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Abstract

Hydrogen is recognized as a clean energy carrier, and thus it is being considered a
promising alternative to fossil fuels as the next-generation fuel for powering cars,
heating homes, and generating electricity. At present, hydrogen is mainly produced
from fossil fuels. Currently, water splitting is an appealing approach to produce
high-purity H,, owing to its clean and sustainable process, but relies on Pt-based
materials. However, the high price and rarity of Pt prevent its large-scale use.
Designing a non-noble metal-free catalytic system is thus needed under the premise
of ensuring catalytic activity. In nature, the [NiFe] and [FeFe] hydrogenases (H,ases)
catalyze the production of H, reversibly by reducing protons. Some chemists have
been inspired by these H,ases to design molecular electrocatalysts for H, production.
They focused their efforts not only on mimicking the organometallic complexes
responsible for the reactivity present in the active site of the enzymes but also on
understanding the mechanism in order to define the key active structural features
that ensure their efficiency. To date, many bio-inspired complexes have been
designed for H, production, but they still need to be optimized for future applications,
especially regarding their performance and stability.

CO, represents a potential feedstock for the synthesis of value-added fine chemicals
and fuels because of its low cost, high abundance, and relative ease of transport.
Electrocatalytic CO, reduction is thus an attractive pathway to convert CO, into
organic fuels and useful chemicals. Many electrocatalysts have also been used to
catalyze CO; reduction. There are also enzymes in nature that can activate, including
the NiFe carbon monoxide dehydrogenase (NiFeCODH). CODH reduces CO, to CO
reversibly close to the thermodynamic potential. In addition, it is noted that the
active sites of these two enzymes, the NiFe-CODH and NiFe-H,ase, display similar key
structural features. Their catalytic processes both involve electron and proton
transfer as well as synergy between the Ni and Fe sites.

However, the performance of these catalysts is still not comparable to the natural
systems ([FeFe] and [NiFe] H,ases, and NiFeCODH). Fortunately, an understanding of
the mechanisms has contributed to providing guidance for the further design of
highly active electrocatalysts for H, production and CO, reduction. In previous works,
a family of NiFe and FeFe electrocatalysts has been synthesized, which display similar
catalytic performance for H, production under similar conditions. Besides, the
Ni"Fe"Cp complex can catalyze H, production and CO, reduction in an acidic aqueous
solution after its immobilization on graphite electrodes. Therefore, bio-inspired
catalysts of Hyases have been also used successfully to catalyze CO, reduction.

Inspired by the above works, the aim of this thesis is to improve the electrocatalytic
activity of these systems by lowering the overpotential for H, production and CO,
reduction. We mainly investigated the redox properties of complexes and their
catalytic activities from two aspects, namely the impact of the metal and the design
of the ligands.



Firstly, the Ni ion has been substituted by a Co ion to synthesize the corresponding
CoFe complex. Unfortunately, it displays no electrocatalytic activity in DMF for H,
production.

Second, we has modified the Ni”Fe”Cp complex at the Fe site with the introduction of
a potential proton relay in the second coordination sphere, by replacing the
Fe-bound cyclopentadienyl (Cp) with the picolyl cyclopentadienyl (PyCp) and
2-(diethylamino)ethyl-cyclopentadienide (CpN), to synthesize the NiFeCpPy, NiFeCpN
and CoFeCpNH complexes. Both the NiFeCpN and CoFeCpNH complexes display
catalytic activity in the presence of EtsNHBF, for H, production. NiFeCpN has a lower
overpotential than the parent Ni'Fe'Cp complex. These data evidence that the
pendant amine play an important role in the electrocatalytic activity for H,
production. Then, the new NiFeCpN and CoFeCpNH complexes containing a pendant
amine also display activity for CO, reduction under homogeneous and
heterogeneous conditions.

Keywords: hydrogenases, NiFe carbon monoxide dehydrogenase, H, production, CO,
reduction, bio-inspired complexes



Abbreviations

adt Azadithiolate
APCI Atmospheric-pressure chemical ionization
ATR Attenuated total reflectance
bdt benzene-1,2-dithiolato
CH,Cl, Dichloromethane
Cp Cyclopentadienide
Cp* Pentamethylcyclopentadiene
cv Cyclic voltammetry
DFT Density functional theory
DMF Dimethylformamide
dppbz 1,2-bis(diphenylphosphino)benzene
dppe 1,2-bis(diphenylphosphino)ethane
dppv 1,2-bis(diphenylphosphino)ethylene
Ecat Catalytic potential
edt 1,2-ethanedithiolate
Epa Anodic peak potential
Epc Cathodic peak potential
EPG Edge-plane graphite
EPR Electron paramagnetic resonance
eq Equivalent
ESI Electrospray ionization
Et Ethyl
EtsNHBF, Triethylammonium tetrafluoroborate
Fc Ferrocene
FE Faradaic efficiency
H,ase Hydrogenase
HBF,4 Fluoroboric acid
HER Hydrogen evolution reaction
HOACc Acetic acid
HOTs Toluenesulfonic acid

icat Catalytic current

Reductive peak current

IR Infrared
KPFg Potassium hexafluorophosphate
Me Methyl
MeCN Acetonitrile
MS mass spectrum
NMR Nuclear Magnetic Resonance
odt oxydimethanethiolate
pdt 1,3-propanedithiolate
Ph Phenyl

Py Pyridine




TFA

TFE

THF
UV-vis

2,2,2-Trifluoroacetic acid
2,2,2-Trifluroroethanol
Tetrahydrofuran
Ultraviolet—visible

Overpotential
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Chapter | Introduction

1.1 Hz production

With the development and progress of society, human beings are increasingly
demanding energy, which has led to the depletion of fossil energy and environmental
pollution. Therefore, the development of efficient, clean, and renewable energy has
become a research hotspot for researchers in many countries. Hydrogen is a
recognized clean energy carrier, and thus it is being considered a promising
alternative to fossil fuels as the next-generation fuel for powering cars, heating
homes, and generating eIectricity.1 At present, hydrogen is mainly produced from
natural gas and oil by a steam reforming process, which accelerates the consumption
of fossil energy and emits large amounts of CO,, which is not conducive to
sustainable development strategies.z’ > Therefore, the environmentally friendly
production of H, is one of the major challenges facing our society in the next decade.
In the face of this urgency, all strategies must be studied and explored to find
alternatives to current industrial technologies. Water splitting is considered as a
promising method to generate high-purity hydrogen. So far, Pt-based materials are
still advanced and efficient catalysts for electrochemical H, production.4 However, its
high price and rare prevent its large-scale use. Designing a non-noble metal-free
catalytic system is needed under the premise of ensuring catalytic activity.

Nature can provide sources of inspiration. Microorganisms use enzymes, the
hydrogenases (H,ases) that produce and metabolize molecular hydrogen. Hases
catalyze H, production by reducing protons in a reversible manner at very high rates
(one molecule of Hyase produces between 20,000 and 1500 molecules of H, per
second at pH 7 and 37 “C in water).> Some chemists have been inspired by H,ases
to design molecular electrocatalysts for hydrogen evolution reaction (HER).®™° They
focused their efforts not only on mimicking the organometallic complexes
responsible for the reactivity present in the active site of the enzymes but also on
understanding the mechanism in order to define the key active structural features
that ensure their efficiency.

According to different active sites, H,ases are divided into two classes denoted as
[NiFe] and [FeFe] H,ases (Figure 1.1).11’ 2 The mechanism of each enzyme has been
explored extensively over the past decade. For the active site of [FeFe] Hase,” ™ the
presence of a nearby [4Fe-4S] cluster linked by a bridging thiolate is proposed to be
crucial in controlling the sequence of the electron transfer processes with respect to

1516 Nj is the only metal involved in the redox

the protonation steps. For the NiFe site,
chemistry, with the iron site implicated in the generation of bridging hydride species

and in the fine-tuning of the redox and electronic properties of the Ni site. The key
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intermediates species are considered to be hydride species generated during the

17, 18

catalytic cycle, which can be found in a bridging or terminal coordination

mode19—21

. Moreover, the metal-bound cysteines in the [NiFe] H,ase and the bridging
pendant amine in the [FeFe] H,ase have important roles during the catalytic process,
both thiolate and amine acting as proton relays. The detailed structures and

proposed mechanisms of H,ases have been described in Section 1.1.1.

SCys
S—Fe/
Fe?S_S |
Cys| ?ys cyss—|7 ¢ N
S S S—Fe\ (( open binding site
Cys-Sa. /AN _CO CysS. S48
Oys-57 " Ny TN CN \F/e/\\F/
CN NC=TZ s 4 ieN
X=H, vacant oC 0 CO

Figure 1.1 Active sites of [NiFe] and [FeFe] H,ases.

1.1.1 Hydrogenases

1.1.1.1 The structure and function of [FeFe] H:ase

The active site of [FeFe] Hyase comprises a cubane [4Fe-4S] subcluster and a [2Fe]
moiety linked together through a cysteine ligand (Figure 1.1). > 7 **?%?* The [4Fe-49]
subcluster is a common redox cofactor, emphasizing the importance of electron
transfer in the catalytic mechanism of the [FeFe] H,ase. The two iron atoms in the
[2Fe] moiety are bridged by the bridging S atoms of the azadithiolate ligand (adt*
=-SCH,N(H)CH,S-) and a bridging CO ligand, and each of the iron is coordinated by
one CN™ and one CO ligand. Fe’ (distal to [4Fe-4S]) of the [2Fe] moiety has a vacant
site for substrate (H/H,) binding, and switches between octahedral and
square-pyramidal geometries during the catalytic cycle. This gives to the H-cluster
some flexibility. The FeP (proximal to [4Fe-4S]) is connected to [4Fe-4S] cluster via the
S atom of the cysteine ligand.

Based on the spectroscopic properties of the enzyme and theoretical calculations, a
catalytic mechanism of [FeFe] H,ase for H, reduction and oxidation reactions has
been proposed, involving proton-coupled electron transfer (PCET) steps (Figure 1.2).”
& 13 This includes the redox states and electronic structure of the H-cluster at the
different steps of the cycle. The cubane [4Fe-4S] has two possible oxidation states,
reduced [4Fe-4S]" and oxidized [4Fe-4S]*". The [2Fe] moiety has three, the reduced
Fe' Fe', the oxidized Fe'Fe" and the mixed valence Fe'Fe'. The most studied state
corresponds to the “oxidized” state H,, featuring a mixed valence Fe'Fe' moiety and

an oxidized [4Fe-4S]** cluster. The Hoy state is characterized by a rhombic EPR signal
2



at g =2.10, 2.04 and 2.00. The IR spectrum reveals vibration of the CO ligand at 1964,
1940 and 1800 cm™, and of the CN~ ligand at 2088 and 2072 cm™. When the [FeFe]
H,ase is stabilized at potentials more negative than -395 mV accompanied by a
protonation process, the reduced state HredHN dominates. The HredHNstate features
an Fe'fe' moiety and an oxidized [4Fe-4S)** cluster consistently with an EPR-silent
spectrum. The IR spectrum of HyegH" displays vibrations of the CO ligands that are red
shifted to 1935, 1891 and 1793 cm ™ with respect to the Ho, state. The protonation
occurs on the N atom of the bridging amine (adt?). A third active state has been
uncovered as a“super-reduced state” Hgeq corresponding to a reduced [4Fe-4S]*
cluster and a Fe'Fe' moiety, that can be observed at or below -540 mV. Its IR
spectrum features vibrations of the CO ligand (1954, 1919, and 1882 cm™) that are
more similar to Hyy with the vibrations of CN™ ligand shifted to 2070 and 2026 cm™.
The Hgreq State isomerizes to form a terminal hydride species Hyyqassociated with the
H* transfer from adt’” to the reduced Fe® center. The resulting Hyyqg state is then
protonated at the bridgehead amine, leading to the ammonium hydride heterolysis
product He, (HY, HY). Subsequently, the species Hqy (H*, H) releases H,, regenerating
the Hox state. Apparently, the amine of the azadithiolate ligand can act as a proton
relay and is crucial for the transfer of protons during the catalytic process.

[4Fe-4S]%* [4Fe-4ST%* [4Fe-4S]%*
— — —
/SCys SCys SCys
CysS._ /SI—/I|=e CysS._ /I —ke CysS_ /| /| H
FeFS—s Feps’| FeFS—s !
cyss—I27 9 NH cyss—|5Fe 8 NH CysS’I/ I/ N*
s—Fe s%—Fé ( (( H
Cys\S S,S . Cves H. CysS._ S.8 H
. »
\F/e"\\Fe” -Hz ys \F/ ' F/' >F/e \\Fe”/
NC™ N\ CN NC=TTAL i 'CN NG\ \ “ON
oc & %o oc’ 8 %0 oc o Co
Hox Hox (HZ) Hox (H+ )
-HH HY A+
[4Fe-4SP* . 1 - [4Fe-4S]* [4Fe-4s]*  H “H
— € —A— —
SCys SCys SCys
S—Fe
CysS_ 3 /Te y CysS._ /| /I 9y CysS_ T/
Cyssfle’FeDS Nt CysS’F| FeI/ N* Cyss—Fe /8 NH
/ ~ /
S—F H “H S—Fe
C e\s KSr C \s S(Sr Cys\S SKSr :
S P - S .
’ \F/e"\\Fe' — ’ \F/e’\\F' = >F/e"‘\\Fé
NC'? /' \“CN o NC™ \C “CN NC S \C/ "'CN
oC g Ao oc 5 %o ¢ g co
HredHN Hsrea thd

Figure 1.2 Proposed catalytic mechanism of [FeFe] H,ase.

1.1.1.2 The structure and function of [NiFe] Hzase

The active site of the [NiFe] H,ase has a redox-active {Ni(S-Cys)s} center, which is
linked via two of its cysteine ligands to a redox-inactive {Fe"(CN),(CO)} fragment.” 52
Two additional cysteines from {Ni(S-Cys)4} are terminally bound to the Ni ion, and the

3



Fe ion is coordinated by one CO and two CN™ ligands (Figure 1.1).

Spectroscopic investigations including X-ray crystallographic studies, combined with
theoretical calculations have been used to understand the reaction mechanism of
the [NiFe] H,ase, including the redox state and electronic structure of the different
states.”® %> A redox-active Ni ion exists in several oxidation states (Ni**, Ni** and Ni*)
during the catalytic cycle, whereas the Fe site retains a low spin, low oxidation state
(S = 0, Fe™). Nowadays, there has been a consensus agreement that three
intermediates species are involved during the catalytic cycle. The resting state (Figure
1.3) is the diamagnetic Ni=Sl, state (Ni"Fe"). Ni-Sl, reacts with one electron and one
proton to generate the paramagnetic Ni—L state (Ni'Fe”-CysH). Ni—L is proposed to be
protonated at the S atom from one cysteine, as confirmed by an observed SH
stretching frequency at 2505 cm™. The proton is then transferred to the metal center
to form a bridging hydride species Ni-C state (Ni"(p-H)Fe"). Ni-C is further reduced
and protonated to yield an EPR-silent Ni-R state (Ni"(u-H)Fe'"-CysH). Finally, the Ni-R
state releases H, and restores the Ni-S| state.

2 é’
/\‘ g
S Fe/<co
~ Ni-SI CN -
_H2 > I- a \\ﬁ_ﬁ
Vo o)
s & s 8
A ~
S‘NI/\‘Fe”-CN s S8 N
SSTUN S Cﬁo o N Fe'<co
H “W  NiL ©CN
Ni-R
‘\ _e_ IA
A \\-H+ /,
NG & )
" ﬁl/ ||/CN
‘N Fe'«co
\ / ‘y
S \H ‘CN
Ni-C

Figure 1.3 Proposed catalytic mechanism of the [NiFe] H,ase.

In their quest for bio-inspired catalysts with optimal performance, chemists have
explored various families of complexes that emphasize several features that seem to
be critical, namely the presence of a nearby electron reservoir or potential proton
relay, or hydride species with specific structural and electronic properties. The
following paragraphs focus on these three aspects in designing series of
electrocatalysts to understand and rationalize the impact of these factors. Not only
the performance of the different catalysts but also their mechanisms will be
discussed to highlight the wide variety of catalytic cycles.
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1.1.2 Strategies for optimized electron transfers

As mentioned above, electron transfers are important steps for HER catalytic activity.
In this context, two strategies have been developed: (i) the incorporation of
ferrocene-derived ligands with one-electron redox properties for their ability to
shuttle electrons, and (ii) the use of non-innocent ligands with redox properties.

1.1.2.1 Electron transfer through ferrocene

In nature, an [4Fe—4S] cluster is bound to the [2Fe] moiety by cysteine residue to
shuttle the electrons in the [FeFe] H,ase active site. Inspired by this strategy, several
groups have designed complexes where an artificial electron shuttle has been
introduced.’®?” As an example, the group of Rauchfuss modified the di-iron complex
[FCcP*(CO),Fe'(adtBn)Fe'(CO)(dppv)] (adt= azadithiolate; Bn= benzyl ; dppv =
1,2-bis(diphenylphosphino)ethene)® %, [1], bearing a ferrocene moiety,
{Cp*Fe(CsMe4CH,PELy)} (Cp*: pentamethylcyclopentadienyl) abbreviated FcP*
(Figure 1.4). It can catalyze H, production in the presence of H(OEt,),]BAr 4 (10 eq, eq
= equivalent) and a reducing agent (Fc*, 5 eq), albeit slow (TON = 3 in 30 min). The
proposed mechanism is that [1] is initially protonated at the amine to give [1H"]
featuring Fe', Fe!, and Fe' sites in the presence of H(OEt,),]BAr 4. The [1H"]" complex
then undergoes the second protonation at iron to generate an ammonium terminal
hydride species [1(t-H)H"]**( Fe", Fe", and Fe" sites). The rapid release of H, from
[1(t-H)HN]*" is triggered by its reduction, accompanied by one electron transfer from
PFC*Et, to FeFe core ([1]* with Fe", Fe", and Fe'sites). Otherwise, terminal hydride
will fast isomerize to the inactive bridging hydride species. Afterward, [1]*" undergoes
reduction to regenerate [1]" in the presence of a reducing agent (Fc*). The reference
complex (PMes)(CO),Fe(adtBn)Fe(CO)(dppv) does not produce H, upon treatment
with 5 eq of acid compared to [1] (TON=4) under similar conditions. This result
enhances the function of FcP* as an electron relay. Interestingly, the complex [1] can
also catalyze the reversible reaction, i.e. oxidation of H,. Exposure of [1] to H; in the
presence of an excess of an oxidizing agent (Fc*) and a proton acceptor (P(o-tolyl)s)
results in their complete conversion to Fc and [HP(o-tolyl)s]*, respectively, but at a
slow rate (TOF = 0.4 h™). This system evidences the interest of functionalizing the
second coordination sphere with such an electron transfer cluster in the field of
bio-inspired HER catalysts.
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Figure 1.4 Catalytic cycle for chemical hydrogen production and oxidation with
complex [1].

1.1.2.2 Non-innocent ligands as potential electron reservoirs

In the above example, the complex catalyzes both the production and oxidation of
hydrogen without using the electrocatalytic method but instead in the presence of
reducing and oxidizing agents, respectively. However, it remains a rare example
among the few catalysts operating under such conditions. Generally, the catalysts are
tested for HER activity under electrocatalytic conditions, in which electrons directly
transfer to the complex. To assist such electrocatalytic processes, the use of
complexes with non-innocent ligands is an attractive strategy since the redox-active
ligand can act as an electron reservoir and thus support the whole process.

As reported in the literature, the redox-active bipyridine30 and phenanthroline31 have
proven to be useful in controlling and modulating the properties of the complexes of
the [FeFe] Hase models. They have been introduced in the prototype
[(CO)3Fe'(pdt)Fe'(CO)3] [2] complex (pdt = 1,3-propanedithiolate) by replacing two CO
ligands. For the bipyridine-based complex [(CO);,Fe'(pdt)Fe'(bpyNz)(CO)] [3], the strong
o-donating properties of the pyridine units enhance the electron density at the FeFe
core leading to the direct protonation of the Fe'Fe' species in the presence of a strong
acid (HBF4Et,0) in acetonitrile (MeCN) to generate proposed bridging hydride
species. In detail, complex [3] shows a two-electron irreversible reduction process at
Epc =-2.06 V vs Fc*’° at scan rates lower than 1 V/s in MeCN. However, at scan rates
faster than 1 V/s, the reductive peak begins to split into two reductive features,
separated by 0.25 V, which have been assigned to the reduction of Fe'Fe'to Fe'Fe’
and to the bipyridine moiety bpyo/bpyl', respectively. Compared to [2], it leads to a
negative shift of the Fe'Fe'/Fe'Fe’ reduction potential by 0.4 V, accompanied by an
average shift of the vco vibration of about 70 cm™ to lower energy. The reduction of
H* under different acidic conditions can thus occur through different pathways.
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In the presence of a strong acid (HBF4-Et,0, pK, ™™ = 0.1) in MeCN, the catalytic
process observed at E;t = -1.33 V vs Fc*/° (Ecat: catalytic potential) has been assigned
to a [C(ECEC)] (C: chemical process, e.g., a protonation step in the present case and E:
electron transfer process) mechanism with [3(pu-H)]" being the entry of the catalytic
cycle (Figure 1.5, pathways A). A milder acid (TsOH, < 4 eq) tends to favor pathway B
with a catalytic potential at E;; = -1.70 V vs Fc K\ [CE(CECE)] or [CE(CEEC)] process
is proposed to occur with the reduced hydride species, [3(u-H)], being the active
electrocatalytic species (pathway B, Figure 1.5). When excess TsOH (> 4 eq) is present,
the acidity of the solution is sufficiently high that pathway A becomes more
prominent than pathway B. In the presence of a weak acid (AcOH), the reduction
process occurs first instead of a protonation step, followed by protonation to release
H, to regenerate complex [3] (Ecat = —2.06 V vs Fc°, n =0.68 V, n: overpotential) with
a [EECC] mechanism. Compared to [2] (Ecat=-1.83 V vs Fc+/°, n =1.06 V), complex [3]
is characterized by a lower overpotential under similar conditions. Indeed, the
introduction of a redox-active ligand into the complex facilitates proton reduction
catalysis. Besides, this demonstrates that the strength of the acid plays an important
role in controlling the mechanism of electrocatalytic proton reduction.

(1

S8
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oo N FelFel 100 < (u-H
B ~——— co -k
-2.06V +1 e-l-1.33v
3
+ H*
" /‘ Ha [3(u-H)] [3-2H]"
[3-H] <2 [3-2H] He .
H, [3-2H] [3-3H]"
Pathway B +1e’[-1.70V 41 ¢
(HOTs 14 eq.) H*
[3-2H 3-2H]

Figure 1.5 Proposed mechanisms for electrocatalytic proton reduction by the
complex [3] in presence of different acids.

Bio-inspired FeFe and NiFe complexes have been synthesized with a bipyridine
substituted by two alkyl thiolates. The two [(LV**?)(MeCN)Fe"(CO)Fe"Cp]” [4]" and
[(LN***)Fe'(u-CcO)Fe"Cp(CO)]* [4(u-CO)]* complexes (LV? =
2,2’-(2,2’-bipyridine-6,6’-diyl)bis(1,1-diphenylethanethiolate) , Cp =
cyclopentadienide) can be obtained quantitatively in solution through the reversible
(de)coordination of one CO ligand. The [4]" complex displays an electrocatalytic
activity in the presence of EtsNHBF, (EtsNH", pKa'vIECN =18.6) in MeCN at Ect/2 = -1.90
V vs F¢° (overpotential and turnover number: n = 0.73 V, TON=15) (Figure 1.6).*
The NiFe analogue, [(LY***)Ni"Fe"Cp(CO)]" [5]" displays comparable HER activity under
similar conditions (Ecat;2 = -1.85 V vs Fc+/°, n=0.68V, TON=16).33

In both cases, the one electron-reduced species represents the entry of the catalytic
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cycle in a proposed [E(ECEC)] mechanism (Figure 1.6). For the FeFe complex, the
reduction of {FeFe'}co" occurs at E,c =-1.21V vs Fc'’° and generates a delocalized
mixed-valence Fe'”Fe’? species with a terminal CO bound to the Fe site bearing the
bpy unit, while [(L"**?)Ni"Fe'Cp(CO)]* is reduced (E1/, = -1.29 V vs Fc”°) into a Ni'Fe"
species with the CO becoming bridging between the two metallic ions. The Ni'Fe"
species displays structural and electronic features similar to those of the Ni-L state
(one catalytic state of the [NiFe] H,ase). The mixed-valence Fe'°Fe'* species mimics
the H,y state, which is one catalytic state of the [FeFe] H,ase. The second
one-electron reduction process is proposed to mainly occur at the bipyridine moiety
of the L\**? ligand for both the FeFe and NiFe complexes at —1.65 V and —1.90 V vs
Fc+/°, respectively, leading to a species better described at a L°M'Fe" (M = Fe, Ni)
species. The fact that the Fel°Fe! species is easier to reduce than the Ni'Fe" one is
proposed to be due to the stronger back bonding of the terminal CO ligand in the
Fe'°Fe!” vs the bridging CO in the Ni'Fe" one. The fact that the LV** ligand is reduced
instead of the Fe-Cp site evidences how the bipyridine moiety can act as an electron
reservoir, like the proximal [4Fe-4S] cluster in [FeFe] H,ase. It has also been proposed
that the catalytic process is mainly dominated by the redox properties of the
bipyridine unit since both complexes display similar HER performances (E..t, n, and
TON).

To further clarify the role of bipyridine ligands and the role of the Fe-Cp unit, the
complex [(LN**)Ni"Fe'Cp*(CO)1* [6]" have been synthesized with Cp*~ instead of
Cp~.%* Both the redox and structural properties of the complex is modified as a
consequence of the steric hindrance of Cp*”. In complex [6]", the Ni---Fe distance of
3.391 A is significantly longer than in [5]" with a butterfly structure (2.88(4) A),
leading to a quasi-planar {NiFeS,} diamond core. The complex [6]" displays in MeCN
two one-electron-reduction processes: (i) one irreversible reduction at E,c= —1.46 vs
Fc° corresponding to the reaction of Ni' to Ni' resulting in the decomposition of
dinuclear NiFe to two mononuclear Fe and Ni complexes; and (ii) a second reversible
reduction at E;, = -1.83 V s Fc° assigned to the bipyridine-centered
one-electron-reduction process of the mononuclear [NiLY**?] complex. The HER
activity of [6]* (Ecay2 = -1.86 V vs Fc"’°, n = 0.690 V, TON=17) is comparable to that of
complexes [4]" and [5]" under similar conditions. It has been demonstrated that
under catalytic conditions, complex [6]° does not decompose. Its catalytic
mechanism has been proposed to follow a [E(CEEC)] cycle. In essence, the
non-innocent bipyridine ligand coordinated to the Ni center controls the
performance of H, production, while the Cp-based ligand coordinated to the Fe ion
modulates the redox and structural properties of the dinuclear unit. Interestingly,
both complexes [4]" and [5]" display HER activity in acidic aqueous solutions after
their physical adsorption onto carbon-based electrodes®> 3 ([4]" : TON = 4.9(0.1)*10°
in 9 hours, TOF = 15.3(0.3) s}, at -0.80 V vs SHE, pH 4; [5]": TON = 7.2*10° in 10
hours, TOF =200 s, at -0.85 V vs SHE, pH 3).

The complex [CpNi"(pdt)Fe'(dppe)(CO)]" (dppe = 1,2-bis(diphenylphosphino)ethane),
[71¥" in which the L"*? ligand is replaced by a diphosphine, displays an
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electrocatalytic activity for H, production at E.:= -1.16 V vs Fc%in the presence of
TFA (CF3CO3H, pKa'vIeCN =12.7) in CH,Cl,. Compared to [7]°, a better HER performance
is observed with respect to [5]%, especially with respect to the TOF, 250 stvsast
with [5]" and [7]", respectively, illustrating further how the presence of a
non-innocent redox ligand can lead to optimized efficiency.

Ph, Ph ¥ L
N —l ‘\\\S,/
S 15GmeFal.5
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/NI,IMII‘S_.'ll:eH@) e C/ Y
ocC [4]

_H2
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[5]*, M=Ni

s
N Nl"S-Fe”@) {FeFeloo
{FeFe'}an.co [4r
[4-2H]
{FeFe'lico {FeFe'u co
[4-H] [4-H]

[5(1-H)T [5(h-H)
Figure 1.6 Catalytic cycle for H, production with the complexes [4]" and [5]".

The Reek’s group has reported on a synthetic [FeFe] H,ase mimic containing a
redox-active phosphole ligand with conjugated N-heterocycles.®®  This
phosphole-based ligand acts as an electron reservoir, which is synergistically
activated through protonation processes. The [(CO),L"""Fe(bdt)Fe(CO)s] ([8], bdt =
benzene-1,2-dithiolato) complex displays HER activity at Ecas = —=2.0 V vs Fc’® in the
presence of EtsNH' in CH,Cl, solution. The complex requires an activation step
through a double protonation and a two-electron reduction process (ECCE process,
E,e = -1.44 V and -1.18 vs Fc+/°) to generate the [8(u-H)H"] species, which
corresponds to the entry of the catalytic cycle (Figure 1.7). This mixed-valence Fe'Fe'
complex [8(u-H)H"] bears a bridging hydride, and the initial phosphole-based ligand
is reduced by two electrons and protonated on the generated secondary amine. This
[8(p-H)H"] species thus undergoes a two-electron reduction and a protonation (ECE
process, Epc = -2.0 V and -1.9 V vs Fc+/°) leading to the key intermediate,
[8(u-H)(HY),]", which can release H, upon the last protonation with a
rate-determining constant of k. = 10° M s7%. Interestingly, during the catalytic cycle,
an electron is transferred from the phosphole ligand to the iron center, which
contributes to the leveling of redox potentials within the catalytic cycle. This is similar
to the enzyme’s catalytic cycle where the reduced state H..q is protonated with
concomitant electron transfer from the [4Fe-4S] cluster to diiron site.”® 3 In analogy,
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we can mention here that the H-cluster in the [FeFe] H,ase, can be protonated at the
[4Fe-4S] cluster under specific alkaline and reducing conditions.* Overall, the
bipyridine unit allows this ligand to store electrons assisted by protonation steps
enhancing PCET processes. It has been emphasized that its performance arises from
the redox-active ligand.

Moreover, this electrocatalyst is not only water-soluble but also air-tolerant. The
catalytic activity in air-saturated solution retains 60% of the catalytic performance (in
terms of current density) compared to experiments performed in degassed solvents
under N,. It can produce H, in the presence of H,SO,4 in an aqueous solution at E; =
-0.66 V vs NHE at TOF = 70 000 s * (Keat = 3.5 x 10* M s* under an acid-independent
regime).

Figure 1.7 Catalytic cycle for H, production with the complex [8].

1.1.3 Strategies for optimized proton transfers

1.1.3.1 Pendant amines as proton relays

As mentioned in section 1.1.1.1, the pendant amine as a proton relay is considered
critical for the exceptional rate of the catalytic activity in the [FeFe] Hyase and its
model complexes. This point is demonstrated when hybrids of [FeFe] H,ase have
been designed by introducing different bridges, [Fe,[(SCH;),X](CN),(CO)4] with X =0
(odt), CH, (pdt) or NH (adt). While no H, production is observed in the case of X =0
and CH,, efficient HER is measured with X = NH in the presence of methyl viologen
and sodium dithionite.** Inspired by this observation, series of structural and
functional models of the [FeFe] and [NiFe] H,ases with pendant amine have been
developed.’

As a prototype, the [(CO)sFe(adt)Fe(CO)3]** (adt = -SCH,NHCH,S-) complex, [9], with
its pendant amine, displays efficient electrocatalytic activity for H, production in
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MeCN. Depending on the acidity of the proton source, a [ECEC] or [CECE] catalytic
mechanism has been proposed (Figure 1.8). The complex [9] displays a reversible
two-electron reduction wave at £;/; = -1.58 V (vs Fc+/°) under CO atmosphere in the
absence of acid. After the addition of 1 eq of CICH,CO,H (pKaM'SCN = 15.3), the redox
system becomes irreversible and a second irreversible process appears at E,c = -1.75
V vs Fc°. CICH,CO,H is not acidic enough to protonate complex [9] (DFT-predicted
pK, of the protonated form, [9-H"]*, of 8.2). After the one-electron reduction of
complex [9], the basicity of both the amine group and the Fe is enhanced
(DFT-predicted pKa(re site) > PKa(adt-n site)). The reduced form [9] can thus be protonated
by CICH,CO,H to generate an intermediate bearing a terminal hydride on one Fe site
([9(pu-H)], DFT-predicted pKare sitey = 17.1). Afterward, [9(u-H)] is reduced to
generate [9(p-H)] at Epc = -1.75 V. The hydride [9(p-H)] is further protonated at the
amine group to yield [9(p-H)H"] (DFT- predicted pKaagen =15.3). Finally, H, is released
concomitantly with the regeneration of the complex [9]. The overpotential (n) is
calculated to be 0.64 V (Eca: = -1.60 V vs Fc+/°) under these conditions.

When a stronger acid acts as a proton source (HOTs = p-CH3CgH4SO3H, pK, " = 8.6),
the CV of [9] also displays two irreversible reduction processes at -1.27 V and -1.58
V vs Fc™°, respectively. Since the DFT-predicted pK, of [9-H"]* is 8.2, the protonation
of the amine occurs prior to the one-electron reduction under these strong acid
conditions to generate [9-H"]". The reduction process occurring at Epc = =1.27 V is
assigned to the reduction of [9-H"]" to produce the [9-H"] species. The resulting
reduced species [9-H"] undergoes a tautomerization process: the proton is
transferred to one iron center to generate a terminal hydride species [9(t-H)]. This
can be rationalized by the fact that the hydride in [9(t-H)] is more basic than the
amine in [9-HN] (DFT-predicted pKae sitey = 13.8). However, this tautomerization
process could not be evidenced experimentally,”® and the catalytic activity of [9] in
the presence of a weak acid has been rationalized by the reduction of the catalyst at
a much less negative potential. Based on the DFT-calculated mechanism (Figure 1.8),
[9(t-H)] is then protonated at the amine site, leading to formation of [9(t-H)H"]
(DFT-calculated pKaadgi-n)y = 9.5). It releases H, after its one-electron reduction. The
overpotential of the electrocatalytic reaction in the presence of HOTs is 0.86 V (Ecat =
-1.27 V vs Fc+/0). Thus complex [9] is readily protonated at the amine group rather
than reduced under strong acid conditions (pK,<11), while when a relatively weak
acid (pKa>11) is used, it first undergoes a reduction that enhances the basicity of the
iron site to promote its protonation. Therefore, the acidity of the proton source is of
crucial importance, and different acidities lead to different catalytic mechanisms
during the catalysis process.
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Figure 1.8 Catalytic cycles for H, production with complex [9] in the presence of
either CICH,CO;H (black) or HOTs (gray).

Complex [9] displays a lower overpotential compared to a similar complex
[(CO)sFe(pdt)Fe(CO)s] ([2], n=1.06 V), which does not contain a potential proton relay
under similar acid conditions. This well illustrates the notable impact of the presence
of the pendant amine on the activity of the electrocatalyst. Numerous other
analogous FeFe complexes with a pendant amine have been also synthesized, and
they all display HER activity with a lower overpotential compared to their parent
compounds without proton relay. As a few other examples (Figure 1.9), complex
[10],*** in which two CO on one Fe site have been substituted by a P-N-P ligand,
displays HER activity in the presence of HOAc (acetic acid, pKa'VIeCN = 22.3) with an
overpotential of 0.67 V, a value that is much smaller than that measured with the
parent complex [2] without pendant amine (n=1.06 V). However, only a slightly lower
overpotential (n=0.60 V) has been measured under similar conditions with complex
[11], which contains an additional pendant amine at the bridge. The complex [12]
with a bridging nitrogen heterocyclic-based ligand (pyrazine) also shows a lower
overpotential (n=0.58 V, in the presence of HOAc) compared with the
[(CO)3Fe(SPhS)Fe(CO)3] complex (n=0.63 V, in the presence of HOTs) that bears a
phenyl group instead of the pyrazine.46 These examples highlight the effect of the
addition of a pendant amine well positioned in the second coordination sphere of
the FeFe unit. Not only protonation of the pendant amine lowers the overpotential
of the reaction, but the formation and release of H, is promoted because of the
proximity between the ammonium proton and the Fe-H hydride in the last
intermediates species of the catalytic cycle.*’
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Figure 1.9 Different bio-inspired FeFe or NiFe complexes with or without the
presence of a potential proton relay.

More recently, the first series of azadithiolato-bridged NiFe complexes bearing a
pendant amine has been synthesized and tested for their ability as HER
electrocatalysts.48The overpotential of the [CpNi"(adt)Fe"(CO)(dppe)]+complex, [13]
(Figure 1.9), has been measured to be 0.54 V (Ecat = -1.43 V vs Fc+/°) in the presence
of TFA in MeCN. The authors have compared the ratio between the catalytic current
(icat) @and the reductive peak current (i,) to probe the kinetics of the reaction (higher
icat/ip Values indicate faster catalysis). In the presence of TFA, the value of icat/ip is
calculated to be 5.3, while the parent complex [CpNi”(pdt)Fe”(CO)(dppe)]+, [71°,%
without the pendant amine leads to a lower value (icat/ip = 2, Ecat = =1.16 V vs Fc+/°)
under similar conditions. This investigation demonstrates that the presence of a
potential proton relay in bio-inspired NiFe complexes is also beneficial for enhanced
HER performances. The nature of the R substituents of the azadithiolate bridging
ligand also affects the overpotential. Indeed, the complex
[CpNi"(SCH,NRCH,S)Fe"(CO)(dppe)]* (R= 4-MeCgHa) [14]" displays HER activity with
an overpotential of 0.78 V, a higher value than that for the analogue complex [13]"
(n=0.54 V) with R=H.*

1.1.3.2 Pendant phosphine oxides (P=0 group) as proton relays

As early as about 10 years ago, the Weigand’s group reported a novel type of
bio-inspired FeFe complexes [15] bearing the u-(SCH,),(Ph)P=0 ligand (Figure 1.10).%°
In the presence of HBF4-Et,0, a shift of the CO vibrations to higher energy by ~10
cm ! is observed in the IR spectrum of the CH,Cl, solution of the complex [15]. The
31p{'H} NMR spectrum of complex [15] in the presence of HBF4Et,O displays a
downfield shift by 36.6 ppm. These data evidence that protonation occurs at the P=0
site in the presence of the very strong acid, HBF4Et,0. However, [15] is not
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protonated with the moderate acid [HPy][BF4] (pKa (Hpyiier,) > PKa Her,et,0). More

recently, using the u-(SCH,),(Et)P=0 ligand, the corresponding complex
([(CO)3Fe(p-(SCH,),(Et)P=0)Fe(CO)s], [16])° can be protonated with the mild acid TFA.
Interestingly, the overpotential of 0.38 V (Ecat= -1.27 V vs Fc'’) for complex [16] is
significantly lower than for [2] (n=1.06 V) under similar conditions. Based on DFT
calculations and digital simulations, a three-electron and three-proton process has
been proposed. The key step corresponds to the proton transfer from the P=0-H
function to the Fe sites to form a bridging hydride after double reduction of the
protonated initial complex. Both the experimental observations and the mechanistic
investigation evidence that the R-P=0 bridgehead can act as a proton relay as an
effective alternative for a pendant amine.
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Figure 1.10 Protonation step of complex [15].

1.1.3.3 Role of metal-bound thiolates

As described in sections 1.1.3.1 and 1.1.3.2, the reported works demonstrated that
the bridging ligands in bio-inspired dinuclear NiFe or FeFe complexes bearing a —NR
or R—P=0 function can act as proton relays to promote the electrocatalytic activity
for H, production during the catalytic process. In these dinuclear complexes, the two
metals are connected by a dithiolate bridge, also prone to protonation.

Take the simplest bio-inspired complex of the [FeFe] Hjase as an example
([(CO)3Fe'(pdt)Fe'(CO)3], [2]),°" *2 different possible catalytic cycles have been
proposed based on experiments and DFT calculations. The initial complex [2] is first
reduced (E;; = -1.59 V vs Fc+/°) and then protonated leading to a bridging hydride
species in the presence of the HOTs acid in MeCN. After the second reduction and its
further protonation, two hydride species are produced: (i) a dihydride species with
two terminal hydrides coordinated to each of both Fe sites and (ii) a dinuclear Fe
species with a bridging hydride and a protonated thiolate (Figure 1.11). In case (ii),
the corresponding thiol remains coordinated to only one Fe site, resulting in a
structural isomerization with the CO becoming bridging. The two hydride species are
further reduced, then releases H, and restores the reduced state
[(CO)_:,Fe'(pdt)Feo(CO)g]’ (Ecat= -1.84 V vs Fc+/°). Therefore, the dithiolate ligand not
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only acts as a bridging ligand to generate stable dinuclear complexes and to tune
their redox potential but also serves as a proton relay during the catalytic cycle
thanks to its hemilabile character when protonated.
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Figure 1.11 Different proposed catalytic cycles for H, production with complex [2].

The  [(*™N,S,)Fe(NO)Fe’Cp(CO)]* complex (*™N,S, = bismercaptoethane
diazacycloheptane),” [17]", displays similar hemilability properties and a proposed
mechanism has been predicted based on DFT calculations. The crucial step of the
catalytic cycle has been identified as the decoordination of the thiol from the Fe’ site
to generate reactive sites on both the thiolate and the Fe’ site to allow the formation
of an intermediate species with a protonated thiolate and a terminal hydride during
the catalytic process (Figure 12). After the first reduction, a protonation leads to a
thiol species [17-H°]". Its further reduced species reacts with another proton to
produce a terminal hydride species [17(t-H)H’]*. The close proximity of the hydride
and the thiol proton allows H*/H heterocoupling to produce H,. The catalytic
potential has been determined at E; = -1.56 V vs Fc%in the presence of TFA in
MeCN (TON = 0.33(+0.02) in 30 min, faradic yield = 77.2(+7.9) %). Moreover, its
overpotential (n = 0.938 V) is slightly lower than that of the complex [2] complex
(n=1.06 V).
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Figure 1.12 Formation of key protonated species within the catalytic cycle with
complexes [17] " (top) and [18]" (bottom).

An analogous complex [(a'ky'NZSZ)Ni"Fe"Cp(CO)]+, [18], has been described with Ni
instead of the {Fe(NO)}’ center and a DFT-predicted mechanism has been proposed
(Figure 1.12, bottom). Complex [18]"is reduced by one electron to produce the [18]
species. During the reduction of [18]", one thiolate becomes monodentate leading to
an electron transfer from Ni' to Fe" to generate a Ni"Fe' species. The resulting Fe' site
has then enough electron density to accept a proton. The [18]is thus protonated to
form a terminal Fe'”—hydride species [18(t-H)]" at the Fe site in the presence of TFA.
The further protonation of its reduced form occurs at the terminal thiolate. Finally,
the close proximity of the hydride and the thiol proton allows H*/H™ heterocoupling
to release H, as in [17]". The complex [18]" is active as a HER electrocatalyst with a
faradaic yield of 96(+£2.9)% (Ecat = -1.56 V vs Fc+/°, TON = 0.26(+0.01) in 30 min). Its
overpotential (n = 0.942 V) is only slightly higher than that of [17] * (n=0.938 V).

Compared with the complex [5]" (n = 0.68 V), which possesses a redox-active ligand,
complex [18]" displays a much higher overpotential under similar conditions. This
result underscores once more the important role of the innocent redox-active
bipyridine ligand in the activity of H, production. Based on DFT calculations, it has
been proposed that the bridging dithiolate of the L"**? ligand in complex [5]
(described in section 1.1.2.2, Figure 1.6) also displays hemilability properties and can
act as a proton relay to accept H* during the HER catalytic process.> It can be seen
that these complexes containing hemilabile bridging thiolates are also valuable
catalysts for electrocatalytic H, production.

The protonation of thiolate has also been experimentally evidenced. The
heterodinuclear [(S4)Ni(u-CO)Fe(CO),] (SaH, =
1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene) complex, [19],>> can be
protonated in the presence of HBF,-Et,0 (Figure 1.13). The signal of the —SH function
has been identified at 4.79 ppm in the "H NMR spectrum of the protonated species.
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A —SH vibration is also observed at 2512 cm™in the IR spectrum. Thus, the proposed
protonation site is at the terminal thiolate bound to the nickel site leading to [19-H".
Both [19] and [19-H®]" display comparable HER electrocatalytic activity in the
presence of CF3CO,H in MeCN (Er = -1.60 V vs Fc+/°). The overpotential (and
observed TOF) values for [19] and [19-H’]" are 0.54 V (5 h™) and 0.57 V (8 h),
respectively. Since [19] is not protonated by CF3CO,H, [19-H®]" is not implicated in the
catalytic cycle of [19] as an intermediate species. Interestingly, DFT calculations
predicted a bridging hydride Ni'Fe" species, [19(p-H)]" as a tautomeric form of
[19-H°]*, which structure is energetically higher (~5 kcal mol™) than the most stable
[19-H]* isomer. This observation implies that an Fe(pu-H)Ni intermediate species
should be accessible during the electrocatalytic cycle. This example demonstrates
that metal-bound thiolate can act as a proton shuttle to assist the transfer of protons
during the HER catalytic process. An analogy can be made with the [NiFe] H,ase, for
which it has been experimentally demonstrated that a Ni-bound cysteine can be
protonated after photolysis of the bridging hydride ligand in the Ni'Fe" state.r” %>’

[19] [1o-HeT" [19(u-H)
Figure 1.13 Equilibrium between the two [19-H®]" and [19(p-H)]* tautomers.

In these sections, we have discussed three strategies to synthesize bio-inspired HER
catalysts with potential proton relay: (i) pendant amines; (ii) —P=0 group; (iii)
hemilabile thiolate. Based on DFT calculations, they can act as proton acceptors to
assist the transfer of protons to the metal site under certain acidic conditions during
the catalysis process. Besides, depending on the acid used, and thus its pKj, it is
possible to control the E and C steps sequence allowing the fine-tuning of the
catalytic mechanism. Therefore, the study of this impact can contribute to a better
understanding of the catalytic mechanism, especially regarding the properties of the
involved intermediates species, and thus indirectly to the design of catalysts with
optimal activities.

1.1.4 Nature of the hydride intermediate and reactivity

As discussed above, in the case of the [FeFe] and [NiFe] H,ases or their bio-inspired
complexes, hydrides represent key intermediates during the catalytic cycle and are
the outcomes of the protonation or the H, activation of the metal site. ***° Two
different hydride binding modes have been observed, i.e., terminal or bridging. In
general, the bridging hydrides are more thermodynamically favored than the
terminal hydrides. Bridging hydrides can thus be generated by (spontaneous)

isomerization of a terminal hydride precursor, but they often lead to electrocatalysts
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with low HER performance.®®® In contrast, terminal hydrides are usually directly

formed through protonation of the FeFe or NiFe complexes.63

1.1.4.1 Hydride in bio-inspired FeFe complexes

In generally, hydride is found in bridging mode because of its thermodynamically
favorable in room temperature. For example, [2(u-H)]" is generated from the reaction
between [(CO)3Fe'(pdt)Fe'(CO)3] [2] and [SiEt3]B(CgFs)s and HCI (Figure 1.14).%
[2(u-H)]" has been characterized by *H NMR with a sharp singlet at -15.9 ppm and
the X-ray data revealed an Fe--Fe distance of 2.5540(4) A, slightly elongated with
respect to the initial complex [2] (2.5103(11) A). The electrocatalytic properties of [2]
have been investigated in the presence of HOTs (see section 1.1.3.3.). The complex [2]
is insufficiently basic to be protonated by HOTs and needs to be reduced (E,c = -1.59
V vs Fc'’%) before undergoing a protonation leading to the proposed [2(u-H)] complex,
which is then readily reduced (Epc = -1.48 V vs Fc+/°) into another bridging hydride
[2(u-H)] (Figure 1.11).°" >

ﬂ [SIEtIB(CFs)s ﬂ m

HCI
|: /L\ - or B \\ /
OC|\‘ e Fe ,,ICO _ OC“I‘ _Fe oy
/ \ - N \'CO
oc co HBF, oc.  H  to
2] 2(u-H)I*

Figure 1.14 Protonation of the complex [2].

In addition, the [(CO)3Fe'(pdt)Fe'(CO)dppe] complex, [20], is formed, by replacing two
CO ligands with a o-donating diphosphine ligand (dppe) in the complex [2]. At -203 K,
complex [20] reacts with HBF;¢Et,0 to generate a terminal hydride (*H NMR 6 =
-4.33 ppm), which isomerizes to a more thermodynamically favorable bridging
hydride (*H NMR & = -14.1 ppm) upon warming to 298 K (Figure 1.15). X-ray data
confirm that the bridging hydride species displays a longer Fe::-Fe distance (2.581(5)
A and Fe-H: 1.627(3), 1.640(4) A) compared to its initial unprotonated form (2.547(7)
R). However, no reaction is observed between complex [2] and HBF,*Et,0, due to the
low basicity of [2] (Figure 1.14).

v Ph Ph \\ o \\ Phph 1"

: | H S8 CO S8
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. g ; _¥ I}
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oc to Ph OC co I:>h/F\> oC H CcCO
Ph 20(u-H)I*

Figure 1.15 Protonation of the complex [20].

The above examples illustrate that the formation of hydrides is related to the basicity
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of the iron-iron core and the strength of the exogenous acid, and that the thermal
stability of bridging hydride is higher than that of terminal mode. In contrast,
terminal hydride facilitates H, production by lowering the reduction potential (~200
mV) of the complex with respect to intermediates with bridging hydride® thanks to
their higher hydridic character®® ®” and by a closer proximity to an internal proton (in
the complexes bearing a proton relay).68 It is noted that the main contribution to the
kinetically favored formation of terminal hydride arises from the azadithiolate moiety,
which plays a crucial role in the catalytic activity of both models and enzymes (see
session 1.1.3.1)." In addition, it is proposed that protonated amine groups can
transfer protons to the metal center to provide a terminal hydride by DFT
calculations, as in [FeFe] H,ase during the catalytic cycle.

For example, the [(CO)(dppv)Fe(adt)Fe(dppv)(CO)]*’ [21] is protonated by
[H(OEt,),]BArF4 in CH,Cl, to offer terminal hydride species ("H NMR & = -4.2 ppm) at
-80°C. Above -20°C, the broaden signal in the *H and *'P NMR spectrum is defined as
the exchange between the hydride and ammonium tautomer. The terminal hydride
species isomerizes to a bridging hydride species (‘*H NMR 6 = -13.7 and -14.8) at
room temperature. The terminal hydride species is readily protonated to produce the
ammonium hydride species. The crystal structure of the ammonium hydride species
shows that the ammonium center of the dithiolate cofactor adtH" is adjacent to the
Fe-H center (Fe-H: 1.44(4) A; NH---HFe: 1.88(7) A), providing unique insights into the
proposed enzymatic intermediate Hox(H*,H'). The ammonium hydride [21(t-H)H"] is a
faster electrocatalyst for H, production in the presence of CF3COOH (Ec.c= -1.11 V vs
F¢®, TOF = 58 000 s n = 051 V). The analogue complex
[(t-H)(CO)(dppv)Fe(pdt)Fe(dppv)(CO)] provides a very low catalytic efficiency with
HBF4-Et,0 (Ecat = -1.49 V vs F¢’®, TOF = 5 5%, n > 1 V) under similar conditions,
compared to the ammonium hydride species. The proposed [CCEE] or [CECE]
pathway described in the presence of different acids (Figure 1.16), indicates that the
combination of a terminal hydride with the azadithiolate cofactor greatly facilitates
the reduction of protons to generate H,.
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Figure 1.16 Catalytic cycles for H, production with [21].

In nature, the terminal hydride observed in the [FeFe] Hyase is further stabilized by
the amino residues present in the active site, allowing its stabilization even at room
temperature. Interestingly, even when the N-H group of adt is substituted by an O
atom in [FeFe] Hjase hybrids, which eliminates the direct proton relay, the
corresponding terminal hydride species is more stable than the complex with the
bridging adt. However, all these modified thiolate scaffolds (odt, pdt), show inferior
reactivity in reducing H, to the original adt present in the enzyme.21' 4

Based on DFT calculations, it has been proposed that a di-terminal hydride can be
involved as a catalytic intermediate. One example of such a species has been
generated by protonating the hydride [(CO)sFe'(pdt)(u-H)Fe'(CO)s]” complex ([2(u-H)T,
see Figure 1.11). One of these hydride species is formed with two terminal hydrides
coordinated to each of both Fe ion. It is noted that a similar species with two
terminal hydrides has been proposed from the H, activation of the dinuclear
Ni(u-H)Ru complex, [22(p-H)]" (Figure 1.17).” %
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Figure 1.17 Formation of dihydride species [22-2(t-H)].
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The transient formation of a terminal hydride species is also proposed to explain how
the bridging hydride species, [(MesP)(CO),Fe(pdt)(u-H)Fe(CO),(PMe3)1* ([23(u-H)]H),
can mediate H/D scrambling under D, and ambient light (Figure 1.18).°' The process
is rather slow since the hydride exchange requires several weeks in CH,Cl,. Besides, it
has been observed that no H/D exchange can take place when a coordinating solvent
such as MeCN is used, supporting the requirement of an open coordination site
created through an isomerization process between a bridging hydride and a terminal

one.70

_|+ ﬂ _|+ ﬂ —|+

s
0C. ’u\\ /“'PM v, oco F,IID\\ 4PM ﬁ\\ 4
MezP" / \H/ \' e D, MesP'/ N ""PMeg Me p\ "'PMe;
o co od 0 1 Yo 3001 \D H/\CO
23(u-H)” [23(n2-D,)(-H) I

OC. ,”\\F4 ||\\ 4
Me3F’\/ \D/ \IIPMe3 -HD Me3P l /\/PMe3
ocC

[23(n-D))* [23(n*-HD)(t-D)I*

Figure 1.18 H-D exchange through terminal hydride by [23(p-H)]".

1.1.4.2 Hydride in bio-inspired NiFe complexes

In the [NiFe] H,ase, bridging hydrides (Fe(u-H)Ni) with the H atom being closer to the
Ni site has been proposed under catalytic process (see section 1.1.1.2). In the case of
the bio-inspired complexes, the generated hydride species has the tendency to be
closer to the M site in the NiM (M= Fe, Ru or Mn) complexes, but not on the Ni site
as in the enzyme.9 The presence of this more thermodynamically favorable bridging
hydride structure is proposed to be one of the factors explaining the lower

performance of the [NiFe] H,ase with respect to [FeFe] Hyase.* "

Apart NiFe hydride species described above, others have been stabilized with the Ni
in a P,S; environment. The first observed NiFe hydride species,
[(dppe)Ni"(pdt)(u-H)Fe"(CO)s]* ([24(u-H)]*, '"H NMR & = -3.53 ppm, X-ray: Fe-Ni:
2.6131(14) A; Ni-H: 1.64(6) A, Fe-H: 1.46(6) A, Figure 1.19), "*”* has been generated
from the protonation of the corresponding Ni'Fe' complex [24] in the presence of
HBF,. This NiFe hydride species is an active electrocatalyst for H, production at E..:=
-1.20 V vs Fc"® (n= 0.31 V). This protonation reaction is assisted thanks to the
capacity of [24] to undergo a redox isomerization to a formal Ni"Fe® state. This Ni"Fe®
state is about eight orders of magnitude more basic than the Ni'Fe'state allowing its
rapid protonation to generate the bridging Ni"Fe'" hydride.
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When one or two CO ligands are replaced by a mono- or di-phosphine ligand, the
corresponding hydride species remain in bridging coordination, but still remaining
closer to the Fe site (Figure 1.19). Indeed, the [(dppe)Ni”(pdt)(u—H)Fe"(PPhg)(CO)2]+
complex ([25(p-H)]", veo = 2016 cm™ and 1964 cm™, *H NMR = -3.08 ppm) displays a
dniw-deey  difference of 0.40 A’ an increase compared to 0.18 A in
[(dppe)Ni"(pdt)(pu-H)Fe"(CO)s]" ([24(p-H)]"), but a decrease with respect to 0.292 A,
found in [(dppe)Ni"(pdt)(u-H)Fe"(dppe)(CO)* (([26(p-H)I"), Veo = 1954 cm™ and 1938
cm™, *H NMR & = -3.01 ppm) in which two CO have been exchanged.” Therefore, the
tendency of H binding is difficult to determine and is influenced by both steric and
electronic effects of the ligand substitution.’
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Figure 1.19 The structure of the hydride species.

Interestingly, the value of dyw-drenn for [(dppe)Ni(pdt)(p-H)Fe(dppbz)(CO)]*
([27(p-H)1*, dppbz =1,2-bis(diphenylphosphino)benzene, Figure 1.19) is -0.010 A, in
which dppe has been replaced by dppbz in complex [26(u-H)]". This indicates that
increasing electron density at the Fe site can shift H toward the Ni site, making the
structure closer to that found in the [NiFe] Hpase.”

These Ni'(p-H)Fe" models display HER electrocatalytic properties following a [CECE]
mechanism (Figure 1.20 with the [(dppe)Ni'(pdt)Fe'(CO);,]compIex, [24], as an
example). The hydride Ni”(u—H)FeII species is proposed to be the first intermediate of
the cycle, and its reduction allows a second protonation to occur, followed by the
release of H,. The resulting Ni'Fe' species is then reduced to regenerate the initial
Ni'Fe' complex. The electrocatalytic performance of these complexes is comparable
with good rate (TOF values around 30 or 60-120 s1) in the presence of CF3CO,H or
CICH,CO,H, E. values ranging between -1.20 V and -1.70 V vs Fc+/°, and relatively
small overpotential (n between 0.50-0.85 V).’
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Figure 1.20 Catalytic cycle for H, production with the complex [24].

1.1.5 The nature of metals

As mentioned above, the activity of H, production can be modulated by ligand
modification such as the introduction of basic ligands as proton acceptors or ligands
with redox properties in dinuclear NiFe and FeFe complexes. The electrocatalytic
activity can also be adjusted by the nature of the metals in the bio-inspired
(hetero)dinuclear bio-inspired complexes, including the use of the Co-based
complexes.g’9

For example, the Ni site can be replaced by the [Co(NO)] unit in the NiFe ([18])
complex to generate the heterobimetallic [(a"“"NZSZ)Co(NO)FeCp(CO)]+76 complex,
[28]". It displays HER activity with a slightly higher overpotential (n =1.06 V, TON =
0.35(%0.05), faradaic efficiency (FE) of 92 £ 1% after 30 min at Eca/,=-1.80 V vs Fc+/°)
in the presence of TFA, compared to the analogous NiFe complex [18]" (Ect/2 = —1.56
V vs Fc+/0, TON = 0.26(x0.01) in 30 min, n = 0.942 V). The complex
[(*™'N,S,)Co(NO)FeCp*(CO)]* ([29]), in which Cp has been replaced by Cp* with
respect to [28]" exhibits a milder catalytic performance with a higher overpotential (n
=1.27 V) and a lower value of TON = 0.15(+0.01) (Figure 1.21).

In another NiCo complex, the hydride [Cp*Co'(pdt)Ni"(t-H)(dppe)]™” ([30(t-H)]*)
species with a terminal hydride coordinated to the Co site has been isolated (‘*H NMR
6 =-9.77, X-ray: Co—Ni, 2.556(1); Co—H, 1.45(5)). This HER catalyst displays a faradaic
efficiency of 91%z5 in the presence of Cl,CHCOOH (E,t = -1.45 V vs Fc+/°, TOF=244 s
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and follows a [ECEC] mechanism. The Co ion has been replaced by an Fe ion in
complex [30] to generate the analogous complex [Cp*Fe"(pdt)Ni'(dppe)]”. It displays
HER electrocatalytic activity in the presence of HOAc in MeCN (TOF = 761 s"l, Ecatyn >
-2.00 V vs Fc’°) with a proposed [EECC] mechanism.’® This NiCo complex has a lower
value of TOF than [Cp*Fe"(pdt)Ni"(dppe)]’, but much larger than the analog [7]".
According to the above description, it can be seen that the nature of metal is a factor
that can impact the electrocatalytic activity of H, production.
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Figure 1.21 The structure of bio-inspired CoFe and CoNi complexes.

Finally, several approaches have been developed over the last decade to mimic the
extraordinary reactivity of H,ases in order to design efficient electrocatalysts for H,
production. The design of bio-inspired molecular electrocatalysts based on the
knowledge acquired, i.e. (i) dinuclear complexes in which both sites work in synergy
allowing the stabilization of hydrides (e.g., phosphine-based ligands), (ii) a
redox-active site to shuttle electron (such as bipyridine), (iii) a pendant amine or
protonable ligands (thiolate with hemilability properties) to serve as proton relays,
and (iv) the nature of the metal to tune the catalytic activity. The results obtained
seem mixed since none of these systems is able to exhibit reactivity with
near-enzyme performance. However, all of these researches have contributed to a
detailed understanding of the mechanisms highlighting the key factors that allow
optimal control of proton and electron transfer. Moreover, chemists are devoted to
developing strategies to solve other challenges including their stability and working
conditions (switching from organic solvents to aqueous solutions). Some effective
strategies are currently being developed to address these issues, namely
incorporation into metallopolymers,79 confinement in porous materials®® and
immobilization on the surface of an electrode.?* Therefore, the bio-inspired approach
remains a promising strategy that should lead to a breakthrough in the development
of high activity electrocatalysts for the production of H,.

1.2 CO2 reduction

CO, is one of the greenhouse gases that contribute to global warming. It also
represents a potential feedstock for the synthesis of value-added fine chemicals and
fuels because of its low cost and toxicity, high abundance and relative ease of
transport.®®> Electrocatalytic CO, reduction is thus an attractive pathway to convert
CO, into organic fuels and useful chemicals.®® 8 €O, reduction involving

multielectron processes (>=2e’) can contribute to the control or even decrease of the
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CO, concentration in the atmosphere by its chemical valorization, e.g. production
C-based products like CO, HCOOH, CH30H, HCHO, CH5CH,0H, and CHy, in line with
the concepts of atom economy and green chemistry. 82,85 88 However, CO, has high
thermodynamic stability and chemical inertness making it difficult to perform its
chemical conversion. The development of efficient, selective, and stable catalysts for
CO, reduction remains one of the key challenges in the energy conversion domain.?”
8 A large number of molecular transition metal based electrocatalysts (metals = Fe,
Ni, Cu, and Mn, etc.) have been used to catalyze the reduction of CO,, the synthesis
of which involving mainly three types of ligands, i.e., macrocycles, polypyridines, or
phosphines.84’ 89-93

There are also enzymes in nature that can catalyze the reduction of CO, to CO,
namely the carbon monoxide dehydrogenases (CODHs).®? In general, two kinds of
CODHs can be distinguished due to the different metals present at their active sites.
One is the O,-sensitive NiFe CODH, which reversibly reduces CO, to CO close to the
thermodynamic potential (Ecx= -0.52 V vs SHE at pH=7).>*°® The second is the
air-stable [MoSCu]-containing enzyme, namely MoCu CODH, that catalyzes CO
oxidation.®? In the content of my thesis, MoCu CODH will not be described. The
following will discuss the structure of NiFe CODH, its proposed mechanism for CO,
reduction, and its bio-inspired complexes.

1.2.1 The structure and function of NiFe CODH

The active site of the NiFe CODH contains a [NiFesS4] cluster, which consists of a
heterodinuclear NiFe; center bridged by an [FesS,] cluster that rigidly positions these
two metal centers in close proximity (Figure 1.22).%4%° Although the mechanism for
CO, reduction in the NiFe CODH is still under debate, a two-electron process
mechanism has been proposed based on structural, spectroscopic, and kinetic
studies (Figure 1.22).% CO, is activated by its coordination on the Ni site by the C
atom to form a Ni-C bond assisted by a two-electron process. One of the carboxylate
oxygen atoms (O;) forms a hydrogen bond with the Histidine 93 (Hgs). The resulting
CO, adduct loses water from Fe; with the assistance of two protons, leading to the
formation of the Int_3 species, in which O; is bound to Fe;. The Int_3 species then
cleaves C-0; and releases CO, and regenerates the initial complex with the addition
of a water molecule. Regardless of the precise reaction sequence and electronic
structure, hydrogen bonding to the protonated histidine residues is important for
stabilizing the resulting CO, adduct during the catalytic process.
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Figure 1.22 Proposed mechanism for the catalytic reduction of CO, to CO by the NiFe
CODH.

1.2.2 Bio-inspired complexes of the NiFe CODH

Some of the structural and functional models of the NiFe CODH have been described
and used to catalyze CO, reduction.?” *® However, most of the reported molecular
catalysts for CO, reduction are mononuclear complexes, and only a few binuclear
molecular catalysts have been employed so far.’’ For example, the design of the
[Co”(dppe)PySz] [31] complex98 is inspired by the active site of the NiFe CODH. The
CO, activation step involves the protonation of one metal-bound thiolate
accompanied by the oxidation of the Co' center into a Co". CO, is selectively reduced
into CO catalytically in the presence of two protons with a low overpotential (< 100
mV, FE > 93%, E.= -1.2 to -1.7 V vs Fc+/°) (Figure 1.23). More precisely, CO, binds
the Co' site to afford a Co"'-COOH species. This Co"-COOH intermediate undergoes
protonation and C-OH cleavage to release H,0 and CO. In this case, in the presence
of H,0 as a proton source, the complex [31] is selective for CO, reduction with only
trace of generated H; (Ecat> —1.3 V, Ec.t< —-1.3 V without H,). Interestingly, when TFE
(2,2,2-Trifluroroethanol) is used as a proton source, H, production occurs but not CO,
reduction. Under these experimental conditions, CO, does not bind the Co' site,
because it can coordinate only when the thiolate is protonated.
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Figure 1.23 Catalytic cycle for CO; reduction with the complex [31].

As mentioned above, the catalytic process of both the NiFe CODH and H,ases
involves acid-base reactions and electron transfer processes. Moreover, the two
enzymes, the NiFe CODH and H,ase, display similar key structural features in their
active sites: both contain a heterodinuclear FeNi unit with a thiolate-rich
coordination sphere. It is reasonable to guess that catalysts inspired by the H,ases
could be capable of catalyzing CO, reduction. Both the reduction of CO, to CO and
the reduction of protons to H, involve two-electron processes. It should be noted
that NiFe CODH catalyzes CO, reduction to CO without the formation of hydride;
while hydrides represent key intermediates during the catalytic cycle for H,
production.

The bio-inspired [FeFe] H,ase complexes [(u-bdt)Fe,(CO)s] ([32]) and [(p-edt)Fe,(CO)e]
(edt = 1,2-ethanedithiolate) have been used to catalyze the CO, electroreduction into
HCOOH and CO.” In detail, for [(p-bdt)Fe,(CO)¢], a faraday efficiency of 71% for
formic acid, 10% for CO and 7% for H, has been measured at E.;t= -2.35Vin 0.1 M
MeOH/MeCN under CO,. The complex [(pu-edt)Fe,(CO)e] displays milder performance
for CO; reduction under similar conditions (48% for formic acid, 22% for CO, and no
Hz).

Based on density functional theory (DFT) calculations and experiments, it has been
shown that the complex [32] is not the entry in the catalytic cycle but its
two-electron reduced form ([32]%) (Epe= -1.33 V vs Fc+/°) (Figure 1.24). One of the
thiols becomes coordinated to only one Fe site, resulting in a structural isomerization
with one CO ligand becoming bridging in [32]*. In the presence of a proton source,
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[32]* then reacts with CO, to produce a CO, adduct [32-CO,], in which one of the O
atoms of CO, binds to the neighboring Fe site, accompanied by the protonation of
the terminally bound thiolate and the decoordination of one CO ligand. Subsequently,
an intramolecular proton transfer from the thiolate to the uncoordinated O atom of
OCO occurs. The [32H-COOH]  species is generated by a one-electron reduction step
(Epe=-1.8 V vs Fc*’°) followed by a protonation step that leads to the cleavage of the
Fe-O bond combined with the rearrangement of one CO ligand that becomes
bridging. Finally, the reduction of this species leads to either, (i) the release of COOH
and the regeneration of [32]°" with the addition of one CO, or (ii) the release of CO
and H,O with the direct regeneration of [32]°". During this catalytic cycle, the
synergistic effect of the close diiron centers plays an important role in activating CO,.
Indeed, CO, is activated by its coordination through the C and O atoms at the two Fe
sites, respectively, mimicking the CO, activation mode proposed in the [NiFe]-CODH
enzymes.95 This work enriches the versatility of the [FeFe] H,ase models in catalytic
aspects beyond proton reduction.
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Figure 1.24 Proposed pathways for the electrochemical CO, reduction with the
bio-inspired FeFe complex [32].

Interestingly, the bio-inspired complex [5]" is also a multifunctional catalyst that can
not only catalyze H, production but also CO, reduction.'® As already discussed above,
[5]" can be immobilized on graphite (EPG) by physical adsorption to form a hybrid
catalyst Ni”Fe”Cp/EPG. While, in pH 4 acidic aqueous solutions, the cathodic event is
assigned to the HER under Ar, in the presence of CO,, the catalytic wave displays a
positive shift of 150 mV, which has been defined as the occurrence of an event
process in relation with CO, reduction (Figure 1.25). After electrolysis at E;:= -1.3 V
vs SHE at pH 4 in phosphate buffer, it has been demonstrated that Ni"Fe"Cp/EPG
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reduces CO,; electrocatalytically into a mixture of CH,4 (FE = 12%), the unique C-based
product identified and H, (FE = 62%). A proposed catalytic process for the production
of CH,4 involves both the Ni and Fe sites: the Ni site to stabilize the hydride species,
and the Fe site to activate CO,. In other words, CO, is activated and converted at the
Fe site, while the Ni site generates hydrides and transfers them to the Fe site until
CH4 is formed and released. Interestingly, it has been confirmed experimentally that
the molecular structure of [5]" immobilizing on EPG is completely preserved after
electrolysis.
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Figure 1.25 CVs of Ni”Fe”Cp/EPG under either Ar (blue line) or CO, (black line) and
pristine EPG under CO, (dashed orange) in acid aqueous of 0.1 M KPFg at 50 mV/s.
Conditions: Ag/AgCl (satd. KCl) as reference electrode and Pt as the counter
electrode.

1.2.3 The role of pendant amine in CO, reduction

Even though many catalysts have been employed for CO, reduction with high activity,
the catalytic performance of some complexes still needs to be developed compared
to that of enzymes. Therefore, it is no doubt that for some catalysts, we hope to tune
their electrocatalytic activity (lower overpotential and higher selectivity) for CO,
reduction through some strategies, for example, the incorporation of pendant amine
ligands. As for H, production, the presence of a pendant amine in the second
coordination sphere can act as a proton relay to shuttle protons, and can also be
responsible for adjusting the electronic structure of the metal center to modify the
electrochemical performance of the complexes. It is therefore inferred that the
presence of a pendant amine should also have the ability to tune the properties of
CO, reduction electrocatalysts, as demonstrated by some examples reported in the
literature.

An Fe porphyrin complex101 bearing a pendant amine group ([33], Figure 1.25)
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catalyzes CO, reduction to HCOOH at -1.55 V vs Fc’° under saturated CO, conditions
with 1 M H,0 in DMF (Faradaic yield = 97 + 1%, n = 50 mV, TON =5 x 105, TOF = 50
S'l). The CV of [33] shows that the Fe' oxidation state does not react with CO, in the
absence of H,0, but a positive shift of about 100 mV is observed when H,0 is added.
It has been proposed that the amine group is protonated by H,COs;, and DFT
calculations indicate that CO, binds to the Fe' state to produce a CO, adduct only
when the pendant amine is protonated. For complex [34] that does not contain the
pendant amine group, CO, reduction does not occur under similar conditions
demonstrating that protonation of the pendant amine is critical for CO, binding
during the catalytic process.

In addition, the NiL"*®>NH, complex ([35], Figure 1.25) has the ability to convert CO,
into a mixture of products (faraday efficiency: 11.2% of HCOOH, 15.7% of CHsO0H,
35.5% of C,HsOH, 7.4% of CH3CHO and 25.5% of H,in 20 min) at Eg;:= -1.8 V vs
Ag/AgCl in the CO, saturated of 0.5 M K,COs solution after its immobilization on
graphite.’® Interestingly, only H, is produced when the complex [36], which does not
bear a pendant amine, is immobilized at the electrode under similar conditions. In
this case, complex [36] lacks the catalytic activity towards CO; reduction (Figure 1.25).
It can be seen that the -NH, group plays a crucial role in this catalytic process.

The above discussion confirms that a pendant amine has the ability to modify the
catalytic activity of CO, reduction, and it thus may be a promising strategy in the
design and synthesis of electrocatalysts for CO, reduction with optimized
performance.

COOEt
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[34] [35] [36]

Figure 1.25 The molecular structures of mononuclear Fe and Ni complexes.

In this section, several methods have been described in order to design efficient
electrocatalysts for CO, reduction, i.e. (i) a bio-inspired complex of NiFe CODH (e.g., a
Co-based catalyst), (ii) bio-inspired dinuclear NiFe or FeFe complexes of H,ases, and
(iii) catalysts with a pendant amine. Based on these data, the bio-inspired approach is
thus also considered as a promising strategy to develop high-activity electrocatalysts
for CO, reduction.

1.3 Motivation and plan of thesis

To date, several methods (redox-active ligands, potential proton relay, and active
hydride species) have been developed to mimic the extraordinary reactivity of H,ases
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to design efficient electrocatalysts for H, production. However, the performance of
these models is still not comparable to those of [FeFe] and [NiFe] H,ases. Fortunately,
an understanding of the mechanisms has contributed to highlighting the key factors
(electron and proton relays, and active hydrides) providing guidance for the further
design of highly active electrocatalysts for H, production. By bringing together all this
knowledge together, these bio-inspired electrocatalysts thus remain a promising
strategy for H, production with high activity (for example, lower overpotential).

CO, reduction is considered an efficient approach to CO, utilization. CO, can be
converted to CO or other C1 products (i.e. CHs, HCOOH, and CHs3OH, etc.) by
multi-electron and multi-proton processes. Many electrocatalysts have also been
used to catalyze CO, reduction. The same problem with H, production is that no
catalytic system can match the performance of the natural systems (NiFe CODH). The
strategy of incorporating pendant amine in complexes has been developed to design
efficient electrocatalysts for CO, reduction. In addition, it is noted that the active
sites of two enzymes (NiFe CODH and H,ases) display similar key structural features.
Their catalytic processes both involve electron transfer and synergy between the Ni
and Fe sites. Not surprisingly, bio-inspired complexes of H,ases thus catalyze the
reduction of CO, under electrocatalytic conditions. However, H, production is in
competition with CO, reduction. Hydrogen can also be selectively produced during
CO, reduction. This means that the selectivity of the electrocatalyst for CO, reduction
is reduced.

In previous works, a family of electrocatalysts have been synthesized by modeling the
structural features and function of active site functions of NiFe and FeFe H,ases
denoted as  [(LN*?)Ni"Fe''cp(cO)]*  (Ni"Fe'cp),  [(LV**?)(MeCN)Fe"(CO)Fe'Cp]*
(Fe"Fe''Cp), and [(L"***)Ni"Fe'Cp*(CO)]" (Ni'Fe'Cp*), (see section 1.1.2.2, Figure
1.26). They display similar catalytic performance for H, production under similar
conditions. Especially, the Ni”Fe”Cp complex can catalyze H, production and CO,
reduction in an acidic agqueous solution after immobilizing on graphite electrodes.

[4]*, Fe'Fe'Cp [5]*, Ni'Fe''Cp [6]*, Ni'Fe''Cp*

Figure 1.26 Structures of the different bio-inspired HER electrocatalysts.

Inspired by the above works, the aim of this thesis is to improve the electrocatalytic
activity of these systems in particular by lowering the overpotential for H, production
and CO, reduction. We mainly investigated the redox properties of compounds and
their catalytic activities from two aspects, namely the impact of the metal and the
design of ligands. The thesis has been divided into the following aspects.
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It has been reported in the literature that Co-based complexes displayed good
performance for H, production. For example, the complex [28]" displays a faradaic
efficiency of 92 + 1% for H, production. Additionally, both complexes Ni'Fe'Cp and
Fe”Fe”Cp give good performance for H, production under similar conditions.
Therefore, the Ni ion has been substituted by a Co ion to synthesize the
corresponding CoFe complex, and its electrocatalytic activity for H, production is
reported in Chapter 2.

The redox properties of the M”Fe”Cp complexes and their electrocatalytic activities
for HER (M= Ni and Fe) have been investigated in the literature. This series of
complexes still displays higher overpotential with the respect to the enzymes.
According to the previous reports (see section 1.1.3), the addition of a pendant
anime that can act as a proton relay can improve the activity of the electrocatalyst
for H, production by reducing the overpotential. Inspired by this result, in chapter 3,
our aim is to modify the Ni”Fe”Cp complex at the Fe site with the introduction of a
potential proton relay in the second coordination sphere, by replacing the Fe-bound
cyclopentadienyl (Cp) with the picolyl cyclopentadienyl (PyCp) and
2-(diethylamino)ethyl-cyclopentadienide (CpN), to investigate how this modification
will affect the HER electrocatalytic performance of the resulting heterodinuclear MFe
(M= Ni and Co) complexes. Considering that most of the isolated complexes suffer
from limited stability or/and low solubility in water>> ® required for sustainable
applications, immobilizing molecular catalysts on electrode surfaces to produce a
heterogeneous catalyst is a promising strategy to overcome these drawbacks. This
novel NiFe complex was thus immobilized on electrode surfaces to investigate the
activity of H, production in acid aqueous solutions.

The Ni”Fe”Cp complex can catalyze CO, reduction to yield a mixture of products (H,
and CH;) under heterogeneous conditions. Therefore, in chapter 4, the new MFe
complexes containing a pendant amine have been used to investigate their activity
toward CO, reduction under homogeneous and heterogeneous conditions.

Diphosphine ligands are electron-rich ligands that can effectively adjust the
electronic structure of the active metal to improve the electrocatalytic activity. FeFe
or NiFe complexes with diphosphine ligands have also been reported to be effective
for electrocatalytic H, production. In chapter 5, we attempted to synthesize new
dinuclear NiFe complexes by substituting Cp with diphosphine ligands.
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Chapter 2 A bio-inspired heterodinuclear
CoFe complex

2.1 Introduction

H,ases are metalloenzymes present in certain organisms, bacteria or microalgae,
which have the capacity to catalyze reversibly the oxidation of hydrogen from
protons and electrons at a potential close to the thermodynamic potential.*? *%1%
According to their active site, they have been divided into two main classes, i.e. the
[NiFe] and [FeFe] H,ases (Figure 1.1). The active site of the [NiFe] H,ase consists in a
heterodinuclear NiFe complex, with the two metal ions bridged by thiolate functions
from cysteine residues of the polypeptide chain. In the case of the [FeFe] H,ase, its
active site is a dinuclear iron complex with the two Fe ions also connected by two
thiolate functions arising from azadithiolate ligand. Besides, the active sites of both
two [MFe] H,ases (M = Ni or Fe) present carbon monoxide (CO) and cyanide (CN")
linked by iron metals. Thus, mimicking the activity of these enzymes by bio-inspired
complexes to develop new catalysts for H, production is an attractive strategy for
chemists.> 106108

Recently, two dinuclear bio-inspired M"Fe" (M = Fe or Ni) complexes have been
synthesized with similar structures. Both Ni”Fe”Cpsl’ 199 and Fe”Fe”CpnO’ 11
complexes display comparable electrocatalytic performance for H, production,
following a common E[ECEC] catalytic mechanism (Figure 1.26). Experiments and
DFT calculations confirm that the non-innocent redox activity of the bipyridine ligand
dominates the catalytic process.112 Since Co complexes have been shown high
performance for H, production in the relevant literatures, 113116 \we have replaced
the Ni ion in the parent Ni"Fe”Cp complex into a Co ion to synthesize and
characterize the analogue [(LNZSZ)CO"Fe"Cp(CO)]+ complex (Co”Fe"Cp). Its redox
properties as well as its electrocatalytic activity for H, production have been
investigated with the aim of comparing its reactivity with its analogous NiFe and
FeFe complexes.

2.2 Results and Discussion

2.2.1 Synthesis and characterization of Co"Fe'Cp

The complex Co'Fe''Cp has been obtained as a brown solid from the reaction
between a stoichiometric amount of [Co"(LY**?)] (CoL) and [Fe"(CO)(Cp)(CHsCN),]BF,
(FeCp) in distilled CH,Cl, at room temperature under argon, isolated in a 80% yield
(Figure 2.1). The ultraviolet—visible (UV-vis) spectrum of a solution of Co'Fe" in

dimethylformamide (DMF) displays two transitions at 468 nm (e = 4900 M*cm™) and
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584 nm (e = 3100 M*cm™), distinct from the spectra of the mononuclear complexes
(Figure 2.2). In the electrospray ionization mass spectrum (ESI-MS), a peak at m/z =
786.04 (calc. 786.09) is observed, assigned to the expected Co”Fe”Cp complex.

—I +
CH,Cl,
1

Fe
OC~" | NCCHj
H3CCN

CoL FeCp

Figure 2.1 Synthesis of the complex Co"Fe''Cp.
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Figure 2.2 UV-visible spectra of Co"Fe'Cp (black), CoL (orange), and FeCp (green).
Complex concentration = 0.1 mM in DMF.

Attenuated total reflectance infrared (ATR-IR) spectroscopy is employed to monitor
the binding mode of the CO ligand. In the solid-state IR spectrum of Co”Fe"Cp, the CO
vibration is observed at 1856 cm™ (Figure 2.3), which belongs to the range expected
for metal-bridging CO moieties. Its energy is close to the bridged M-CO-M (M: metal)
stretching vibration found in Fe"Fe"Cp32 (1822 cm™), and significantly lower than the
terminal M-CO vibration present in the FeCp complex117 and the analogous Ni"Fe”Cp
complex109 (1984 and 1929 cm™?, respectively). Based on these data, it can be
concluded that the CO bridges the Co" and Fe" ions in Co”Fe”Cp.
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Figure 2.3 ATR-IR spectra of the Co'Fe"Cp (black line) and Co'Fe''Cp (blue line).

In order to gain insights into the electronic structure of Co”Fe”Cp, EPR (electron
paramagnetic resonance) spectra have been recorded both as a powder sample and
as a frozen DMF solution sample at 100 K (Figure 2.4). The solid-state sample shows
a rhombic spectrum (g« = 2.24; g, = 2.09; g, = 1.98) consistent with a low-spin d’ co"
species (Figure 2.4, left). In this case, the d° Fe" centre does not contribute to the
spectrum indicating that the single unpaired electron of the overall S =% complex is
localized on the Co center. Hyperfine interaction (/ = 7/2 for >Co) is resolved in the
frozen DMF solution sample spectrum, supporting the co" assignment (Figure 2.4,
right).
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Figure 2.4 Solid-state EPR (left) spectra of Co'Fe'Cp (black) and Co'Fe'Cp(blue)
recorded at 100 K. EPR spectrum (right) of Co"Fe'Cp in a DMF solution (5 mM)
recorded at 100 K.
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To further investigate the structural and spectroscopic properties of Co"Fe''Cp, its
optimized structure have been predicted by DFT calculations. The Mulliken spin
population of 1.1 on the Co ion is fully consistent with a localized S = % Co"Fe"
complex as proposed by the experimental EPR data (see Figure 2.5 for the spin
density). The calculated stretching vibration of CO is predicted at 1887 cm™, which is
consistent with the experimental ones (1856 cm'l). DFT calculations confirm that the
overall spin state of the complex is a doublet (the quartet is predicted to be at a
much higher energy, see Table 2.1).

Figure 2.5 The DFT calculated structure of Co”Fe”Cp (ball and stick manner
representation), with the (positive) spin density in light transparent blue. Atoms:
Carbon (grey), oxygen (red), nitrogen (blue), hydrogen (white), sulfur (yellow), iron
(ochre), and cobalt (cyan).

Table 2.1 Energies of the quartet relative to the doublet for calculated Co"Fe'Cp
structure. Energies are expressed in kcal/mol.

BP86 B3P86
Doublet 0 0
Quartet 21.71 13.18

2.2.2 Redox properties of Co"Fe'Cp

The cyclic voltammetry (CV) of Co"Fe”Cp has been carried out in DMF due to its poor
solubility in acetonitrile (MeCN). The CV displays two diffused-controlled (quasi-)
reversible one-electron processes, centered at E1/; = -1.00 V (AE = 100 mV) and Ey/;
=-2.04 V (AAE = 80 mV) versus Fc™° (Figure 2.6). The first redox process at -1.00 V
can be attributed to the Co"' reduction, and the second one at -2.04 V, to the
reduction of the redox-non-innocent bipyridine ligand. In addition, the Co"!
reduction potential is calculated to be -1.02 V vs Fc*/° via DFT calculations (Table 2.2),
which is in agreement with the experimental one (-1.00 V).
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Figure 2.6 CV of a DMF solution of Co"Fe''Cp (1 mM); electrolyte: 0.1 M (Bu)sNCIO4;
reference: Ag/AgNOs; counter: Pt wire; scan rate: 100 mV/s.

Table 2.2 Calculated redox potential of the [Co"Fe"Cp]*/[Co'Fe'Cp] couple.

Redox potential (V vs Fc’°)
BP86 B3P86
Ecalc(MeCN)
-0.56 -1.02

For the analogue Ni"Fe”Cp,33 the CV shows a first reversible redox process at -1.29 V
vs Fc%in MeCN, attributed to the Ni"' reduction process. The reduction of the Ni"
ion occurs at a significantly more positive potential shift of 530 mV than that of the
mononuclear [Ni"(L"**?)] (NiL) complex under the same conditions, highlighting the
strong electronic effect of the Lewis acidic Fe component. However, the co"!
reduction potential in Co”Fe”Cp is shifted to an even greater extent by 700 mV as
compared to the mononuclear Col in DMF.* In the case of Fe”Fe”Cp,32 the diiron
analogue exists as a mono-CO bridging mode in MeCN, its first one-electron redox
system occurs at -1.21 V vs Fct/° resulting in the delocalized, mixed-valent
Fe1'5Fe1'5Cp species. Based on above discussions, Co”Fe”Cp is the easiest to reduce in
this series of M"Fe" complexes.

In Ni"Fe"Cp and Fe''Fe"Cp complexes, their second one-electron reduction process in
MeCN occurs at £y, =-1.90 V and Ey/; = -1.65 V vs Fc+/°, respectively, attributed to
the reduction of the redox active bipyridine ligand. In the case of Co"Fe"Cp, the redox
system associated with the bipyridine ligand occurs at a less negative potential at £/,
= -2.04 V in DMF. The small difference with Ni"Fe"Cp can be explained by the
difference of the solvent (DMF vs MeCN), while that with Fe'Fe'Cp can arise from
differences in the structural and electronic properties of the one-electron reduced
species (see 2.2.3).
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2.2.3 Synthesis and characterization of the one-electron

reduced Co'Fe"Cp species

The Co”Fe"Cp complex can be chemically reduced using one molar equivalent of
cobaltocene (CoCp,) in MeCN, to generate the one-electron reduced species with the
yield of 85% (Figure 2.7). This product is characterized by EPR, IR and UV-vis spectra.
The EPR spectrum of reduced species is silent (Figure 2.4, left), that confirms an
overall S = 0 complex (Co', &® Fe", d°). The IR spectrum displays a CO stretching
vibration at 1734 cm™ consistent with a bridging mode (Figure 2.3). Distinct changes
in UV-vis spectra are observed upon reduction (Figure 2.8, left), including the growth
of a broad at 950 nm. The transition at 950 nm is attributed to low-energy d-d
transition feature by DFT calculations (Figure 2.8, right). According to experimental
and electrochemical analysis, it can be concluded that the one electron reduction
occurs at the cobalt center to form the Co'Fe”Cp species. The CO vibration of
Co'Fe"Cp is at a notably weaker energy with respect to Co”Fe”Cp (1856 cm™).

The structural and spectroscopic properties of Co'Fe'Cp have been further
investigated by DFT calculations. For the optimized structure (Co'Fe'Cp°), the
predicted CO stretching vibration is predicted to be at 1779 cm™, consistently with
the experimental one (1734 cm™). The overall spin state of the complex is confirmed
to be a singlet in agreement with the EPR silent spectrum.

For the Ni”Fe"Cp analogue, its one electron reduction occurs at the nickel center to
form Ni'Fe”Cp and its CO vibration is observed at 1770 cm™ consistent with a
bridging coordination mode. Its energy is close to the bridged M-CO-M vibration
found in Co'Fe"Cp (1734 cm'l). On the other hand, in the case of the delocalized
mixed-valence species (Fel'SFel'SCp) generated upon the one electron reduction of
Fe”Fe”Cp, the CO vibration at 1896 cm™ is consistent with a terminal mode.
Therefore, the structure and electronic properties of the one-electron reducing form
of Ni"Fe"Cp and Co”Fe”Cp differ from that of Fe”Fe”Cp, which can explain the
difference in their redox properties regarding the second reduction process (see
2.2.2).

co'Fe'cp

Figure 2.7 Synthesis of the complex Co'Fe"Cp.
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Figure 2.8 UV-vis spectra (left) of the Co"Fe"Cp (black) and Co'Fe"Cp (red) complexes
in DMF (0.1 mM, 10 mm). The highest occupied molecular orbital (HOMO) of
Co'Fe'Cp (left).

2.2.4 Reactivity of Co"Fe"Cp in the presence of proton

Following the addition of EtsNH" as a proton source, a catalytic process (Ecat = -1.99 V
versus Fc+/0, measured at the middle wave at a concentration of 3.65 mM of EtsNH")
develops on top of the second wave of Co"Fe"Cp complex (Figure 2.9). Nevertheless,
when compared with the CVs recorded under the same conditions, but in absence of
Co"Fe”Cp, a similar catalytic potential is observed, evidencing that the presence of
Co"Fe”Cp has a marginal impact for H, production. This means that this complex is
not active for the electrochemical production of H,. This behavior was completely
unexpected, because both Ni"Fe"Cp and Fe"Fe"Cp have displayed good
electrocatalytic activity for H, production. Their comparable activity was in favor to
conclude that the nature of the metal coordinated in the L"** ligand has no notable
impact on their performance and that the bipyridine unit is the key factor in
controlling their reactivity.
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Figure 2.9 CVs of Co"Fe'Cp (0.73 mM, top, black) in the absence or presence of
various amounts of EtsNH* in DMF solution, 0.1 M n-BusNClO4, on a glassy carbon
electrode at 100 mV/s™. 5 equiv.(red); 10 equiv. (blue); 15 equiv. (cyan); 20 equiv.
(pink); 25 equiv. (dark yellow); 30 equiv. (dark blue); 40 equiv. (deep red); 50 equiv.
(magenta). The CVs of the corresponding blank samples (no catalyst) are also shown
(bottom).

2.3 Conclusions

The target Co”Fe”Cp complex has been synthesized and characterized by IR, ESI-MS
and UV-vis spectra. The corresponding one-electron reduced species (Co'Fe”Cp) has
been isolated and characterized. The redox properties of Co”Fe”Cp have been
investigated in DMF. Co”Fe"Cp has a more positive reduction potential upon first one
electron reduction, indicating that it is the easiest to reduce with respect to the two
other MFe analogues (M = Ni and Fe). Unexpectedly, this Co-based complex is not
active to electrocatalytically produce H,. Because the analogous Ni'Fe'Cp and
Fe'Fe''Cp complexes have the ability to catalyze the H, production in MeCN, we can
hypothesize that the change in electrocatalytic conditions, the nature of the solvent
(MeCN vs DMF), may limit the catalytic ability of Co"Fe"Cp complex for H, production.
DFT calculations are currently performed to explain this difference of reactivity.
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Chapter 3 Modulation of the electrocatalytic
activity for H, production with bio-inspired

MFe (M = Ni and Co) complexes

3.1 Introduction

Hydrogen (H,), as an energy carrier, is considered a promising alternative to fossil
fuels to alleviate the pressure of energy shortages.” Most of H, production is
currently supplied by fossil fuels, including natural gas, oil, and coal (non-renewable
resources). Currently, water splitting is of interest as an appealing approach to
produce high-purity H,, owing to its clean and sustainable process. So far,
precious-metal Pt-based materials display the most efficient catalytic activity for H,
production, but their large-scale applications are unfortunately limited by the high
price and scarcity.'’® Designing a non-noble metal-free catalytic system thus is
needed under the premise of ensuring catalytic activity.

Nature provides sources of inspiration to design molecular electrocatalysts, i.e. the
NiFe and FeFe H,ases that catalyze reversibly the oxidation of dihydrogen from
protons and electrons close to the thermodynamic potential (Figure 1.1),.2 It has
been proposed that proton-coupled electron transfer steps are involved during their
catalytic cycle. For the proton transfer step, the sulfur from the Ni-bound cysteine
residue in the NiFe H,ase serves as a proton relay thanks to its hemilabile character
when protonated.119 In the case of the FeFe H,ase, the pendant amine from the
bridging azadithiolate ligand, in close vicinity to the diiron site, acts as a proton
relay.13 This pendant amine is considered to facilitate a low energetic pathway for the
heterolytic formation of dihydrogen in the FeFe models as proposed based on DFT
calculations.’® Numerous works have confirmed that the proton relay is important
for promoting the electrocatalytic activity, for example by lowering the overpotential
in the case of H, production.“’ 4.4 Most of currently synthesized bio-inspired
bimetallic complexes bearing pendant amine are FeFe complexes, while NiFe models
are still rare. This thus remains a challenge for the synthesis of NiFe complexes with a
potential proton relay as a pendant amine group.

Recently, a series of complexes M”Fe”Cp (M=Ni, Fe and Co) and Ni"Fe"Cp* have been
designed and investigated based on the structural features and functions of the
active sites of the NiFe and FeFe H,ases (Figure 1.26 and 2.1). Both NiFe mimics
either with Cp or Cp* for H, production display redox behaviors mainly centered on
both the Ni site and the L“*? ligand. Their similar HER activity highlights the
importance of the redox-active bipyridine ligand in MeCN in the presence of EtsNH"
(pK, VN = 18.6). Compared with the NiFe complexes, the Fe"Fe"Cp parent also shows
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similar catalytic performance under similar conditions, demonstrating that the
efficiency of these systems seems to be more linked to the presence of the LV**
ligand instead of the metal. This further emphasizes that the redox-active bipyridine
unit is one key factor in controlling their activity. In such context, it was completely
unexpected, that no catalytic behavior is observed in DMF with Co"Fe”Cp.

Interestingly, the complexes Ni”Fe”Cp and Fe”Fe"Cp have been shown to display HER
activity in acidic aqueous solutions after their physical adsorption onto carbon based
electrodes®>>® ([4]" : TON = 4.9(0.1)*10’ in 9 hours, TOF = 15.3(0.3) s}, at -0.80 V vs
SHE, pH 4; [5]": TON = 7.2*10° in 10 hours, TOF = 200 s, at -0.85 V vs SHE, pH 3).

Based on the above discussion and in order to promote the electrocatalytic activity
for H, production, our objective was to introduce an amine group into the MFe
complexes to develop a new family of bio-inspired heterodinuclear electrocatalysts.
We decided to focus on the Fe site by modifying the Cp ligand. We thus have
replaced the Fe-bound cyclopentadienyl (Cp) by the picolyl cyclopentadienyl (PyCp)
or the 2-(diethylamino)ethyl-cyclopentadienide (CpN) with the nickel site keeping
unchanged (Figure 3.1).

Figure 3.1 Ligand design at the Fe-Cp site.

3.2 Result and discussion

3.2.1 Synthesis and characterization of [LNZSZNiFe(CO)CpPy]BF4

In order to synthesize [LNZSZNiFe(CO)CpPy]BF4 (NiFeCpPy), the
[PyCpFe(CO)(MeCN),]BF4 (FeCpPy) complex should be synthesized first. The synthetic
route of the FeCpPy complex is shown in Figure 3.2. The synthesis of the designed
ligand starts with the deprotonation of the 2-picolyl chloride hydrochloride (1a) to
yield the 2-picolyl chloride (1b, PyCl)."** Then PyCl reacts with sodium
cyclopentadienide to produce the (2-picolyl)-cyclopentadiene (1c).** After the
addition of Fe(CO)s, the resulting dinuclear Fe complex (1d) with four CO ligands is
obtained. It is then oxidized with I, leading to a mononuclear Fe species (1e).'?* After
removing the iodide ligand with AgBF,4, the mononuclear [PyCpFe(CO),(THF)]BF, (1f)
complex is obtained. Finally, one CO ligand is removed from 1f to generate the
FeCpPy (1g) complex. It should be noted that, for this last step, we developed
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another protocol for the removal of the CO that uses the MesNO reagent,
well-known to remove CO ligand from transition metal ion complexes. This process is
faster and more quantitative compared to the photo-dissociation process which is
slow and provides moderate yield.

All the complexes have been characterized by IR and ESI-MS techniques. For 1f, two
CO vibrations are observed at 2066 cm™and 2021 cm™in the IR spectra recorded in
MeCN, assigned to two terminally bound CO (Figure 3.3, pink line). After adding
MesNO into a solution of 1f, there is only one CO vibration at 1993 cm™ after 10 min
of reaction (Figure 3.3, black line). However, no IR feature is any longer observed in
the expected range for CO vibrations after about 3 h in the IR spectrum of a MeCN
solution of FeCpPy, evidencing a loss of both CO ligands. Therefore, the FeCpPy
complex needs to be used as soon as possible after its preparation.
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Figure 3.2 Synthetic route for the FeCpPy complex.
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Figure 3.3 IR spectra of the (1f) (0.35 mM, pink line), (1g) (black line) and (1g) + 2.0
eqg HBF4 (blue line).

Next, a stoichiometric amount of NiL has been added to a solution of FeCpPy in
distilled CH,Cl, at room temperature to synthesize the NiFeCpPy complex (Figure 3.4).
Unfortunately, the resulting solution displays no IR feature in the expected range for
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CO vibrations, suggesting that the last CO ligand is released during the reaction. The
possible reason is that the N atom of the pendant pyridine is more easily coordinated
to the Fe ion under these conditions than the CO ligand, leading to the release of the
CO ligand (Figure 3.4)."%® In the catalytic state of the [FeFe] H,ase, the p-CO bridging
geometry induces minimal structural rearrangement of the active site throughout
the catalytic process to achieve fast and efficient catalysis.58 For the intermediate
states of Ni'Fe''Cp, the CO vibration frequencies (energy) are fine-tuned to support
the whole catalytic cycle of HER as demonstrated by DFT.>* *?* Therefore, the CO
ligand in bio-inspired models is a critical component of the catalysts for H,
production.

CH,Cl,
— 22,
+ overnight

Fe
0OC” | NCCHj4
H3CCN

NiL FeCpPy NiFeCpPy

Figure 3.4 Synthesis of the NiFeCpPy complex.

In order to prevent the release of the CO ligand, the amine of FeCpPy has been
protonated first before reacting with NiL (Figure 3.5). The strong acid HBF4¢Et,0 has
been selected to protonate the pyridine moiety. After the addition of 1.0 equivalent
(eq) of HBF4*Et,0 to a MeCN solution of (1g) (Figure 3.5), no change is observed in
either its IR or UV-vis spectra. We thus conclude that FeCpPy cannot be protonated
under such conditions. Then, 2.0 eq of HBF4*Et,0 is added to the MeCN solution of
FeCpPy (1g). In the corresponding UV-vis spectrum, the growth of two transitions at
313 nm and 350 nm is observed (Figure 3.6). However, no change is observed in the
IR spectrum, and the CO vibration is still observed at 1993 cm™ (Figure 3.3, blue line).
The possible reason is that the protonation site is too far to impact the CO vibration.
Therefore, we conclude that the protonation of FeCpPy occurs on the N atom of the
pyridine to yield the FeCpPyH complex.

‘ X 1+ ‘ N -2+

2.0 eq HBF,4
—_—

Fe
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H3;CCN H3;CCN

(19)

Figure 3.5 Synthesis of the FeCpPyH complex.
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Figure 3.6 UV-vis spectra of (1g) (0.15 mM, | (cuvette) = 1 cm), black line), (1g) + 1.0
eq HBF4 (red line) and (1g) + 2.0 eq HBF4 (blue line).

NiL is then added to a CH,CI;, solution of FeCpPyH to synthesize the corresponding
NiFe complex (Figure 3.7). The UV-vis spectrum of the reaction solution displays two
main transitions at 501 nm and 560 nm originating from the NiL complex (Figure 3.8).
After overnight, these two transitions disappeared, and three new transitions appear
at 391 nm, 497 nm, and 660 nm. The IR spectrum recorded in CH,Cl, after the
overnight shows that the CO vibration at 1999 cm™ has been shifted to 1922 cm™,
indicating the formation of a new complex. In the ESI-MS spectrum of the crude
reaction solution, a peak at m/z = 876.19 is present, assigned to the expected
[LNZSZNiFeCpPy(CO)]+ complex. Based on the above characterization, we concluded
that [LNZSZNiFeCpPyH(CO)]+ is present in the solution. After the reaction work-up,
pentane is added into the reaction solution to precipitate the NiFeCpPy complex.
Unfortunately, the resulting solid displays no IR feature in the expected range for CO
vibrations, suggesting that CO is released again in the resulting product (Figure 3.7).
The possible reason is that, during the process of precipitation, the pyridine is
deprotonated allowing pyridine to coordinate at the Fe site, followed by the release
of the CO ligand.

To synthesize the heterodinuclear complex bearing an amine group with CO ligands,
we thus decided to use another potential proton relay such as a tertiary amine, more
precisely the 2-(diethylamino)ethyl-cyclopentadienide (CpN). Indeed, tertiary amines
are more basic than the pyridine. It is thus expected that they are less prone to
coordinate to the Fe ion allowing us to obtain the targeted NiFe complex with one CO

ligand.
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Figure 3.7 Synthetic route of NiFeCpPyH.
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Figure 3.8 UV-vis spectra (left) of the reaction between FeCpPyH and NiL (0.12 mM, |
(cuvette) = 1 cm, black: 0 h, red: after overnight). IR spectra (right) of the NilL (black
line), FeCpPyH (blue line) and NiFeCpPyH (red line) complexes in CH,Cl,.

3.2.2 Synthesis and characterization of [L">>’NiFe(CO)CpN]BF,

The synthetic route of the [Fe(CO),(MeCN)CpN]BF; (2f) complex is shown in Figure
3.9. Firstly, the 2-(diethylamino)ethyl chloride hydrochloride (2a) reacts with 2.0 eq
of sodium cyclopentadienide to yield the 2-(diethylamino)ethyl-cyclopentadienide
(CpN, 2b).**® Then, Fe(CO)s is added to a heptane solution of (2b) to obtain the
dinuclear Fe complex (2c) with four CO ligands. It is then oxidized with I, to produce
the mononuclear Fe-l species (2d). After the removal of the iodide ligand with AgBF,
in MeCN, the mononuclear Fe-MeCN derivative (2e) is isolated. Finally, one CO ligand
is removed from (2e) using MesNO, to yield FeCpN (2f). All the complexes have been
characterized by the IR and ESI-MS methods. For (2e), two CO vibrations are
observed at 2035 cm™ and 2079 cm™in the IR spectrum recorded in MeCN. They
have been assigned to two terminally bound CO. In the ESI-MS spectrum of the
reaction solution, the observed peak at m/z = 317.09 has been assigned to the
expected [Fe(CO),(MeCN)CpN]" complex in CH,Cl,. For the FeCpN complex, one CO
vibration is observed at 1980 cm™ in MeCN. In CH,Cl,, it is slightly shifted to 1984
cm™ (Figure 3.11). After about 6 h, the IR spectrum of the FeCpN complex displays no
IR feature in the expected range for CO vibrations, evidencing a loss of the remaining
CO ligand. Therefore, it is better to use the FeCpN complex as soon as possible for
the next step.
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Figure 3.9 Synthetic route for the FeCpN complex.

The [LNZSZNiFe(CO)CpN]BF4 complex (NiFeCpN) is obtained as a brown powder from
the reaction between a stoichiometric amount of NiL and FeCpN in distilled CH,Cl,
with 66% yield at room temperature under argon (Figure 3.10). In the ESI-MS
spectrum of the crude reaction solution, a peak at m/z = 884.31 is observed,
assigned to the expected [NiFe(CO)CpN]* complex. Pentane is added to the reaction
solution to precipitate the NiFeCpN complex. In the IR spectrum, the CO vibration is
observed at 1928 cm™ in CH,Cl, (Figure 3.11), while it is shifted to 1920 cm?in the
solid state. This CO vibration has the same energy with respect to the terminal Fe-CO
vibration found in solid-state IR spectra of Ni"Fe'Cp (1926 cm™) and Ni'Fe''Cp*(1929
cm™) indicating a similar environment of the Fe' ion in the three complexes. The
energy is higher than the bridged M-CO-M vibration present in the Fe"Fe"Cp (1822
cm™) and Co”Fe”Cp (1856 cm™) complexes. Based on these data, it can be concluded
that the CO ligand is terminally bound to Fe ion in NiFeCpN.
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Figure 3.10 Synthesis of the NiFeCpN complex.
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Figure 3.11 IR spectra of the FeCpN (black line) NiFeCpN (red line) and NiL (blue line)
complexes recorded in CH,Cl,.

3.2.3 Redox properties of NiFeCpN

In order to explore the redox properties of NiFeCpN complex in CH3CN, its stability is
first evaluated. Its IR and UV-vis spectra indicate that NiFeCpN is stable in the MeCN
for at least 16 h (Figure 3.12). The cyclic voltammetry (CV) is then recorded in MeCN.
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Figure 3.12 UV-vis (right) and IR (left) spectra of NiFeCpN (1.01 mM for UV-vis, |
(cuvette) = 1 cm, 0.34 mM for IR) in MeCN on different timescale (black line: 0 min;
red line: 1 h; blue line: 16 h).

The cyclic voltammogram (CV) of NiFeCpN recorded in MeCN displays three
reduction waves at -1.35 V, -1.60 V, and -1.86 V vs Fc° (Figure 3.13). The first
reduction of NiFeCpN (E,. = -1.35 V) is associated with an oxidation peak at Ey; =
-0.52 V, the second one at E,. = -1.60 V with an oxidation peak at Ep, = -1.29 V, and

the reduction wave at E,c = -1.86 V with the third oxidation peak at E,, = -1.77 V.
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For the parent Ni”Fe”Cp complex,”® the CV displays two reversible and
diffusion-controlled one-electron reduction waves at E;; = -1.29 V and -1.90 V vs
Fc/® in MeCN. These two reduction waves have been assigned to the successive
reductions of Ni" to Ni' and of the bipyridine moiety in (L"***)*". The reduction of the
Ni" ion into Ni' in Ni”Fe”Cp occurs at a significantly more positive potential than in the
mononuclear NiL complex under the same conditions (E;, = =1.82 V corresponding
to a potential shift of 530 mV). Regarding the diiron analog Fe'Fe'Cp,®* the cv
exhibits two diffusion-controlled reversible one-electron reduction waves at £y, = —
1.21 V and Ey; = -1.65V vs Fc+/°, which is assigned to the reduction of Fe'Fe' core
into the mixed-valent Fe'°Fe’? species and the reduction of bipyridine moiety of the
LN22 ligand, respectively. For the analog Ni"Fe”Cp*,34 the CV displays two
one-electron-reduction processes under similar conditions. An irreversible reduction
wave at E,c= -1.46 V is associated with an oxidation peak at Ep, = -1.04 V. According
to experiments and theory calculations, this reduction wave has been assigned to Ni"
to Ni' redox process. The oxidation wave at E,; = -1.04 V has been assigned to the
oxidation of the reduced form of the mononuclear [Cp*Fe”(CO)(MeCN)z]+ fragment,
evidencing the breaking of the heterodinuclear complex into the mononuclear
[Cp*Fe”(CO)(MeCN)z]+ and NiL complexes. Consistently, the reversible reduction
process at Ei; = -1.83 V (AE, = 60 mV) occurs at the bipyridine moiety of the
mononuclear NiL. For the Co analogue Co"Fe"Cp, the CV reveals two
diffused-controlled (quasi-)reversible one-electron processes, centered at £y, = —
1.00 V and Ey; =—2.04 V in DMF solution. The redox system at —1.00 V is attributed
to the Co"" reduction, and the second one to the reduction of the bipyridine ligand.
The important data have been summarized in Table 3.1.

Table 3.1 The redox and catalytic properties potential of the M"Fe" complexes
measured in MeCN.

E (V) vs Fc*°

Complexes
Epct Epc Epcs Epca Ecat2 n
Fe're''cp -1.21 -1.65 \ \ -1.90 0.73
Ni'Fe'cp -1.29 -1.90 \ \ -1.85 0.68
Ni'Fe'cp* -1.46 -1.83 \ \ -1.86 0.69
co'Fe''cp -1.00° -2.04° \ \ No activity \
NiFeCpN ~1.35 -1.60 -1.86  \ -1.73 0.59
CoFeCpNH -0.95 -1.62 -1.83 -2.03 -1.83 0.69
in DMF.

By comparing the redox properties of the MFe (M= Ni, Fe and Co) analogs, the redox

process of NiFeCpN complex has been assigned as follows. It is proposed that the

reduction of NiFeCpN at E,c = —1.35 V corresponds to the reduction of Ni" to Ni', with

a positive shift by 110 mV relative to Ni”Fe”Cp*. The oxidation wave at E,; =—0.52 V is
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assigned to the oxidation of the reduced form of the mononuclear FeCpN fragment.
In order to verify this hypothesis, the CV of FeCpN has been recorded in MeCN
(Figure 3.13, right). In the cathodic direction, it displays an irreversible wave at Eyc = —
1.72 V, which is associated with an oxidation wave at E,,;=—0.51 V. In addition, in the
anodic direction, the CVs of the NiFeCpN and FeCpN exhibit no wave at around —0.5 V.
These data confirm that the oxidation wave at E,, = —0.52 V corresponds to the
oxidation of the reduced form of the mononuclear FeCpN. The observation of the
presence of the mononuclear FeCpN in the solution evidences that the
heterodinuclear is decomposed into two mononuclear complexes after its one
electron reduction. Accordingly, the reduction wave at E,c = -1.86 V corresponds to
the reduction of the bipyridine moiety in the mononuclear NiL.
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Figure 3.13 CVs (left) of a solution of NiFeCpN (0.42 mM) and (right) of solution of
NiFeCpN (0.31 mM, blue line) and FeCpN (0.68 mM, red line and black line).

Conditions: 0.1 M n-BusNClO4/MeCN, on a glassy carbon electrode at scan rate (v) =
100 mV/s.

Regarding the redox system at around -1.60 V, none has been observed in the MFe
analogs. Therefore we could consider that the amino group can be protonated, at
least partially, after the one-electron reduction of the complex by traces of water.
That is, the reduction wave at E,. = -1.60 V corresponds to the reduction of the
reduced protonated form of NiFeCpN, {LNi'Fe"NH or LNi"(H™")Fe"N} (Figure 3.14). In
order to verify this hypothesis, 1eq and 2eq of EtsN as a base source have been
added to an electrolyte solution of NiFeCpN to prevent this protonation step. The
CVs show the disappearance of the reduction wave at E,. = -1.60 V (Figure 3.15)
confirming our hypothesis. Consistently, upon the addition of 0.5 eq EtsNH*, an
increase of the current is observed below -1.50 V, indicating the occurrence of a
catalytic proton reduction event (see above for the rationalization of this wave).
Additionally, in the case of the Fe,(adt)(CO)s(L)x complexes bearing a pendant
amine, additional reduction processes have been also observed attributed to their
N-protonation.zg’ 126-128
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Figure 3.14 Protonation of the reduced NiFeCpN complex.
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Figure 3.15 CVs of 0.31 mM of NiFeCpN (black line) with 2 eq EtsN (red line) and 2 eq
EtsN + 0.5 eq EtzNH™ (blue line) in 0.1 M n-BusNClO,/MeCN, on a glassy carbon
electrode at v =100 mV/s.

3.2.4 Homogeneous catalytic activity of NiFeCpN for H,

production

The electrocatalytic activity for H, production of NiFeCpN has been evaluated in the
presence of EtsNH™ (pK,\*“N= 18.6) as a proton source. The catalytic potential for
EtsNH* is observed at about -1.87 V vs Fc”®in the absence of NiFeCpN, a more
negative potential than that in the presence of NiFeCpN, indicating the catalytic role
of the complex (Figure 3.16, black line). For the mononuclear FeCpN complex, the
observed catalytic current intensity is lower than that of NiFeCpN, demonstrating a

better activity for the heterodinuclear complex (Figure 3.16, blue line).

In the presence of EtsNH" and NiFeCpN, a catalytic process is observed at Ecyy, =
-1.73 V vs Fc™° (measured at the half-wave) (Figure 3.16 and 3.17). The
overpotential is calculated to be of 0.59 V according to the following equation
(overpotential, = | Ecst — E®wa |, E°ua= —1.14 vs Fc/°).?° The current intensity of
the catalytic wave continuously increases by increasing the amount of EtsNH" (Figure
3.17, left). The plots of the catalytic current intensity versus the concentration of the
addition of EtsNH" give a linear correlation, indicating a diffusion-controlled regime
for catalysis under these conditions (Figure 3.17, right).32 Compared with Ni"Fe"Cp
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(Eeaty2= -1.85 V vs Fc'’°, ) = 0.68 V), Ni'Fe"Cp*(Ecarya= -1.86 V vs F¢°, n = 0.69V),
Fe”Fe”Cp (Ecat/z= =1.90 V vs Fc+/°, n = 0.73 V) and Co"Fe”Cp (no activity for H,
production), Ni”Fe”CpN displays the more positive catalytic potential with a positive
shift of about 130 mV and a lower overpotential (Table 3.1). This performance
confirms that the presence of the pendant amine notably enhances the activity, i.e.
by lowering overpotential. Such impact has been already reported in the literature.
For example, the complex [9] (n = 0.64 V) that contains a pendant amine has a lower
overpotential under similar conditions than the complex [2] (n = 1.06 V), which does
not contain a potential proton relay, (see section 1.1.3.1).

The NiFeCpN complex has a much lower overpotential (0.59 V), compared to the
analogs [(*'N,S;)NiFeCp*(CO)]* (n = 1.31 V) and [18]" (n = 0.942 V, see 1.1.3.3
section) that do not contain a pendant amine.”*® NiFeCpN also displays a lower
overpotential with respect to the complex [14]" (n = 0.78 V), and a slightly higher one
with respect to the complex [13]" (n = 0.54 V) (see 1.1.3.3 section). This further
demonstrates that the strategy of adding a potential relay is positive on the reactivity
of the HER electrocatalysts.
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Figure 3.16 CVs of NiFeCpN (0.42 mM) + 9.6 eq EtsNH" (red line), FeCpN (0.68 mM) +
10 eq EtsNH" (blue line) and EtsNH" (4.62 mM, black line) under similar conditions.
Conditions: electrolyte: 0.1 M n-BusNCIO4/MeCN, on a glassy carbon electrode at v =
100 mV/s.
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Figure 3.17 CVs (left) of NiFeCpN (0.42 mM) with various amounts of EtsNH". The
plots of the i versus the concentration of the addition of EtsNH" for a solution of
0.42 mM NiFeCpN (right). Conditions: electrolyte: 0.1 M n-BusNClO4/MeCN, on a
glassy carbon electrode at v =100 mV/s.

3.2.5 Mechanistic investigations for H, production with

NiFeCpN

As described in the above experiments, we have demonstrated that NiFeCpN can
catalyze H, production by adding acid, EtsNH" as the proton source (Figure 3.17 and
Figure 3.18). After the addition of acid, a shift of potential at £,.= -1.35 V vs Fc+/°,
assigned to the reduction of Ni" to Ni', is observed toward anodic potential (Figure
3.18). Moreover, no modifications in the shape and intensity of the wave at E,.=
-1.35 V is observed. This observation evidences a coupled chemical reaction, here a
protonation, consistently with the observation of the reduction wave at E,c = -1.60 V
in the CV of the complex (Figure 3.15).%*"
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Figure 3.18 CVs of 0.42 mM NiFeCpN in the absence (blank line) or in the presence of
EtsNH': 2.4 eq (red line), 4.8 eq (blue line), and 9.6 eq (pink line). The bottom figure
is a zoomed-in view in the green box of the top figure.

A similar shift has been observed with the complex [Co(bapbpy)Cl]*
(bapbpy=6,6’-bis(2-aminopyridyl)-2,2’bipyridine) which possesses a protonable
amine, in the presence of EtsNH' (Figure 3.19)."*! Based on experimental data and
DFT calculations, a [ECEC] mechanism has been proposed using EtsNH" as a proton
source. Complex [Co”(bapbpy)CI]+ is reduced to [Co'(bapbpy)CI], which is then
protonated at one amino group of the bapbpy ligand to form the [Co'(bapbpyH)CI]+
species. The following reduction occurs at the bipyridine ligand. This reduced form
[Co'(bapbpyH)°CI] is further protonated to form the ammonium hydride
[Co"thd(bapbpyH)CI]+ species, which releases H, and regenerates complex
[Co'(bapbpy)Cl]* (Figure 3.19).
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Figure 3.19 Proposed catalytic pathways followed by complex [Co(bapbpy)CI]* for H,
production in the presence of acids of various strengths.

In the UV-vis spectrum of a solution of NiFeCpN in an electrolyte MeCN solution, the
transition at 460 nm is not changed after the addition of acid (Figure 3.22, left),
indicating that NiFeCpN is not protonated under these conditions. Based on the
experiments and reported literature,®* ** we thus proposed that the first catalytic
steps are assigned to a one-electron reduction followed by a protonation process on
the amino group to generate the LNi'FeNH species that could also evolve in the
hydride LNi"'(Hth)Fe”N species. Based on the current experimental results, we can
proposed that this protonated form is further reduced at -1.60 V and then
protonated to release H; and regerated the LNi"Fe" state with a [ECEC] mechanism
(Figure 3.20). It can be concluded that LNi"Fe" state is the entry of the catalytic cycle,
not the reduced LNi'Fe" species, which is contrarily to Ni'Fe''Cp and Ni'Fe'Cp* with
the reduced Ni'Fe" being the entry of the catalytic cycle in the presence of EtsNH".

e/—> LNi'Fe'N e
7135V \

LNi'Fe''N
{LNi'Fe"'NH or LNi"(H"Y9)Fel'N}

H, Et;NH*

il ihydy e ol .
LNFRPOFENA — HY i oNilFe!NH or LNiI(HN)Fe!N)

Figure 3.20 Proposed intermediate states during the catalytic cycle with the complex
NiFeCpN in the presence of EtsNH".

As described in section 1.1.3, the strength of the proton source can lead to different
catalytic routes. A stronger acid, HBF, (pKaMeCN= 0.1), has been used as the proton
source to further investigate the mechanism of NiFeCpN (Figure 3.21). As the acid
concentration increases ([HBF4] < 4eq), the reduction wave is shifted towards the
anodic potential and lost its reversible character. An increasing current is observed at
-1.60 Vand -1.86 V vs Fc+/°, indicating a few catalytic events. In the UV-vis spectrum
of NiFeCpN recorded in an electrolyte MeCN solution, a slight blue shift of 9 nm and
a decrease in intensity is observed after the addition of HBF, (Figure 3.20, right),
indicating that NiFeCpN is protonated in the presence of HBF4;. We thus proposed
that the NiFeCpN complex is first protonated on the amino group to form the
LNi"Fe'NH species, which is then reduced at -1.24 V to generate the LNi'Fe"NH or
LNi”'(thd)Fe”N species. This species further undergoes reduction and protonation
processes to release H,.

With a higher concentration of acid (> 4eq), in the UV-vis spectrum, a blue shift and a
decrease in intensity are also observed after adding HBF, (Figure 3.22, right).
55



Therefore, we infer that this NiFe complex gradually decomposes under these
catalytic conditions.
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Figure 3.21 CVs of 0.45 mM of NiFeCpN in MeCN in the absence (blank line) or in the
presence of HBF4: 1 eq (blue line), 2 eq (green line) and 4 eq (pink line). Conditions:
electrolyte: 0.1 M n-BusNCIO4/MeCN, on a glassy carbon electrode at v = 100 mV/s.
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Figure 3.22 (left) UV-vis spectrum of 0.40 mM of NiFeCpN in electrolyte in the
absence (blank line) or in the presence of EtsNH" (10 eq, red line). (right) UV-vis
spectrum of 0.45 mM of NiFeCpN in electrolyte in the absence (blank line) or in the
presence of HBF4: 4 eq (red line), 6 eq (blue line), and 8 eq (pink line). | (cuvette) = 1
cm.

For complex [Co(bapbpy)Cl]*, in the presence of HBF,, the Co"/Co' process becomes

irreversible, and its potential shifts to more positive potentials. In addition, a new

reduction process at -1.65 V vs Fc’° has been observed and identified as the

reduction of Co”'/"-hydride-ammonium form.”! More precisely, [Co”(bapbpy)CI]+ is
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first protonated at one amino group instead of being reduced. Then the protonated
species is reduced and further protonated to form the ammonium hydride
[Co"(H™?)(bapbpyH)CI]** species. This species releases H, directly or undergoes
further reduction to release H, (Figure 3.19).

According to the experiments and reported literature,™® ! we proposed that

when [HBF,4] <€ 4eq, the LNi'Fe"NH or LNi'”(thd)Fe"N species is first protonated and
then reduced to generate LNi"(H™)Fe'NH species. On the other hand, the LNi'Fe"NH
or LNi"(H™¥)Fe'N species can be first reduced, and then protonated to yield
LNi"(H™)Fe"NH. Finally, the LNi"(H™)Fe'NH release H, and restore initial state
LNi"Fe"N with [CECE] or [CEEC] mechanisms (Figure 3.23).
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Figure 3.23 Proposed intermediate states during the catalytic cycle with the complex
NiFeCpN in the presence of HBF,.

3.2.6 Heterogeneous catalytic activity of NiFeCpN for H,

production

Currently, a large number of bio-inspired FeFe or NiFe electrocatalysts have been
reported for the activity of H, production in homogeneous organic solutions.” 32
However, they suffer from low stability under homogeneous conditions required for
sustainable applications. Additionally, their use in aqueous solutions is limited due to
their low solubility in such media. In order to overcome these drawbacks, the
immobilization of electrocatalysts on electrode surfaces is one of the most promising
strategies. Both Ni”Fe”Cp and Fe”Fe”Cp display good rates (Fe"Fe"Cp: TON =
4.9(0.1)*10° in 9 hours, TOF = 15.3(0.3) s, at —0.80 V vs SHE, pH 4; Ni'Fe''Cp : TON =
7.2*10%in 10 hours, TOF = 200 s}, at —0.85 V vs SHE, pH 3) for H, evolution in acidic
aqueous solution after their heterogenization by physical absorption on edge-plane
graphite (EPG) electrodes.

In this context, the NiFeCpN complex has been immobilized on EPG electrodes by

physical absorption to form a hybrid electrocatalyst NiFeCpN/EPG. Linear sweep
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voltammetry (LSV) has been carried out in phosphate buffer aqueous solution at
different pH values. A clear catalytic behavior is observed for H, production when the
pH is at 6.90, 5.28 and 4.05 (Figure 3.23). The current intensity of this wave
continues to increase with decreasing pH values. Interestingly, comparing to the raw
graphite without catalyst, a significant increase at current intensity (current
difference, Al= 670 pA at -1.0 V vs Ag/AgCl) is observed at pH 4.05 when
NiFeCpN/EPG is used, indicating the catalytic role of the complex. This result
confirms that the hybrid electrocatalyst NiFeCpN/EPG possesses catalytic properties
for H, production under heterogeneous conditions. The overpotential of the
NiFeCpN/EPG is calculated to be about 130 mV at the onset of the catalytic wave at
pH 4.05. In addition, the current differences of Ni'Fe'Cp/EPG and Fe'Fe'Cp/EPG are
200 pA at -1.0 V vs SHE at pH 3 and 280 pA at -0.9 V vs SHE at pH=3, respectively.
Their overpotential is calculated to be about 460 mV at the onset of the catalytic
wave. The NiFeCpN/EPG displays a larger current difference and a lower
overpotential relative to Ni”Fe”Cp/EPG and Fe"Fe"Cp/EPG. These data demonstrate
that NiFeCpN/EPG has a better activity for H, production in acidic aqueous solution
than the M"Fe'Cp/EPG (M= Ni and Fe). This result once again confirms that the
presence of the pendant amine enhances the electrocatalytic activity for H,
production, which can act as a proton relay.

Potential (V vs Ag/AgCl)
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

<
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O ——pH 4.05

Figure 3.23 LSVs of NiFeCpN/EPG (13 mm diameter) recorded at different pHs (red
line: 6.90, blue line: 5.28 and cyan line: 4.05). LSV of the raw EPG electrode at pH
4.05 phosphate buffer (black line). Conditions: 0.1 M phosphate buffer aqueous
electrolyte at v = 100 mV/s under Ar, Ag/AgCl (3.5M KCI) reference and Pt counter
electrodes.
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3.2.7 Synthesis and characterization of

[LN**2Co(CO)FeCpNH]BF,

As described above, the amine-modified NiFeCpN complex has been synthesized and
characterized. The experiments confirm that it has a better activity for H, production
than the M”Fe”Cp analogs. Some cobalt-based electrocatalysts have been reported
for H, production in recent years.’**** In this context, the [L\***Co(CO)FeCpNH]BF4
(CoFeCpNH) complex bearing a pendant amine has been synthesized by substituting
Ni with Co and its redox properties and electrocatalytic activity for H, production
have been investigated.

The FeCpN complex reacts with ColL in dry CH,Cl, to produce the expected dinuclear
CoFe complex (Figure 3.24). In the IR spectrum of recorded from the CH,Cl, solution,
a CO vibration at 1984 cm™, assigned to the FeCpN is observed but faded away with
time and no other feature is observed in the expected range for CO vibrations. In the
ESI-MS spectrum of the CH,Cl, solution, a peak at m/z = 637.15 is observed, assigned
to the ColL complex. No expected peaks for the heterodinuclear CoFe complex are
observed in the ESI-MS spectrum. It can thus be concluded that the expected
dinuclear CoFe complex is not synthesized in CH,Cl,.

Considering that the solvent may have an effect on the synthesis, MeCN has been
employed as the solvent instead of CH,Cl, (Figure 3.24). FeCpN complex reacts with
ColL in dry MeCN. After overnight, no the expected CO vibrations are observed in the
IR spectrum of the reaction solution. In the ESI-MS spectrum recorded from the
MeCN solution, no expected peak is observed. The heterodinuclear CoFe complex is
also not formed in MeCN.

N
CHQC'Q
+ or CH4CN X

_ e||
OC™ ) "~NCCH,
HsCCN

Figure 3.24 Reactions of ColL and FeCpN complexes.

It has been reported in the literature, the [FeCp(CO),(THF)]BF4; complex reacts with
Ni complex to produce dinuclear [Ni(xbsms)FeCp(CO),](BFs) (H.xbsms =
1,2-bis(4-mercapto3,3-dimethyl-2-thiabutyl)benzene) complex with two CO ligands.
One CO ligand can be removed from this NiFe complex through daylight.*>
Therefore, the complex [FeCpN(CO),(MeCN)]BF, (2e, Figure 3.9) has been used to
react with ColL in dry CH,Cl, to produce the CoFe complex (Figure 3.25).
Unfortunately, in the IR spectrum, the CO vibrations at 2037 cm™ and 2079 cm™
assigned to the [FeCpN(CO),(MeCN)]BF; complex, decrease with time and no other
features are observed in the expected range for CO vibrations. Thus, the expected
heterodinuclear CoFe complex is also not obtained under these conditions.
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Figure 3.25 Reaction between the ColL and [FeCpN(CO),(MeCN)]BF4 complexes.

Reactions between [FeCp(CO),(I)] and a Ni complex have been reported in the
literature.”*® Then, the [FeCpN(CO),(1)] (2d, Figure 3.9) has also been used as starting
Fe brick. It has been added to a CH,Cl, solution of Col to produce the CoFe complex
(Figure 3.26). In the IR spectrum, the two CO vibrations observed at 1998 cm™and
2042 cm™ corresponding to the [FeCpN(CO),(l)] complex shift to 1990 cm™ and 2036
cm™. In the ESI-MS spectrum of the CH,Cl, solution, a peak at m/z = 885.17 is
observed, assigned to the dinuclear [LNZSZCO(CO)FeCpN]+ complex. These data
indicate that the heterodinuclear CoFe complex can be formed under these
conditions. Then, we have tried to remove one CO ligand by using MesNO.
Unfortunately, in the final IR spectrum the two CO vibrations have disappeared and
no other CO vibrations are observed. The CoFe complex with only one CO ligand
cannot be obtained.

We thus decided to investigate the redox properties of this CoFe complex with two
CO ligands in MeCN. Its CV displays many redox processes, which are difficult to
analyze, and also indicate that the isolated powder may be a mixture of complexes
rather than the pure CoFe complex with two CO ligands.
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Figure 3.26 Reaction between the Col and [FeCpN(CO);(1)] complexes.

We have shown that the protonated FeCpPyH complex can react with NiL to form the
corresponding NiFe complex (Figure 3.7). In order to obtain pure CoFe complex with
the amine group, we have used the protonated form of FeCpN to react with CoL.
Since the [FeCpN(CO),(1)] (2d) complex is stable in air for a long time, we used it in
our first trial. It was protonated using HCl to produce 2d™ with a yield of 95% (Figure
3.27). Then we exchanged the counterion in 2d" with PFs. The iodide has been
removed by addition of AgBF,; to generate the mononuclear Fe-THF complex with
two CO ligands. Finally, one CO ligand has been removed from 2e" by irradiation (20
h) to give the desired product FeCpNH.

The CO vibrations of both 2d and 2d"* complexes are observed at 1981 cm™ and
2027 cm™ in solid state IR spectra. In *H NMR spectrum, a broad peak is observed at
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8.35 ppm, which is assigned to —NH. These data confirm that the amine group is
protonated. The CO vibrations of 2d" are observed at 1985 cm™ and 2032 cm™. The
CO vibrations of 2e" are observed at 2078 cm™ and 2029 cm™. For the FeCpNH
complex, its CO vibration is observed at 1980 cm?in MeCN, which is similar to the
CO vibration of the FeCpN complex.
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Figure 3.27 Synthetic route for the synthesis of FeCpNH complex.

Col was then added to a CH,Cl, solution of FeCpNH. The CO vibration of the reaction
solution at 1985 cm™ disappears gradually by IR monitoring and no other CO
vibration appears in the expected range of CO vibrations. Thus, the targeted CoFe
complex cannot be obtained under these conditions. MeCN has been also tested as
the solvent instead of CH,Cl, (Figure 3.28). After the reaction work-up, pentane is
added into the reaction solution to precipitate a black-brown solid with a yield of
62%.

In the ESI-MS spectrum of the CH,Cl, solution, a peak at m/z = 885.24 is observed,
assigned to the expected [CoFe(CO)CpN]* complex. In the solid-state IR spectrum,
one CO stretching vibration is observed at 1896 cm? (Figure 3.29). Its energy is close
to the terminal Fe-CO vibration found in Ni”Fe"Cp (1926 cm™), Ni"Fe"Cp*(1929 cm™)
and NiFeCpN (1920 cm™), and differs significantly from the bridged M-CO-M
vibration found in Fe”Fe”Cp (1822 cm™) and Co"Fe"Cp (1856 cm™). Therefore, it is
proposed that the CO ligand is terminally bound to Fe site in the CoFeCpNH complex.
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Figure 3.28 Synthesis of the CoFeCpNH complex.
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Figure 3.29 IR spectra of the FeCpNH (black line) CoFeCpNH (red line) and Col (blue
line) complexes in CH,Cl,.

3.2.8 Redox properties of CoFeCpNH

The CV of the CoFeCpNH complex has been recorded in MeCN. It displays two
reversible redox events at £1/,= -0.95 V (AE =54 mV) and E;/;=-2.03 V (AE = 67 mV)
VS Fc+/°, and two irreversible systems, at E,c= -1.62 V and Epc= -1.81 V vs Fc*/° (Figure
3.30). In order to investigate the effect of the solvent on its redox properties, the CV
of CoFeCpNH has been recorded in a DMF solution. The potential of all reduction
events shifts to a more negative potential by about 50-70 mV in DMF with respect to
that in MeCN, indicating that the CoFeCpNH complex is easier to reduce in MeCN.

Based on the comparison of its redox properties to those of the analogous Co"Fe"Cp,
Ni”Fe”Cp, Fe”Fe”Cp and NiFeCpN complexes (see section 3.2.3, table 3.1), we
proposed the following assignments. The redox system at E;/,= —0.95 V in the CV of
CoFeCpNH can be attributed to the Co"' reduction in MeCN (E1/2= -1.04 V in DMF).
Plots of the peak current (i) versus the square root of the scan rate (v) are linear in
MeCN, indicating that this redox process is diffusion-controlled (Figure 3.30). This
potential is shifted to an even greater extent (660 mV) as compared to the
mononuclear Col, which displays a quasi-reversible co"" wave at Eip=-1.70 V in
DMF. In addition, compared with the Ni"' reduction and the Fe"Fe"/Fel'SFel'5
reduction in M"Fe" analogs, the CoFeCpNH is the easiest to reduce in MeCN.

For NiFeCpN, the reduction wave at -1.86 V corresponds to the reduction of the
bipyridine moiety from mononuclear NiL, due to its decomposition into NiL and
FeCpN. Based on this observation, it is proposed that the redox system at E;/,= -2.03
V is assigned to the reduction of the bipyridine moiety from the mononuclear ColL
complex, evidencing the decomposition of CoFeCpNH into CoL and FeCpN.

Two irreversible redox behaviors also occur in MeCN at E,.= -1.62 V and Ep= -1.81 V.

In the case of NiFeCpN, the reduction wave at E,c = -1.60 V is assigned to the
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reduction of the protonated form of the one-electron reduced NiFeCpN. For
CoFeCpNH, we propose that at E,c= -1.62 V also corresponds to protonated species
of the reduced species, while that at E,.= -1.81 V of the reduction of the double
protonated form. In order to verify this hypothesis, EtsN as a base source has been
added to an electrolyte solution of the CoFeCpNH.
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Figure 3.30 CVs of 0.32 mM of CoFeCpNH in MeCN (top, left) or 0.43 mM of in DMF
(top, right) in 0.1 M n-BusNClO4 on a glassy carbon electrode at v = 100 mV/s.
Cathodic peak current (i) dependence vs the square root of the scan rate ( v Y2 for
the redox systems observed at E;/, =-0.95 V vs Fc*/° in the CVs of CoFeCpNH (bottom,
left). The linear fits of these data are displayed together with the corresponding R?
value (bottom, right).

Upon the addition of 1 eq Et3N, two reduction waves at E,c =-0.99 V and -1.83 V are
shifted by 40 mV to more negative potentials (Figure 3.32, left). Simultaneously, the
reduction wave at E,c = -1.62 V disappears. In UV-vis spectra, a slight change is
observed with the shift of the transition from 563 nm to 576 nm (Figure 3.32, right).
After the addition of another 1 eq base, the CV and UV-vis spectrum do not change.
It can be concluded that the CoFeCpNH complex is deprotonated under these
conditions (Figure 3.31). Upon the addition of 0.5 eq EtsNH®, an increase in the
current is observed at about -1.62 V and E,. = -1.83 V, indicating the formation of
additional species and catalytic events.
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Figure 3.31 Deprotonation of the CoFeCpNH complex.
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Figure 3.32 CVs (left) of the CoFeCpNH (0.32 mM, black line) with EtsN (1 eq for red
line, 2 eq for blue line) and 2 eq EtsN + 0.5 eq EtsNH® (cyan line) in 0.1 M
n-BusNClO4/MeCN, on a glassy carbon electrode at v = 100 mV/s. The UV-vis
spectrum (right) of the CoFeCpNH (0.32 mM, red line) with 2 eq Et3N (cyan line) and
2 eq Et3N + 10 eq EtzsNH" (blue line) in electrolyte.

3.2.9 Homogeneous catalytic activity of CoFeCpN for H,

production

The CoFeCpNH has been deprotonated by the base before adding the EtsNH" to form
CoFeCpN (see Figure 3.31). The electrocatalytic activity for H, production of CoFeCpN
has been evaluated in the presence of EtsNH' as a proton source. The catalytic
potential for EtsNH® is observed at more negative potential in the absence of
CoFeCpN, indicating the catalytic role of the complex (Figure 3.32, black line). For the
mononuclear FeCpNH, the observed catalytic current intensity is lower than that of
NiFeCpN, demonstrating a better activity for the heterodinuclear CoFe complex
(Figure 3.31, red line). In the presence of EtsNH" and CoFeCpN, a catalytic process is
observed at Ecz = -1.83 V vs Fc'/° (measured at the half-wave) (Figure 3.33 and
3.34). The overpotential is calculated to be 0.69 V.

Compared to the analogs Ni”Fe”Cp (n=0.68V), Ni"Fe”Cp* (n =0.69 V), and Fe"Fe"Cp
(n =0.73 V), CoFeCpN has a similar overpotential under similar conditions (Table 3.1).
CoFeCpN has a more negative catalytic potential with respect to NiFeCpN (Ecatyz =
-1.73 V) indicating that the presence of the Ni ion leads to a better activity for H,
production with a Co ion. Interestingly, Co”Fe”Cp has no activity for H, production

under similar conditions. These data confirm that the presence of the pendant amine
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group enables this CoFe complex to catalyze H, production, evidencing its notable
impact under catalytic process. The CoFeCpN complex catalyzes the H, production
with a much lower overpotential compared to analogs [28]" (n = 1.06 V) and [29]" (n
= 1.27 V, see 1.1.5 section).”®® This also further enhances the effect of the pendant
amine for H, production.
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Figure 3.33 CVs of CoFeCpN (0.32 mM) + 10 eq EtsNH" (blue line), FeCpNH (0.34 mM)
+ 10 eq EtsNH" (red line) and EtzNH" (4.62 mM, black line) under similar conditions.
Conditions: electrolyte: 0.1 M n-BusNCIO4/MeCN, on a glassy carbon electrode at v =
100 mV/s.
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Figure 3.34 CVs of 0.32 mM of CoFeCpN with various amounts of EtsNH". The figure
at the right is a zoomed-in view in the green box. Conditions: electrolyte: 0.1 M
n-BusNClO4/MeCN, on a glassy carbon electrode at v =100 mV/s.
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3.2.10 Mechanistic investigations for H, production with

CoFeCpNH

According to the above experiments, we also have demonstrated that CoFeCpN
catalyzes H, production by adding EtsNH" as the proton source (Figure 3.33 and
Figure 3.34). When additional equivalents of Ets3NH" have been added, the redox
event at E,c=-1.03 V vs Fct° assigned to the reduction of co" to Co', continues to
shift toward anodic potential (Figure 3.32, left). Moreover, no new reduction peaks
are observed on the CV timescale. In the UV-vis spectrum of CoFeCpN in the
electrolyte MeCN solution, the observed two transitions are not changed after the
addition of acid (Figure 3.32, right), as observed with NiFeCpN under similar
conditions. This result indicates that the CoFeCpN is not protonated in the presence
of Ets3NH". We can therefore propose a catalytic cycle similar to that with NiFeCpN for
the deprotonated from LCo"Fe'N using EtsNH'. A more detailed description is that
LCo"FeN is reduced first at -1.03 V to form LCo'Fe'N, which is then protonated to
generate LCo'Fe'NH or LCo"(H™)Fe'N species. This species is further reduced at
-1.62 V and its protonation to yield LCo”(thd)Fe"NH species. This resulting species is
reduced at -1.83 V, and then leads to the release of H, and generate LCo'Fe'N state
with an E[CECE] mechanism (Figure 3.35). Therefore, the Co're" is the entry of the
catalytic cycle in the presence of EtsNH", not Co'Fe'.

LCo'Fe'N

-1.03V
U

Ho

LCo'Fe'N
- Y

LCo'(H"?)Fe'NH
() {LCo'Fe'NH or LCo"(H"9)Fe'N}

_ - +
1.83V e Et;NH _1_62\:) .
LCo'(H"9)Fe'NH {L°Co'Fe"NH or LCo"(H™?)FeN}
N~ —
H+

Figure 3.35 Proposed intermediate states with complex CoFeCpN under the catalytic
cycle in the presence of Et;NH".

In order to further investigate the mechanism, the stronger acid HBF, also been also
used as the proton source. As the acid concentration increases, for protonated form
CoFeCpNH, the reduction wave at Epc = -0.99 V vs Fc+/°, corresponding to the
reduction of Co' to Co', is shifted towards the anodic potential, and becomes
irreversible (Figure 3.36). In addition, a similar change has been observed in
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[Co(bapbpy)CI]* in the presence of HBF, (see section 3.2.5)."*' Moreover, a new

reduction process appears at -1.11 V vs Fc+/°, and the current intensity increases
with increasing acid concentration (Figure 3.36), indicating a catalytic behavior. For
more negative reduction waves below about -1.5 V, we will not discuss in this
section due to lack of experimental support.
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Figure 3.36 CVs of 0.38 mM of CoFeCpNH in MeCN in the absence (blank line) or in
the presence of HBF,: 2 eq (red line), 3 eq (blue line), 5 eq (pink line), 9 eq (deep blue
line), and 11 eq (red-brown line). Conditions: electrolyte: 0.1 M n-BusNClO4/MeCN,
on a glassy carbon electrode at v = 100 mV/s.

In the UV-vis spectrum of CoFeCpNH in an electrolyte MeCN solution, after the
addition of 2 eq of HBF,4, the transition at 456 nm is almost unchanged while the
intensity of that at 563 nm is reduced (Figure 3.37). After the addition of 11 eq of
HBF,, the transition at 456 nm shifts to 438 nm, and the intensity of that at 563 nm
continues to decrease (Figure 3.37). These results indicate that CoFeCpNH and HBF,
react together. It is also noted that an anodic wave at -0.51 vs Fc° appears, whose
intensity gradually increases with increasing acid concentration, corresponding to the
oxidation of the reduced form of the mononuclear FeCpN fragment (Figure 3.13).
This demonstrates that in the presence of a large excess of HBF;, CoFeCpNH
decomposes gradually.
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Figure 3.37 UV-vis spectrum of 0.38 mM of CoFeCpNH in electrolyte in the absence
(blank line) or in the presence of HBF,4: 2 eq (red line) and 11 eq (blue line). | (cuvette)
=1cm.

Based on these experiments, we can propose that LCo"Fe"NH is reduced at -0.95 V to
form LCo'Fe'NH or LCo”'(Hth)Fe”N species. This species further is protonated to
generate an ammonium hydride species LCo'”(Hth)Fe"NH. In addition, the reduction
wave at -1.11 V has been proposed to assign to the reduction of the ammonium
hydride species. It then directly releases H, with a [ECEC] mechanism (Figure 3.38).

For the NiFeCpN and CoFeCpNH, we can see that the proposed catalytic cycles all
involve hydride-ammonium species. Such species have been observed in
[Co(bapbpy)CI]*™!, Dubois’ Ni complexes™®’ and bio-inspired FeFe complex.*? - 138
Generally, the proximity between the ammonium proton and the Fe-H hydride
promoted the formation and release of H, in the hydride-ammonium species of the
catalytic cycle, as discussed in section 1.1.3. It can be concluded that
hydride-ammonium species may be a key intermediate during the catalytic process.

H  » LCo'Fe'NH ¢
////" \\\<€fsv

LCo'Fe'N
{LCo'Fe"NH or LCo"(HM)Fe'N}
HBF,
H2

H+

LCo”(thd)Fe”NH B} Ml hydyEall
~_& — Lco"(HWY)Fe'NH
-1.11V

Figure 3.38 Proposed intermediate states with complex CoFeCpNH under the
catalytic cycle in the presence of HBF,.

3.3 Conclusions

Three new complexes, NiFeCpPy, NiFeCpN and CoFeCpNH, bearing a pendant amine
have been synthesized and characterized by IR and UV-vis spectroscopy and ESI-MS
spectrometry.

NiFeCpN is more stable than NiFeCpPy, since NiFeCpPy easily loses one CO ligand.
Both NiFeCpN and CoFeCpNH complexes display electrocatalytic activity for H,
production in MeCN in the presence of EtsNH".

NiFeCpN displays a lower overpotential (n = 0.59 V) with a shift of 100 mV with
respect to the analogs MFe for H, production.

The amino-modified CoFe complex has the ability to catalyze H, production contrary
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to its analog Co”Fe”Cp.

The choice of acid leads to different mechanisms, specifically in the sequence of the
two protonation and reduction processes.

In addition, after their physical adsorption on graphite, the modified electrode with
NiFeCpN displays a better electrocatalytic activity than that with Ni"Fe”Cp in acidic
aqueous solution (pH=4).

Therefore, this overall data confirm that the pendant amine group has a strong
impact on the performance of the electrocatalysts for H, production. In future work,
we will try to analyze the obtained product by electrolysis to further investigate the
catalytic mechanism of the NiFeCpN and CoFeCpNH complexes for H, production,
and to understand the role of the amine groups.
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Chapter 4 Bio-inspired MFe (Co and Ni)

complexes for CO, reduction

4.1 Introduction

CO, represents a potential feedstock for the synthesis of value-added fine chemicals
and fuels because of its low cost and toxicity, high abundance, and relative ease of
transport.gz'85 Electrocatalytic CO, reduction is an attractive pathway to convert CO,
into organic fuels and useful chemicals.®” In nature, the active site of the NiFe carbon
monoxide dehydrogenase (NiFe CODH) consists of a Ni center and a Fe center
bridged by an [FesS4] cluster that rigidly positions these two metal centers in close
proximity to each other. This enzyme reversibly reduces CO, to CO via the synergistic
function of both the Ni and Fe centers during the catalytic process.sz’ 139141 1t should
be noted that the active sites of NiFe CODH and [NiFe] H,ase display similar key
structures; both contain Ni and Fe metal ions and a sulfur-rich coordination sphere.
The catalytic process for both CO, reduction and H, production involves protonation
reactions and electron transfer processes. It is reasonable to infer that bio-inspired
models of Hjase are capable of catalyzing the reduction of CO,. Bio-inspired FeFe
models for CO, reduction have been reported in the literature. The bio-inspired
[(u-bdt)Fe,(CO)e] ([32], Figure 1.24) and [(u-edt)Fe,(CO)s] complexes have the ability
to catalyze the reduction of CO, to a mixture product (HCOOH, CO and H;) at Ec=
-2.35 V in the presence of CH30OH as a proton source.” However, the proton
reduction is a highly competitive reaction with CO, reduction. Therefore, it is
essential to develop proper catalysts with enhanced activity and selectivity for CO,
reduction.* In addition, a related bio-inspired Co-based complex of the NiFe CODH
has been extensively employed as an electrocatalyst for CO, reduction with notable
performance (complex [31], n < 100 mV, FE > 93%).%®

Interestingly, the addition of a pendant amine in the second coordination sphere has
been used to tune the catalytic activity and selectivity of several electrocatalysts for
CO, reduction.™ For example, the Fe porphyrin [33], complex'®* bearing a pendant
amine group (Figure 1.25) catalyzes CO, reduction into HCOOH at -1.55 V vs Fc%in
the presence of H,0 in DMF. The experiments and DFT calculations indicate that the
protonation of the amine group is an essential step during the catalytic process since
CO, binds to the Fe' state only when it is protonated. Accordingly, the complex [34]
that not bears an amine group does not show activity for CO, reduction in the
presence of H,0. These data clearly demonstrate that the pendant amine can have a
critical role in CO, reduction.

As mentioned in the previous sections, Ni”Fe”Cp displays good performance for H,
production. Moreover, our group has shown that Ni"Fe"Cp is a multifunctional

catalyst. It can catalyze the reduction of CO, to produce a mixture of CH; and H, at
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E.at= —1.3 V vs SHE after its immobilization on a graphite electrode by physical
adsorption in a pH 4 acidic aqueous solution.’® In addition, the new bio-inspired
amino-modified MFe (Ni and Co) complexes have been described in chapter 3.
Inspired by the above discussions, the NiFeCpN and CoFeCpNH complexes have been
investigated for CO, reduction in the present chapter.

4.2 Result and discussion

4.2.1 Homogenous catalytic activity of NiFeCpN for CO,

reduction

In initial studies, CVs experiments for the NiFeCpN have been carried out in MeCN
under Ar and saturated CO, atmospheres (Figure 4.1). When the solution is saturated
with CO,, an increased current is observed at E,.= —1.86 V (Figure 4.1, red line),
showing an interaction between NiFeCpN and CO,. When the solution of the
NiFeCpN is filled with Ar again, the initial CV is recovered (Figure 4.1, blue line). This
data indicates that the structure of NiFeCpN is remained intact under a CO;
atmosphere.
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Figure 4.1 CVs of NiFeCpN (0.57 mM) under Ar (black line), CO, (red line) and
bubbling Ar again (blue line) in MeCN, 0.1 M n-BusNCIO4, on a glassy carbon
electrode at v =100 mV/s.

Since CO, reduction requires protonation steps, TFE (CFsCH,0OH) has been chosen as
the proton source in this content. In the presence of TFE under Ar, the CVs of
NiFeCpN show that a reduction wave at E,.= —1.60 V is shifted to —1.70 V and an
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increased current is observed below —1.70 V (Figure 4.2, blue line). This is the
indication of a proton reduction catalytic event. The electrochemical behavior of TFE
in the absence of NiFeCpN is investigated as a control experiment (Figure 4.2, red
line). The CV displays a catalytic current at a much more negative potential than that
of NiFeCpN, indicating that the complex has a catalytic role in H, production.
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Figure 4.2 CVs of NiFeCpN (0.57 mM) under Ar (black line), Ar with TFE (blue line),
and of TFE without NiFeCpN under Ar (red line) in MeCN, 0.1 M n-BusNClO,4, on a
glassy carbon electrode at v =100 mV/s.

Interestingly, in the presence of TFE under CO, atmosphere, a larger increase of the
current is observed at E,.= —1.86 V (Figure 4.3), indicating a CO; reduction catalytic
event. Compared with the mononuclear FeCpNH complex, the dinuclear NiFe
complex offers a larger current intensity at a more positive catalytic potential (Figure
4.3), indicating a better activity of the dinuclear complex. Therefore, the combined
data indicate that the electrocatalyst NiFeCpN has the ability to catalyze the
reduction of CO,.
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Figure 4.3 CVs of NiFeCpN (0.57 mM) + TFE under Ar (red line) and CO; (blue line). CV
of FeCpNH (0.68 mM) + TFE under CO, atmosphere (black line). Conditions: 0.1 M
n-BusNClO4 in MeCN, on a glassy carbon electrode at v =100 mV/s.

For the NiFeCpN complex, the onset catalytic potential is observed at Ec;1=-1.73 V vs
Fc'’% in the presence of TFE (Figure 4.4). The current intensity of the catalytic wave
continuously increases by increasing the amount of TFE (Figure 4.4). An electrolysis
experiment has been carried out at -1.70 V vs Fc+/0, a purple precipitate is formed
after a few seconds. This purple precipitate corresponds to the formation of the
mononuclear NiL complex, which is insoluble in MeCN, demonstrating that NiFeCpN
decomposes into the mononuclear NiL species and Fe-based complexes during the
catalytic process. Therefore, this NiFe complex is not stable under these conditions.
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Figure 4.4 CVs of TFE at different concentrations with NiFeCpN (0.57 mM) and
without NiFeCpN (bottom) in MeCN solution with CO; or Ar, 0.1 M n-BusNCIQO,4, on a
glassy carbon electrode at v =100 mV/s.

4.2.2 Heterogeneous catalytic activity of NiFeCpN for CO,

reduction

It is worth noting that some homogeneous catalysts have provided good catalytic
performance but they lack stability under electrocatalytic conditions.’** *° A
promising strategy developed by several groups relies on surface immobilization. It
has demonstrated that considerable improvement in the stability of the
electrocatalysts in heterogeneous catalysis can be reached.’*® As mentioned above,
the NiFeCpN complex is not stable under homogeneous catalytic conditions. In this
context, the NiFeCpN complex has been immobilized on EPG electrodes by physical
absorption to form a hybrid electrocatalyst NiFeCpN/EPG.

The CVs of the NiFeCpN/EPG have been carried out in phosphate buffer aqueous
solutions at pH 4.05 (Figure 4.5). Both graphite and NiFeCpN/EPG display a reduction
process around at -1.12 V vs Ag/AgCl under Ar atmosphere, corresponding to a
proton reduction catalytic event. After CO, bubbling into the electrolyte solution, the
CV of NiFeCpN/EPG exhibits a positive shift from -1.18 V to -1.14 V vs Ag/AgCl
(measured at half-wave), indicating that an electrocatalytic process occurs under
these conditions.

Controlled potential electrolysis (CPE) experiments have been carried out at -1.3 V at
pH 4.05 to identify the generated products. The headspace gas of the CPE cell is then
analyzed by gas chromatography (GC). Two gas products, H, and CH,4 are observed
with a large excess of H, (FE = 66%) and a small amount of CH4 (FE = 1.3%). No other
products have been detected in the electrolyte solution by liquid chromatography. As
previously mentioned (see section 1.2), proton reduction is a competitive reaction to
CO, reduction, and hydrogen can also be produced during CO, reduction. For this
hybrid catalyst, these acidic conditions can also favor H, production with respect to
CO; reduction.
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Figure 4.5 CVs of a NiFeCpN/EPG (13 mm diameter, red line under Ar, blue line under
CO;) and a pristine EPG recorded at pH 4 at v = 100 mV/s in 0.1 M phosphate buffer
aqueous electrolyte under Ar with Ag/AgCl (3.5M KCl) reference and Pt counter
electrodes.

4.2.3 Homogeneous catalytic activity of CoFeCpNH for CO,

reduction

As mentioned above, the NiFeCpN complex has the ability to catalyze CO, reduction
under homogeneous and heterogeneous conditions. The CoFeCpNH analog has also
been tested to catalyze CO, reduction. The CVs of CoFeCpNH have been recorded in
DMEF solutions. In the presence of TFE, it is observed that the current intensity
displays a slightly increasing below -1.80 V vs Fc®under Ar gas (Figure 4.6). After
CO, bubbling into the electrolyte solution, the CV of CoFeCpNH exhibits a larger
current intensity below -1.80 V, indicating that an electrocatalytic process occurs
under these conditions. The onset catalytic potential is observed below -1.60 V vs
Fct®. Interestingly, the anodic process is observed at -1.00 V, and shifts to -0.88 V
after bubbling CO,. It is possible that new species are generated during the catalytic
process.147 Moreover, the current intensity of the catalytic wave continuously
increases by increasing the amount of TFE (Figure 4.7).
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Figure 4.6 CVs of CoFeCpNH (0.43 mM) under Ar (black line) and in the presence of 1
M of TFE under Ar (blue line) and CO, (pink line). Conditions: 0.1 M n-BusNCIO4 in
DMF, on a glassy carbon electrode at v =100 mV/s.
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Figure 4.7 CVs of various amounts of TFE with CoFeCpNH (0.43 mM) in a DMF

solution under CO, or Ar, 0.1 M n-BusNCIO4, on a glassy carbon electrode at v = 100
mV/s.

In the presence of CoFeCpNH, a more positive catalytic potential and a larger current
intensity with respect to mononuclear FeCpNH are observed indicating better activity
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of the dinuclear complex (Figure 4.8). Compared to Co"Fe”Cp, CoFeCpNH also
displays a more positive catalytic potential, indicating that the amine group promotes
the activity for CO, reduction and plays an important role during the catalytic process.
In the case of NiFeCpN, its onset catalytic potential (-1.73 V) is more negative than

for CoFeCpNH (-1.60 V), indicating that the presence of Co is more favorable for CO,
reduction.
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Figure 4.8 CVs of 1 M TFE under statured CO, without catalyst (pink line), in the
presence of Co"Fe'Cp (1 mM, black line), CoFeCpNH (0.43 mM, red line) and FeCpNH
(0.68 mM, blue line) in DMF solution, 0.1 M n-BusNClQ4, on a glassy carbon electrode
at v =100 mV/s.

4.3 Conclusion

The NiFeCpN and CoFeCpNH complexes have the ability to catalyze CO, reduction
under homogeneous conditions.

CoFeCpNH (E.t = —1.61 V) displays a more positive onset catalytic potential than
NiFeCpN (E..:= -1.73 V), indicating that the presence of a Co ion favors CO, reduction
under these conditions.

CoFeCpNH has a better activity for CO, reduction than Co"Fe”Cp, indicating the role
of the pendant amine during the catalytic process.

The NiFeCpN complex also has the ability to catalyze CO, reduction under
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heterogeneous conditions, after its immobilization on graphite. Only two products,
H, (FE = 66%) and CH,4 (FE = 1.3%), are produced at pH = 4.05. However, these acidic
conditions favor the competitive H, production reaction over CO, reduction.

The presence of the pendant amine is beneficial for promoting electrocatalytic
activity for CO, reduction. However, it is necessary to understand the catalytic
mechanism to tune the structure of the catalyst in a rational manner for better
catalytic selectivity.
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Chapter 5 Modulation of the electrocatalytic
activity for H, production with bio-inspired

NiFe complexes containing P-based ligands

5.1 Introduction

Recently, molecular H, has been considered an ideal energy carrier to replace fossil
fuels in order to alleviate the current energy shortage.’*® In nature, [NiFe] H,ase is a
class of biological enzymes that catalyze the reversible interconversion of H, with
protons and electrons®. The active site of the [NiFe] Hyase has a {Ni(cysteinate)s}
center, which is linked via two of its cysteine ligands to a {Fe"(CN),(CO)} unit.* *°
Structural and functional models of [NiFe] H,ase have been prepared for H,
production.

Based on the active site of the [NiFe] Hsase, dithiolate [MLY**?] (M= Ni and Fe)
complexes have been used as a metal-organic backbone for the design of dinuclear
bio-inspired complexes in which two S atoms are bridging a second metal, i.e. Fe, to
form complexes with a M(u-S),Fe core,323% 76, 149152 Generally, the Fe moiety is
composed by [CpFe(CO)]" or [Cp*Fe(CO)]* (Figure 5.1). In addition, these bio-inspired
complexes have revealed an efficient electrocatalytic activity for H, production.

+
+ n
=
Rty R W R
'Nlll Fe FeII/P
V Nt Cl th

Figure 5.1 Structures of the different bio-inspired electrocatalysts.

As previously described, the Ni”Fe”Cp33 and Ni"Fe"Cp*34 complexes display similar

activity for H, production under electrocatalytic conditions. Experiments and DFT
calculations have confirmed that the H, production activity is dominated by the
presence of the non-innocent bipyridine ligand coordinated to the Ni ion and that
the Cp or Cp* ligand of the Fe site does not contribute notably. On the other hand,
diphosphine ligands can act as donor ligands and have been employed to synthesize
bio-inspired NiFe complexes displaying good electrocatalytic activity for H,
production (Figure 5.1).” 7% %3

Inspired by these results, this chapter focuses on the synthesis of a targeted NiFe
complex, in which the Fe is coordinated to a diphosphine ligand. Our objective is to
replace the Cp ligand in the Ni”Fe”Cp complex with a diphosphine ligand (i.e.,
1,2-bis(diphenyl phosphino)ethylene: dppv and 1,2-bis(diphenylphosphino)ethane:
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dppe) with the nickel site keeping unchanged.

5.2 Result and discussion

5.2.1 Synthesis and characterization of

[L"**’NiFe(CO)(dppv)](BFa);

In order to synthesize the [L"**’NiFe(CO)(dppv)]l(BF.), [NiFe(dppv)] complex,
[FeCl,(CO),dppv] should be synthesized first. The synthetic route to obtain
[FeCl,(CO),dppv] is shown in Figure 5.2.">* CO gas is bubbled into an acetone solution
of FeCl, for about 20 min. Then a THF solution of dppv ligand is added to give an
orange solution. CO gas is then bubbled into the reaction solution for about 5 h and
an orange powder is recovered. The IR spectrum of the product displays features at
1966 cm™ and 1996 cm™ in CH,Cl,. In the ESI-MS spectrum of the product in CH,Cl,, a
peak at m/z = 911.26 is observed, assigned to the [Fe"CI(CO)(dppv)z]+ complex
(Figure 5.3). Therefore, the [FeCl,(CO),dppv] complex is not obtained under these
experimental conditions.

/

CI\\

oc//
oC

Ph

FeCl, + CO + \P/ﬂ— P/Ph
Ph— N

Figure 5.2 Reaction between FeCl, and dppv under CO atmosphere.
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Figure 5.3 ESI-MS of the [Fe'CI(CO)(dppv),]* complex in CH,Cl,.

Given that the flow rate of CO gas may affect the synthesis, the same reaction is then
attempted a second time with an increase in the flow rate of CO gas (Figure 5.2). The
IR spectrum of the corresponding product displays two vibrations at 2019 cm™® and
2053 cm™ in CH,Cl,. The ESI-MS spectrum of the product in CH,Cl; displays a peak at
m/z = 911.24, assigned to the [Fe”CI(CO)(dppv)z]+ complex, but no peak
corresponding to the [FeCl,(CO),dppv] complex is observed. [FeCl,(CO),dppv] could
not be obtained under these conditions.

We thus hypothesized that the time of CO bubbling into the reaction solution may be
too short, which may be unfavorable for the production of the dichloride Fe complex.
Therefore, on the basis of the previous experiments, CO gas is bubbled into an
acetone solution of FeCl, for about 90 min. The IR spectrum of the product is
observed at 2015 cm ™ and 2052 cm™ in CH,Cl,. In the ESI-MS spectrum, a peak is still
observed at m/z = 911.26, but none corresponding to the [FeCl,(CO),dppv] is seen.
Therefore, the [FeCl,(CO),dppv] could not be formed under these experimental
conditions.

Then, we tried to use the anhydrous FeBr; salt instead of the FeCl, one to synthesize
the [FeBr,(CO),dppv] in a THF solution (Figure 5.4).">> FeBr;, reacts with the dppv
ligand in THF under CO atmosphere to form the [FeBr,(CO),dppv] complex. In the
ESI-MS spectrum of the crude product in CH,Cl,, a peak is observed at m/z = 670.19,
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assigned to the [FeBr,(CO).dppv - 2Br + 2H"]. The crude product is purified by silica
gel column chromatography using CH,Cl, as an eluent. The IR spectrum of the
purified complex shows that features assigned to CO vibrations are at 2019 cm™* and
2053 cm™ in CH,Cl, (Figure 5.5). These data confirm that the [FeBr,(CO),dppv] can be
formed under these conditions.
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Figure 5.4 Synthetic route for FeBr,(CO),dppv complex.
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Figure 5.5 IR spectrum for the [FeBr,(CO),dppv] complex.

NiL is then added to a CH,Cl; solution of [FeBr,(CO),dppv] in the presence of NaBF,.
After overnight, the unique two CO vibrations observed in the IR spectrum, are those
of the mononuclear [FeBr,(CO),dppv] complex. Besides, the UV-vis spectrum displays
two transitions at 501 nm and 560 nm, which belong to NiL. Therefore, no reaction
occurs between the Fe and Ni units under these conditions (Figure 5.6).

The halides may have an impact on the synthesis of the dinuclear complex. Then,
AgBF, is added to the above solution to remove Br'. The IR spectrum of the resulting
solution displays many CO vibrations at 1812 cm™, 1890 cm™, 1966 cm™, 2004 cm™
and 2054 cm™. In the ESI-MS spectrum of the crude product in CH,Cl, (Figure 5.7),
two main peaks are observed at m/z = 901.24 and 1381.33, assigned to [Ag(dppv), +
HJ']156 and [Ag(NiL),]", respectively. Therefore, the desired NiFe complex could not be
obtained with this procedure. However, we can observe that the addition of an Ag
salt has a strong impact on the reaction with the synthesis of several complexes.
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Figure 5.6 Reaction of the NiL and [FeBr,(CO),dppv] in MeCN.
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Figure 5.7 ESI-MS of the [Ag(dppv), + H'] and [Ag(NiL),]" complexes in CH,Cl,.

In a next step, we tested to remove Br of [FeBr,(CO),dppv] by adding AgBF, prior to
the reaction with NiL (Figure 5.8). AgBF,; is added to a CH,Cl, solution of
[FeBr,(CO),dppv] and a precipitate appears that can be removed. In the IR spectrum
of the corresponding solution, the two observed CO vibrations shift from 2019 cm™
and 2053 cm™ to 2033 cm™ and 2075 cm™. It strongly suggests that Br has been
removed from [FeBr,(CO),dppv]. Then NiL is added to a CH,Cl, solution of
[Fe(CO)zdppv]2+, resulting in a dark brown solution. The IR spectrum of the resulting
solution displays many CO vibrations at 1812cm™, 1890 cm™, 1966 cm™, 2004 cm™
and 2054 cm™. In the ESI-MS spectrum of the crude product in CH,Cl,, a peak is
observed at m/z = 901.24, assigned to [Ag(dppv), + H'] (Figure 5.9), while the
observed peak at m/z = 901.24 is assigned to an unknown complex. The expected
peak corresponding to the targeted complex cannot be observed, evidencing that the
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desired NiFe complex cannot be generated under these conditions.
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Figure 5.8 Synthetic route for the [NiFe(dppv)] complex.
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Figure 5.9 ESI-MS of the [Ag(dppv), + H'] complex in CH,Cl,.

Due to the possible influence of the solvents on the synthesis, we tried to remove Br’
from the [FeBr,(CO).dppv] complex by adding AgBF,; in MeCN instead of CH,Cl,
(Figure 5.10). The main CO vibration shifts from 2014 cm™ to 2005 cm™ in the IR
spectrum. However, the peak at m/z = 901.23, assigned to [Ag(dppv), + H'], is still
observed in ESI-MS spectrum. Therefore, Ag still has an influence during the
synthesis process.
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Figure 5.10 Reaction between [FeBr,(CO),dppv] and AgBF4in MeCN.

Another reaction procedure has been applied, i.e. NiL reacts with the P-based Fe
complex under CO atmosphere.152 In this context, the [FeCl,dppe] complex is first
synthesize (Figure 5.11)."" In the APCI-MS (APCI: atmospheric pressure chemical
ionization) spectrum of the crude solution in MeCN, two peaks have been observed
at m/z = 431.21 and 556.09, assigned to [dppe+0,+H’] and [FeCl,dppe+O,+H"],
respectively (Figure 5.12). This data confirms that the [FeCl,dppe] can be formed
under these conditions.
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Figure 5.11 Synthesis of the [FeCl,dppe] complex.
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Figure 5.12 APCI-MS spectrum of the [FeCl,dppe] complex in MeCN.

NiL then reacts with [FeCl,dppe] in CH,Cl, solution under CO atmosphere (Figure
85



5.13). After the reaction, no CO vibrations are observed in the expected range in the
IR spectrum recorded on the reaction solution. The ESI-MS spectrum of the reaction
solution does not display the expected feature for the targeted NiFe complex (Figure
5.14).

DMF has also been tested as a solvent instead of CH,Cl, (Figure 5.13). After one day,
no changes are observed in the UV-vis spectrum and two transitions are observed at
501 nm and 563 nm, attributed to the NiL complex. Besides, no CO vibrations are
observed in the expected range in the IR spectrum of the reaction solution. No
reaction occurs under these synthetic conditions.
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Figure 5.13 Reactions of the [FeCl,dppe] and AgBF4in CH,Cl,.
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Figure 5.14 ESI-MS of the [Ag(dppe), + H'] complex in CH,Cl,.
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5.3 Conclusion

We did not succeed to synthesize P-based NiFe complexes even if many different
synthetic strategies have been tested. The possible reason is that both NiL and dppv
contain four phenyl groups hindering the reaction. Besides, Ag is not a good choice
during the synthesis since it impacts the structure of the resulting generated
complexes by coordinating units.
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Chapter 6 Summary and Perspective

6.1 Summary

Hydrogenases are organometallic enzymes that catalyze reversibly the oxidation of
hydrogen into protons and electrons. In this context, many bio-inspired FeFe and
NiFe complexes have been developed to catalyze H, production. Besides, some FeFe
models are also able to catalyze CO, reduction. Inspired by these, this thesis has
described the design and synthesis of original bio-inspired dinuclear MFe (M= Ni and
Co) complexes to modulate electrocatalytic activity for H, production and CO,
reduction.

NiFeCpN NiFeCpPy

Figure 6.1 Structures of the different bio-inspired complexes investigated during this
work.

The heterodinuclear Co"Fe"Cp complex (Figure 6.1) has been presented in Chapter 2.
Co"Fe”Cp is the easiest to reduce by one electron with respect to the other MFe
analogs. The corresponding one-electron reduced species (Co'Fe”Cp) has been
isolated and characterized. Unexpectedly, this CoFe complex is not active to produce
H, electrocatalytically, while the parent Ni"Fe" and Fe'Fe" complexes display good
performance. Interestingly, when a pendant amine is added in the second
coordination sphere of the Co”Fe"Cp complex (Figure 6.1), it becomes active for
electrocatalytic production of H, demonstrating that the pendant amine can act as a
proton relay. It has been described in Chapter 3. In addition, it has been
experimentally observed that when a weak acid (EtsNH') is present, the
electrocatalysts are reduced first; while when a strong acid (HBF,) is used, the
electrocatalysts are first protonated rather than being reduced, demonstrating the
impact of the pK; of the acid on the catalytic mechanism.

Chapter 3 also presented two new NiFe complexes bearing pendant amine, i.e.
NiFeCpPy and NiFeCpN (Figure 6.1). The NiFeCpPy is less stable than NiFeCpN due to
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the easy loss of the last CO ligand. NiFeCpN displays better performance both under
homogeneous conditions in MeCN in the presence of EtsNH', and under
heterogeneous conditions in an acidic aqueous solution (pH = 4) after its
immobilization on a graphite electrode. These data confirm that the pendant amine
can play an important role in the electrocatalytic activity for H, production by acting
as a proton relay and thus enhancing their efficiency.

These NiFe and CoFe complexes with the pendant amine have also been tested
toward electrocatalytic activity for CO, reduction in the presence of TFE in MeCN or
DMF in Chapter 4. The CoFe complex with the pendant amine displays a more
positive catalytic potential than the NiFeCpN and Co"Fe''Cp complexes. In the case of
NiFeCpN, the activity for CO;, reduction has been estimated after its immobilization
on a graphite electrode. In an acidic aqueous solution (pH = 4), only two products are
generated: H, (FE = 66%) and CH,4 (FE = 1.3%) as the unique C-based product.

6.2 Perspective

Surprisingly, the dinuclear Co”Fe"Cp complex is not electrocatalytic active for H,
production in DMF. The investigation of the Ni"Fe”Cp and Fe”Fe”Cp complexes in
MeCN seems to show that the key factor controlling their reactivity is the bipyridine
unit, not the nature of the metal. Therefore, the origin of this lack of H, production
reactivity in Co"Fe"Cp is unclear. DFT calculations are currently performed to explain
this difference in reactivity.

In order to modify the electrocatalytic activity of this series of MFeCp (M= Ni, Fe and
Co) complexes, a pendant amine has been added in the parent M"Fe" complex (M=
Ni and Co) to synthesize a new family of MFeCpN complexes for H, production and
CO, reduction under homogeneous or heterogeneous conditions. However, the
one-electron reduced species M'Fe”CpN cannot be isolated and characterized.
Low-temperature techniques have been employed to stabilize these reduced
MFeCpN complexes to characterize intermediates unsuccessfully. DFT calculations
will be performed to predict the structure of these intermediate states, which would
be helpful to elucidate the catalytic mechanism and thus understand the role of the
pendant amine, whether or not a hydride species is formed after its protonation.

For the NiFeCpN complex, more basic conditions should be tried to catalyze CO,
reduction under heterogeneous conditions, as current experiments show that acidic
conditions (pH = 4) are more favorable for H, production than for CO, reduction.
Based on the experiments, CoFeCpNH has better activity than NiFeCpN for CO,
reduction under homogeneous conditions. Therefore, it will also be investigated for
its activity towards CO, reduction under heterogeneous conditions and compared
with NiFeCpN.

Inspired by the MFeCpN complexes (M = Ni and Co), the FeFeCpNH bearing a
pendant amine (Figure 6.2) should be synthesized to act as a catalyst for H,

production and CO, reduction, to study the effect of the nature of the metal on
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electrocatalytic activity. Indeed, in the case of the FeFeCp complex, the one-electron
reduced species is a mixed valent species, contrarily to Co"Fe”Cp and Ni”Fe"Cp for
which the reduction occurs mainly on the Co and Ni sites. It would be interesting to
see if this difference can impact the efficiency and /or the mechanism with the
presence of the pendant amine.

Figure 6.2 Structure of the FeFeCpNH complex.

In Chapter 5, we have targeted the synthesis of a NiFe complex with P-based ligands.
Many different synthetic strategies have been attempted, but unsuccessfully. It may
be that since each NiL and Fedppv unit contains four phenyl groups, the steric
hindrance is too large to allow the reaction to occur.

In future work, the FeFeSH complex (Figure 6.2) will replace NiL to synthesize the
FeFe(dppv), because this FeFeSH complex containing eight phenyl groups has already
been isolated. Alternatively, diphosphine ligands with alkyl groups, such as
1,2-bis(dimethylphosphino)ethane (dmpe), with less steric hindrance could be
selected to synthesize dinuclear MFe complexes (Figure 6.2).

FeFe(dppv) MFe(dmpe) M=Ni, Fe and Co

'
............................................................................ -

Figure 6.2 Structures of the FeFeSH, FeFe(dppv) and MFe(dmpe) (M = Ni, Fe and Co)
complexes.

90



Appendix

General reagents and Materials

All common reagents are purchased and used as received without further
purification. Edge Plane Graphite (EPG) electrodes are purchased from Aldrich. All
solvents are distilled and degassed with Ar before use in experiments. All
experiments are prepared under Ar atmosphere in Schlenk tubes or gloveboxes. The
[Fe'(MeCN),(CO)Cp]BF, complex is prepared according to previously published
methods.™’” *8

Characterization methods

IR measurements are recorded as the average of 4 scans on an Agilent Cary 630 FTIR
spectrometer equipped with an attachment for diamond-attenuated total
reflectance measurements. Absorption spectra are recorded on a ZEISS MC5601
spectrophotometer in a quartz cell (path length: 10 mm). MS experiments are
performed in positive ionization mode on a Bruker Esquire 3000 Plus ion trap
spectrometer.

X-band EPR solid state or frozen solution samples are prepared in the glove box in a
quartz EPR tube. Spectra were acquired on a Bruker EMX instrument equipped with
the ER-4192 ST Bruker cavity and an ER-4131 VT probe. Acquisition parameters: 15
dB, 100 K underflow of liquid nitrogen.

Homogeneous Electrochemistry

Cyclic voltammograms are recorded in a glove box (Ar) equipped with a potentiostat
(Metrohm Autolab PGSTAT100N). The following experimental conditions are used:
electrolyte: 0.1 M n-BugNClO4 in DMF or MeCN; reference electrode: Ag/AgNOs in
the electrolyte; counter electrode: Pt wire; scan rate: 100 mV/s; working electrode: 3
mm diameter glassy carbon disk polished with 2 mm diamond paste. All potentials
are internally calibrated to the Fc° couple using freshly sublimed ferrocene (Eg,,
anodic peak potential; Ey, cathodic peak potential; E1/; = (Epa + Epc)/2; AEp = Epa - Epe).

Heterogeneous Electrochemistry

Cyclic voltammograms are recorded on a potentiostat using the modified graphite
electrode in 0.1 M phosphate buffer aqueous at different pH values, with the
reference electrode Ag/AgCl (3.5 M KCl), with counter electrode Pt plate in 0.1 M
KPFs. The agueous media is deaerated by bubbling Ar or CO, prior to recording the
CV as appropriate.

The thermodynamic potential for H'/H, couple at a particular pH is determined using
the following equation: E°y+/u,= —0.059 X pH
The potentials are converted to the reversible hydrogen electrode (RHE) scale using
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the following equation: Egue = Eag/agal + 0.197 V + pHX0.059 V ; Egue = Espe+ pHX
0.059V

Controlled potential electrolysis (CPE) and gas collection

After deaerating the aqueous media with the appropriate gas (Ar or CO,), the
controlled potential electrolysis is performed on a potentiostat using the modified
graphite electrode at different potentials in a well-sealed three-electrode cell (25 ml)
for 3 hours. The volume of the solution is 12 ml and hence the headspace 13 ml. The
gas evolved is analyzed using GC/MS gas chromatography (Perkin Elmer Clarus 560)
instrument with a thermal conductivity detector.

DFT details

All complexes were optimized to a minimum with the Gaussian09**° program using

the BP86™" '®' (and B3P86)*" ' functional and a def2-TzvP*®* '** pasis set.
Frequency calculations were performed to ensure that the complexes were
optimized to their respective minima. Implicit solvation was performed using the
IEFPCM scheme.'®

To calculate theoretically the redox potential of the complex couple
([Co"Fe"1"/[Co'Fe"]) and the reference complex couple (Fc°), all the involved
complexes were first optimized in acetonitrile (as an implicit solvent i.e., the solvent
is represented by a dielectric constant) as proposed by Konezy et al.*®®

The free energy difference between [Co"Fe"]" and [Co'Fe"] was calculated as well as
the free energy difference between [Fc]+ and [Fc]. Thus using the following equation
(equation 1), the absolute redox potentials of both the complex [Co"Fe"]* and the
reference complex (RC) were obtained.

— _ 1Al i 11+
Eabs([COIIFEII]+/[C0|Fell]) _ nAFG _ (G([CoFe ]iF(G([Co Fe'l™)

(1)

—AG _ —(G([FcD-(G([Fc] D)
nF nF

E ps([Fe]*/[Fc]) = (2)

The redox potential of complex [Co”Fe”]+ referenced to the (Fc+/°) couple is thus
calculated using the following equation:

E_.([Co'Fel]*/[CoFe]) = E,. ([Co'Fe'*/[Co'Fel])- E,p ([Fc]*/[Fc]) (3)

The results are represented in Tables 2.1 and 2.2.
Preparation of the graphite electrodes

The graphite rod electrodes (1.3 c¢cm in diameter and 3 cm in length) are first
sonicated in EtOH for 2 hours and then in deionized water for 1 hour. Ethanol and
water are replenished after each 30 min during the sonication. Then it is dried in an
oven at 120 °C overnight. The dried electrode is immersed in 0.5 mM CH,Cl, solution
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of the catalyst in the glove box under an inert atmosphere. After a half hour, it is
removed from the solution and dried with a N, stream. Finally, the surface is washed
with ethanol to remove any loosely bound catalyst on the surface, then with distilled
water, and finally dried under N, flow before use in electrolysis experiments.

Preparation of the 0.1 M phosphate buffer

1.361 g of potassium dihydrogen phosphate (KH,PO,) and 3.5 g of disodium
hydrogen phosphate (NaH,PQO,) are dissolved in 200 ml of distilled H,0. The pH is
adjusted with 37% of HCI.

NN ) Q =N = N/
NONTC ¢ s © nBuLi, E4,0, THE AgNOg,Pyridine Ar -~ =N N=
—_—
Ar,78°Cc . PRTTS ST\ Ph H,S
Br Br O Ph o Ph PhTSH  Hs—{~Pn
o Ph Ph
2

1 LDHP HaL

Figure 7.1 Synthesis of LDHP and H,L ligands.
Synthesis of 6,6'-bis(2,2-diphenyl-2-((tetrahydro-2H-pyran-2-yl)thio)ethyl)-2,2'-
bipyridine (LDHP)*®’

A solution of diphenylmethylthiol 2 (4.69 g, 16.51 mmol) in anhydrous diethyl ether
(72 ml) is cooled down to -78°C with the colorless solution becoming a colorless
precipitate. Then 6.50 mL of LiBu" (2.5 M in hexane) is added dropwise to give a
yellow solution. The mixture solution is allowed to warm up to -10~ 0°C over 2 h and
then cooled down again to -78°C. The reaction solution changed from yellow to
orange-red (before -10°C ) to a yellow precipitate (0°C) and finally returned to a
yellow solution (-78°C) during  this process. A solution of
6,6’-bis(bromomethyl)-2,2’-bipyridine (1, 2.47 g, 7.22 mmol) in THF (20 ml) with
P(NMe;)s0 (15 ml), is added dropwise yielding a lightening of the reaction mixture
from brown to yellow. The mixture is allowed to warm to 0°C over 4 h and then
added to water. The organic layer is separated and the aqueous layer is extracted
with ethyl acetate (3 x140 ml). The combined organic layers are dried over Na,SO,
and filtered. After removal of the solvent, a small amount of acetone is added to
crystallize a yellowish product. The product is filtered off and washed with methanol
to afford 3.68 g (68%) of a 1:1 mixture of diastereocisomers.

Synthesis of 2,2'-[(2,2'-bipyridine)-6,6'-diyl]bis(1,1-diphenylethane-1-thiol) (HL)*

To a suspension of compound LDHP (3.40 g, 4.54 mmol) in ethyl acetate (14 ml) and
methanol (106 ml) is added to a solution of AgNO3 (1.76 g, 10.36 mmol) in pyridine
(1.127 ml) and methanol (117 ml). The solid material dissolves immediately and the
solution becomes yellow. After 5 h at room temperature the solvent is removed
under vacuum yielding a yellow powder. The powder is dissolved in deaerated
dichloromethane (20 ml) and H,S is bubbled through the solution. The black
precipitate is filtered off and washed with CH,Cl,. The combined filtrates are washed
with saturated NaHCO;s aqueous solution and the aqueous layer is extracted with
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ether. The combined organic layers are dried over NaSO,4 and the solvent is removed
to yield 2.10 g (80%) of the product as a white powder.
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Figure 7.2 Synthesis of the NiL complex.
NiLNZSZ (NiL)168

H,L (200 mg, 0.34 mmol) is added to a suspension of NaH (25 mg) in 12 ml of THF.
After 20 min, NiCl,6H,0 (84 mg, 0.35 mmol) is added to the yellow solution, with
the consequent formation of a dark violet mixture. After 2 h, a dark purple solid is
filtered and redissolved in CHCl; (excess). A residual solid is filtered off and the
solvent is removed in vacuo. The resulting solid is washed with MeOH (20 ml),
filtered, dried in vacuo, and collected as a purple powder (163 mg, 74%). UV-vis
spectrum (in CH,Cl,): 501 nm and 560 nm. ESI-MS (in CH,Cl,, m/z): M = [NilL], 637.27
(M).
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Figure 7.3 Synthesis of the CoL complex.
COLNZSZ (COL)169

H,L (84 mg, 0.14 mmol) is added to a suspension of NaH (10 mg) in 5 mL of THF. After
20 min, Co(BF4),26H,0 (51.7 mg, 0.15 mmol) is added to the yellow solution, with
the consequent formation of a deep black mixture. After 2 h, the dark precipitate
was filtered from the black solution, washed with THF (5 ml) and methanol (3 x 10
ml), dried, and collected as a dark brown powder (65 mg, 73%). UV-vis spectrum (in
CH,Cly): 416 nm, 491 nm and 769 nm. ESI-MS (in CH,Cl,, m/z): M = [ColL], 637.16 (M),
1274.28 (dimer, 2M).
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Figure 3.9 Synthetic route for the FePyCp complex.
Synthesis of PyCp (1c)

2-Picolyl chloride hydrochloride (1a, 10.60 g, 0.065 mol) is added to an aqueous
solution of NaOH (4.07 g, 0.10 mol). The solution is extracted with Et,0, and the
organic layers are combined and dried with NaSO,. The resulting product (1b, 7.61 g,
0.060 mol) is dissolved in 40 mL of THF and a solution of sodium cyclopentadienide
(NaCp) in THF (2 M, 29.06 mL) is then slowly added dropwise at 0°C to give a dark
brown solution. After overnight, the reaction solution is quenched with H,0 (150 ml),
and the aqueous layer is extracted with Et,O (3 *100 ml). The organic layers are
combined and dried with NaSQO,. The solvent is removed in vacuo to yield dark brown
oil. This dark brown oil is distilled at 80-100°C under vacuum to yield PyCp as a
yellowish oil (2.6 g, 0.017 mol). 'H NMR (400 MHz, CDCl3): d 8.47 (m, 2H), 7.52(m,
2H), 7.11~7.08 (m, 2H), 7.06~7.03 (m, 2H), 6.37~6.02 (m, 6H), 3.86 (s, 2H), 3.83 (m,
2H), 2.93 (m, 2H), 2.85 (m, 2H).

Synthesis of [Fe(CO),PyCp], (1d)

A solution of 2.6 g (0.017 mol) of 1c is added to 50 mL of n-heptane. 4.2 ml (1.90 eq)
of iron pentacarbonyl is then slowly added dropwise at 0°C to give a dark brown
solution. The resulting mixture solution is heated at reflux for 40 h to yield a dark
precipitate. After cooling down to room temperature, the dark precipitate is
collected by filtration and washed with n-heptane to give a black solid (3.19 g, 35%).
IR (0il) veo (cm™): 1752 (s), 1975 (s). ESI-MS (in CH,Cl,+MeOH, m/z):
[Fe(CO),PyCpl,, 537.04 (M+H").

Synthesis of [Fe(CO),PyCp(l)] (1e)

3.10 g (5.78 mmol) of 1d is dissolved in 100 ml of chloroform and the solution is
stirred in an ice bath for 30 min. I, (2.3 eq, 1.68 g) is dissolved in a chloroform
solution and added slowly at 0°C to give a dark violet color solution. After overnight,
the reaction solution is washed with saturated Na,S,03 aqueous solution (3X20 ml)
and H,O (2X50 ml). The aqueous layer is extracted with CH,Cl, (3X 100 ml). The
organic layers are combined and dried over Na,SO,4 and the solvent is removed under
reduced pressure to yield 1.96 g (86%) of the product as a brown oil. IR (oil) vco (cm™):
1984 (s), 2025 (s). ESI-MS (in CH,Cl,, m/z): M = [Fe(CO),PyCp(1)], 395.86 (M+H").
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Synthesis of [Fe(CO),PyCp(THF)]BF, (1f)

1.38 g (3.49 mmol) of 1e is dissolved in 20 ml of THF. A THF solution of AgBF, (0.68 g,
3.49 mmol) is added slowly in the dark to give a dark brown solution. After overnight,
the volatile compounds are removed under reduced pressure, and the orange
product is extracted with CH,Cl,, and filtered through a Celite plug. The solvent is
removed under reduced pressure to yield 0.74 g (50%) of the product as a brown oil.
IR (0il) veo (cm™): 2028 (s), 2059 (s). ESI-MS (in CH,Cly, m/z): M = [Fe(CO),PyCp(THF)]*,
268.02 (M — THF). UV-vis spectrum (in MeCN): 356 nm.

Synthesis of [Fe(CO)PyCp(MeCN),]BF, (1g, FeCpPy)

40 mg (0.09 mmol) of 1f is dissolved in 5 ml of MeCN solution. A MeCN solution of
MesNO (1.0 eq, 6.76 mg) is added slowly to give a dark brown solution. After 20 min,
the solvent is removed under reduced pressure, and the orange product is washed
with n-pentane to give the product (35 mg, 95%) as a brown oil. FeCpPy easily loses
its CO ligand and needs to be used as soon as possible for the next step. IR (0il) vco
(cm™): 1993 (s). UV-vis spectrum (in MeCN): 441 nm and 579 nm.

Synthesis of [Fe(CO)HPpr(MeCN)Z](BF4)2(1gH, FeCpPyH)

20 mg of 1g (0.049 mmol) is dissolved in 2 ml of MeCN. A MeCN solution of
HBF4¢Et,0 (1.0 eq, 8 pl) is added slowly and the color of the solution changes from
yellow to brown. After 20 min, the solvent is removed under reduced pressure, and
the orange product is washed with n-pentane to give the product (24 mg, 98%) as a
brown oil. IR (in MeCN) vco (cm™): 1993 (s). UV-vis spectrum (in MeCN): 313 nm, 350
nm, 441 nm and 579 nm.
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Figure 3.2 Synthetic route for the FeCpPy complex.
Synthesis of Cp(CH,),N(CzHs), (2b)*"°

2-Picolyl chloride hydrochloride (2a, 9.48 g, 0.054 mol) is dissolved in 200 ml of THF

and a solution of NaCp in THF (2.4 M, 48.1 ml, 2.0 eq) is then slowly added dropwise

at 0°C to give a dark red solution. The resulting solution is refluxed for 4 h. Then, the
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reaction solution is quenched with H,0O (140 ml) and the organic phase is collected.
The aqueous layer is extracted with Et,0 (3 *100 ml). All organic layers are combined
and dried with NaSQ,. The solvent is removed in vacuo to yield dark brown oil. This
dark brown oil is distilled at 80-100°C under vacuum to yield 5.97 g (67%) of 2b as a
yellowish oil. ESI-MS (in CH,Cl,, m/z): M = [Cp(CH,),N(C,Hs),], 166.17 (M+H™).

Synthesis of [Fe(CO),CpN], (2c)

A solution of 3.3 g (0.020 mol) of 2b is added to 150 mL of n-heptane. 5.12 mL (1.90
eq) of iron pentacarbonyl is then slowly added dropwise at 0°C to give a brown
solution. The resulting mixture solution is heated at reflux for 40 h to yield a dark
brown solution. After cooling down the solution to room temperature, the resulting
solution is filtered and then dried in vacuo. This product was washed with n-heptane
to give a brown oil with a yield of 32% (3.53 g). IR (oil) Veo (cm™): 1764 (s), 1958 (s).
ESI-MS (in CH,Cl,+MeOH, m/z): M = [Fe(CO),CpN],, 553.19 (M+H").

Synthesis of [Fe(CO),CpN(1)] (2d)

4.57 g (8.28 mmol) of 2c is dissolved in 100 ml of chloroform and the solution is
stirred in an ice bath for 30 min. I, (2.3 eq, 4.84 g) is dissolved in chloroform and
added slowly at 0°C to give a dark violet color solution. After overnight, the reaction
solution is washed with a saturated Na,S,03 aqueous solution (3 X 20 ml) and H,0 (2
X 50 ml). The aqueous layer is extracted with CH,Cl, (3 X 100 ml). The organic layers
are combined and dried over Na,SO4 and the solvent is removed to yield 54% (1.80 g)
of the product as a brown oil. IR (oil) veo (cm™): 1981 (s), 2027 (s). ESI-MS (in CH,Cl,
m/z): M = [Fe(CO),CpN(l)], 404.07 (M+H"). UV-vis spectrum (in MeCN): 359 nm.

Synthesis of [Fe(CO),CpN(MeCN)]BF, (2e)

0.32 g (0.79 mmol) of 2d is dissolved in 20 ml of MeCN solution. A MeCN/THF
solution of AgBF,4 (0.15 g) is added slowly in the dark to give a dark brown solution.
After overnight, the volatile compounds are removed under reduced pressure; the
orange product is extracted with CH,Cl,, and filtered through a Celite plug. The
solvent is removed in vacuo to yield 48% (153 mg) of the product as a brown oil. IR
(0il) veo (em™): 2027 (s), 2076 (s). ESI-MS (in CH,Cly, m/z): M= [Fe(CO),CpN(MeCN)T",
317.09 (M), 276.01(M — MeCN). UV-vis spectrum (in MeCN): 320 nm and 376 nm.

Synthesis of [Fe(CO)CpN(MeCN),]BF, (2f, FeCpN)

24 mg (0.059 mmol) of 2e is dissolved in 5 ml of MeCN. A MeCN solution of Me3NO
(1.0 eq, 8.8 mg) is added slowly to give a dark brown solution. After 20 min, the
solvent is removed under reduced pressure, and the orange product is washed with
n-pentane to give 95% (23 mg) of the product as a brown oil. IR (in CH,Cl,) vco (cm™):
1984. UV-vis spectrum (in MeCN): 445 nm.
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Figure 3.25 Synthetic route for the synthesis of FeCpNH complex.
Synthesis of [Fe(CO),CpNHCI(1)] (2d")

1.00 g (2.47 mmol) of 2d is dissolved in 50 ml of CH,Cl,. Then an aqueous solution of
HCl (37%, 1.1eq) is added to give a brown solution. The mixture solutions are shaken.
The organic phase is separated. The aqueous layer is extracted with CH,Cl, (3X50 ml).
The organic layers are combined and dried over Na,SO,4 and the solvent is removed in
vacuo to yield 95% (1.03 g) of the product as a brown oil. IR (0il) vco (cm™): 1981 (s),
2027 (s). '"H NMR (400 HMz, CDsCN): 8.35 (br, 1H, -NH), 5.26 (s, 2H), 4.95 (s, 2H),
3.35-3.22 (m, 8H), 1.38-1.34(m, 6H). ESI-MS (in CH,Cl,, m/z): M = [Fe(CO),CpNHCI(1)],
404.05 (M-HCI+H"). UV-vis spectrum (in MeCN): 357 nm.

Synthesis of [Fe(CO),CpNH(1)]PFs (2d™%)

0.50 g (1.14 mmol) of 2d"™ is dissolved in 5 ml of MeCN. Then a saturated KPFg
aqueous is added. The aqueous layer is extracted with CH,Cl, (3 X 20 ml). The organic
layers are combined and dried over Na,SO,4 and the solvent is removed in vacuo to
yield 90% (562 mg) of the product as a brown oil. IR (0il) vco (cm™): 1985 (s), 2032 (s).
'H NMR (400 HMj;, CDsCN): 6.97 (br, 1H, -NH), 5.24 (m, 2H), 4.94 (m, 2H), 3.36-3.23
(m, 8H), 1.33-1.30(m, 6H). ESI-MS (in CH,Cl,, m/z): M = [Fe(CO),CpNH(I)]*, 377.38
(M-CO+2H"). UV-vis spectrum (in MeCN): 327 nm.

Synthesis of [Fe(CO),CpNH(THF)](BF4)(PFs) (2e")

0.50 g (0.91 mmol) of 2d"? is dissolved in 40 ml of THF. A THF solution of AgBF, (0.17
g, 0.90 mmol) is added slowly in the dark to give a dark brown solution. After
overnight, the volatile compounds are removed under reduced pressure, and the
orange product is extracted with CH,Cl,, filtered through a Celite plug. The solvent is
removed to yield 50% (264 mg) of the product as a brown oil. IR (0il) vco (cm™): 2029
(s), 2078 (s). 'H NMR (400 HM;, CDsCN): 5.51 (m, 2H), 5.14 (m, 2H), 3.32-3.14 (m,
12H), 1.33-1.30(m, 10H). ESI-MS (in MeCN, m/z): M= [Fe(CO),CpNH(THF)]**, 317.17
(M—THF + MeCN). UV-vis spectrum (in MeCN): 375 nm.
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Synthesis of [Fe(CO)CpNH(MeCN),](BF,)(PFs) (FeCpNH, 2f")

0.50 g (0.86 mmol) of 2e" is dissolved in 5 ml of MeCN and placed in an oven-dried
Schlenk tube. This tube is carefully placed under a partial vacuum and exposed to a
UV-filtered Hg/Xe lamp, resulting in the evolution of gas bubbles. The reaction is
monitored by FTIR. After 16 h, the solution is filtered. The obtained oil is washed
with n-pentane to give a brown oil corresponding to 2f" with a yield of 90% (435 mg).
IR (in CH,Cly) veo (cm™): 1983 (s). UV-vis spectrum (in MeCN): 417 nm (broad).

Synthesis of FeBr,(CO),dppv*>®

A THF (6 ml) solution of FeBr, (0.11 g, 0.50 mmol) and dppv (0.20 g, 0.50 mmol) is
stirred and CO is through it bubbled at room temperature for 5 h. After the removal
of the volatile compounds from the resulting mixture, the residue is purified by silica
gel column chromatography using CH,Cl, as an eluent. FeBr,(CO),dppv is isolated as
an orange-red solid (0.24 g, 72%). IR (solid) vco (cm'l): 2019 (s) and 2053 (m). ESI-MS
(in CH,Cly, m/z): M = FeBr,(C0O),dppv, 670.19 (M — 2Br + 2H").

Synthesis of FeCl,dppe™’

A solution of dppe (1.05 g, 2.63 mmol) in chloroform (4 ml) is added to an acetone
(40 ml) solution of FeCl,*4H,0 (0.52 g, 2.62 mmol) to give a yellowish solution. The
mixture solution is refluxed for 20 h to give a turbid yellow solution. The yellow
precipitate is separated by filtration, and washed three times with diethyl ether,
dried under a vacuum, and isolated as a powder with a yield of 19% (260
mg).EPCI-MS (in MeCN, m/z): M = FeCl,dppe, 431.21 (dppe+O,+H*); 556.09
(M+0,+H").

Synthesis of the [(LNZSZ)Co"Fe"(CO)(Cp)]BF4 (Co"Fe"Cp)

Solid CoL (100 mg, 0.16 mmol) is added to a stirring solution of
[Fe'(MeCN),COCp]BF4 (50 mg, 0.16 mmol) in 10 mL of CH,Cl,. After overnight, the
dark black-brown solid product is filtered and washed with EtOH and dried under a
vacuum to give Co"Fe"'Cp with a yield of 80% (111 mg). IR (solid) vco (cm™): 1856 (s).
ESI-MS (in CH,Cl,, m/z): M = [(LN***)Co"Fe'(CO)(Cp)]*, 786.04 (M); 758.06 (M — CO).
UV-vis spectrum (in CH,Cl,): 468 nm and 584 nm.

Synthesis of the [(LNZSZ)CO'(CO)Fe"(Cp)] (Co'Fe"Cp).

A slight excess of solid cobaltocene (CoCp,, 23.8 mg) is added to a solution of
Co"Fe"Cp (100 mg, 0.11 mmol) in 10 mL of MeCN. After 2 h, the dark brown-black
solution turns to a purple suspension. The solid is filtered and washed with
acetonitrile and dried under vacuum to give Co'Fe'Cp with a yield of 85% (73 mg). IR
(solid) veo (cm™): 1734 (s). ESI-MS (in CH,Cly, m/z): M = [(LN**)Co'Fe"(CO)(Cp)], 786.0
(M). UV-vis spectrum (in CH,Cl;): 522 nm and 950 nm.

Synthesis of the [(L"**?)Ni"Fe"(CO)(CpPyH)](BF4) (NiFeCpPy)

Solid NiL (32 mg, 0.05 mmol) is added to a stirring solution of FeCpPyH (25 mg, 0.05
mmol) in 10 mL of CH,Cl,. After overnight, the solvent is removed under a vacuum to
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give a brown power. The resulting solid is washed with n-pentane and dried under a
vacuum to give NiFeCpPy with a yield of 58% (30 mg). IR (in CH,Cl,) veo (cm™): 1922
(s). ESI-MS (in CH,Cl,, m/z): M = [(L"*)Ni"Fe"(CO)(CpPy)]", 876.19 (M). UV-vis
spectrum (in CH,Cl,): 391 nm, 497 nm, and 660 nm.

Synthesis of the [(L"**?)Ni"Fe"(CO)(CpN)]BF, (NiFeCpN)

Solid NiL (38 mg, 0.06 mmol) is added to a stirring solution of FeCpN (25 mg, 0.06
mmol) in 10 mL of CH,Cl,. After 48 h, the solvent is removed under a vacuum to give
a brown-red power. The resulting solid is washed with n-pentane and dried under a
vacuum to give NiFeCpN with a yield of 66% (38 mg). IR (in CH,Cl,) vco (cm™): 1928 (s).
ESI-MS (in CH,Cly, m/z): M = [(L"**)Ni"Fe"(CO)(CpN)]*, 884.31 (M); 856.31 (M — CO).
UV-vis spectrum (in CH,Cl,): 464 nm.

Synthesis of the [(L"**?)Co"Fe"(CO)(CpNH)](BF4 )(PFs)(CoFeCpNH)

Solid CoL (28 mg, 0.04 mmol) is added to a stirring solution of FeCpNH (25 mg, 0.04
mmol) in 10 mL of MeCN. After 48 h, the solvent is removed under a vacuum to give
a brown power. The resulting solid is washed with n-pentane and dried under
vacuum to give CoFeCpNH with a yield of 62% (28 mg). IR (in CH,Cl,) vco (cm™): 1896
(s). ESI-MS (in CH,Cl,, m/z): M = [(LN**?)Co"Fe"(CO)(CpNH)]*, 885.24 (M); 857.24 (M —
CO). UV-vis spectrum (in CH,Cl,): 456 nm and 563 nm.
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