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Abstract: A pyrazole—based ligand substituted with terpyridine groups at the 3 and 5positions has been
synthesized to form the dinuclear cobalt complex 1, that electrocatalytically reduces carbon dioxide (CO5)
to carbon monoxide (CO) in the presence of Brgnsted acids in DMF. Chemical, electrochemical and UV—
vis spectro—electrochemical studies under inert atmosphere indicate a single 2 electron reduction process
of complex 1 at first, followed by a 1 electron reduction at the ligand. Infrared spectro—electrochemical

studies under CO, and CO atmosphere allowed us to identify a reduced CO—containing dicobalt complex



which results from the electroreduction of CO,. In the presence of trifluoroethanol (TFE), electrocatalytic
studies revealed single-site mechanism with up to 94 % selectivity towards CO formation when 1.47 M
TFE were present, at —1.35 V vs Saturated Calomel Electrode in DMF (0.39 V overpotential). The low
faradaic efficiencies obtained (<50%) are attributed to the generation of CO—containing species formed

during the electrocatalytic process, which inhibit the reduction of COs.

Introduction

Mishandling of global resources has led to anthropogenic climate change.!! To decrease its harmful effects
and Make Our Planet Great Again,?! shifts towards renewable energy storage,® circular feedstocks,™ and
energy—efficient processes are required.®! Consequently, molecular electrocatalysis has experienced a
renewed interest,’® ¥ since it can contribute to sustainable and energy—efficient organic redox chemistry,®-
11 and to develop new strategies towards energy storage applications.["*? Along these lines, bimetallic
electrocatalytic systems have been synthesized and broadly studied aiming towards energy storage
transformations,™*4 such as water oxidation,™ oxygen reduction,*®! hydrogen evolution reaction,™"!
nitrogen reduction,™*® or carbon dioxide reduction(*®! (Figure 1). Moreover, advances on the understanding
of the structure and reactivity of metal-based cofactors has caused the growth of bioinspired multimetallic
molecular systems,[*32021 to exploit their cooperative—reactivity potential.?? A recent example of
bioinspired bimetallic electrocatalysis for CO, transformation was recently published by Duboc et al., in
which a NiFe-hydrogenase model promoted the conversion of CO; to CH4 in aqueous solutions at pH 4
with 16% faradaic efficiency (FE).[*®! Another relevant example of bimetallic electrocatalyst was reported
by Bowman et al., where a dicopper molecular system yielded 12 equivalents of oxalate from CO; at —0.03
V versus the normal hydrogen electrode.[?*! As with this two examples, no metal-metal interaction has been
reported to participate during molecular bimetallic electrocatalytic reduction of CO,,["*% with cooperativity
arising from bimetallic substrate activation in some cases.[® In this regard, pyrazole-based ligands are

well-stablished platforms that allow such reactivity.?) Under the right synthetic conditions, the



deprotonated pyrazolate acts as an exo—bridge that generates the desired bimetallic complex. However,
depending on the metal precursor and substituents at 3,5—positions at the N-heterocycle not only homo- or
hetero—bimetallic complexes can be formed, but also mono— and polynuclear species (Figure 1).[2627]

In our search for new molecular systems that can electrochemically activate and reduce CO,,[?82% we
decided to synthesize a new bimetallic molecular complex bearing a pyrazole—core substituted with
terpyridine groups at the 3,5—positions (Figure 1). Although this approach blocks the possibility of exo—
bimetallic substrate activation,® ligands bearing a terpyridine fragment have shown the ability to reduce
the overpotential for CO; electroreduction through metal-ligand cooperativity.®*33 Additionally, the new
synthesized ligand structure would generate a complex with structural similarities to the [Co" (qpy)(H20).]**
electrocatalyst (qpy = 2,2°:6°,2°:6>°,2”>’—quaterpyridine), which our group has thoroughly studied, 3
and that could serve as a mononuclear comparative system (Figure 1). Thus, in this report we describe the
synthesis and characterization of a new bimetallic molecular Co"-complex and its electrochemical
characterization under inert atmosphere. We studied its electrocatalytic activity towards CO, reduction in

the absence and presence of Brensted acids, including its distinct behavior in different organic solvents.
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Figure 1. Bimetallic complexes used as electrocatalyst for the transformation of CO, (top). Monometallic

cobalt electrocatalyst for CO, reduction and new bicobalt—based electrocatalyst for CO, reduction (bottom).



Results and Discussion

Ligand and complex synthesis and characterization.

The pyrazole-based ligand, 3,5-bis{6—(2,2":6',2"terpyridine)}pyrazole, L-H, has been characterized by
NMR and high resolution mass spectrometry (HRMS) and was obtained in 30 % vyield, by reacting
synthesized 6-methyl-2,2":6',2"-terpyridine carboxylate with 6-acetyl 2,2":6',2"-terpyridine, following
reported procedures.l L-H exhibits low solubility in most solvents, presenting a symmetrical pattern in
the *H and C{*H} NMR spectra, with the characteristic H-signal from the 4—position of the pyrazole ring
appearing at 7.84 ppm in DMSO-ds (Figure S9). L-H was suspended in THF and deprotonated with 1.1
equivalents of '‘BuOK. Once a clear orange solution was formed, 2 equivalents of CoCl, were added,
followed by 5 equivalents of AgBFs and MeCN. The reaction was left stirring overnight protected from
light inside the glovebox. Mixture purification generated the desired complex 1, [Co'2(L)(MeCN)4][BF4]s

in high yields (Scheme 1).

Scheme 1. Complex synthesis. i: 1.1 equivalent of 'BuOK in THF; ii: 2 equivalents of CoCl, in THF; iii: 5

equivalents of AgBF4in MeCN.

Complex 1 crystallizes from concentrate MeCN/toluene solutions at room temperature, yielding large
orange crystals suitable for single-crystal X-ray diffraction. As expected, the deprotonated ligand L binds

to two Co'' atoms, where each center is six—coordinated and binds besides the terpyridine fragment (terpy)



and a N—-atom from the pyrazolate, two N—-atoms from coordinated MeCN at the apical positions. Thus, 1
is a tricationic dicobalt (1) complex, with L sharing a negative charge with both metal centers (Figure 2).
Complex 1 is paramagnetic and thus silent by *H NMR (et = 6.232 BM).1% The lower effective magnetic
moment observed compared to a previously reported high-spin bimetallic octahedral Co" complex,%
might reflect the distorted octahedral geometry observed at each Co''center.l* Interestingly, previously
reported bimetallic Co'' complexes stabilized with pyrazolate core ligands have shown antiferromagnetic

coupling.[*l
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Figure 2. ORTEP view of complex 1. Displacement ellipsoids are drawn at the 50% probability level and

counterions, solvent molecules and hydrogen atoms are omitted.

Electrochemical studies.

We analyzed the redox properties of complex 1 by cyclic voltammetry (CV). The electrochemical
measurements were performed in dry solvents (MeCN or DMF) using a glassy carbon working electrode,
a Pt—counter electrode, and a Saturated Calomel Electrode (SCE) as a reference electrode (at constant T =
293 K). As observed in Figure 3, CV analysis of 1 (0.5 mM) in dry MeCN with 0.1 M Bu:NPFg under Ar
exhibited three redox events at —0.69 (R141¢N), —1.14 (R2X¢N) and —1.56 (R3%1“N) V vs SCE. The first
cathodic wave at redox event R14N (solid red, Figure 3) is diffusion controlled and the other two more
negative waves resemble adsorption phenomena. We applied the methodology developed by Amatore et
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al. to determine the value of the electron stoichiometry corresponding to the first electrochemical wave
(Figures S21-S23).1?1 This method is based on comparison of the currents measured by a pair of analytical
techniques such as chronoamperometry with microelectrodes and cyclic voltammetry using
ultramicroelectrodes. Knowing the number of electrons involved at the first redox event in MeCN, we could
determine the diffusion coefficient (D) of complex 1. Thus, after variable scan rate analysis and application

of the Randles—Sevcik equation, we obtained D = 2.1-107° cm? s71.[43
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Figure 3. CVs of complexes 1 (line) and 2 (dotted line), 0.5 mM, in anhydrous DMF (blue) and MeCN

(red) with 0.1 M of TBAPFg, at 20 °C and scan rate of 0.1 V-s™.

In addition, to gain further insight into the nature of the electrogenerated species at such potentials, we
performed thin—layer UV-vis spectroelectrochemistry (UV-SEC), since it could provide useful information
about the intermediate formed in the reaction layer surrounding the electrode surface. As it can be observed
in Figure 4, the spectra exhibit the appearance of 2 new bands centered at 400 and 500 nm (bordeaux),
when the experiment was performed at room temperature under argon atmosphere. Being a reversible
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process, application of a positive voltage forms back complex 1, generating the initial spectrum (blue).
Moreover, we analyzed by UV-vis the reduction reaction of 1 with 2 equivalents of cobaltocene in MeCN
since the one—electron redox couple potential of cobaltocene falls between the R2XeCN and R14ecN
(E20Cp2= —-0.9 V vs SCE).[*l As it is observed in Figure 4, the wave obtained (green) is similar to the
electrogenerated species (bordeaux), supporting our assignment of a two—electron reduction process at
R1}eCN  The high absorbance observed at 260 nm corresponds to the presence of 2 equivalents of
cobaltocenium in solution.!*! Unfortunately, the reduced complex is unstable, leading to the disappearance
of the band when the solution is left for 30 min under Ar at room temperature. Attempts to isolate the

reduced species through glovebox or Schlenk techniques were unfruitful.
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Figure 4. Blue: UV-vis spectrum of complex 1 in MeCN (0.1 M TBAPFs). Bordeaux: UV-vis spectrum
of electrogenerated species in MeCN (0.1 M TBAPF). Green: UV-vis spectrum from reacting complex 1

with 2 equivalents of cobaltocene in MeCN.

Neither Amatore’s methodology nor thin—layer UV-SEC allowed us to determine the number of electrons

involved at the second or third redox events, due to non—diffusive processes involved beyond -1 V vs SCE.

7



Fortunately, CV analysis of 1 in dry DMF exhibits three diffusion controlled redox events observed at —
0.79 (R15MF), —1.18 (R22MF) and ~1.40 (R32MF) Vv vs SCE, with a 2:1:2 ratio (Figure 3, solid blue).
Potentiostatic coulometry of complex 1 in DMF confirmed the consumption of 5 electrons in a 2:1:2 process
when the potential applied was —1.62 V (Figure S33). To understand solvation effects, we added increasing
amounts of MeCN to a solution of 1 (0.5 mM) in DMF (0.1 M TBAPF¢) and vice versa. We observed that
while solutions of 1 in DMF were not affected by consecutive additions of MeCN, solutions of 1 in MeCN
evolve gradually with the addition of DMF, generating the same CV as if recorded in DMF (Figure S32).
This observation sheds light into the redox events R15%LV, R239LY and R33%LY(for SOLV = DMF or
MeCN), reflecting a different electrochemical response due to solvent coordination to the bimetallic
complex and the corresponding reduced form. [l

Being the redox event at R23%L" suggestive of a reduction event centered on the ligand platform (Figure
3).[B13234381 To gain further insight into this process, the analogous Zn complex 2 was synthesized and
characterized. CV of 2 in DMF or MeCN under similar conditions exhibited a cathodic wave, which falls
between R23%LY and R33%LV for complex 1 (Figure 3, dashed curves). These results, along with previous
studies regarding transition metal complexes bearing terpy fragments,[*2343% indicates that R25°Y may
corresponds to a one electron reduction at the ligand platform. Thus, we have tentatively assigned R250LV
for complex 1 to a one electron the reduction occurring at the ligand. Finally, based on the potentiostatic
coulometry of complex 1 in DMF (vide supra) the cathodic wave R33%L" was assigned to a two—electron

reduction process.

Electrochemical studies under COx.

Under CO. atmosphere complex 1 exhibits irreversibility at the first redox event, R1.¢,, when the cathodic
wave R4, is reached and the slight current increase observed at the third cathodic wave (R3.0,,) is due
to presence of traces of water, vide infra (Figure 5, Left).[*1 A catalytic current enhancement is observed at

potentials ca. —1.55 V, with a peak at ca. —1.90 V (R4.¢,)- When R4, is reached, a new anodic wave at



0.28 V appears in the CV, which has been assigned to cobalt CO—containing species, since CVs performed

under CO atmosphere resembled the same anodic event (Figures S46-S48).
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Figure 5. Left, CVs of complex 1 (0.5 mM) in anhydrous DMF with 0.1 M of TBAPFs, at 20 °C and scan
rate of 0.1 V-s%, under argon (light blue) and CO, atmosphere (dark blue). Right, FT-IR-SEC spectra of

a 0.5 M TBAPFs/DMF solution of 1 (6 mM) under CO; at — 1.6 V vs Ag wire.

To obtain in situ information during the electroreduction of CO, infrared spectroelectrochemistry (IR—
SEC) was performed from -1 to -2 V (vs Ag wire) to solutions of complex 1 in DMF under CO, atmosphere.
The spectra obtained from IR-SEC experiments at —1.6 V vs Ag wire exhibited a new IR band at 1889 cm~
1 assigned to a CO—containing dicobalt complex (Figure 5, Right). This band is not observed when complex
1 is dissolved in DMF and its IR measured under CO atmosphere. However, if a potential of -1 V vs Ag
wire is applied to this solution, the IR band at 1889 cm™ is generated (Figure S50). Thus, we presume that
the band corresponds to a reduced dicobalt carbonyl complex. This also agrees with the observed anodic
wave at 0.28 V vs SCE in DMF, vide supra (Figure 5, Left). To gain further knowledge on the
electrocatalytic activity, controlled potential electrolysis (CPE) of 1 (0.5 mM) in DMF (=2.05 V vs. SCE)

was conducted using a glassy carbon plate as the working electrode. The gaseous headspace of the sealed



electrolysis cells was analyzed after the experiment, exhibiting to our surprise non—substantial amounts of
CO gas produced in DMF. During the first 15 minutes of CPE, the chronoamperogram exhibited rapid
current inhibition. CV of the remaining DMF solution generated a similar current as prior to the CPE,

indicating that the current decrease during CPE is due to electrode surface passivation (Table S3).

Electrochemical studies in the presence of Brensted acids.

Weak Brgnsted acids have been reported to promote the catalytic electroreduction of CO,,*® by stabilizing
the electrogenerated [M—CO;] adduct and facilitating the cleavage of the C—O bond during the conversion
to CO." Since CO was detected during the electroreduction of CO; by 1, we investigated the effects that
different weak Brensted acids such as water, phenol (PhOH) or TFE could have in the electroreduction of
CO..* Water addition during CV studies of 1 in DMF (TBAPFs, 0.1 M) under CO, atmosphere shifted by
in 100 mV the cathodic wave R1%%" to more negative potentials, indicating water coordination to the
Co-—centers (Figure 6A).%1 Additionally, a new fivefold current increase in the electrocatalytic wave
R2}ater with respect to R1{%5¢" at ca. —1.35 V was observed.[® During a 3 h CPE, under saturated CO;
atmosphere at —1.4 V, 4 TONs of CO and 5 TONs of H, were generated (0.5 mM of 1, 0.5 M TBAPFs and
5 M water in DMF). CV analysis of the solution before and after CPE exhibited different redox behavior
and rinse test analysis from the glassy carbon plate used during the CPE exhibited electrocatalytic activity
(Table S4). Thus, heterogeneous catalysis arising from complex 1 derivatization/decomposition cannot be

ruled out during CPE performance.[
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Figure 6. CVs of complex 1 (0.5 mM) under CO, atmosphere, in anhydrous DMF with 0.1 M of TBAPFs,
at 20 °C and can rate of 0.1 VV-s71, in the presence of 1.94 M of water (red), A; 3 M of PhOH (blue), B; and

1.47 M of TFE (green), C.

Later, we investigated the addition of PhOH to solutions of 1, which generated a new electrocatalytic wave,
R2PIOH at less negative potentials (ca. —1.23 V) and observing reversibility at the redox event R1EA9H
(Figure 6B). CPEs performed at ca. —1.3 V in the presence of 3 M PhOH, yielded higher CO TONSs (12)
and less H, TONs (3), than when water was present. CV analysis of the remaining solution showed higher
current than before CPE, due to the formation of electrocatalytically active material deposited on the
electrode surface during CPE (Table S5). Thus, although the electrocatalytic response under the new
conditions did improve, heterogeneous pathways for electrocatalysis rising form complex 1 derivatization
under the reaction conditions cannot be ruled out. Moreover, in the presence of PhOH a second large
electrocatalytic wave (R3£A9H) at ca. —1.75 V is observed in the CV (Figure 7B). A 3 h CPE under the
same previous conditions but at —1.8 V applied potential generated more hydrogen (13 TONSs) keeping
similar amounts of CO formed (12 TONSs). The higher H, formation may rise from competitive reactivity
favored at more negative potentials such as hydrogen evolution reaction,2%3 and decomposition process.!
Finally, addition of TFE to solutions of 1 generated a new pre-wave for R1%EE at ca. —0.55 V, with R1ZEE
TFE

exhibiting at slightly more positive potentials, plus an electrocatalytic wave R2.,; at ca. —1.3 V (Figure

6C). We were pleased to find that a 3 h CPE performed at —1.35 V (1.47 M TFE) yielded higher selectivity
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for CO conversion compared to water or PhOH (94 %, 17 TONs of CO and 1 TON of H>). Moreover, using
same conditions, CPE performed under **CO, atmosphere generated *CO (Figure S62). From its rinse test
analysis, CV before and after CPE and shape of the chronoamperogram, we conclude that complex 1
presents higher stability under these last conditions. This becomes clearer from CPE performed for 1 hour,

in which the CVs before and after CPE remain almost identical (Table S11).

Table 1. Electrochemical response from CPE experiments.

Bronsted co H, Selectivity Potential (V)
Acid TON |FE(%)| TON |FE(%) (CO formation)

5M Water 4 18 5 21 44 % -1.40

3M PhOH 12 41 3 11 80 % -1.30

3M TFE 17 39 1 2 94 % -1.35

Conditions: 3h CPE, 0.5 mM 1, 0.5 M TBAPF;, CO,, dry DMF. Working electrode: 2 cm? glassy carbon

plate; counter electrode: platinum grid; reference electrode: SCE.

Although selectivity towards CO formation and TON increased with increasing acidity of the weak
Brgnsted acid, and the overpotential remains rather low (390 mV),[34%1 the overall faradaic efficiency did
not overpass 50 % in any case (Table 1). Besides analyzing the gas space, after each CPE we analyzed the
liquid phase by GC-MS, ionic chromatography, and NMR with different solvents (including DCI 37% in
D,0) without detecting other products arising from CO: reduction, solvent or supporting electrolyte
degradation. Studies under CO atmosphere indicate electrocatalytic activity inhibition of 1 (Figure S49).
Thus, considering that electrocatalytic inhibition could arise from CO binding to cobalt centers, we
performed electrochemistry experiments under irradiation with 60 blue LED lamps (470 nm),5®! keeping
the temperature of the cell controlled at 20 °C. These attempts did not improve the faradaic efficiency of

the catalysis (Table S12), neither experiments performed at higher temperature (Table S9).
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From our studies we propose that during the electrocatalytic reduction of CO,, both Co centers participate
independently from each other, as two separate metal centers attached to a same ligand platform. For
reactions taking place in DMF in the presence of Bransted acids, in a first stage a two-electron reduction
generates the monocationic complex Co." (Scheme 2). Intermediate Co,* gets further reduced to generate
the neutral complex intermediate, Coz, which will later undergo CO conversion from CO; in the presence
of protons and electrons. After each catalytic cycle the complex is recovered, as reversibility of the redox
event is observed after the catalytic cathodic curve by CV studies (Figure 6) and CPEs performed for 1 h
in the presence of TFE (vide supra). Considering a single-site reactivity for the chemical transformation of

CO,, we assume that me mechanism proceeds similarly to previous reports.234

2¢co
2 H,0

2CO,
1e-, 4 H*

Scheme 2. Proposed mechanism for the conversion of CO; into CO by complex 1 in the presence of

Brgnsted acids.

Conclusion

We have described the synthesis of a new pyrazole—based ligand and formed a dinuclear cobalt (1) and zinc
(2) complexes. Chemical, electrochemical and UV—vis—SEC studies of 1 confirmed a first 2 electron
reduction process followed by 1 electron ligand—centered reduction. From IR-SEC studies and

electrocatalytic reduction of CO; in the presence of Bransted acids to generate CO, single-site reactivity
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seems to occur with no cooperativity between metals. From electrocatalytic studies in the presence of
different weak acids, the highest TONs (17) and selectivity (94%) where obtained when 1.47 M TFE were
present, at —1.35 V vs SCE in DMF (0.39 V overpotential). As observed in previous works,®234 the
participation of the ligand framework containing terpyridine groups may facilitate the reduction of the
overpotential. The low FEs obtained (<50%) can be attributed to the formation of CO-containing cobalt
complexes during the electrocatalytic process, which inhibit the reduction of CO,, or secondary reactions
with partial decomposition. Electrocatalytic studies of supported complex 1 over modified cathodes are
currently under investigation to analyse their electrocatalytic performance in flow-cell electrolysers to avoid

the accumulation of CO-containing cobalt species.

Experimental Section

General specifications

All manipulations unless stated otherwise were performed using Schlenk or glovebox techniques under dry
argon or nitrogen atmosphere, respectively. THF was dried over Na/benzophenone, freshly distilled prior
to use and stored under nitrogen atmosphere over molecular sieves (4A). Anhydrous deuterated solvents
were purchased from Eurisotop and stored over 4A molecular sieves. All chemicals unless noted otherwise
were purchased from major commercial suppliers (TCI, Sigma—Aldrich, Across Organics) and used as

received.

Cyclic voltammetry

The electrochemical experiments were performed under argon flow in a three—electrode cell. The working
electrode was a steady glassy carbon electrode of approximately 0.07 cm? surface area, the counter electrode
was a platinum wire, and the reference was a saturated calomel electrode separated from the solution by a
bridge. The cyclic voltammograms (CVs) were recorded in dry N,N—dimethylformamide (DMF) and

CHsCN from Across Organics, using an AUTOLAB (Metrohm) PGSTAT100N potentiostat run with Nova
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2.1.4 software. The electrolyte salt, tetrabutylammonium hexafluorophosphate (TBAPFs) for
electrochemical analysis, was purchased from Sigma—Aldrich and all the glassware was carefully dried

before use.

Controlled Potential Electrolysis

Controlled potential electrolysis were conducted using a PARSTAT 4000A potentiostat (Princeton Applied
Research). Preparative scale controlled potential electrolysis (CPE) experiments were performed in an
electrolysis cell with a working compartment (4 mL liquid volume) and counter compartment (2 mL liquid
volume) separated by an ultrafine glass frit, the total volume of the sealed cell is 39 mL, all CPEs were
performed at +20 °C. A 2 cm? glassy carbon plate was used as the working electrode, a platinum grid was
used as the auxiliary electrode, and a Saturated Calomel Electrode in a tipped glass tube filled with
electrolyte (TBAPFg, 0.5 M in DMF or CH3CN) was used as a reference electrode. Both compartments
were sealed to be gastight. A second glassy carbon electrode (0.03 cm? area) was added in the working
compartment to perform CV scan before and after the CPE measurement. The working compartment was
sparged with CO; for 10 min before adding the solutions. The electrolyte solution was constantly stirred
during the CPE experiment with a 1 cm stirring bar. No iR compensation was applied. The electrolysis
experiments were then conducted at constant potential for the specified amount of time. After this period,

the headspace of the cell was immediately analyzed by gas chromatography (GC).

Gas detection

GC analyses of gas sampled from the headspace during the electrolysis were performed with an Agilent
Technologies 7820A GC system equipped with a thermal conductivity detector. CO and H, production was
guantitatively detected using a CP—CarboPlot P7 capillary column (27.46 m in length and 25 pm internal
diameter). Temperature was held at 150 °C for the detector and 34 °C for the oven. The carrier gas was
argon flowing at 9.5 mL/min at constant pressure of 0.4 bars. Injection was performed via a 250—uL gas—

tight (Hamilton) syringe previously degassed with CO,. Conditions allowed detection of both Hz, Oz, Na,

15



CO, and CO:.. Calibration curves for H, and CO were determined separately by injecting known quantities

of pure gas. Detection limits for CO and H; are 5.2-1071° mol and 1.6:1071° mol, respectively.

UV-visible spectroelectrochemistry

This technique allows the in situ UV—vis characterization of intermediate species that are produced in the
diffusion layer of an electrode. To do so, it is necessary to use a special cell, to which can be integrated
three electrodes of the classical CV set—up, and that can be at the same time mounted in the
spectrophotometer. The electrochemical cell is mounted in a special transparent Dewar—type support inside
the spectrophotometer. The former consists of a 0.2 cm quartz UV—vis—NIR cell surmounted by a glass
compartment. The Dewar was cooled, if needed, by a Julabo circulation cryostat. In this case, all
experiments were conducted at 20 °C. We used the same set—up as previously described,™5%1 using a Toray
carbon paper as working electrode with holes that allow light to pass through, connected with golden thread.
This carbon material has a behavior much closer to the GC electrode than platinum, so the CV analysis can
be directly correlated with the results in the spectroelectrochemical experiment. The reference electrode is
a carbon/Teflon pseudoreference that is very stable for several hours, avoiding Ag* leaks in the solution
that can be detrimental for electrochemistry experiments. Finally, a thin GC electrode has been integrated
in the set—up, allowing the recording of CVs inside the cell. As a counter electrode, we use a platinum grid
protected in a glass frit (SI, Figure S1). Absorbance spectra were collected using an Agilent Cary 60 UV—

Vis instrument.

Infrared spectroelectrochemistry

An optically transparent thin—layer electrode (OTTLE) cell, equipped with a CaF, window, Pt minigrid as
working electrode, Pt microwire as counter electrode, and Ag microwire as a pseudo-reference electrode.
For studies performed under CO, atmposphere, the blank solutions consist on the solution of 1 (6 mM) in

DMF (0.5 M TBAPFs) which later was used to substract the solvent signals. For experiments under CO
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atmosphere, the blank solutions was only electrolyte solution used to perform solvent subtractions. FT-IR

spectra were measured using Perkin—Elmer FT—IR spectrometer.

NMR spectrometry

NMR spectra were measured on a Bruker Avance 11 400 MHz spectrometer. The following abbreviations
are used for describing NMR spectra: s (singlet), d (doublet), t (triplet), td (triplet of doublets), ddd (doublet
of doublets of doublets), vd (virtual doublet), vt (virtual triplet), br (broad). Chemical shifts (dn, dc) were

guoted in parts per million (ppm) and were referenced to the residual solvent peak.

Electrospray lonization Mass Spectrometry (ESI-MS)

The samples were solubilized in methanol or MeCN and then injected in direct introduction (infusion) in
the mass spectrometer. A Bruker mass spectrometer, model micrOTOF—Q II was used with an electrospray

source (ESI).

X—Ray crystallography

The data for 1 were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped with an Incoatec
Microfocus Source (IuS 3.0 Mo) and a PHOTON |1l area detector, and operated through the APEX3
software.* The data were processed with SAINTS and absorption effects were corrected for empirically
with SADABS.[%61 The structure was solved by intrinsic phasing with SHELXT®? and refined by
full-matrix least—squares on F? with SHELXL,®® using the ShelXle interface.’ All non—hydrogen atoms
were refined with anisotropic displacement parameters. The hydrogen atoms were introduced at calculated
positions and were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that

of the parent atom (1.5 for CHz). The molecular plot was drawn with ORTEP—3.[!
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1 Experimental details
1.1 Materials

Gas inlet

Reference Electrode
Carbon/Teflon

Wotking electrode 1
GC disc electrode

Gas outlet

Counter electrode
Pt grid

Working electrode 2
Toray carbon paper with holes

Figure S1. UV-vis SEC cell used for this study.

Figure S2. Picture of IR SEC cell.

1.2 Chemicals

Unless otherwise noted, reagents and solvents were purchased from commercial
suppliers (TCI, Sigma—Aldrich or Acros Organics) and used without further
purification.

sS4



2 Synthesis and characterization

2.1 3,5-bis{6—(2,2":6",2"—terpyridine)}pyrazole, L-H

2.1.1 General procedure

Scheme 1. Synthesis of ligand L-H. i, formation of N-oxide (B);[*! ii, carbonitrile formation (C);4
iii, ester formation (D);[?! iv, ketone formation (E);? v, pyrazole ring formation (L-H).[2

Compounds B and C were synthesized following reported procedures starting from
commercially available terpyridine (A).[*) Compounds D and E were synthesized from
slight modified reported procedure.[! Inside the glovebox, 50 mg of Na (2.1 mmol)
were put to react in CH3OH (12 mL). Due to the exothermic nature of the reaction, Na
was added cautiously to cold CHsOH. Once Na had dissolved, 240 mg of C were added
(0.9 mmol) and the reaction was left stirring for 24h. Compound D was obtained pure
after work up obtaining comparable yield values to previous reports.[?! Synthesis of
compound E was always obtained with lower yields than previous reports (<50%).
To a solution of C (1.65 g, 6.37 mmol) in dry THF (20 mL) MeMgBr (3.0 M in Et.0,
2.8 mL, 1.3 equiv, 8.29 mmol) was added dropwise at—20 °C. The reaction mixture
was further stirred for 1 h at —20 °C and then for 2 h at room temperature to give an
orange solution. Slow addition of a saturated NH4ClI solution (20 mL) was followed by
phase separation. The aqueous phase was extracted with THF (20 mL) and then CH2Cl>
(20 mL). The combined organic phases were washed with saturated NaCl (20 mL) and
H>O (20 mL) and then dried over MgSO4. Evaporation of the filtrate in vacuo left an
oil which was purified by column chromatography on silica gel, eluting a mixture of
pentane—ethyl acetate (3:1) yielding E pure. Once D and E were obtained pure, ligand
L—H was synthesized following reported procedures.?!

2.1.2 6-Methyl-2,2":6",2""—terpyridine carboxylate, D

'H NMR (400 MHz, 20 °C, CDCls): 8.82 (dd, 3Jun = 7.9, “Jun = 1.1 Hz, 1H, CH),
8.75 — 8.68 (m, 1H, CH), 8.65 — 8.56 (m, 2H, 2 CH), 8.49 (dd, 3Jun = 7.8, “Jun = 1.0
Hz, 1H, CH), 8.16 (dd, *Jun = 7.7, *Jun = 1.1 Hz, 1H, CH), 7.99 (m, 2H, 2 CH), 7.86
(td, 3Jpn = 7.7,“Jun = 1.8 Hz, 1H, CH), 7.34 (ddd, 3Jun = 7.5,%Jun = 4.8, *Jqun=1.2
Hz, 1H, CH), 4.05 (s, 3H, OCH3) ppm.
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13C{'H} NMR (101 MHz, 20 °C, CDCls: 166.05 (C=0), 156.66 (C), 156.22 (C), 155.57
(C), 154.58 (C), 149.33 (CHar), 147.71 (C), 138.22 (CHar), 137.95 (CHar), 137.02

(CHar), 125.19 (CHar), 124.49 (CHar), 123.98 (CHar), 121.75 (CHar), 121.67 (CHar),
121.28 (CHar), 53.00 (OCH3) ppm.

u
MM OO0 QMMMWOOOMK MM NOOMOW QWS S WS T o
QOURINRODODONHNNNNTY —S—-—- 000&KE BRPBadmmOn e
DWW DD ODLPVOODHBS  5BB 0BG AR mSEN 1
s i E——— e N — = —=% | |
s
/ / e s ~ ~
_ _ s s _ - _ e
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| I
[ | 1 I
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8 B 8 3 5 z 5 g
2 s 2 2 = = 2 2
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(-
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Figure S3. 'H NMR spectrum (400 MHz) of D in CDCl; solution.
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Figure S4. 13C{*H} spectrum (101 MHz) of D in CDCl; solution .
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ESI-HRMS (m/z pos): Found (Calc): Ci7H1sNsNaO,* 314.0901 (314.0905).

Experimental mass spectrum

314.0901
315.0944
J 316.0917
~— A
313 314 315 316 317
m/Z
Simulated mass spectrum
314.0905
315.0937
316.0961
313 314 315 316 317
m/Z

Figure S5. Experimental ESI-MS spectrum of 6—Methyl-2,2":6",2"—terpyridine carboxylate (D), (top)
and simulated ESI-MS spectrum using mMass software (bottom).
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2.1.3 6-Acetyl 2,2":6",2"'—terpyridine, E

'H NMR (400 MHz, 20 °C, CDCl3): 8.76 (dd, 3Juu = 7.8, “2Jun = 1.2 Hz, 1H, CH),
8.65 (ddd, 3Jun =4.8, “Jun= 1.8, *Jun = 0.9 Hz, 1H, CH), 8.56 (dt, *Jun = 8.0, *Ju.n
= 1.1 Hz, 1H, CH), 8.51 (dd, *Jun = 7.8, *Jun = 1.1 Hz, 1H, CH), 8.43 (dd, 3Jun =
7.8, *Jnn = 1.0 Hz, 1H, CH), 8.02 (dd, *Jun = 7.7, “Jun = 1.2 Hz, 1H, CH), 7.93 (td,
8Jun = 7.8, YIun = 1.8 Hz, 2H, CH), 7.81 (td, 3Jun = 7.7, “Jun = 1.8 Hz, 1H, CH),
7.28 (dd, 3Jun = 7.42,3)un = 4.71, *Ju,n = 1.10 Hz, 1H, CH), 2.80 (s, 3H, CH3) ppm.

13C{'H} NMR (101 MHz, 20 °C, CDCls) & 200.4 (C=0), 156.0 (C), 155.5 (C), 154.6
(C), 152.9 (C), 149.2 (CH), 138.0 (CH), 137.8 (CH), 136.9 (CH), 124.4 (CH), 123.9
(CH), 121.5 (CH), 121.4 (CH), 121.2 (CH), 121.1 (CH), 25.8 (CHs) ppm.

A quaternary carbon signal could not be reliably detected, which could be due to

broadened signal or overlap.
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Figure S6.'H NMR spectrum (400 MHz) of E in CDCls solution .
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Figure S7. 13C{*H} spectrum (101 MHz) of E in CDClI; solution.
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ESI-HRMS (m/z pos): Found (Calc): C17H1sNsNaO* 298.0919 (298.0956).

Experimental mass spectrum

298.0919
299.0975
A J \ “ 30%077
297 298 299 300 301
m/Z
Simulated mass spectrum
298.0956
299.0988
300.0913
297 298 299 300 301
m/Z

Figure S8. Experimental ESI-MS spectrum of 6—Acetyl 2,2':6',2"-terpyridine (E), (top) and
simulated ESI-MS spectrum using mMass software (bottom).
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2.1.4 3,5-bis{6-(2,2":6",2""-terpyridine)}pyrazole (L-H)

Nuclear Magnetic Resonance

'H NMR (400 MHz, 20 °C, DMSO-ds): 8.90 (d, 3Ju.n = 7.3 Hz, 2H), 8.75 (d, 3Jun =
4.1 Hz, 2H), 8.68 (d, 2Jun = 7.9 Hz, 2H), 8.62 (d, 3Ju.n = 7.2 Hz, 2H), 8.51 (d, 2Jun =
7.7 Hz, 2H), 8.16 (m, 6H), 8.04 (dt, 3Jun = 10.9, 4.5 Hz, 2H), 7.84 (s, 1H), 7.52 (dd,
8Jun = 6.7, 5.3 Hz, 2H) ppm.

13C{*H} NMR (101 MHz, 20 °C, DMSO-de): 155.6, 155.2, 155.1, 149.8, 138.9, 138.9,

137.9, 124.9, 121.9, 121.3, 121.2, 120.7, 120.0, 103.1 ppm.
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Figure S9. 'H NMR spectrum (400 MHz) of ligand L—H in DMSO-ds solution.
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Figure S10. 3C{*H} spectrum (101 MHz) of L—H in DMSO-ds solution.

ESI-MS
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ESI-HRMS (m/z pos): Found (Calc): CssHasNg* 531.2014 (531.2046).

Experimental mass spectrum

531.2014
532.2035
533.2060
N\ 534.2121
530 531 532 533 534 535
m/Z
Simulated mass spectrum
531.2046
532.2075
533.2102
534.2134
530 531 532 533 534 535
m/Z

Figure S11. Experimental ESI-MS spectrum of the ligand L-H (top) and simulated ESI-MS spectrum
using mMass software (bottom).
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Cyclic voltammetry
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Figure S12. CV of the ligand L-H (1 mM) under argon in DMF with 0.1 M of TBAPFs. Scan
rate of 0.1 V-s2.

2.2 Complex [Co'"5(L)(CH3CN)4][BF4]s (1)
2.2.1 General procedure

Ligand L—H (100 mg, 0.19 mmol) and '‘BuOK (25 mg, 0.22 mmol) were dissolved in
dry THF (10 mL) and stirred for 1 h until no precipitated was observed and orange—
yellow coloration appears. Later, 49 mg of CoCl, (0.38 mmol) were added, which made
the solution dark along with blue precipitate from unreacted CoCl». After 1 h stirring,
185 mg of AgBF4 (0.94 mmol) and 15 mL CH3CN were added to the solution and the
reaction flask was protected from light and let stir for 12 h. The crude solution was
later filtered through celite inside the glove box and the solid washed with dry CH3CN.
After the solvent was removed under vacuum, the remaining solid was thoroughly
washed with THF to remove excess of Ag salts. The remaining solid was dissolved in
CH3CN and passed through a 0.2 um PTFE filter. Toluene was added to the solution
and big, dark orange crystals were obtained by slow evaporation of CH3CN from the
solvent mixture. 90 % yield. Crystallization was necessary to remove Ag™ traces which
were observed during electrochemical analysis.

Elemental Analysis. Found: 4150 C, 3.34 H, 11.73N. Theoretical for
[Co2(L)(CH3CN)4][BF4]s: 45.93 C, 3.10 H, 15.68 N.

The disparity between the theoretical and experimental values of the elemental analysis
can be explained by the substitution of CH3CN molecules by water molecules (samples
meassured under air). Theoretical for [Co2(L)(H20)3.5(CH3CN)os][BF4]s: 41.19 C,
3.00 H, 12.01N.
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ESI-HRMS (m/z pos): Found (Calc): CssH21C0,Ng* 215.6832 (215.6846).

2.2.2 X-Ray diffraction structure

Cas5H39B3C02F12N14 : M = 1154.19, orthorhombic, space group Fdd2, a = 35.3296(9),
b = 13.5443(4), ¢ = 20.8782(6) A, V = 9990.5(5) A%, Z =8, D, =1535gcm™3 p=
0.759 mm™, F(000) = 4672. Refinement of 348 parameters on 6452 independent
reflections out of 154818 measured reflections (Rint = 0.047) led to R1 = 0.025, wR> =
0.061, S = 1.045, Apmax = 0.46, Apmin = —0.22 e A3, Flack parameter —0.004(10).

The Cambridge Crystallographic Data Centre (CCDC) contains the supplementary
crystallographic data of complex 1. These data can be obtained free of charge from via
www.ccdc.cam.ac.uk/data_request/cif.

Atoms Bond lengths [A] Atoms Angles [°]
Co1—N; 2.123 N1—Co1—N2 76.31
Co1—N:> 2.101 N>—Co01—N3 73.27
Co01—Ns3 2.112 N3—Co01—Ng4 74.75
Co1—N4 2.149 Ns—Co1—Ny 88.79
Co1—Ns 2.167 Ns—Co01—N> 105.93
Co1—Ns 2.149 Ns—C01—N> 89.91
Cos'—Ny' 2.123 N;'-Co:'-N,! 76.31
Co1'—N;' 2.101 N,'-Co:'-Nj! 73.27
Co1'—N3' 2.112 N3'-Co1'-N4! 74.75
Coi'-N4! 2.149 Ns'-Co1'-N,' 88.79
Co1'—N5' 2.167 Ns'-Co1'-N>! 105.93
Co:'-N¢' 2.149 Ne'-Co1'-N;! 89.91

Table S1. Selected bond lengths [A] and angles [°] for complex 1.
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2.2.3 ESI-MS

Experimental mass spectrum

215.6832
216.0175
216.3514
215 216 217
m/Z
Simulated mass spectrum
215.6846
216.0190
216.3533
215 216 217
m/Z

Figure S13. Experimental ESI-MS spectrum of complex 1 in CH3OH (top) and simulated ESI-MS
spectrum using mMass software (bottom).
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2.2.4 UV-vis spectroscopy

1 Cm—1)
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Figure S14. UV-visible spectra of complex 1 in CH3CN (0.5 mM, green) and in DMF (0.3 mM,
orange) with 0.1 M of TBAPFg, the thickness of the quartz cell is 1 mm.

2.2.5 Measurement of magnetic moment by the Evans method

Equation (1):

_ ., ._30008v | Xo(Po=ps)
Xg = Xo 4TV CM + c (1)
Where:
Xg = mass susceptibility of the solute

Xo = mass susceptibility of the solvent

Av

observed frequency shift of the reference resonance (Hz)
vy = spectrometer frequency (Hz)

¢ = concentration of the substance in mol/L

po = density of the pure solvent

ps = density of the solution
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M = molecular weight

Assuming that p, — ps is zero and then multiplying by M simplifies to give Equation

(2):

_3000-Av

4-TTvgC

(2)

XM

Where y,, = molar susceptibility of the solute (cm3mol1).

The uncorrected effective magnetic moment, u.¢¢, has been calculated from the molar
susceptibility using equation (3) without considering the diamagnetic contributions:

Mass of 1 = 7.4 mg
M = 1072 g/mol

Solvent = 0.5 mL of CDsCN solution containing THF and mesitylene as internal
standards.

Av = 379 Hz for both signals of mesitylene.
Av = 310 and 350 Hz for THF signals.

vy = 400 MHz

¢ = 0.0138 mol/L

T =298 K

Using mesitylene signal shifts:

xm = 0.016 cm®mol™

Hefs = 6.232 (BM)

If no spin interaction between both cobalt centers is considered, the p.zf value falls

low as compared to high spin octahedral monometallic Co' complexes (fspeo = 3.88
(BM)) and falls high compared to low spin monometallic octahedral Co'' complexes

(”theo =173 (BM))-

S19



2.2.6 Nuclear magnetic
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Figure S15. ™H NMR spectrum (400 MHz) of a CD3CN solution containing THF (3.66/2.89 and
1.92/1.04 ppm) and mesitylene (6.98/6.04 and 2.43/1.48 ppm) as internal standards and complex 1 (14

mM).
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2.3 Complex [Znz(L)(OTf)3(CHsCN)] (2)

2.3.1 General procedure

Ligand L—H (20 mg, 0.04 mmol) and ‘BuOK (5 mg, 0.05 mmol) were dissolved in dry
THF (5 mL) and stirred for 30 min till no precipitated was observed and yellow
coloration appears. Later, 20 mg of ZnOTf2 (0.08 mmol) were added, which made the
solution colorless and turbid. 10 minutes later, 5 mL of CH3CN were added and the
solution was left to stir for 12 h. The solvent was removed under vacuum and the crude,
after adding 4 mL of CH3CN, was passed through a 0.2 um PTFE filter. To the solution,
10 mL of toluene were added, and colorless crystals were grown by slow evaporation
of CH3CN from the solvent mixture. 80% yield.

Elemental Analysis. Found: 35.46 C, 2.24 H, 9.03 N, 9.20 S. Theoretical for
[Zn2(L)(OTf)3(CH3CN)]: 39.74 C, 2.11 H, 10.98 N, 8.37 S.

The disparity between the teoretical and experimental values of the elemental analysis
can be explained by contamiation of 1 molecule of trific acid coordinated to water
molecules (samples meassured under air).

Theoretical for [Zn2(L)(OTf)3(CHsCN)][H20-HOTf] : 35.58 C, 2.07 H, 9.57 N, 9.74
S.

Theoretical for [Zn2(L)(OTf)3(CH3CN)][(H20)2-HOTf] : 35.10 C, 2.19 H, 9.45 N, 9.61
S.

ESI-HRMS (m/z pos): Found (Calc): CssH21Zn,Ng3* 219.0152 (219.0144).

2.3.2 Nuclear Magnetic Resonnance

'H NMR (400 MHz, 20 °C, CH3CN—d3): 9.10 (ddd, *Jun = 5.1, *Jun = 1.5, *Jun = 0.8
Hz, 2H), 8.67 (d, 3Jun = 8.1 Hz, 2H), 8.62 (dd, 3Jun = 7.5, “Ju.n = 1.1 Hz, 2H), 8.59
— 8.49 (m, 24), 8.45 — 8.40 (m, 4H), 8.37 (dt, *Jun = 7.6, *Jun = 1.8 Hz, 2H), 8.14
(dd, 3Jun = 6.1,%Jun = 2.4 Hz, 2H), 7.77 (s, 1H), 7.51 (ddd, 3Jun = 7.6, 3Jun = 5.1,
*Jnn = 1.1 Hz, 2H) ppm.

13C{*H} NMR (101 MHz, 20 °C, CH3CN-ds): 151.1 (CH), 150.4 (C), 149.1 (C), 149.1
(C), 149.0 (C), 148.2 (C), 146.9 (C), 144.3 (CH), 143.9 (CH), 142.6 (CH), 128.2 (CH),
124.3 (CH), 123.6 (CH), 123.5 (CH), 122.0 (CH), 121.0 (CH), 121.8 (CFs, *Jcr = 320
Hz), 102.1(CH) ppm.
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Figure S16. *H NMR spectrum (400 MHz) of 2 in CH3CN—-d3 solution .
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Figure S17. ¥ C{*H} spectrum (101 MHz) of 2 in CH3CN-ds solution.
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Experimental mass spectrum
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Figure S18. Experimental ESI-MS spectrum of 2, (top) and simulated ESI-MS spectrum using mMass

software (bottom).
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3 Electrochemical studies of complex 1 under argon

3.1 Studyin CH:CN
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Figure S19. CVs of complex 1 (0.5 mM) under argon atmosphere in CH3sCN with 0.1 M of TBAPFs.
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CVs of complex 1 (0.5 mM) in reduction under argon atmosphere in CH3CN with 0.1 M

of TBAPFs. Scan rate of 10 Vs
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Complex 1 presents several redox waves, to assign their respective number of electrons
involved the method developed by Amatore et al. was used.l®1 Chronoamperometry
using a micro electrode and Ultra Micro Electrode (UME) voltammograms were
recorded on a 1 mM solution of complex 1 in the presence of ferrocene (1 mM) used
as a reference.

I (HA)

-20 -

40 .

chrono

=-0.85 V/SCE

-1.0 .05 0.0 0.5 1.0
E (V/SCE)

Figure S21. CV of complex 1 (1 mM) with ferrocene (1 mM) in reduction under argon atmosphere in
CH3CN with 0.1 M of TBAPFs. Scan rate of 0.1 V-s™t. The working electrode was a steady glassy
carbon electrode of 0.07 cm2 surface area.
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Figure S22. Chronoamperometry of complex 1 (1 mM) at —0.85 V vs SCE and ferrocene (1 mM) at
0.65 V vs SCE under argon atmosphere in CH3CN with 0.1 M of TBAPFs.The working electrode was
a steady glassy carbon electrode of 0.07 cm2 surface area.
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Figure S23. CVs of complex 1 (1 mM) with ferrocene (1 mM) in reduction under argon atmosphere
in CH3CN with 0.1 M of TBAPFs. Scan rate of 0.1 V-s™. The working electrode was a 7 um diameter
Ultra Micro Electrode.

Chronoamperometry and voltammograms on UME allow to measure respectively
current values according to Coterell's and Randles Sevcik's laws for the cobalt complex
and for ferrocene.
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These different current values can be used to determine the number of electrons
exchanged during the first reduction wave of the Co(ll) complex. The equations are
detailed in the table below.

Unknown parameter Ncoin
Nferro =1
Known Parameters Crterro, Cco(in

Crerro = CCo(I 1

Chronoamperometry 1
i Neo(nDE
Co(ll) _ D" co(1r) A

(given by the Cottrell iferro 3

Law) ny EPPOD ferro
CVs on UME

lim
Lcoany _ McoanDeoan B

(given by the Randles— ifm " NferroDferro
Sevcik equation)

AZ

Determination Neoqn) = Nferro

Table S2. Equations used to determine the number of electrons of the first cathodic wave of complex
1. Cottrell law was used for chronoamperometry and Randles—Sevcik equation for CVs on UME.

As we know the nrerro value (1), ncoany = 1,9 (£ 0.3) electrons for the first cathodic
wave.

This result allows us to determine the diffusion coefficient of complex 1 thanks to the
variation of the scan rate, results are presented below (Figure S21).
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Figure S24. CVs of complex 1 (0.5 mM) under argon in anhydrous CH3CN with 0.1 M of TBAPFs, at
20 °C at variable scan rates.

By measuring the cathodic intensity at each scan rate, the diffusion coefficient of
complex 1 can be calculated thanks to the Randles—Sevcik equation:

nF
i=|04463nFAC o7 VDV

I = current maximum in amps

n = number of electrons transferred in the redox event (usually 1)
A = electrode area in cm?

F = Faraday Constant in C mol™?

D = diffusion coefficient in cm?/s

C = concentration in mol/cm?®

v = scan rate in V/s

R = Gas constant in J K" mol™!

T = temperature in K
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Figure S25. Maximum current (ipr) of the cathodic wave R; of complex 1 in CH3CN as a function of

the scan rate.

For a two—electron cathodic wave : Dcoary = 2.1-107% cm2.s-t

By scanning to more negative potentials, the anodic wave O: become more intense
(Figure S19) and seems to involve a process with more than two electrons.

For the O; anodic wave: ne-=4.4 e

The previous method could not be applied to determine the number of e— involved for
R2 and Rs because of the passivation of the UME.
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3.1.1 Comparison with [Zn''2(L)(CH3CN)4][OTf]s (2)
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Figure S26. CVs of complex 1 (0.5 mM, green) and complex 2 (0.5 mM, red) under argon atmosphere
in CH3CN with 0.1 M of TBAPFs. Scan rate of 0.1 V-s71,
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3.2 Study in DMF
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Figure S27. CVs of complex 1 (0.5 mM) under argon in anhydrous DMF with 0.1 M of TBAPFg, at
20 °C, scan rate of 0.1 V-s!
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Figure S28. CVs of complex 1 (1 mM) under argon in anhydrous DMF with 0.1 M of TBAPFg, at
20 °C at different scan rates.
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Figure S29. Maximum current (ipf) of the cathodic wave Ry of complex 1 in DMF as a function of the

scan rate

For a two—electron cathodic wave in DMF: Dcoany = 7.1-10~7 cm?2-s-1
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Figure S30. CVs of complex 1 (0.5 mM) under argon in anhydrous DMF with 0.1 M of TBAPFs, at
20 °C at variable scan rates, CVs are normalized at 0.1 V s
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Figure S31. CVs of complex 1 (0.5 mM) under argon in DMF with increasing amount of CH3CN with
0.1 M of TBAPFg, at 20 °C, CVs are normalized to a concentration of 0.5 mM of complex.
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Figure S32. CVs of complex 1 (0.5 mM) under argon in CH3CN with increasing amount of DMF with
0.1 M of TBAPFg, at 20 °C, CVs are normalized to a concentration of 0.5 mM of complex.
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Figure S33. Current (red) and charge (black) overtime during potentiostatic coulometry of complex
1 (0.5 mM) under argon in DMF with 0.1 M of TBAPFs, at 20 °C, potential applied at -1.6 V vs SCE
(see Figure S27).

Q=neF

ne-= number of mol of electrons transferred in the redox event

F = Faraday Constant in C mol™?

For 1 mM of e- (2 e-) involved in the reduction of 1: Q =0.38 C

For 1.5 mM of e- (2 + 1 e-) involved in the reduction of 1: Q = 0.58 C

For 2.5 mM of e- (2 + 2 + 1 e-) involved in the reduction of 1: Q = 0.97 C
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3.2.1 Comparison with [Zn''2(L)(CH3CN)4][OTf]s (2)

10}
< L
2
~ 5}
O L
_5 L
10 +
-15 +
0 | —— Complex 1
T —— Complex 2
25
1 L 1 L 1 L 1 L 1
-2,0 -1,5 -1,0 -0,5 0,0
E (V/SCE)

Figure S34. CVs of complex 1 (0.5 mM, green) and complex 3 (0.5 mM, red) under argon atmosphere
in DMF with 0.1 M of TBAPFs. Scan rate of 0.1 V-s72,
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4 In-situ characterization of complex [Co'2(L)](BFa) (3)

4.1.1 UV-vis spectro—electrochemical analysis. Electroreduction of complex 1.

i (MA)

-2.0 -1.5 -1.0 0.5 E (v/Carbon)

Figure S35. CV of complex 1 (0.5 mM) under argon in CH3CN with 0.1 M of TBAPFs in a UV-vis
spectro—electrochemical cell (see Figure S1). Scan rate of 0.1 V-s7L,
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Figure S36. UV-visible spectra of 0.5 mM of complex 1 before CPE at —1.4 V (green curve), and
after electrolysis at —1.4 V (blue). Spectra are recorded in CH3CN with 0.1 M of TBAPFs, in the
spectro—electrochemistry cell shown in Figure S1.
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Figure S37. UV-visible spectra of 0.5 mM of complex 1 after CPE at -1.4 V (blue), and after CPE at

—0.2 V (green dotted line). Spectra are recorded in CH3CN with 0.1 M of TBAPFg, in the spectro—
electrochemistry cell shown in Figure S1.
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4.1.2 UV-vis analysis through chemical reduction of complex 1.

Inside the glove box, a 0.5 mM solution of complex 1 in dry CH3CN is prepared and
placed in a sealed cuvette inside the glovebox. The cuvette is taken out and a UV -vis
spectrum is recorded. Later, the cuvette is brought inside the glovebox and 1 equivalent
of cobaltocene (CoCp>) is added. The cuvette is again sealed and taken to measure by
UV-vis. The same procedure is followed when added another equivalent of CoCp> to
the sample. The results are shown in Figure S38.

. 40000 —ﬂ

—— Complex 1

—— Cobaltocene

—— Complex 1 with 1 equiv cobaltocene
—— Complex 1 with 2 equiv cobaltocene

T T T T T T T
300 400 500 600
A(nm)

Figure S38. UV-visible spectra of 0.5 mM of complex 1 (green curve); with increasing amount of
cobaltocene (1 equiv. red curve, 2 equiv. blue curve); 0.5 mM of CoCp. (purple curve). The intense
band apearing for the red and blue curve corresponds to CoCp.*. All spectra are recorded in CH3CN.
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5 Electrochemical study of complex 1 under CO:
5.1 In CHsCN

<
= ™\
- 0- A — —
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-155V
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-150 -
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- 1.‘79 \%
-2,5 -2,0 -1,5 -1,0 -0,5 0,0
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Figure S39. CVs of a saturated solution of CH3CN with CO; (red), with 0.5 mM of complex 1 (orange)
and under argon atmosphere (green) in CHsCN with 0.1 M of TBAPF,. Scan rate of 0.1 V-s2,
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2,0 -1,5 -1,0 -0,5 0,0 0,5
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Figure S40. CVs of complex 1 (0.5 mM) under argon (dotted line) and CO;, (green to red) in anhydrous
CH3CN with 0.1 M of TBAPFg, at 20 °C, scan rate of 0.1 V-s™.
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5.2

In DMF

5.2.1 By cyclic voltammetry

i (MA)
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-1,5 -1,0

-0,5 0,0 0,5
E (V/SCE)

Figure S41. CVs of complex 1 (0.5 mM) under argon (dotted line) and CO, (green to red) in anhydrous
DMF with 0.1 M of TBAPFg, at 20 °C, scan rate of 0.1 V-s1.

5.2.2 By FT-IR-SpectroElectroChemistry (SEC)
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Figure S42. Experimental spectrum obtained by FT-IR-SEC of a 0.5 M TBAPF¢/DMF solution of 1
(6 mM) under COz at ca. -1 V to -2 V vs Ag wire.
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6 Study of complex 1 under CO
6.1 In CHsCN

6.1.1 By cyclic voltammetry

<
" A ———
. -7 Solid Dashed
/
V4
/
T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5
E (V/SCE)
Figure S43. CVs of complex 1 (0.5 mM) under CO in anhydrous CH3CN with 0.1 M of TBAPFs,
scan rate of 0.1 V-s™1,
3 60-
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0
-20 -
-40 1 —— Complex 1 under argon
—— Complex 1 under CO
60 - - = -Complex 1 under CO after bubling argon

-1,0

-0,5 0,5

0,0 ,
E (V/SCE)

Figure S44. CVs of complex 1 (0.5 mM) under argon (green), under CO (red) and under argon again
(dotted line) in anhydrous CH3CN with 0.1 M of TBAPFs, scan rate of 0.1 V-s L.

S44



i (MA)

-20 _
-40 -
-60 _

-80 _

-100 -

-2,0 -1,5 -1,0 -0,5 0,0

0,5
E (V/ISCE)
Figure S45. CVs of complex 1 (0.5 mM) under CO in anhydrous CH3CN with 0.1 M of
TBAPFs at variable scan rates, the CVs are normalized at 0.1 V-s™ 2.

6.2 In DMF

6.2.1 By cyclic voltammetry
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Figure S46. CVs of complex 1 (0.5 mM) under CO in anhydrous DMF with 0.1 M of TBAPFs, scan
rate of 0.1 V-s7%.
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Figure S47. CVs of complex 1 (0.5 mM) under CO in anhydrous DMF with 0.1 M of TBAPF¢ at
variable scan rates, the CVs are normalized at 0.1 V-s1.
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Figure S48. CVs of complex 1 (0.5 mM) under argon (green), under CO (red) and under argon again
(dotted line) in anhydrous DMF with 0.1 M of TBAPFs, scan rate of 0.1 V-s2,
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Figure S49. CVs of complex 1 (0.5 mM) under argon, CO, and CO in anhydrous DMF with 0.1 M of

TBAPFs, scan rate of 0.1 V-s1.
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6.2.2 By FT-IR-SpectroElectroChemistry (SEC)
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Figure S50. Top, experimental spectrum obtained by FT-IR-SEC of a 0.5 M TBAPF¢/DMF solution
of 1 (6 mM) under CO at — 1 V vs Ag wire. Bottom left, CVs of complex 1 (6 mM) under CO in
anhydrous DMF with 0.5 M of TBAPFs, scan rate of 0.1 V-s~!, working electrode reference electrode
is a microwired Ag electrode, bottom right corresponding chronoamperogram.
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7 Effect of a proton source under CO; atmosphere

7.1 InCHsCN
7.1.1 Effect of water as a proton source

= = Complex 1 under CO,
—— Complex 1 under CO, + 696 mM H,O
—— Complex 1 under CO, + 1.35 M H,0O
Complex 1 under CO, + 2 M H,O
Complex 1 under CO, + 2.6 M H,0
Complex 1 under CO, + 3.3 M H,0
Complex 1 under CO, + 3.9 M H,0O
—— Complex 1 under CO, + 4.5 M H,0
—— Complex 1 under CO, + 5 M H,0O
—— Complex 1 under CO, + 5.6 M H,0O

-0,5 0,0

-1,5 -1,0

2,0
E (V/SCE)

Figure S51. CVs of complex 1 (0.5 mM) in anhydrous CH3CN with 0.1 M of TBAPFs, at 20 °C under
CO; with increasing amount of water ; 0 mM (black) to 5.6 M (purple). Scan rate of 0.1 V-s1.
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25
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-0,25 0,00 0,25
E (V/SCE)
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Figure S52. Details of the first cathodic wave for CVs of complex 1 (0.5 mM) in anhydrous CHsCN
with 0.1 M of TBAPFs, at 20 °C under CO; with increasing amount of water ; 0 mM (black) to 5.6 M

(purple). Scan rate of 0.1 V s L.
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7.1.2 Effect of phenol as a proton source
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Figure S53. CVs of complex 1 (0.5 mM) under CO; in anhydrous CH3CN with 0.1 M of TBAPFg,
at 20 °C with increasing amount of phenol; 1 M (red) to 6 M (cyan). Scan rate of 0.1 V-s7%,

7.1.3 Effect of 2,2,2-Trifluoroethanol as a proton source
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— Complex 1 under CO, + 86 mM CF,CH,OH

—— Complex 1 under CO, + 171 mM CF;CH,OH
Complex 1 under CO, + 255 mM CF,CH,OH
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Complex 1 under CO, + 500 mM CF,;CH,OH
Complex 1 under CO, + 661 mM CF,;CH,OH

—— Complex 1 under CO, + 817 mM CF,CH,OH

—— Complex 1 under CO, + 970 mM CF,CH,OH

—— Complex 1 under CO, + 1.1 M CF,CH,OH
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Figure S54. CVs of complex 1 (0.5 mM) under CO; in anhydrous CH3CN with 0.1 M of TBAPFs, at
20 °C with increasing amount of CFsCH20H; 0 mM (black) to 1.1 M (purple). Scan rate of 0.1 V-s2,
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Figure S55. CVs of complex 1 (0.5 mM) under CO; in anhydrous CH;CN with 0.1 M of TBAPFg, at
20 °C with increasing amount of CF;CH,0H; 1.4 M (pink) to 2.7 M (green). Scan rate of 0.1 V-s*.

7.2 In DMF
7.2.1 Effect of water as a proton source

- == o

i (A)

- = -Complex 1 under argon
—— Complex 1 under CO,
Complex 1 under CO, + 69 mM H,O

Complex 1 under CO, + 278 mM H,O

Complex 1 under CO, + 621 mM H,O

Complex 1 under CO, + 972 mM H,0O
—— Complex 1 under CO, + 1.31 M H,O
—— Complex 1 under CO, + 1.94 M H,O

-40 -

_60 .
2,0 15 -1,0 0,5 0,0 0,5
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Figure S56. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFg, at
20 °C (dark green) and with increasing amount of H,O; 0 mM (green) to 1.94 M (brown). Scan rate

of 0.1 V.st
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Figure S57. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFg, at
20 °C (dark green) and with increasing amount of H,O; 0 mM (green) to 1.7 M (pink). Scan rate of
0.1V-s,

7.2.2 Effect of phenol as a proton source

I (HA)

- — Complex 1 under argon
—— Complex 1 under CO,

—— Complex 1 under CO, + 10 mM phenol
Complex 1 under CO, + 20 mM phenol
Complex 1 under CO, + 40 mM phenol

—— Complex 1 under CO, + 80 mM phenol
Complex 1 under CO, + 166 mM phenol
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—— Complex 1 under CO, + 2271 mM phenol

—— Complex 1 under CO, + 2978 mM phenol

—— Complex 1 under CO, + 5323 mM phenol
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Figure S58. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFg, at 20
°C (black) and with increasing amount of phenol; 80 mM (brown) to 5.3 M (purple). Scan rate of 0.1
V-st,

S52



i (nA)
T

-50 -
-100 +
—— Complex 1 (0.5 mM) under CO,
—— Complex 1 (0.5 mM) under CO,+ 80 mM PhOH
-150 4 Complex 1 (0.5 mM) under CO,+ 166 mM PhOH
Complex 1 (0.5 mM) under CO,+ 240 mM PhOH
Complex 1 (0.5 mM) under CO,+ 1.3 M PhOH
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Figure S59. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFs, at 20

°C (black) and with increasing amount of phenol; 80 mM (brown) to 5.3 M (purple). Scan rate of 0.1
Vs,

7.2.3 Effect of 2,2,2-Trifluoroethanol as a proton source

- - - Complex 1 under argon
—— Complex 1 under CO,

—— Complex 1 under CO, + 17 mM CF,CH,OH
Complex 1 under CO, + 85 mM CF;CH,OH
Complex 1 under CO, + 174 mM CF;CH,OH
Complex 1 under CO, + 249 mM CF;CH,OH
Complex 1 under CO, + 421 mM CF;CH,OH

—— Complex 1 under CO, + 740 mM CF;CH,OH

— Complex 1 under CO, + 1 M CF;CH,OH

— Complex 1 under CO, + 1.7 M CF,CH,OH

T T T T T T T T T T
-2,0 -1,5 -1,0 -0,5 0,0 0,5
E (VISCE)
Figure S60. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFg, at
20 °C (dark green) and with increasing amount of CFsCH;OH; 0 mM (purple) to 2 M (pink). Scan
rate of 0.1 V-sL.
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—— Complex 1 under CO, + 17 mM CF;CH,OH
—— Complex 1 under CO, + 87 mM CF,CH,OH
Complex 1 under CO, + 174 mM CF,CH,OH
Complex 1 under CO, + 249 mM CF,CH,OH
Complex 1 under CO, + 421 mM CF,;CH,OH
Complex 1 under CO, + 740 mM CF,;CH,OH
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\ , —— Complex 1 under CO, + 2 M CF;CH,0OH
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Figure S61. CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 0.1 M of TBAPFs, at 20
°C (dark green) and with increasing amount of CF;CH20H; 0 mM (purple) to 2 M (pink). Scan rate of
0.1V-s,
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8 Controlled Potential Electrolyses (CPE)
8.1 CPE under CO;

CH3CN DMF
Applied
potential -1.95 -2.05
(VISCE)
Charge passed
-12.9 -3.9
©)
Quantity of I I
catalyst (mol) 2.10 2.10
Current density
(mA/cm?) 0.77 0.18
Time (s) 8300 10800
I co | H. | CO | H,
Quantity (mol) 5.7-1077 0 2.8-10°7 0
Faradic
Efficiency (%) ! 0 ! 0
TON 0.3 0 0.1 0
0\ :?5 07\:1
a i 6 ZdOO 4[;00 Timg(ﬁg? 8(;00 10600 d i 6 ZdOO 4[;00 Timg(ﬁg? 8(;00 10600
g Y — g 04 e X
-204 1
—— Before CPE -104 —— Before CPE
—— After CPE —— After CPE
-40
-154
0. -20
-2,'25 -2,'00 -1,'75 -1,'50 -l,'25 -l:OO -0:75 -0,'50 -0,'25 O,EJO -2,'25 -2,'00 -1,'75 -1,'50 -1:25 -1:00 -0,'75 -O,'SO -0,'25 O,bO
b E (V/SCE) o E (V/SCE)
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z z
E° go

- - - Blank
—— Before CPE
Rince test under CO,

- - - Blank
—— Before CPE
Rince test under CO,

225 -200 -175 -150 -1,25 -1,00 -0,75 -0,50 -0,25 225 -200 -175 -150 -1,25 -1,00 -0,75 -0,50 -0,25
E (V/SCE) E (V/SCE)

c f

Table S3. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous CH3;CN under CO;. b) CVs of complex 1 (0.5 mM) under CO; in anhydrous CH3CN
before CPE (green) and after CPE (red). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1
Vst ¢) CVs of a saturated solution of CO; in anhydrous CH3CN (black dashed) of complex 1 (0.5
mM) under CO; in anhydrous CH3CN before CPE (green) and after CPE with the same glassy carbon
plate in a solution without catalyst in CH3CN under CO; (blue). Glassy carbon plate of 2 cm? area,
scan rate of 0.1 V-s7%. d) Current (red) and charge (black) overtime during CPE experiments of
complex 1 (0.5 mM) in anhydrous DMF under CO». e) CVs of complex 1 (0.5 mM) under CO; in
anhydrous DMF before CPE (green) and after CPE (red). Glassy carbon electrode of 0.03 cm? area,
scan rate of 0.1 V-s7. f) CVs of a saturated solution of CO; in anhydrous DMF (black dashed) of
complex 1 (0.5 mM) under CO; in anhydrous DMF before CPE (green) and after CPE with the same
glassy carbon plate in a solution without catalyst in DMF under CO; (blue). Glassy carbon plate of 2
cm2 area, scan rate of 0.1 V-s71,

8.2 CPE under CO:z in the presence of water

CH3CN DMF
Applied potential
(V/SCE) ~1.47 ~1.4
Charge passed (C) -30 -14.5
Quantity of catalyst 23.10-6 3.10-6
(mol)
Current density
(mA/cm?) 1.4 0.7
Time (s) 10800 10800
co | H» Co H.
Quantity (mol) 1.5-10° 1.6-10° 1.3-10° 1.6-10°
Faradic Efficiency
(%) 1 1 18 21
TON 0.6 0.7 4 5
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Table S4. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous CH3CN under CO; with 1.6 M of water. b) CVs of complex 1 (0.5 mM) under CO;
in anhydrous CH3CN with 1.6 M of water before CPE (green) and after CPE (red). Glassy carbon
electrode of 0.03 cm? area, scan rate of 0.1 V-s~%. ¢) CVs of a saturated solution of CO; in anhydrous
CH3CN with 1.6 M of water (black dashed) of complex 1 (0.5 mM) under CO; in anhydrous CH3;CN
with 1.6 M of water before CPE (green) and after CPE with the same glassy carbon plate in a solution
without catalyst with 1.6 M of water in CH3CN under CO; (blue). Glassy carbon plate of 2 cm? area,
scan rate of 0.1 V-s%. d) Current (red) and charge (black) overtime during CPE experiments of
complex 1 (0.5 mM) in anhydrous DMF under CO, with 5 M of water. e) CVs of complex 1 (0.5 mM)
under CO; in anhydrous DMF with 5 M of water before CPE (green) and after CPE (red). Glassy
carbon electrode of 0.03 cm? area, scan rate of 0.1 V-s%. f) CVs of complex 1 (0.5 mM) under CO; in
anhydrous DMF with 5 M of water before CPE (green) and after CPE with the same glassy carbon
plate in a solution without catalyst with 5 M of water in DMF under CO, (blue). Glassy carbon plate
of 2 cm? area, scan rate of 0.1 V-s™.
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8.3 CPE under CO:z in the presence of phenol

CH:CN DMF
Applied potential B B
(VISCE) 1.3 1.3
Charge passed (C) -36.7 -11.9
Quantity of catalyst 2 4.10-5 2 10-
(mol)
Current density
(mA/cm?) 1.7 0.55
Time (s) 10800 10800
CO | H, CO H,
Quantity (mol) 4.3-10° 1.5-10”7 2.5-10° 6.8-10°°
Faradic Efficiency
(%) 2 0 41 11
TON 2 0 12 3
° 2000 4000 Timgo(gg) 8000 10000 2600 40b0 Tlmio;(;(; 8600 10600
a d
g g 2
= 04 ORI = N -
0,
p -2 -
-10+,
7 -4
-6
-204 -84
-10 -
-30+ - - - Blank -124
Beecre | 1] g cee
—1,'50 —l,'25 -l,VOO -0,'75 —0,'50 —0,'25 0,60 0,'25 -16 ] g . . . . .
E (VISCE) 1,25 -1,00 -0,75 -0,50 -0,25 0,00
E (V/SCE)
b e
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Table S5. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous CH3CN under CO; with 1.6 M of phenol. b) CVs of complex 1 (0.5 mM) under
CO; in anhydrous CH3CN with 1.6 M of phenol before CPE (green) and after CPE (red). Glassy carbon
electrode of 0.03 cm? area, scan rate of 0.1 V-s71. ¢) CVs of complex 1 (0.5 mM) under CO; in
anhydrous CH3CN with 1.6 M of phenol before CPE (green) and after CPE with the same glassy carbon
plate in a solution without catalyst with 1.6 M of phenol in CH3;CN under CO; (blue). Glassy carbon
plate of 2 cm? area, scan rate of 0.1 V-s7. d) Current (red) and charge (black) overtime during CPE
experiments of complex 1 (0.5 mM) in anhydrous DMF under CO, with 3 M of phenol. e) CVs of
complex 1 (0.5 mM) under CO; in anhydrous DMF with 3 M of phenol before CPE (green) and after
CPE (red). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1 V-s%. f) CVs of a saturated
solution of CO; in anhydrous DMF with 3 M of phenol (black dashed) of complex 1 (0.5 mM) under
CO; in anhydrous DMF with 3 M of phenol before CPE (green) and after CPE with the same glassy
carbon plate in a solution without catalyst with 3 M of phenol in DMF under CO; (blue). Glassy
carbon plate of 2 cm? area, scan rate of 0.1 Vs,

S59




8.4 CPE under COg; in the presence of phenol and CF3:CH,OH at the
second cathodic wave

Phenol CF;CH>OH
Applied potential
(VISCE) -1.8 -1.8
Charge passed (C) 26.4 8.6
Quantity of catalyst 18.10- 2 9.10-
(mol)
Current density
(mA/cm?) 1.2 0.7
Time (s) 10800 5772
co | Ho [ofe) H,
Quantity (mol) 2.2-10°° 2.3-10° 1.1-10° 3.5-10°°
Faradic Efficiency
(%) 16 17 25 8
TON 12 13 5 15
° 2000 4000 Timﬁ‘)fs"f 8000 10000 0 1000 2000 3Tc?'?noe © 4000 5000 6000
a d
Lol - g 0. It
-204
50
-40 -
- - - Blank
-100+ : 222rE§EPE 601 - - -Blank
-804
-150
T T T T T T T T -100 A
200 LTS AS0 A2 400 0TS 00 O e 200 175 150 125 100 -075 050 -0.25
b ’ ’ ’ ’ ' ’ ’ EiV/SCE)

S60




i (mA)

24 -2,54

41,5

2,0

-3,04 - - - Blank

—— Before CPE —— Before CPE

— Rince test with phenol under CO, -3,54
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T T T T T T T T T T
-0,25 0,00 -2,00 -1,75 -1,50 -1,25 -1,00 -0,75 -0,50 -0,25

E (V/SCE)

T T T T T T T
-2,00 -1,75 -150 -125 -1,00 -0,75 -0,50

f

Table S6. a) Current (red) and charge (black) overtime during CPE experiments of complex
1 (0.5 mM) in anhydrous DMF under CO, with 3 M of phenol. b) CVs of a saturated solution
of CO; in anhydrous DMF with 3 M of phenol (black dashed) of complex 1 (0.5 mM) under
CO; in anhydrous DMF with 3 M of phenol before CPE (green) and after CPE (red). Glassy
carbon electrode of 0.07 cm? area, scan rate of 0.1 V-s'1. ¢) CVs of a saturated solution of
CO; in anhydrous DMF with 3 M of phenol (black dashed) of complex 1 (0.5 mM) under CO;
in anhydrous DMF with 3 M of phenol before CPE (green) and after CPE with the same glassy
carbon plate in a solution without catalyst with 3 M of phenol in DMF under CO; (blue).
Glassy carbon plate of 2 cm? area, scan rate of 0.1 V-s71. d) Current (red) and charge (black)
overtime during CPE experiments of complex 1 (0.5 mM) in anhydrous DMF under CO; with
1.47 M of CF3;CH,0H. e) CVs of a saturated solution of CO; in anhydrous DMF with 1.47 M
of CF;CH2OH (black dashed) of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47
M of CF;CH,OH before CPE (green) and after CPE (red). Glassy carbon electrode of 0.07
cm? area, scan rate of 0.1 V-s~1. f) CVs of a saturated solution of CO; in anhydrous DMF with
1.47 M of CF3CH;0H (black dashed) of complex 1 (0.5 mM) under CO; in anhydrous DMF
with 1.47 M of CF3;CH,OH before CPE (green) and after CPE with the same glassy carbon
plate in a solution without catalyst with 1.47 M of CF;CH,OH in DMF under CO: (blue).
Glassy carbon plate of 2 cm2 area, scan rate of 0.1 V-s1,

8.5 CPE under CO: in the presence of 2,2,2-Trifluoroethanol

8.5.1 Comparison CH3CN/DMF

E (V/SCE)

CH3;CN DMF
Applied potential
(VISCE) -1.3 -1.35
Charge passed (C) -21.9 -16.8
Quantity of catalyst 10-6 6
(mol) 2.1-10 2.10
Current density
(mA/cm?) 1.1 0.8
Time (s) 10800 10800
CO  Ha CO H>
Quantity (mol) 6.8-10°° 4.7-1077 3.4:10° 2.10°°
Faradic Efficiency (%) 6 0 39 2
TON 3 0 17 1
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Table S7. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous CHs;CN under CO; with 0.97 M of CF3CH>0OH at —1.3 V vs SCE. b) CVs of complex
1 (0.5 mM) under CO2 in anhydrous CH3CN with 0.97 M of CF3CH,OH before CPE (green) and after
CPE (red). Glassy carbon electrode of 0.03 cm2 area, scan rate of 0.1 V -sX. ¢) CVs of a saturated
solution of CO; in anhydrous CH3CN with 0.97 M of CF3sCH,0OH (black dashed) of complex 1 (0.5
mM) under CO; in anhydrous CH3CN with 0.97 M of CF;CH,OH before CPE (green) and after CPE
with the same glassy carbon plate in a solution without catalyst with 0.97 M of CF;CH,OH in CH3CN
under CO; (blue). Glassy carbon plate of 2 cm2 area, scan rate of 0.1 V-s~. d) Current (red) and charge
(black) overtime during CPE experiments of complex 1 (0.5 mM) in anhydrous DMF under CO; with
1.47 M of CF3CH20H. e) CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of
CF3CH20H before CPE (green) and after CPE (red). Glassy carbon electrode of 0.03 cm? area, scan
rate of 0.1 V-s71. f) CVs of a saturated solution of CO; in anhydrous DMF with 1.47 M of CF3CH,0H
(black dashed) of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF3CH,0OH
before CPE (green) and after CPE with the same glassy carbon plate in a solution without catalyst
with 1.47 M of CF3CH,0OH in DMF under CO; (blue). Glassy carbon plate of 2 cm? area, scan rate of
0.1V:st
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8.5.2 CPE in DMF: use of labelled 3CO2 and without catalyst (blank)

13CO; blank
Applied potential 7 B
(V/SCE) 1.44 1.3V
Charge passed (C) -19.5 =7.7
Quantity of catalyst 106
(mol) 2.2:10 0
Current density
(mA/cm?) 0.9 0.3
Time (s) 10800 10800
4] r2
0 [ s 14 o
) 10 | -2
- 15 \ 4
g,z, wr-zo@ §—~ *__6 s
= 2 ) = F-8 g
3 3] -3(5>g % -mg
[ .35 -12
-4 -40 -14
.45 -16
-5 T T T T T -50 -18
0 2000 4000 6000 8000 10000 T T T T T T
Time (s) 0 2000 4000 6000 8000 10000

b

Time (s)

Table S8. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous DMF under 3CO; with 1.47 M of CF3CH,0H. b) Current (red) and charge (black)
overtime during CPE experiments of complex 1 (0.5 mM) in anhydrous DMF under CO; with 1.47 M
of CF3CH;0H (full line) and without catalyst (dotted line).

%

100+

50+ 4

13 17 18

10.0

125 15.0 175

T
375

oy m/z

Figure S62. Mass spectra of the headspace corresponding to the previous CPE with labelled '3CO,,

8.5.3 CPE in DMF: variation of the temperature

40°C
Applied potential
(VISCE) -1.4
Charge passed (C) -12.7
Quantity of catalyst 6
(mol) 2.10
Current density
(mA/cm?) 0.6
Time (s) 10800
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: -5 7
Quantity (mol) 1.6-10 6.7-10
Faradic Efficiency (%) 25 1
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]
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< e s
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= 04 e R Y T
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24
- - - Blank
-34 Before CPE
— Rince test with CF;CH,OH under CO,
-1:50 -1:25 -l,VOO -0,'75 -0,'50 -0,'25 O,E)O
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C

Table S9. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous DMF under CO with 1.47 M of CF3CH,;OH at —1.4 V vs SCE. b) CVs of complex
1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF3;CH,0OH before CPE (green) and after
CPE (red). Glassy carbon electrode of 0.03 cm2 area, scan rate of 0.1 V -s7. ¢) CVs of a saturated
solution of CO; in anhydrous DMF with 1.47 M of CF3sCH,0OH (black dashed) of complex 1 (0.5 mM)
under CO; in anhydrous DMF with 1.47 M of CF3sCH,OH before CPE (green) and after CPE with the
same glassy carbon plate in a solution without catalyst with 1.47 M of CFsCH,OH in DMF under CO;
(blue). Glassy carbon plate of 2 cm2 area, scan ratze of 0.1 V-sL.
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8.5.4 CPE in DMF: change in the qu

antity of catalyst

3 mM of complex 1
Applied potential 15
(VISCE) )
Charge passed (C) -35.5
Quantity of catalyst 5
(mol) 1.2-10
Current density 1.6
(mA/cm?) '
Time (s) 10800
| co H,
Quantity (mol) 7.8-10° 1.6-10°°
Faradic Efficiency (%) 43 9
TON 6 1
14 ro
0 r-5
-1 r-10
T 2 155
§ -34 »—Zoé’
S -4+ t-25 ©
-5 k-30
-6 +-35
-7 T T T T T -40
0 2000 4000 6000 8000 10000
Time (s)
a
g
2 ol W
104
-204
—— Before CPE
-30 1 —— After CPE
-40 4
-504
-60
-704
l.'50 l.'25 1.'00 -0.'75 -O.'50 —O.'25 O.bO
E (V/SCE)
b
<
E o4 o e
-1
-2
-3
- - - Blank
-4 —— Before CPE
Rince test with CF;CH,OH under CO,
-1,'50 -l,'25 -1,'00 -0,'75 -0,'50 -O,'25 0,60
E (V/SCE)
C
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Table S10. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (3
mM) in anhydrous DMF under CO; with 1.47 M of CF;CH;0H. b) CVs of complex 1 (3 mM) under
CO; in anhydrous DMF with 1.47 M of CF;CH>OH before CPE (green) and after CPE (red). Glassy
carbon electrode of 0.03 cm? area, scan rate of 0.1 V-s™1. ¢) CVs of a saturated solution of CO; in
anhydrous DMF with 1.47 M of CF3;CH,0H (black dashed) of complex 1 (3 mM) under CO; in
anhydrous DMF with 1.47 M of CF3CH,0H before CPE (green) and after CPE with the same glassy
carbon plate in a solution without catalyst with 1.47 M of CFsCH>OH in DMF under CO; (blue).
Glassy carbon plate of 2 cm2 area, scan rate of 0.1 V-s?

8.5.5 CPE in DMF: change in duration

CPE of 1 hour CPE of 6 hours
Applied potential
(V/SCE) -1.38 -1.4
Charge passed (C) -4.6 -48.9
Quantity of catalyst 5 4.10-5 5 10-6
(mol)
Current density
(mA/cm?) 0.6 1.13
Time (s) 3600 21600
[ofe) | H., | CO H.
Quantity (mol) 8.9-10° 1.2-10°° 5.8-10°° 1.7-10°°
Faradic Efficiency
(%) 38 5 23 1
TON 4 0.5 29 1
r2
0,54 O
‘ o
F1 -5
0,04 Lo . r-10
= 051 N F-15
§ hl% g—Z«M (208
£ orantine 2 E " T
1,54 - T . | 3 4] L300
{V \ 3 [ s
2,04 L-4
-4 +-40
251+ . . . . . . . 5 - -45
0 500 1000 1500 Timzl)((;()) 2500 3000 3500 5l ' ' ' ' ' 50
4000 8000 12000 16000 20000
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a d
g2 g
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Table S11. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (0.5
mM) in anhydrous DMF under CO, with 1.47 M of CF3CH,OH. b) CVs of complex 1 (0.5 mM) under
CO; in anhydrous DMF with 1.47 M of CF;CH2OH before CPE (green) and after CPE (red). Glassy
carbon electrode of 0.03 cm2 area, scan rate of 0.1 V-s71. ¢) CVs of a saturated solution of CO; in
anhydrous DMF with 1.47 M of CF3CH,OH (black dashed) of complex 1 (0.5 mM) under CO; in
anhydrous DMF with 1.47 M of CF3CH;OH before CPE (green) and after CPE with the same glassy
carbon plate in a solution without catalyst with 1.47 M of CF3CH>OH in DMF under CO; (blue).
Glassy carbon plate of 2 cm2 area, scan rate of 0.1 V-s~%. d) Current (red) and charge (black) overtime
during CPE experiments of complex 1 (0.5 mM) in anhydrous DMF under CO, with 1.47 M of
CF3CH20H. e) CVs of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF;CH,0H
before CPE (green) and after CPE (red). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1
V-si f) CVs of a saturated solution of CO; in anhydrous DMF with 1.47 M of CF3CH,OH (black
dashed) of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CFsCH;OH before
CPE (green) and after CPE with the same glassy carbon plate in a solution without catalyst with 1.47
M of CF3CH2OH in DMF under CO; (blue). Glassy carbon plate of 2 cm? area, scan rate of 0.1 Vs~

1

8.5.6 CPE in DMF: influence of a source of light

CPE of 1 hour under a source of light 447 nm
Applied potential 14
(VISCE) '
Charge passed (C) -3.2
Quantity of catalyst 2105
(mol)
Current density 04
(mA/cm?) '
Time (s) 10800
| co H>
Quantity (mol) 4.2.10°° 6.6.107
Faradic Efficiency
(%) 25 4
TON 2 0.3
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Table S12. a) Current (red) and charge (black) overtime during CPE experiments of complex
1 (0.5 mM) in anhydrous DMF under CO; with 1.47 M of CF3CH,0H. b) CVs of a saturated
solution of CO; in anhydrous DMF with 1.47 M of CF;CH,OH (black dashed) of complex 1
(0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF3CH2OH before CPE (green) and
after CPE (red). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1 V-s7%. ¢) CVs of a
saturated solution of CO; in anhydrous DMF with 1.47 M of CFsCH>OH (black dashed) of
complex 1 (0.5 mM) under a source of light at 447 nm and CO; in anhydrous DMF with 1.47
M of CFsCH>OH before CPE (green) and after CPE with the same glassy carbon plate in a
solution without catalyst with 1.47 M of CF3;CH>OH in DMF under CO; and a source of light
at 447 nm (blue). Glassy carbon plate of 2 cm2 area, scan rate of 0.1 V-s7%,
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8.5.7 CPE in DMF: activity of CoCl: and L-H

CoCl; L-H
Applied potential
(V/SCE) -1.35 -1.35
Charge passed (C) -15 7
Quantity of catalyst 6 6
(mol) 4.10 2.10
Current density
(mA/cm?) 0.7 0.3
Time (s) 10800 10800
[ofe) | H, CO H,
Quantity (mol) 0 2.4.10°° 0 0
Faradic Efficiency (%) 0 32 0 0
TON 0 6 0 0
r2 r2
1 Lo H Lo
k-2 L2
0 [ 4 0 .
<44 s z r6
LR H-10 5 § i - 10§
[-12 1 L-12
27 14 L-14
-16 -3
44 [ 1 --16
F-18
6 2(;00 4600 GdOO BdOO 10600 T T T T T T
Time (s) 0 2000 4000 } 6000 8000 10000
d Time (s)
~ T 27
;_go W 2 0]
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54
-6 4
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-10 104
—— Complex 1 under CO, + CF,CH,OH
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——— CoCl, under CO, + CF,;CH,
-15 4 -14
-1,50 125 -1,00 0,75 0,50 - " N — — .
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Table S13. a) Current (red) and charge (black) overtime during CPE experiments of complex 1 (full
line) and CoCl; (dotted line) in anhydrous DMF under CO, with 1.47 M of CF3;CH,OH. b) CV of
complex 1 (0.5 mM) under CO; in anhydrous DMF (dark green) with 1.47 M of CF;CH;OH before
CPE (green) and CV of CoCl, (1 mM) in the same conditions (orange). Glassy carbon electrode of
0.03 cm? area, scan rate of 0.1 V-s71. ¢) CVs of a saturated solution of CO; in anhydrous DMF with
1.47 M of CF3CH20H (black dashed) of CoCl; (1 mM) under CO; in anhydrous DMF with 1.47 M of
CF3CH2OH before CPE (orange) and after CPE (red). Glassy carbon electrode of 0.03 cm? area, scan
rate of 0.1 V s7%. d) Current (red) and charge (black) overtime during CPE experiments of L—H (0.5
mM) in anhydrous DMF under CO; with 1.47 M of CF3CH,0OH. e) CV of complex 1 (0.5 mM) under
CO; in anhydrous DMF (dark green) with 1.47 M of CF;CH,0OH before CPE (green) and CV of L-H
(0.5 mM) in the same conditions (pink). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1
V-si f) CVs of a saturated solution of CO; in anhydrous DMF with 1.47 M of CF3CH,OH (black
dashed) of L-H (0.5 mM) in anhydrous DMF under CO; with 1.47 M of CF3sCH,OH before CPE (pink)
and after CPE (dark red). Glassy carbon electrode of 0.03 cm? area, scan rate of 0.1 V-s~2,
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Quantity Applied

Table Solvent Bronsted Acid | of catalyst | Temperature Time potential passed Entry
S (mol) (VISCE) | (©) | TON| oo [ TON | oo

Table S3 | CHsCN - 2:10°° 20°C 8300 -1.95 -12.9 0.3 1 0 0 (3%
Table S3 DMF - 2-10°° 20°C 10800 -2.05 -3.9 0.1 1 0 0 (3"
Table S4 CHsCN water 2.3-10°° 20°C 10800 -1.47 -30 0.6 1 0.7 1 (4%)
Table S4 DMF water 3-10° 20°C 10800 -1.4 -14.5 4 18 5 21 (4°)
Table S5 | CH3CN phenol 2.4-10°5 20°C 10800 -1.3 -36.7 2 2 0 0 (5%
Table S5 DMF phenol 2:10° 20°C 10800 -1.3 -11.9 12 41 3 11 (5°)
Table S6 DMF phenol 18.10°6 20°C 10800 ~1.8 -26.4 12 | 16 | 13 | 17 (69)
Table S6 DMF CF3;CH,0H 29.10° 20°C 10800 -1.8 8.6 5 25 | 1.5 8 (6°)
Table S7 | CHsCN CF3CH:0H 2.1-10° 20°C 10800 -1.3 -21.9 3 6 0 0 (7?
Table S7 DMF CFsCH.0OH 2:10°° 20°C 10800 -1.35 -16.8 17 39 1 2 (7°)
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Table S9 DMF CFsCH,0H 2-10°6 40°C 10800 -1.4 -12.7 8 25 0 1 9)
Table 5 °
10 DMF CFsCH,0H 1.2-10 20°C 10800 -1.5 -35.5 6 43 1 9 (10)
Table " R
s11 DMF CFsCH,0H 2.4-10 20°C 3600 -1.38 -4.6 4 38 0.5 5 (11%)
Table 6 b
S11 DMF CFs;CH,0OH 2:10 20°C 21600 -1.4 -48.9 29 23 1 1 (11%)
Table CF;CH,0H
DMF source of light 2-10°6 20°C 10800 -1.4 -3.2 2 25 0.3 4 (12)
S12
(447 nm)
Table 4-10°°
DMF CF3;CH,0OH 20°C 10800 -1.35 -15 0 0 6 32 (139
S13
(CoCly)
Table 2:10°°
DMF CFsCH,0H 20°C 10800 -1.35 -7 0 0 0 0 (139
S13 (L-H)

Table S14. (3%). 2.3 hours CPE of complex 1 (0.5 mM) under CO; in anhydrous CH3CN with 1.6 M of water. (3°) 3 hours CPE of complex 1 (0.5
mM) under CO; in anhydrous CH3:CN with 1.6 M of water. (4?) 3 hours CPE of complex 1 (0.5 mM) under CO; in anhydrous CH3sCN with 1.6 M of
water. (4°) 3 hours CPE of complex 1 (0.5 mM) under CO: in anhydrous DMF with 5 M of water. (52) 3 hours CPE of complex 1 (0.5 mM) under
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CO; in anhydrous CH3CN with 1.6 M of phenol. (5°) 3 hours CPE of complex 1 (0.5 mM) under CO: in anhydrous DMF with 3 M of phenol. (6%) 3
hours CPE of complex 1 (0.5 mM) under CO: in anhydrous DMF with 3 M of phenol. (6°) 3 hours CPE of complex 1 (0.5 mM) under CO: in
anhydrous DMF with 1.47 M of CF3CH,0H. (7?) 3 hours CPE of complex 1 (0.5 mM) under CO; in anhydrous CH3CN with 0.97 M of CF;CH,OH.
(7°) 3 hours CPE of complex 1 (0.5 mM) under CO- in anhydrous CHzCN with 1.47 M of CF;CH,OH. (9) 3 hours CPE of complex 1 (0.5 mM) under
CO; in anhydrous DMF with 1.47 M of CFsCH,OH at 40°C. (10) 3 hours CPE of complex 1 (3 mM) under CO; in anhydrous DMF with 1.47 M of
CF3CH,0H. (11%) 1 hour CPE of complex 1 (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF3CH,OH. (11°) 6 hours CPE of complex 1
(0.5 mM) under CO: in anhydrous DMF with 1.47 M of CFsCH>0OH. (12) 3 hours CPE of complex 1 (0.5 mM) under CO; in anhydrous DMF with
1.47 M of CF3CH,0H under a source of light at 447 nm. (13?) 3 hours CPE of CoCl, (1 mM) under CO: in anhydrous DMF with 1.47 M of CF;CH,0H.
(13) 3 hours CPE of L—H (0.5 mM) under CO; in anhydrous DMF with 1.47 M of CF;CH,0OH.
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