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Photosynthèse Artificielle
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Carbone dans tous états…
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La nature n’est pas pressée…

3 CO2 + 9 ATP + 6 NADPH + 6 H+ → C3H6O3-phosphate + 9 ADP + 8 Pi + 6 NADP+ + 3 H2O

Ribulose-1,5-bisphosphate 
carboxylase/oxygenase 
(RuBisCO)
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Leçons de la nature: Réduction de O2, NO2
-, SO3

2-

Cytochrome c Oxidase Nitrite reductase Sulfite reductase
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Complexes porphyriniques pour la réduction du CO2…

Chang Angew. Chem. 2019 Nocera Organometallics 2018 Robert PNAS 16 

CO2 + 2 e- + 2H+ à CO +H20
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Stabilisation par voie électrostatique

Arieh Warshel Nobel Prize 2013

Porphyrins with embarked Ionic liquids
Fe

C
O δ-O
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Ière Stratégie: Effet électrostatique

Cyclic Voltammetry of modified iron porphyrins

E/ V vs. NHE

I(
uA
)

Cyclic voltammogram of  1mM FeTPP; 1mM FeTPPF8, 1mM FeTPPF20 ; in 9:1 DMF:H2O  
(a) under Ar, (b) under CO2
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Propriétés électrocatalytiques
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Performance électrocatalytique éxaltée!

FeTPP-Im

q Electrocatalytic CO2 reduction to CO in water
q No need of external proton source
q Overpotential of 420 mV
q TOF of 240 000 s-1

Asma Khadhraoui et al. Chem Comm 2018 A. Aukauloo
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2ème stratégie. Liaisons Hydrogène

CO2 CO
CO oxidation: 40 000 s-1

CO2 reduction: 45 s-1

Carbon Monoxide Dehydrogenase (CODH)
Moorella thermoacetica
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2ème stratégie. Modèle biomimétique de la CODH

A. Aukauloo
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Manipulation de la seconde sphère de coordination

A A

Substrate capture 
and binding

Ligand supporting 
charge accumulation

Substrate activation

ü Electrostatics ü Hydrogen bonding
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Synthèse et caractérisation
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Propriétés électrocatalytiques

A. Aukauloo
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Captage du CO2..

FeTPPUr 58.0

FeTPPAm

FeTPP 6.8

7.6

Ar
CO2

In absence of proton

Enhanced binding constant
A. Aukauloo
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H2O comme source de protons!!

Sulfide (S2‑, HS−, or H2S) has been proposed to act both as
inhibitor87,88 and as activator,104,110 and its existence and role as
a bridging ligand between Ni and the pendant Fe in the C-
cluster have been controversial (as mentioned in the previous
section). Sulfide inhibits CO oxidation, but not CO2 reduction,
as expected given that there were no significant changes in the
EPR spectrum upon its addition to CODH in its Cred2
state.87,88,104 Furthermore, Wang et al. showed that sulfide
binds the inactive Cox state of the C-cluster inhibiting catalytic
activity in the −50 and −250 mV potential range.88

2.3. Catalytic Mechanism of CO Oxidation and CO2
Reduction

2.3.1. Metal-Based Catalysis of the Water−Gas Shift
Reaction. The proposed CO/CO2 conversion mechanism
discussed here is analogous to the water−gas shift reaction
described in Scheme 1.

In both reaction mechanisms, CO and hydroxide ion are
bound to two different metal centers that should be positioned
in a proper geometry during the catalysis to allow the hydroxide
to attack the M−CO intermediate, resulting in the formation of
M−COOH. Release of the CO2 from the metal complex is
coupled to a hydride shift, leaving a metal hydride that
undergoes protonation to generate H2.
2.3.2. Enzymatic Mechanism of CODH. Besides the

metal binding and positioning effects of the WGS catalysts,
CODH is able to increase the reaction rate by optimizing the
ligand binding geometry, controlling the acid−base reactions in
and around the active site, enhancing substrate and product
transport, and using the metal clusters as a wire to achieve a
very fast electron transfer to the corresponding electron
acceptors.71b,111 In the description below, all residue numbers
refer to the CODHCh II. Oxidation of CO in the C-cluster
occurs by a ping-pong reaction as shown in Scheme 2. In the
first half reaction, the Cred1 state of the C-cluster binds and
undergoes reduction by CO and then transfers electrons from
the reduced C-cluster (Cred2) through the B- and D-clusters in
the enzyme. However, we should point out that this electron
transfer role for D-cluster has not been established.
Furthermore, the D-cluster is not reducible at potentials as
low as −530 mV, indicating that it may serve a structural,
instead of an electron-transfer role.72 In the second half-
reaction, electrons are transferred to the external redox
partners, e.g., ferredoxin. The midpoint reduction potential of
the Cox/Cred1 redox couple is −200 mV, while it was reported as
−530 mV for the Cred1/Cred2 redox couple. Cred1/Cred2 redox
couple reduction potential matches well for the CO/CO2 redox
potential.
Similar to the water−gas shift reaction, the first catalytic step

is the binding of CO and water to the metal centers (Scheme
2). On the basis of the results of ENDOR spectroscopic85c and
X-ray crystallographic71a,b studies, the catalytic water (hydrox-

ide) molecule binds to the pendant Fe site of the C-cluster and
also associates through H-bonding interactions with Lys563,
His93, and His263 (Figure 4). These residues are proposed to

participate in acid−base reactions, including formation of active
Fe(II)−hydroxide.71a,b Site-directed substitutions of Lys563
and His113 abolish enzymatic activity, confirming the
importance of these residues in catalysis.112 A histidine tunnel
composed of histidine residues located on sequential turns of a
helix starting near the C-cluster and ending at the protein
surface is proposed to facilitate transfer of protons during the
reaction (Figure 4).71a,112 Steady-state kinetic studies con-
ducted using NMR spectroscopy support the presence of a rich
proton reservoir inside the enzyme.94

CO binds to the Cred1 state of the C-cluster with a diffusion-
controlled rate constant greater than 2 × 108 M−1 s−1 (a value
that is 10-fold faster than kcat/Km) according to rapid freeze
quench EPR,61 NMR, and steady-state kinetic studies.94

Scheme 1. Mechanism of the Water−Gas Shift Reaction

Scheme 2. Proposed Catalytic Mechanism of Reversible
Carbon Monoxide Dehydrogenasea

aThe most well-characterized ferredoxin (Fd) from M. thermoacetica
and many other organisms contains two [Fe4S4] clusters and thus can
accept two electrons. For a Fd containing a single cluster, two Fd
would be required.

Figure 4. Structure of the C-cluster from CODHCh II at 600 mV
including only one coordinating residue: histidine and the ligands
proposed to be important in catalytic activities. Atom colors: Dark gray
(iron), orange (sulfide), red (oxygen), blue (nitrogen), white
(carbon), dark green (nickel). Unbound red spheres represent the
water molecules. Generated using Pymol from PDB 3B51.

Chemical Reviews Review

dx.doi.org/10.1021/cr400461p | Chem. Rev. 2014, 114, 4149−41744156
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H2O

TFE
PhOH

Water as proton source!

KIE = 5.7

H2O

D2O

A. Aukauloo



19

Performance électrochimique 

Philipp Gotico et al. Angew. Chemie. Int Ed. 2019

ü Increased CO2 binding rate (k = 58 M-1s-1)
ü Overpotential of 430 mV
ü TOF of 2 760 s-1

ü TON of 3 280 000 
ü 91% Faradaic efficiency

Angewandte
Chemie

German Edition: DOI: 10.1002/ange.201814339CO2 Reduction
International Edition: DOI: 10.1002/anie.201814339

Second-Sphere Biomimetic Multipoint Hydrogen-
Bonding Patterns to Boost CO2 Reduction of Iron
Porphyrins
Philipp Gotico, Bernard Boitrel, R!gis Guillot, Marie Sircoglou,
Annamaria Quaranta, Zakaria Halime,* Winfried Leibl, and Ally Aukauloo*

Angewandte
ChemieCommunications

4504 ! 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 4504 –4509

A. Aukauloo
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3 stratégie: Valorisation du monoxide de carbone

CFeSP = corrinoid iron-sulfur protein; CoA = coenzymeA

Gas channel

Gas channel

Moorella
thermoacetica

Carbon Monoxide Dehydrogenase (CODH)

Acetyl CoA 
Synthase 
(ACS)

Acetyl CoA 
Synthase 
(ACS)
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Valorisation du monoxide de carbone
Artificial Mimic

Ar = aryl; X = halide; 
Nu = nucleophile

COware® two-chamber reactor was utilized to 
explore the possibility of a direct use of CO2 in 
carbonylation chemistry under mild conditions 

ü One pot: avoid handling of toxic CO
ü Eliminates the need for expensive CO precursors
ü Lab-scale access for future researches on merging 

artificial photosynthesis and transformative chemistry

Gotico ChemPhotoChem 2017
A. Aukauloo
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Valorisation du monoxide de carbone

ü Sensitization in the visible region
ü Electron transfer from the Ru 

photosensitizer to Re catalyst
üOptimized TON of 800

e-

A. Aukauloo
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Artificial Photosynthesis Group

Fe

C
O δ-O


