mM to 

1.0 mM as reported previously.38 

In the absence of any other established literature pathway, we 

hypothesized whether a structural reorganization of the com-

plex, either to facilitate C-O bond cleavage or to drive a third 

reduction at a more positive potential, could provide an ener-

getically plausible pathway. A closer inspection of [1-

CO2CO2]
0 shows that both the -CO2CO2 and the CH3bpy are 

bidentate ligands. Hence, the possibility of a ligand exchange 

between the equatorial pyridine of CH3bpy and the terminal ox-

ygen of -CO2CO2 to form [1-CO2CO2]
0,c (Figure 3) was ex-

plored. The reaction was found to have a ΔGǂ of 11.8 kcal mol−1, 

with [1-CO2CO2]
0,c being more stable than [1-CO2CO2]

0 by 1.1 

kcal mol−1 (Figure 3). The C-O bond that needs to be cleaved is 

elongated from 1.36 Å (in [1-CO2CO2]
0) to 1.42 Å (in [1-

CO2CO2]
0,c), indicating enhanced single bond character. 

Cyclic 5-membered metallacycles of this kind are not entirely 

unprecedented and have been reported in the reaction of low-

valent metal species with CO2, albeit in a stoichiometric fash-

ion.46-52 In context of catalytic CO2 conversion, a related Co-

based metallacycle was recently proposed by Lloret-Fillol and 

co-workers, however without any experimental evidence.6 Par-

tial de-coordination of polydentate polypyridyl ligands from 

metal centers upon reduction have also been postulated earlier 

by some groups.53-55 
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Figure 4. DFT calculated pathway to [2(CO)(CO3)]‒ via the cyclic three-electron reduced intermediate [2-CO2CO2]‒1,c   at an applied 

potential of -1.82 V vs. Fc+/0 in CH3CN. 

 

However, the synergistic occurrence of these two processes in 

a single catalytic framework is, to the best of our knowledge, 

unprecedented. 

The formation of the cyclic intermediate [1-CO2CO2]
0,c has an-

other interesting aspect − the intramolecular Lewis acid stabili-

zation of the negative charge at the terminal O by the Ru center 

may facilitate another reduction step from [1-CO2CO2]
0,c to [1-

CO2CO2]
−1,c. Indeed, the potential for this reduction was calcu-

lated to be −1.70 V (vs. Fc+/0 in CH3CN), thus more positive 

than the calculated standard potential of the [1-CO2CO2]
−/[1-

CO2CO2]
0 couple by 430 mV, and more importantly, also more 

positive than the experimental applied potential of −1.82 V 

(Figure 3). [1-CO2CO2]
−1,c is the lowest-energy intermediate in 

the later stages of the mechanism, and is proposed as the species 

from which C-O bond cleavage occurs. 

The structure of [1-CO2CO2]
−1,c is similar to that of [1-

CO2CO2]
0,c, with a relatively long C-O bond that is to be 

cleaved. The formation of the metallacycle also induces some 

strain, that further weakens the C-O bond, as evidenced by the 

small O-Ru-C angle of 79.7° in [1-CO2CO2]
−1,c. The transition 

state for C-O cleavage was located just 10.5 kcal mol−1 above 

[1-CO2CO2]
−1,c, resulting in [1(CO)(OCO2)]

−1 at 14.2 kcal mol−1 

relative to [1-CO2]
0. Dissociation of carbonate then proceeds 

with an activation energy at 21.1 kcal mol−1 relative to [1-CO2]
0, 

accompanied by restoration of the bidentate coordination mode 

of CH3bpy to Ru (Figure 3). 

The highest activation energy barriers in Figure 3 are for the 

formation of [1-CO2CO2]
0,c at 19.8 kcal mol−1 and the release of 

carbonate at a similar free energy of 21.1 kcal mol−1. The barri-

ers agree well with the experimental TOF of 1.8 s−1 which cor-

responds to an activation free energy of 17.2 kcal mol−1 (see ESI 

for details).38 

Having identified the flexible coordination of the bidentate lig-

and and the subsequent formation of the [1-CO2CO2]
−1,c metal-

lacycle as crucial features for efficient C-O bond cleavage, fo-

cus was directed towards the phenanthroline analogue [2-CO2]
0. 

As expected from the strong coordinating ability of the 2-

Mephen ligand to the metal center, calculations show that par-

tial de-coordination of the phenanthroline ligand is not feasible. 

However, the system has the possibility to find another pathway 

for the formation of a related cyclic [2-CO2CO2]
0,c. This can be 

achieved by liberation of one of the pyridine units of the tBu3tpy 

ligand of [2-CO2CO2]
0 instead (Figure 4). In analogy to the sit-

uation in [1-CO2CO2]
0,c, the intramolecular Lewis acid-base re-

action that leads to the cyclic intermediate [2-CO2CO2]
0,c also 

allows access to a further reduction at a potential (Figure 4) that 

is less negative than that of the first reduction. The result is the 

three-electron reduced, cyclic adduct [2-CO2CO2]
−1,c which is 

found as the lowest energy intermediate in the catalytic cycle 

(Figure 4) just before C-O bond cleavage. 

The relatively high computed stabilities of the cyclic intermedi-

ate [1-CO2CO2]
−1,c and even more so [2-CO2CO2]

−1,c indicated 

that their spectroscopic observation during electrocatalytic CO2 

reduction might be feasible for the first time. Experimentally, 

the relevant region in the infra-red (IR) spectra is convoluted by 

the evolution of three major bands at 1684 cm−1, 1645 cm−1 and 

1304 cm−1 that arise from the CO3
2−/HCO3

− reductive dispro-

portionation products (Figure 5a).38,56 Nevertheless, the evolu-

tion of a weak shoulder at 1740 cm−1 along with some unresolv-

able structured transitions near 1230 cm−1 can be observed in 

the IR spectrum during the controlled potential electrolysis 

(CPE) of a 1.0 mM solution of 12+ in anhydrous CH3CN under 

CO2 (0.28 M) (Figure 5a)38. DFT calculations show that these 

two absorptions most likely arise from a symmetric and an 

asymmetric C=O stretching vibration that are however ambig-

uous to assign to one particular species.57 Both [1-CO2]
0 (calc. 

at 1730 cm−1 and 1235 cm−1; Figure S3(a)) and [1-CO2CO2]
−1,c 

(calc. at 1759 cm−1 and 1265 cm−1; Figure S3(b)) exhibit calcu-

lated IR vibrations that match the experimentally observed 

ones. 

IR spectra recorded during the CPE of 22+ at −1.82 V (vs. Fc+/0) 

under CO2 (0.28 M) display the evolution of clearly visible 

bands at 1735, 1612 and 1272 cm−1 along with those of the 

CO3
2-/HCO3

2- byproduct (Figure 5b). The 1735 cm−1 band can 

be explained by a C=O stretching vibration in either [2-CO2]
0 
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or [2-CO2CO2]
0,c; (calc: 1729 cm−1 and 1760 cm−1, respectively; 

Figures S4a and S4c), while no absorption is expected for [2-

CO2CO2]
−1,c in this range. The experimental IR absorption at 

1272 cm−1 corresponds very well to computed C-O stretches at 

1253 cm−1 and 1291 cm−1 for [2-CO2CO2]
0,c and [2-

CO2CO2]
−1,c, respectively (Figures S4c and S4d58), while the ex-

perimentally obtained peak at 1612 cm−1 is only found in the 

calculated IR spectrum of [2-CO2CO2]
−1,c at 1614 cm−1 (Figures 

5b and S4d). 

 

Figure 5. Fourier transformed infra-red (FT-IR) absorbance 

spectra of aliquots taken during controlled potential electroly-

sis of CO2 saturated (0.28 M) solutions of (a) 1(PF6)2 (1.0 mM) 

and (b) 2(PF6)2 (1.0 mM), in anhydrous CH3CN/0.1 M TBAPF6 

at an applied potential of −1.82 V (vs. Fc+/0). The peaks marked 

with * arise from the CO3
2‒/HCO3

2‒. 

This unique absorption allows for the identification of [2-

CO2CO2]
−1,c as one of the intermediates accumulated during 

CPE. Altogether, the IR monitoring indicates the presence of 

[2-CO2]
0, [2-CO2CO2]

0,c and [2-CO2CO2]
−1,c being built up dur-

ing CPE, consistent with the small calculated energy differ-

ences between these intermediates (3.5 kcal mol−1 between [2-

CO2]
0 and [2-CO2CO2]

0,c; 3.0 kcal mol−1 between [2-CO2]
0 and 

[2-CO2CO2]
−1,c; Figure 4). Linear [2-CO2CO2]

0 is not present in 

detectable amounts, as its diagnostic calculated IR absorption at 

1869 cm−1 is absent from the experimental CPE monitoring 

(Figure S5). 

Conducting CPE of 22+ under identical conditions, but with 
13CO2 gives rise to FT-IR spectra that are qualitatively similar 

to the ones under 12CO2, with the expected shifts due to the iso-

tope labelling. The C=O and C-O stretching vibrations shift by 

40-50 and 15-20 cm−1 to lower wavenumbers, respectively,57 

when going from 12CO2 to 13CO2,
37,45 confirming that these IR 

bands arise from CO2 (Figure S6). The calculated IR bands of 

[2-13CO2
13CO2]

−1,c agree well with the experimentally observed 

ones from CPE (ν (cm−1): experimental (calc.): 1642 (1648), 

1564 (1575) and 1279 (1265) cm−1, Figure S7). 

The IR-spectroscopic observation of [2-CO2CO2]
−1,c is con-

sistent with a lower rate of C-O bond dissociation compared to 

that in [1-CO2CO2]
−1,c as evidenced by a higher DFT calculated 

activation free energy (16.6 kcal mol−1 for [2-CO2CO2]
−1,c vs. 

10.5 kcal mol−1 for [1-CO2CO2]
−1,c; Figures 3 and 4). The IR 

signature of [2-CO2CO2]
−1,c is very similar to that of the re-

ported complex Ir(PMe3)3(Cl)(COOCOO) with a similar metal-

lacycle consisting of two CO2 molecules in a “head-to-tail” ar-

rangement.46 The latter was made by the stoichiometric reaction 

of a low-valent metal precursor and CO2, and exhibits IR bands 

at 1725, 1680, 1648 (sh), 1605, and 1290 cm−1.  

Further experimental evidence for the presence of cyclic inter-

mediates during the catalytic cycle of 22+ was sought from 13C 

NMR analysis after 1h CPE of an CH3CN solution under an at-

mosphere of isotopically labeled 13CO2 (see ESI). The experi-

ments were repeated multiple times, and while the obtained in-

dividual 13C NMR spectra showed qualitative differences, their 

collective interpretation gave a unified picture of the species in-

volved (Figure S8). First, the DEPT (Distortionless Enhance-

ment by Polarization Transfer) 13C NMR spectra of the samples 

showed no signals (Figure S9), in the region where Ru-bound 

carboxylato intermediates derived from 13CO2 would be ex-

pected. 48,49,59 The absence of such signals in the DEPT 13C 

NMR spectra ascertain that all resonances observed in ordinary 
13C NMR spectra in this region arise from quaternary carbons. 

In all experiments, the CO3
2−/HCO3

− byproduct features as a 

broad resonance at about 160.0 ppm (Figure S8;  = 160.9 ppm 

for tetraethylammonium bicarbonate in CD3CN, Figure S10), 

while dissolved 13CO2 is observed at 125.8 ppm. Consistently 

observed in all experiments is also a single resonance at ∼164.3 

ppm, albeit in varying intensity relative to the other signals (Fig-

ure S8). It is thus safe to assume that this signal arises from a 

species that contains only one CO2-derived ligand, which sug-

gest an assignment to [2-CO2]
0. Other signals that are observed 

in the 13C NMR spectra emerge in pairs of two, with one such 

set at ∼157.5 ppm and ∼165.0 ppm being present in all 13C 

NMR experiments. Another pair of signals at 167.1 ppm and 

169.1 ppm is only observed in some of the experiments. Con-

sidering the appearance of these signals in pairs, they are likely 

to arise from species that contain a C2O4–type ligand.  

It is important to realize that species observed in the 13C NMR 

experiments may not be the same as those detected by FT-IR 

spectroscopy, as, for example, reduced [2-CO2CO2]
−1,c will be 

oxidized to [2-CO2CO2]
0,c by trace amounts of oxygen during 

NMR sample preparation. Given this re-oxidation to [2-

CO2CO2]
0,c, also [2-CO2CO2]

0 can be expected in the NMR ex-

periments, as the two species are basically iso-energetic (Figure 

4). With this reasoning, the two pairs of signals are tentatively 

assigned to cyclic [2-CO2CO2]
0,c and linear [2-CO2CO2]

0. 

CONCLUSIONS 

In summary, the present work describes an unexplored mecha-

nistic pathway for low-energy C-O bond cleavage in the reduc-

tive disproportionation of CO2 to CO and CO3
2−. Computational 

work in conjunction with IR and NMR-spectroscopic detection 

of accumulated reaction intermediates established the involve-

ment of an unprecedented 5-membered metallacyclic interme-

diate in the catalytic cycle. The formation of the metallacycle is 
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enabled by the flexible ligation of the polypyridyl ligands, and 

it is shown that the ligand with the least binding strength to the 

metal is the one that partially de-coordinates to liberate the co-

ordination site required for metallacycle formation. The Ru cen-

ter plays a dual role in the catalytic cycle: it acts as a Lewis base 

and attacks the first CO2 molecule at an early stage of the cycle, 

while also acting as an intramolecular Lewis acidic site to sta-

bilize the negative charge of the [Ru-CO2CO2]
0, thereby lead-

ing to the cyclic [Ru-CO2CO2]
0,c. The latter is crucial for en-

ergy-conserving turnover, as it allows for a third reduction at a 

more positive potential than that of the starting complexes 12+ 

and 22+. The thereby produced [Ru-CO2CO2]
−1,c contains struc-

tural features that allow for relatively facile C-O bond cleavage 

with the calculated activation barrier for this step being dramat-

ically decreased as compared to the 60 kcal mol−1 required for 

C-O bond cleavage in the non-cyclic [Ru-CO2CO2]
0. Subse-

quent carbonate liberation and re-ligation of the polypyridine 

ligand closes the catalytic cycle, and gives the catalyst a good 

overall stability. The present report is the first of its kind that 

experimentally observes metallacyclic intermediates during 

catalytic turnover. Considering its simplicity, it may well be 

that similar species in other mononuclear catalysts have hitherto 

been overlooked. At the same time, its identification and oper-

ation offer a new design feature that can now be implemented 

consciously in future catalyst designs. 
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