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Philipp Gotico, Bernard Boitrel, RØgis Guillot, Marie Sircoglou, Annamaria Quaranta, Zakaria Halime,* Winfried Leibl, and Ally Aukauloo* Abstract: Inspired by natures orchestra of chemical subtleties to activate and reduce CO 2 , we have developed a family of iron porphyrin derivatives in to which we have introduced urea groups functioning as multipoint hydrogen-bonding pillars on the periphery of the porphyrinic ring. This structure closely resembles the hydrogen-bond stabilization scheme of the carbon dioxide (CO 2 ) adduct in the carbon monoxide dehydrogenase (CODH). We found that such changes to the second coordination sphere significantly lowered the overpotential for CO 2 reduction in this family of molecular catalysts and importantly increased the CO 2 binding rate while maintaining high turnover frequency (TOF) and selectivity. Entrapped water molecules within the molecular clefts were found to be the source of protons for the CO 2 reduction.

The criticality of global warming effects arising from increasing emission of carbon dioxide (CO 2 ) is challenging scientists to advance research in the development of catalysts that can help capture, activate, and reduce CO 2 . An emphasis is currently being put on the discovery of new cost-efficient molecular catalysts to drive the electrocatalysis of CO 2 reduction and ultimately to use solar energy to drive these energetically uphill chemical transformations. [1][2][3][4][5][6][7][8][9] Still, the route towards industrial upscale applications requires much improvement in the efficiency of these catalysts while maintaining their stability and selectivity. Rational strategies for catalyst design and improvement hinge on what we continually learn from natural systems, as they exhibit exceptional stabilities and performance. Carbon monoxide dehydrogenase (CODH) stands as the typical inspiration for scientists working on the field as it is known to catalyze the reversible reduction of CO 2 to CO. Lessons from the structure and functions of this enzyme point out to some important findings that can be artificially mimicked by catalyst design: 1) a bifunctional activation of CO 2 substrate by two metal centers, 2) an iron-sulfur cluster acting as an electronic relay and buffer to the catalytic unit and 3) precisely positioned amino acid residues to form a hydrogenbond stabilization network with the CO 2 substrate. [10][11][12] Implementing these functionalities in the second coordination sphere [5] such as local proton source, (i.e. phenols, [13][START_REF] Costentin | Proc. Natl. Acad. Sci[END_REF][START_REF] Costentin | Proc. Natl. Acad. Sci[END_REF] carboxylic acids [START_REF] Neri | [END_REF] ), H-bond donors (amines, [17] amides, [18] guanidine [19] ) and reaction intermediate stabilizers (ammonium cations, [20] and imidazolium moieties [21,22] ) have successfully lead to decrease significantly the overpotential while improving the catalytic turnover numbers (TONs) and frequencies (TOFs).

Inspired by the multipoint hydrogen bonding scheme of histidine (H 93 ) and lysine (K 563 ) residues in stabilizing the CO 2 adduct in CODH, we reasoned to introduce urea functions on the periphery of an iron porphyrin, known as one of the most efficient molecular catalysts for the two-electron two-proton reduction of CO 2 to CO. These functions hold two potential NH fragments that can interact with metal bound CO 2 . Reed and co-workers first reported the use of a picket-fence porphyrin with a modified phenyl-urea arm in establishing a hydrogen bond to molecular oxygen and improve the substrate affinity of the complex. [23] Das et al. have shown a crystallographic structure of a neutral urea scaffold that fixes atmospheric CO 2 as carbonate clusters held together by an extended H-bonding stabilization. [24] Neumann and coworkers have recently reported a thiourea tether placed on the second coordination sphere of a rhenium catalyst that improved the electrocatalytic activity in the absence of external proton source. [25] However, the presence of weak acids, such as water, inhibits the activity of the latter system which will be problematic when aligning with the sustainable goal of using water as a free source of electrons and protons. During the course of this study, Chang and Nichols have leveraged this multi-point hydrogen bond donation of urea as an external additive to improve the electrocatalytic activity of nickel cyclam at the same overpotential. [26] We report herein the synthesis of two super-structured iron porphyrins holding in one case four amido groups (FeTPP-Am) and in another four urea functions (FeTPP-Ur) (Scheme 1). Both functions carried a phenyl ring bearing two -CF 3 motifs as electron withdrawing groups to enhance hydrogen bonding aptitude of the NH fragments. These two catalysts were designed starting from a 5,10,15,20-tetrakis(2aminophenyl)porphyrin (TAPP) with an abab configuration (Scheme 1). Unlike studies utilizing hangman, [18,19] and A c c e p t e d m a n u s c r i t p t picket-fence [13,22] structures of porphyrins for CO 2 reduction, this atropoisomer was chosen with the target to provide two sets of hydrogen bonding network in a trans fashion towards a metal bound CO 2 molecule and at the same time to confer two identical chemical faces on each side of the porphyrin molecular platform. Our results showed that the FeTPP-Am catalyst had no marked enhancement on the electrocatalytic activity of CO 2 reduction when compared to the tetraphenylporphyrin (FeTPP) derivative. Interestingly, the urea containing catalyst FeTPP-Ur showed 302 mV positive shift in the catalytic potential for the selective reduction of CO 2 to CO while concomitantly retaining the catalytic performance (TONs and TOFs) of FeTPP functioning at much higher overpotential. Furthermore, water was found to be a sufficient and better proton source in CO 2 -saturated dimethylformamide (DMF) in comparison with more acidic trifluoroethanol (TFE) and phenol (PhOH).

The synthetic route leading to our target catalysts is depicted in the supplementary information (Figure S1). In short, the addition of four equivalents of 3,5-bis(trifluoromethyl)phenyl isocyanate or 3,5-bis(trifluoromethyl)benzoyl chloride to TAPPabab [27,28] leads, respectively to porphyrin ligands bearing four urea (TPP-Ur) or four amido (TPP-Am) groups. Iron insertion in these ligands was performed using ferrous bromide and 2,6-lutidine. X-ray diffraction analyses were obtained for both catalysts FeTPP-Ur and FeTPP-Am. The preservation of the abab configuration was confirmed by the disposition of the tethered Ur and Am arms on the periphery of the porphyrin skeleton (Figure 1 and Supporting Information for a more detailed description of the structures). For both complexes, the distances around the iron (III) center best fit with a high spin configuration with an axial methoxide ligand. Of note, the hydrogen atoms of the amido and the urea groups are oriented towards the iron catalytic center, with Fe•••H distances of 4.840 for the amido groups and from 4.796 to 5.970 for both hydrogen atoms of the urea groups, presaging potential hydrogen bond interactions with CO 2 adduct coordinated to the metal center. An interesting structural feature of the FeTPP-Ur is the presence of entrapped water molecules in the vicinity of the urea functions (Figure S22).

Cyclic voltammograms (CV) of FeTPP-Ur in argondegassed DMF containing 0.1m of tetra-N-butylammonium hexafluorophosphate ([Bu 4 N]PF 6 ) showed three reversible redox waves at 0.226, À0.632, and À1.118 V versus the normal hydrogen electrode (NHE) corresponding, respectively to the formal Fe III/II , Fe II/I , Fe I/0 couples (Figure 1, Table S1). All three waves show an anodic shift when compared to those of the non-functionalized iron porphyrin (FeTPP) under similar experimental conditions. However, the third redox wave is markedly shifted over 300 mV to more positive potential, a shift similar to that of FeTPPF 20 , a FeTPP analogue where all the twenty aryl positions are directly fluorinated (Figure 1, Table S1). This substantial shift cannot be attributed only to the withdrawing inductive effect of the two -CF 3 groups on the aryl ring at the other end of the urea functions. In the case of FeTPP-Am holding the same fluorinated substituted aryl groups, only small anodic shift was noted. Instead, the observation can be attributed to the strong electron delocalization on the urea groups helping to contain the addition of electron on the catalytic unit.

The CVs of reference complexes FeTPP and the fluorinated analogues FeTPPF 8 and FeTPPF 20 in CO 2 -saturated solution show a catalytic current on the third reduction wave corresponding to the catalytic 2-electron reduction of CO 2 to CO (Figure 1). As discussed previously by Costentin and Scheme 1. Molecular drawing of FeTPP-Ur (top left) and FeTPP-Am (top right) and the wireframe and capped sticks representation of their corresponding X-ray structures (FeTPP-Ur: bottom left; FeTPP-Am: bottom right) with a methoxide anion as an axial ligand. Only urea and amide protons are explicitly shown, and solvent molecules are omitted for clarity. The X-ray structure of the FeNi active site (Ccluster) of CO dehydrogenase (CODH) [10] (center) is shown for comparison. SavØant, the counterpart of lowering the overpotential (h = E 0 cat ÀE 0 CO 2 =CO ), through classic incorporation of electron withdrawing groups, leads to a decrease in the TOF of the catalysts (Figure 1 right and Table 1). [5] An escape from this iron law was exemplified with catalysts having a local proton source or favorable second-sphere interactions. [13][START_REF] Costentin | Proc. Natl. Acad. Sci[END_REF][START_REF] Costentin | Proc. Natl. Acad. Sci[END_REF][START_REF] Neri | [END_REF][17][18][19][20]22] In the case of FeTPP-Am, in which hydrogen-bond interaction with amide groups can be expected, only a small positive deviation is observed. This positive deviation is much more pronounced in the case of FeTPP-Ur catalyst which has comparable TOF to that of FeTPP at ca. 300 mV more positive E 0 cat . These comparative studies indicate that the significant enhancement in FeTPP-Ur can be assigned to the multipoint hydrogen bonding induced by the urea groups. In a controlled experiment, the addition of an excess of urea as an external additive during the catalytic reduction of CO 2 by FeTPP did not bring any improvement to neither the catalytic current nor the E 0 cat (Figure S11). This result underlines the important aspect of the 3D pre-organization of the FeTPP-Ur catalyst which places the two urea groups on one side of the porphyrin platform in a position where all four hydrogen atoms of the urea groups can establish hydrogen bonding interactions with a CO 2 substrate on the metal-center from two opposite mesopositions of the porphyrin macrocycle. This result is a clear demonstration on the positioning of the hydrogen bonding patterns for optimizing the electrocatalytic properties of our biomimetic designed catalyst FeTPP-Ur. It is not the sum of the additional NH interactions as compared to FeTPP-Am derivative, but should rather be considered as a close mimic of the lysine and histidine residues of CODH active site. Indeed, based on the structure/function proposal, this pair of amino acids conspires to stabilize a carboxylate intermediate (M-CO 2 ) through multipoint hydrogen bonding. [10] Our choice of introducing urea groups in the second coordination sphere of an iron-porphyrin catalyst was motivated by their ability to bind oxygen atoms of carbonyl groups as well as carbonates. [START_REF] Snellink-Rul | [END_REF][32][33] In some cases, urea groups can even capture atmospheric CO 2 as carbonates/bicarbonate. [24] X-ray structures resolved from single crystals obtained by slow evaporation of H 2 O/acetone saturated solution of TPP-Ur porphyrin, revealed the presence of four acetone molecules bound to the four urea groups through NÀH•••O=C hydrogen bonding interactions (Figure S21), confirming the stabilization of the carbonyls by urea moieties.

To assess the contribution of the urea arms to the binding affinity of CO 2 , we performed the CV of FeTPP-Ur under CO 2 but in the absence of a proton source. In these conditions, where the catalytic 2-electron and 2-proton reduction of CO 2 is not possible, we observe both a loss of reversibility and an anodic shift of the third reduction wave (Figure S18 a). These characteristics are unprecedented for iron-porphyrin catalysts but were reported as indicative of a good CO 2 binding for other macrocyclic catalysts. [34,35] For a thorough comparison, the CO 2 binding rate constant (see Supporting Information for details) of FeTPP-Ur was estimated and found to be an order of magnitude higher than that of reference compounds such as FeTPP or even FeTPP-Am (Table 1).

However, this CO 2 binding magnitude may not be the only parameter to account for the high catalytic performance of FeTPP-Ur. As mentioned above, a stabilization of reactive intermediates such as Fe-CO 2 species through hydrogen bonding interactions with the NH of urea groups may also contribute. To back up this hypothesis, density functional theory (DFT) calculations were performed on model compounds to investigate on the possible geometry of the CO 2 adducts of the triply reduced iron porphyrins. In the case of FeTPP-Am, only two weak hydrogen bonding interactions between the amide arms and the coordinated CO 2 substrate were found with N(H)•••O donor-acceptor distances of 3.021 and 3.352 . In marked contrast, two strong hydrogen bonds were engaged by each urea arms of FeTPP-Ur yielding four short N(H)•••O distances of 2.738, 2.804, 2 2.832 (Figure 2 and Figure S32) comparable to those evidenced in the active site of the CODH (2.637 and 2.884 with Lys and His residue, respectively). This multipoint anchoring of CO 2 is responsible of a free enthalpy of stabilization of 29 kcal mol À1 .

We further interrogated the proton source, a pre-requisite in the reduction of CO 2 . A 5.77 normal kinetic isotope effect (KIE) was measured for the electrocatalytic reduction of CO 2 by FeTPP-Ur with H 2 O/D 2 O as a proton source indicating that proton transfer is involved in the rate determining step (Figure S20). We then extended this study to other sources of proton currently used in this field, that is, trifluoroethanol (TFE) and phenol (PhOH), by comparing the catalytic rates estimated from the foot of the wave (FOW) analysis. h (V) [b] log TOF max [a] The catalytic potential, E 0 cat , is taken as the standard reduction potential for the formal Fe I/0 couple (V vs. NHE). [b] Overpotential values are reported as the difference between the E 0 cat and E 0 CO2=CO = 0.69 V vs. NHE. [29] [c] TOF max values are reported for a CO 2 -saturated DMF solution containing 5.5 m H 2 O based on FOW analysis. [d] CO 2 binding rate constant is estimated based on reported method [START_REF] Savøant | Elements of Molecular and Biomolecular Electrochemistry[END_REF] considering irreversible kinetics upon CO 2 binding in dry DMF (see Supporting Information for details). Although H 2 O is less acidic (pK a = 31.5) than TFE (pK a = 24.0) or PhOH (pK a = 18.8), [36] surprisingly, it has by far the most marked effect on improving the catalytic rate compared to phenol or TFE (Figure S10). [36] Our result is in sharp contrast with a recent study, where the authors observed a severe drop in the catalytic rate upon addition of H 2 O or PhOH for a thiourea-tethered rhenium catalyst. [25] Reasons for this were supported by their DFT calculations suggesting that external protons may disrupt the pre-established hydrogen bond stabilization of the thiourea moiety with the CO 2 adduct. In the case of FeTPP-Ur, water seems to work in synergy with the urea arms to manage the proton supply. Support for this proposal come from the network of water molecules observed in the X-ray structure of FeTPP-Ur (Figure S22) suggesting that such a network may also be in play during the catalytic reduction of CO 2 . A similar water network in the vicinity of the active site of CODH revealed by high resolution X-ray structure was proposed to have a major role in the enzyme reactivity. [10] The geometry of a model structure where a water molecule was inserted in between a urea arm of FeTPP-Ur and CO 2 could be optimized by DFT calculation as a local minimum (Figure 2 right). This configuration is similarly observed for one of the water molecules in the X-ray structure of FeTPP-Ur (O 4 in Figure S22). In contrast with the previously mentioned thiourea-tethered Re catalyst, the CO 2 is in this case maintained in a quasi-unchanged topology while being put in contact with a water molecule held by the second urea arm. The less important effect of PhOH and TFE can be due to 1) their higher acidity which can prevent the formation of preestablished intramolecular hydrogen bonds between urea groups and CO 2 adduct, and/or 2) their steric hindrance which can limit their access to the catalytic center in between the two urea arms.

[c] k CO2 (M À1 s À1 ) [d] FeTPP À1.
Bulk electrolysis experiment was performed on FeTPP-Ur at À1.076 V versus NHE to measure the efficiency at which CO is produced and to evaluate the stability of the catalyst. Gas chromatography analysis of the reaction headspace during bulk electrolysis showed no hydrogen formation and the catalyst FeTPP-Ur operates with the exclusive formation of CO with a Faradaic efficiency as high as 91 % (Figure 3). A stable current density of 0.70 mA cm À2 was achieved during the two-hour electrolysis run (Figure S12 a) which confirms the good stability of the catalyst. Considering a two-electron process, the rate constant (k cat ) was calculated to be 2.76 10 3 s À1 , the TOF to be 455 s À1 , and the TON to be 3.28 10 6 based on the amount of catalyst molecules in the diffusion layer of the working electrode (see Supporting Information for details). As shown in Figure S9, this calculated TOF value fits well in the catalytic Tafel plot of FeTPP-Ur, and further points to the distinct advantages of FeTPP-Ur over other modified iron porphyrins employing the second coordination effect.

In this study, we have described a biomimetic model containing urea functions that provide a multipoint hydrogenbonding scheme to bind and stabilize CO 2 for its reduction to CO at an iron porphyrin catalytic unit. Our results clearly demonstrate a remarkable drop in the overpotential in comparison to single-point hydrogen-bonding models while conserving a high turnover frequency. Such a functionality inspired by the active site of carbon monoxide dehydrogenase, is a significant and versatile tool in the design of synthetic cost-effective catalysts. We also found that within such molecular clefts, water was sufficient as a proton source, indicating a future prospect of using water as a sustainable proton and electron source, when coupled to a water oxidizing component. Like CODH: Urea groups at an iron porphyrin catalyst give multipoint hydrogen-bonding stabilization resembling that found in the CO 2 adduct of carbon monoxide dehydrogenase (CODH). The catalyst gave improved CO 2 reduction to CO. Entrapped water molecules within the molecular clefts were found to be the source of protons for the CO 2 reduction.
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Figure 1 .

 1 Figure 1. Cyclic voltammograms of 1 mm FeTPP (black) and its modified analogues (blue = FeTPPF 8 , pink = FeTPPF 20 , green = FeTPP-Am, red = FeTPP-Ur) in DMF containing 0.1 m [Bu 4 N]PF 6 at 25 8C under argon (top left) and under CO 2 with 5.5 m water as proton source (bottom left). Plot of calculated TOF max (from FOW analysis) as a function of catalytic overpotential (right, see Supporting Information for calculation details).
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Figure 2 .

 2 Figure 2. Notional model structures of [FeTPP-Ur-CO 2 ] 2À (left) and [FeTPP-Ur-CO 2 ] 2À with a trapped water molecule (right) optimized by DFT calculation at BP86/ Def2-SVP(Fe)-6-31 + G(d,p)(other atoms) level of theory. Hydrogen atoms bound to carbon omitted for clarity. H white, C gray, N blue, O red; Fe orange.
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Figure 3 .

 3 Figure 3. Progress of CO evolution and the corresponding Faradaic efficiency during bulk electrolysis experiments at À1.076 V versus NHE of a CO 2 -saturated DMF solution containing 0.5 mm FeTPP-Ur and 5.5 m H 2 O.
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 1 Electrochemical properties of the modified iron porphyrins.
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