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Hinged Carboxylate in the Artificial Distal Pocket of an Iron
Porphyrin Enhances CO2 Electroreduction at Low
Overpotential
Adrien Smith, Philipp Gotico, Régis Guillot, Stéphane Le Gac, Winfried Leibl,
Ally Aukauloo, Bernard Boitrel,* Marie Sircoglou,* and Zakaria Halime*

To efficiently capture, activate, and transform small molecules,
metalloenzymes have evolved to integrate a well-organized pocket around the
active metal center. Within this cavity, second coordination sphere
functionalities are precisely positioned to optimize the rate, selectivity, and
energy cost of catalytic reactions. Inspired by this strategy, an artificial distal
pocket defined by a preorganized 3D strap is introduced on an iron-porphyrin
catalyst (sc-Fe) for the CO2-to-CO electrocatalytic reduction. Combined
electrochemical, kinetic, and computational studies demonstrate that the
adequate positioning of a carboxylate/carboxylic group acting in synergy with
a trapped water molecule within this distal pocket remarkably enhances the
reaction turnover frequency (TOF) by four orders of magnitude compared to
the perfluorinated iron-tetraphenylporphyrin catalyst (F20Fe) operating at a
similar low overpotential. A proton-coupled electron transfer (PCET) is found
to be the key process responsible for the unexpected protonation of the
coordinating carboxylate, which, upon CO2 insertion, shifts from the first to
the second coordination sphere to play a possible secondary role as a proton
relay.
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1. Introduction

One of the pivotal challenges in energy
research revolves around finding practical
and cost-efficient means to store electri-
cal energy in chemical bonds, with CO2
serving as a primary starting material.[1–6]

Within this context, the focus has increas-
ingly turned toward homogeneous cata-
lysts for the electrocatalytic CO2 reduc-
tion reaction (CO2RR).[7–14] These highly
structured catalysts present the opportu-
nity to delve deep into the reaction mech-
anisms and enable chemists to fine-tune
catalytic performances through iterative lig-
and modifications. If the primary coor-
dination sphere rules the redox proper-
ties of these catalysts’ metal center toward
CO2 reduction, more subtle effects have re-
cently been discovered through modifica-
tions of the secondary coordination sphere
(SCS), i.e., chemical functions that are

not directly linked to the metal center, resulting in enhanced rate
and selectivity at lower overpotential.[15–17] These functions can
play various roles such as proton relay (phenols,[18] amines,[19]

carboxylic acids[20,21]), H-bond donors (amines,[22] amides,[23]

guanidine,[24] ureas[25–27]), electrostatic intermediate stabilizers
(ammonium cations,[28] and imidazolium moieties[29–30]), or
Lewis acids (bimetallic complexes[31,32]). The implementation of
such functionalities was mainly inspired by the surroundings
of enzymatic catalytic sites for their exceptional performances.
The structure of the distal pocket hosting the SCS within the en-
zyme’s active sites plays an important role in the activation and
transformation of small molecules. For example, extensive re-
search has focused on understanding the significance of the well-
defined structure and precisely positioned amino acid residues
and metal centers within this pocket, particularly in the context
of dioxygen (O2) activation in enzymes such as P450 and Cy-
tochrome c Oxidase.[33–36] By recognizing the critical role of such
preorganized architecture in creating a specific and well-defined
local environment and minimizing reorganizational energy dur-
ing various reaction steps such as substrate capture, activation,
proton transfer and product release, chemists have developed
synthetic models for O2 activation and reduction incorporating a
more and more rigid and preorganized SCS.[37] Iron-porphyrins
stand out among these models, offering a relatively rigid platform
where functional groups on the ortho position of the porphyrin
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Figure 1. Molecular structures of the catalysts sc-Fe and F20Fe (top) and
X-ray crystal structure of catalyst sc-Fe (bottom, CCDC 2363623).

meso phenyl groups can be strategically employed to construct
an artificial distal pocket above the iron center.[38–42] Successful
applications of this approach have been demonstrated in tuning
the rate and selectivity of catalytic reactions involving O2 activa-
tion. However, this strategy has yet to be explored in the con-
text of catalytic CO2 reduction by iron-porphyrins. Nocera et al.
have recently reported on the deleterious effect that a carboxylate
group in the SCS of a hangman iron-porphyrin catalyst has on the
rate of electrocatalytic CO2RR.[21] This effect was found to arise
from repulsive electrostatic interactions between the negatively
charged carboxylate and the Fe-CO2 adduct.[43] In this work, we
demonstrate that when such a “hanging” carboxylate group is in-
tegrated into a meticulously constructed artificial distal pocket,
formed using a 3D preorganized strap (sc-Fe, where sc stands
for strapped carboxylate, Figure 1), it remarkably enhances the
reaction turnover frequency (TOF) by four orders of magnitude
compared to the perfluorinated iron-porphyrin catalyst (F20Fe)
operating at a similar low overpotential. Kinetic and computa-
tionnal mechanistic studies reveal that the coordinating carboxy-
late group in sc-Fe undergoes protonation via a proton-coupled
electron transfer (PCET) process promoting the insertion of CO2
in the rate determining step of the reaction mechanism, with the
assistance of a trapped water molecule within the distal pocket.

2. Results and Discussion

Catalyst sc-Fe was synthesized by adapting our previously re-
ported synthetic strategy for a non-fluorinated analog.[44] Per-
fluorinated aryl groups were incorporated here on the two un-
strapped meso positions of the macrocycle to shift the redox po-
tentials of the catalyst to more positive values matching the elec-
trochemical window of the F20Fe reference catalyst. All synthetic
procedures (Figure S1) and characterizations (Figures S34–S61)
are gathered in the Supporting Information. X-ray diffraction

analysis of sc-Fe was performed on single crystals obtained by
slow evaporation of a saturated solution of the complex in an
acetone/methanol/water solvent mixture (Figures 1 and S2, and
Table S1, Supporting Information for a more detailed descrip-
tion of the structure). sc-Fe structure shows the Fe(III) cation
penta-coordinated by the four N-atoms of the porphyrin with an
average Fe‒N distance of 2.06 Å and one O-atom of the carboxy-
lated group in an 𝜂

1(O) carboxylato binding mode with a Fe‒O
distance of 1.88 Å. In this square pyramidal first coordination
sphere, as expected for a high spin iron-porphyrin, the Fe center
is positioned 0.45 Å above the plane defined by the 24 atoms of
the porphyrin rim. More importantly, only a limited average de-
viation of 0.04 Å from this plane can be measured, highlighting
the well-thought-out design of the pre-organized strap, imposing
only minimal constraints and distortion on the porphyrin plat-
form. The structure also reveals that the distal pocket, created by
the strap above the metal center, hosts a trapped water molecule
maintained in position by H-bonding interaction with the non-
coordinating O-atom of the overhanging carboxylate group.

The redox properties and catalytic activity of sc-Fe were
then investigated by combining electrochemical, kinetic, and
computational studies. Cyclic Voltammogram (CV) of sc-Fe (1
mM) in argon-degassed dry dimethylformamide (DMF) con-
taining 0.1 m of tetra-N-butylammonium hexafluorophosphate
([Bu4N]PF6) shows three reversible redox waves corresponding
to the formal Fe(III/II), Fe(II/I), and Fe(I/0) couples (Figures 2a,
S3 and Table S2, Supporting Information). As anticipated, the
cumulative electron withdrawing effect of the two perfluorinated
aryl groups and the two amide groups holding the strap in sc-Fe
add-up to an inductive effect similar to that of the four perfluori-
nated aryl groups in F20Fe, resulting in comparable redox poten-
tials window (Figure 2a, Table S2, Supporting Information).

Upon the addition of 5 m of water, the CVs of the two cata-
lysts display two notable differences. The first is related to the

Figure 2. a) Cyclic voltammograms of modified iron porphyrin complexes
under investigation: sc-Fe (red), F20Fe (gray), under argon at a concentra-
tion of 1 mm in dry dimethylformamide (DMF) (dashed curve) or in the
presence of 5 m of water (continuous curve) containing 0.1 m [Bu4N]PF6
at 25 °C, b) under CO2 with 5 m of water as proton source. c) Tafel plots
of sc-Fe (red), F20Fe (gray), and TPP-Fe (black) calculated from FOW anal-
ysis. All color legends for (b) and (c) correspond to the same indications
as in (a). Further details of FOW analysis are reported in the Supporting
Information.
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Figure 3. PCET event at sc-Fe(II) triggers the unfolding of the strapped
carboxylic moiety with partial release of the coordination site at Fe. The
dots indicate non-covalent interactions (see Figures S27–S29, Supporting
Information).

Fe(III/II) redox wave that remains unchanged in the case of sc-
Fe (E = −0.14 V vs saturated calomel electrode (SCE)) but shifts
anodically by 50 mV in F20Fe (E = ‒0.02 to +0.03 V) (Figure 2a,
Figures S3 and S6, Table S2, Supporting Information). This shift
is the result of a Cl‾ axial ligand exchange with a OH‾ coming
from water.[45] The absence of a shift in the case of sc-Fe sug-
gests that the intramolecular carboxylate ligand is not displaced
by OH‾ and remains coordinated to the metal center. Accord-
ingly, the geometries of sc-Fe(III) and sc-Fe(II) optimized using
density functional theory (DFT) reveal that the distance between
the metal and the 𝜂

1-bound carboxylate only elongates by 5%
upon this first reduction event (Figure S25, Supporting Infor-
mation). The second difference between the CVs of the two cata-
lysts concerns the important anodic shifts in the potentials corre-
sponding to Fe(II/I) and Fe(I/0) redox couples of sc-Fe by 40 and
60 mV respectively, whereas no significant change is observed for
F20Fe. An even more pronounced shift of 120 mV is observed at
the Fe(II/I) redox wave when water is replaced by trifluoroacetic
acid (TFE) as a more acidic proton source (Figure S8, Table S3,
Supporting Information). A plausible explanation for these shifts
can be the protonation of the bonded carboxylate group, decreas-
ing the electronic charge of the complex, thus facilitating its re-
duction at more positive potentials. It is important to mention
however that given its low pKa (≈14 in DMF) the carboxylate is
unlikely to undergo a simple protonation by water (pKa = 31.5)
or TFE (pKa = 24.0).[46] These results therefore suggest a PCET
linking the reduction of the Fe(II) to the formal Fe(I) state, to the
protonation of the carboxylate group. Our computational study
supports this hypothesis (Figure S26, Supporting Information).
Indeed, without protonation, a potential of ‒1.22 V versus SCE
is predicted to further reduce the axially bound sc-Fe(II) species.
In comparison, the potential calculated for the sc-Fe(II) to scH-
Fe(I) PCET using TFE as a proton source is positively shifted to
‒1.03 V versus SCE, in good agreement with our experimental
observations. Interestingly, this PCET also lead to an increase in
the distance between the Fe center and the carboxylic O atom
from 2.00 to 2.37 Å which is sufficient to render the unfolding
of the diphenylpropyl strap accessible together with a steric de-
compression around the metal center in scH-Fe(I) (Figures 3 and
S27, Supporting Information).

Under a CO2 atmosphere, both sc-Fe and F20Fe catalysts ex-
hibit a catalytic response near the third redox wave corresponding
to the two-electron reduction of CO2 to CO. However, the inten-
sity of the catalytic current in the case of sc-Fe is more than five
times higher than that of F20Fe (Figure 2b, Figures S5 and S7,
Supporting Information). The production of CO was confirmed
in bulk electrolysis experiment where gas products were quanti-

fied using gas chromatography (see Supporting Information with
summary of Faradaic efficiency on Table S8). Figure 2c compares
the Tafel plots [log(TOF) vs overpotential (𝜂)] determined using
Foot of the Wave (FOW) analysis on these two catalytic waves and
that of the parent nonfunctionalized iron-tetraphenylporphyrin
catalyst (TPP-Fe) reported in previous studies.[29] As expected,
electron withdrawing groups on sc-Fe and F20Fe lead to a gain
of more than 330 mV in the reaction overpotential compared to
TPP-Fe. In F20Fe, the counterpart of this through-bond induc-
tive effect on the first coordination sphere is a four orders of
magnitude slower reaction rate (log(TOFmax) = 0.39) than that
of TPP-Fe (log(TOFmax) = 3.73). To our satisfaction, sc-Fe ex-
hibits a remarkably high log(TOFmax) value of 4.26 pointing to-
ward a second coordination sphere effect induced by the over-
hanging carboxylate/carboxylic group. These findings stand in
sharp contrast to a recent study where a significant decrease in
the reaction rate was observed for a hangman iron-porphyrin fea-
turing a carboxylic group in the SCS.[21] In this study, the non-
coordinating carboxylate group – formed after the first TON – was
suggested to disfavor CO2 binding in the rate-determining step of
the reaction mechanism due to through space electrostatic repul-
sion between the negatively charged carboxylate and the captured
CO2.[43] Here, our computations show that the carboxylic group
interacts through hydrogen bonding with the CO2 adduct already
in the Fe(I) state.[47] This finding aligns with our previous report
on a similar early activation of CO2 observed in an iron-porphyrin
catalyst featuring hydrogen bonding urea groups in the SCS.[48]

To shed some light on the reaction mechanism, deuterium la-
belling experiments were performed. A significant Kinetic Iso-
tope Effect (KIE = 4.2; H2O/D2O) was observed (Figure S17,
Table S7, Supporting Information). On the other hand, when TFE
or phenol (pKa = 18.8) were used as stronger proton sources,
slower reaction rates were measured (Figure S16, Supporting In-
formation). Taken together, these results may point to a water-
involved rather than a proton transfer rate-determining step. In-
spired by the presence of a hydrogen-bonded water molecule in
the crystal structure of sc-Fe (Figure 1), we investigated the pos-
sible role of water in the CO2 trapping/activation process us-
ing DFT. We first studied the coordination of CO2 by the scH-
Fe(I) intermediate, in the absence of water. This step is found to
be endergonic by 10.5 kcal mol−1, with an activation barrier of
13.1 kcal mol−1 (Figure 4). Alternatively, the inclusion of a wa-
ter molecule within the distal pocket not only stabilizes the scH-
Fe(I)-CO2 by 9 kcal mol−1, but also decreases the activation bar-
rier by almost half. This stabilization of the scH-Fe(I)-CO2 adduct
can be attributed to the establishment of two additional hydrogen
bond interactions with the CO2 ligand, involving an amido group
on one side, and a water molecule bound to the second amido
group on the other side (Figure S32, Supporting Information).
The role of water is therefore crucial here in adjusting the size of
the distal pocket to host the CO2 molecule and facilitate its activa-
tion. In addition, water helps pre-organizing the catalytic pocket
to proceed through a more reactant-like transition state, which is
lower than that computed in absence of water.

Notably, the hydrogen-bond interaction induced by the car-
boxylic strap within the distal pocket of scH-Fe-CO2 was found
to exert an important pull effect on the oxygen atoms of the
bound CO2 leading to an increase of its negative charge by 25%.
This negative charge shift even reaches a total of 33% when
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Figure 4. Left: Energetic profile for the binding of CO2 in the presence
(red) or absence (black) of a trapped water molecule. Middle: Computed
structures of the scH-Fe-CO2 adducts; the dots indicate H-bonds. Right:
Comparison of the NPA charges at the CO2 fragment depending on the
presence of H-bonding with the strapped carboxylic moiety and the water
molecule. In scH-Fe-CO2′ the proton of the carboxylic acid was directed
away from the CO2 moiety to prevent the H-bonding.

considering also the effect of the water molecule (Figure S31,
Supporting Information). A desymmetrization of the CO2
molecule is also observed, which should facilitate the sub-
sequent reduction and protonation steps. These effects were
further investigated by DFT calculaionin order to identify the
possible reaction sequence and explore a prospective role of the
carboxylic group as a proton relay. The results are presented in
Figure S33 (Supporting Information). First, it is interesting to
note that no protonation occurs from the carboxylic acid group
to the bound CO2, even upon reduction. This precludes the
formation of a pending carboxylate group under our catalytic
conditions, in contrast with the previous study of Nocera et al.[43]

We therefore considered that the proton should come from the
most acidic proton source available in solution, i.e., H2CO3, and
could proceed either in a concerted way through the hanging car-
boxylic group, or via the direct protonation of CO2. An alternative
pathway, which was not considered in this study, would be the
protonation through a water bonded molecule. Our results show
that the protonation of the CO2 fragment cannot proceed without
a prior or a concomitant extra 1e− reduction. Accordingly, from
scH-Fe(III)-CO2, three 1e− processes are thermodynamically
accessible at the catalytic potential range. One is the sequential
electron transfer and proton transfer (ETPT) involving reduction
of scH-Fe(III)-CO2 (−1.07 V versus SCE) followed by its direct
protonation (−5.6 kcal mol−1), the two others less favorable
pathways are concerted PCET and are predicted at −0.95 and
−0.75 V versus SCE. The second protonation is then driven
by the release of a water molecule, via a direct or a domino
proton transfer (Figure S33, Supporting Information). Further
study would be needed to evaluate the activation energy of these
steps, but given their exergonicity, very low barriers are expected,
rendering the two pathways competitive.

Putting all the gathered computational, electrochemical, and
kinetic data together, we can propose a plausible mechanism to
rationalize the superior catalytic performance of sc-Fe for CO2-to-
CO electrocatalytic reduction (Figure 5). The mechanism begins
with the 1e− reduced form of the catalyst sc-Fe(II), where the iron
center is axially coordinated by the hanging carboxylate. A PCET

process then leads to the formation of scH-Fe(I) as the catalytic
active species. This process induces a conformation change, caus-
ing the strap to unfold and the Fe···O distance to elongate, thereby
opening the distal pocket to host the CO2 substrate (Figure 3). To
some extent, this behavior is similar to that observed in the ac-
tive site of molybdenum/tungsten-containing formate dehydro-
genase, where a metal-coordinated selenocysteine residue leaves
the first coordination sphere upon reduction and protonation,
making room for the insertion of CO2.[2,49] In our case, this inser-
tion of CO2 to form scH-Fe(III)-CO2 intermediate, identified as
the rate-determining step of the mechanism, is also facilitated by
both the hanging carboxylic group and a trapped water molecule
within the distal pocket (Figure 4). Subsequently, a second favor-
able PCET process is computed to lead to the formation of the
scH-Fe(II)-CO2H species. Our computations also indicate that
the carboxylic group in the SCS may play another role in the fol-
lowing protonation step, acting as a proton relay between the ex-
ogenous acid source (H2CO3) and the catalytic center. This last
protonation triggers C─O bond cleavage and the formation of
scH-Fe(II)-CO intermediate. Finally, in the last step, CO and a
water molecule are released upon 1e− reduction to regenerate the
scH-Fe(I) active species.

3. Conclusion

In conclusion, our combined experimental and computational
study demonstrates that when strategically positioned within a
well-defined artificial distal pocket of an iron-porphyrin cata-
lyst (sc-Fe), a carboxylate moiety can significantly enhance the
CO2-to-CO electrocatalytic reduction, increasing the TOF by

Figure 5. Proposed mechanism for the CO2 to CO electrocatalytic reduc-
tion by sc-Fe catalyst.
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four orders of magnitude compared to the perfluorinated iron-
tetraphenylporphyrin catalyst (F20Fe) operating at a similar low
overpotential. The structural arrangement imposed by this distal
pocket favors the protonation of the coordinating carboxylate via
a PCET process, yielding the scH-Fe(I) catalytic active species. In
an enzyme-like behavior, this process is accompanied by a con-
formational change that facilitates CO2 substrate insertion. In
this CO2 capture process, the carboxylic moiety shifts from the
first to the second coordination sphere and, together with a wa-
ter molecule trapped by the distal pocket, plays a crucial role in
assisting CO2 binding and activation at the Fe(I) oxidation state. A
possible secondary role as proton relay was also attributed to this
hanging carboxylic group. This first exploration of the concept of
confinement within a weakly binding artificial cavity for CO2 elec-
troreduction by iron-porphyrins sets the stage for future spectro-
scopic and theoretical studies to examine further the role of this
proximal pocket in substrate orientation and activation, proton
transfer, C─O bond cleavage and product release. The goal is to
extract the key features offered by metalloprotein binding cavities
to overcome the main bottlenecks of current synthetic models.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work has been supported by the French National Research Agency
(LOCO, grant N°: ANR-19-CE05-0020-02). The authors thank CNRS, CEA
Saclay, ICMMO and University Paris-Saclay for the financial support. The
authors also thank the analytical support facility at ICMMO. The compu-
tational work was performed using HPC resources from GENCI (Grant
A0150810977).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are openly available in
[Cambridge Crystallographic Data Centre] at [http://www.ccdc.cam.ac.uk/
structures/], reference number [2363623].

Keywords
artificial distal pocket, biomimetic, carbon dioxide, electrocatalysis, hydro-
gen bonding

Received: January 8, 2025
Published online:

[1] S. Chu, A. Majumdar, Nature 2012, 488, 294.
[2] A. M. Appel, J. E. Bercaw, A. B. Bocarsly, H. Dobbek, D. L. DuBois, M.

Dupuis, J. G. Ferry, E. Fujita, R. Hille, P. J. A. Kenis, C. A. Kerfeld, R. H.
Morris, C. H. F. Peden, A. R. Portis, S. W. Ragsdale, T. B. Rauchfuss,
J. N. H. Reek, L. C. Seefeldt, R. K. Thauer, G. L. Waldrop, Chem. Rev.
2013, 113, 6621.

[3] M. Aresta, A. Dibenedetto, A. Angelini, Chem. Rev. 2014, 114, 1709.
[4] T. P. Senftle, E. A. Carter, Acc. Chem. Res. 2017, 50, 472.
[5] O. S. Bushuyev, P. De Luna, C. T. Dinh, L. Tao, G. Saur, J. van de

Lagemaat, S. O. Kelley, E. H. Sargent, Joule 2018, 2, 825.
[6] G. A. Olah, Angew Chem Int Ed 2005, 44, 2636.
[7] N. W. Kinzel, C. Werlé, W. Leitner, Angew. Chem., Int. Ed. 2021, 60,

11628.
[8] E. Boutin, M. Robert, Trends in Chemistry 2021, 3, 359.
[9] F. Franco, C. Rettenmaier, H. S. Jeon, B. Roldan Cuenya, Chem. Soc.

Rev. 2020, 49, 6884.
[10] P. Gotico, Z. Halime, A. Aukauloo, Dalton Trans. 2020, 49, 2381.
[11] P. Gotico, W. Leibl, Z. Halime, A. Aukauloo, ChemElectroChem 2021,

8, 3472.
[12] H. Takeda, C. Cometto, O. Ishitani, M. Robert, ACS Catal. 2017, 7,

70.
[13] P. Saha, S. Amanullah, A. Dey, Acc. Chem. Res. 2022, 55, 134.
[14] R. Cao, ChemSusChem 2022, 15, 202201788.
[15] Y. Matsubara, ACS Energy Lett. 2019, 4, 1999.
[16] A. W. Nichols, C. W. Machan, Front Chem 2019, 7, 397.
[17] S. Amanullah, P. Saha, A. Nayek, M. E. Ahmed, A. Dey, Chem. Soc.

Rev. 2021, 50, 3755.
[18] C. Costentin, S. Drouet, M. Robert, J.-M. Savéant, Science 2012, 338,

90.
[19] S. Amanullah, P. Saha, A. Dey, J. Am. Chem. Soc. 2021, 143, 13579.
[20] G. Neri, I. M. Aldous, J. J. Walsh, L. J. Hardwick, A. J. Cowan, Chem.

Sci. 2016, 7, 1521.
[21] C. G. Margarit, N. G. Asimow, M. I. Gonzalez, D. G. Nocera, J. Phys.

Chem. Lett. 2020, 11, 1890.
[22] A. Chapovetsky, T. H. Do, R. Haiges, M. K. Takase, S. C. Marinescu,

J. Am. Chem. Soc. 2016, 138, 5765.
[23] E. Nichols, J. S. Derrick, S. K. Nistanaki, P. T. Smith, C. J. Chang, Chem.

Sci. 2018, 9, 2952.
[24] C. G. Margarit, C. Schnedermann, N. G. Asimow, D. G. Nocera,

Organometallics 2019, 38, 1219.
[25] P. Gotico, B. Boitrel, R. Guillot, M. Sircoglou, A. Quaranta, Z. Halime,

W. Leibl, A. Aukauloo, Angew Chem Int Ed 2019, 58, 4504.
[26] P. Gotico, L. Roupnel, R. Guillot, M. Sircoglou, W. Leibl, Z. Halime,

A. Aukauloo, Angew Chem Int Ed 2020, 59, 22451.
[27] C. Zhang, P. Gotico, R. Guillot, D. Dragoe, W. Leibl, Z. Halime, A.

Aukauloo, Angew Chem Int Ed 2023, 62, e202214665.
[28] I. Azcarate, C. Costentin, M. Robert, J.-M. Savéant, J. Am. Chem. Soc.

2016, 138, 16639.
[29] A. Khadhraoui, P. Gotico, B. Boitrel, W. Leibl, Z. Halime, A. Aukauloo,

Chem. Commun. 2018, 54, 11630.
[30] A. Khadhraoui, P. Gotico, W. Leibl, Z. Halime, A. Aukauloo, Chem-

SusChem 2021, 14, 1308.
[31] E. A. Mohamed, Z. N. Zahran, Y. Naruta, Chem. Commun. 2015, 51,

16900.
[32] C. J. Zhang, D. Dragoe, F. Brisset, B. Boitrel, B. Lassalle-Kaiser, W.

Leibl, Z. Halime, A. Aukauloo, Green Chem. 2021, 23, 8979.
[33] R. Raag, T. L. Poulos, Biochemistry 1989, 28, 917.
[34] D. C. Haines, D. R. Tomchick, M. Machius, J. A. Peterson, Biochem-

istry 2001, 40, 13456.
[35] V. Sharma, M. Wikstrom, Biochim. Biophys. Acta 2016, 1857,

1111.
[36] S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Nature 1995, 376, 660.
[37] S. M. Adam, G. B. Wijeratne, P. J. Rogler, D. E. Diaz, D. A. Quist, J. J.

Liu, K. D. Karlin, Chem. Rev. 2018, 118, 10840.
[38] J. P. Collman, N. K. Devaraj, R. A. Decreau, Y. Yang, Y. L. Yan, W. Ebina,

T. A. Eberspacher, C. E. Chidsey, Science 2007, 315, 1565.
[39] D. Ricard, B. Andrioletti, M. L’Her, B. Boitrel, Chem. Commun. 1999,

1523.
[40] F. Melin, A. Trivella, M. Lo, C. Ruzié, I. Hijazi, N. Oueslati, J. A. Wytko,

B. Boitrel, C. Boudon, P. Hellwig, J. Weiss, J. Inorg. Biochem. 2012, 108,
196.

Adv. Sci. 2025, 2500482 2500482 (5 of 6) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202500482 by U

niversité D
e R

ennes, W
iley O

nline L
ibrary on [29/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
http://www.ccdc.cam.ac.uk/structures/
http://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/services/structures?id=10.1002/advs.202500482


www.advancedsciencenews.com www.advancedscience.com

[41] A. Kossanyi, F. Tani, N. Nakamura, Y. Naruta, Chemistry 2001, 7,
2862.

[42] E. J. Rose, P. N. Venkatasubramanian, J. C. Swartz, R. D. Jones, F.
Basolo, B. M. Hoffman, Proc Natl Acad Sci U S A 1982, 79, 5742.

[43] Y. Wang, W. Lai, Mol. Catal. 2024, 553.
[44] S. L. Gac, B. Najjari, L. Fusaro, T. Roisnel, V. Dorcet, M. Luhmer, E.

Furet, J. F. Halet, B. Boitrel, Chem Commun (Camb) 2012, 48, 3724.
[45] C. Chartier, S. Chardon-Noblat, C. Costentin, Inorg. Chem. 2024, 63,

7541.

[46] C. Costentin, S. Drouet, G. Passard, M. Robert, J. M. Saveant, J. Am.
Chem. Soc. 2013, 135, 9023.

[47] All our attempts to model the coordination of CO2 at the nonfunc-
tionalized face of the porphyrin failed (see Figure S30).

[48] S. Amanullah, P. Gotico, M. Sircoglou, W. Leibl, M. J. Llansola-
Portoles, T. Tibiletti, A. Quaranta, Z. Halime, A. Aukauloo, Angew.
Chem. Int. Ed. Engl. 2024, 63, e202314439.

[49] C. S. Mota, M. G. Rivas, C. D. Brondino, I. Moura, J. J. Moura, P. J.
Gonzalez, N. M. Cerqueira, J. Biol. Inorg. Chem. 2011, 16, 1255.

Adv. Sci. 2025, 2500482 2500482 (6 of 6) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202500482 by U

niversité D
e R

ennes, W
iley O

nline L
ibrary on [29/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

