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S1. General conditions

Reagents: Commercially available reagents and solvents were purchased at the highest commercial
qguality from Sigma-Aldrich, Fisher scientific, Alfa Aesar and were used as received, without further

purification, unless otherwise stated.

Analytical methods: 'H, °F and 3C{*H} NMR spectra were recorded using a Varian Mercury VX 400 (400
and 100.6 MHz respectively). Chemical shift values (8) are reported in ppm relative to TMS (*H and
13C{1H}), and coupling constants are reported in Hertz. The following abbreviations are used to indicate
the multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; quin, quintuplet; m, multiplet; and bs, broad

signal.



S2. lonic liquid synthesis

The monocationic ionic liquids were synthetized following a literature procedure.! The dicationic ionic
liguids were synthetized following a two steps procedure: (i) preparation of the ionic liquid by mixing at
reflux the methylimidazole and the corresponding chlorine precursor to obtain the ionic liquid with the
chloride as counter anion. (ii) Then, it is performed the anion exchange with the corresponding salt

precursor to obtain the desired ionic liquid.

$2.1. Experimental procedure IL synthesis

General procedure A:

/e\)\ . [\ reflux - /\:I\\JMI\E/\ -
CI™ /Cl /N\&N - o+ ! L
Cl Cl
_ High isolated yields
n=1,2,3 n=1,23

Figure S1: General procedure to synthetize the dicationic ionic liquids with the chloride as counter anion.

According to a modified literature procedure,? a mixture of 2 equivalents of methylimidazole and 1
equivalent of dichloromethane, 1,2-dichloroethane or 1,3-diclhoroporpane was heated at 90 °C
overnight. Then, the reaction was cooled to room temperature and the solid obtained was filtrated and
washed with acetonitrile to obtaining the corresponding dicationic ionic liquids with chlorine as counter

anion in high isolated yields.

Bis(3-methylimidazolium-1-yl)methane dichloride: Synthetized following a modified literature
procedure and obtained as reported in the literature.? Synthesis performed using 0.36 mol of
methylimidazole, IL obtained in a 46% of isolated yield. *H NMR (400 MHz, D,0) &: 3.97 (s, 6H), 6.70 (s,
2H), 7.60 (d, Jyu = 2.0 Hz, 2H), 7.77 (d, Jynu = 2.0 Hz, 2H).

1,2-Bis(3-methylimidazolium-1-yl)ethane dichloride: Synthetized following a modified literature
procedure and obtained as reported in the literature.* Synthesis performed using 1.0 mol of
methylimidazole, IL obtained in a 82% of isolated yield. *H NMR (400 MHz, D,0) &: 3.90 (s, 6H), 4.77 (s,
4H), 7.44 (d, Jy.n= 2.0 Hz, 2H), 7.52 (d, Jy.4= 2.0 Hz, 2H).

1,3-Bis(3-methylimidazolium-1-yl)propane dichloride: Synthetized following a modified literature

procedure and obtained as reported in the literature.® Synthesis performed using 0.2 mol of



methylimidazole, IL obtained in a 74% of isolated yield. H NMR (400 MHz, D,0) 6: 2.54 (quin, J,.4=6.9
Hz, 2H), 3.92 (s, 6H), 4.33 (t, Jyy = 7.2 Hz, 4H), 7.49 (s, 2H), 7.53 (s, 2H), 8.80 (s, 2H).

General procedure B:

NN T _NaBR,  — NGNS
c " c "BF, " BF,
High isolated yields High isolated yields
n=1,2,3 n=1,23

Figure S2: General procedure to perform the anion exchange.

According to a modified literature procedure,® an aqueous solution of the dicationic ionic liquid with the
chlorine as counter anion (1 equivalent) and the NaBF, (2 equivalents) was stirred at room temperature
overnight. Then, the water was evaporated using a rotatory evaporator. The resulting solid obtained
was dissolved in acetonitrile, filtered to remove the inorganic salts, and evaporated to obtain the pure

ionic liquids with the "BF, as counter anion in high isolated yields.

Bis(3-methylimidazolium-1-yl)methane di(tetrafluoroborate) (E5): Synthesis performed using 0.04 mol
of Bis(3-methylimidazolium-1-yl)methane dichloride, IL obtained in a 93% of isolated yield. *H NMR (400
MHz, dmso-dg) &: 3.89 (s, 6H), 6.1 (s, 2H), 7.78 (t, Jun = 1.3 Hz, 2H), 7.93 (t, Ju= 1.3 Hz, 2H), 9.32 (s, 2H).
13¢{*H} NMR (100.6 MHz, dmso-dg) 8: 36.2, 58.2, 121.9, 124.4, 138.0.

1,2-Bis(3-methylimidazolium-1-yl)ethane di(tetrafluoroborate) (E6): Synthetized following a modified
literature procedure and obtained as reported in the literature.” Synthesis performed using 0.3 mol of
Bis(3-methylimidazolium-1-yl)methane dichloride, IL obtained in a 96% of isolated yield. 'H NMR (400
MHz, D,0) &: 3.90 (s, 6H), 4.76 (s, 4H), 7.44 (t, Juu= 1.8 Hz, 2H), 7.52 (t, Jy1= 1.8 Hz, 2H), 8.75 (s, 2H).

1,3-Bis(3-methylimidazolium-1-yl)propane di(tetrafluoroborate) (E7): Synthetized following a
modified literature procedure and obtained as reported in the literature.” Synthesis performed using
0.07 mol of 1,3-Bis(3-methylimidazolium-1-yl)propane dichloride, IL obtained in a 95% of isolated
yield.!H NMR (400 MHz, D,0) &: 2.52 (quin, Ju.= 7.4 Hz, 2H), 3.91 (s, 6H), 4.32 (t, Jyy = 7.3 Hz, 4H), 7.47
(t, Ju= 1.8 Hz, 2H), 7.50 (t, Ji11= 1.8 Hz, 2H), 8.75 (s, 2H).



$2.2. 'H and 3C{*H} NMR spectra

'H NMR (D,0, 400 MHz): Bis(3-methylimidazolium-1-yl)methane dichloride
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H NMR (dmso-dg, 400 MHz): Bis(3-methylimidazolium-1-yl)methane di(tetrafluoroborate) (E5)
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3C{IH} NMR (dmso-dg, 100.6 MHz): Bis(3-methylimidazolium-1-yl)methane di(tetrafluoroborate) (E5)
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H NMR (D,0, 400 MHz): 1,2-Bis(3-methylimidazolium-1-yl)ethane dichloride
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H NMR (D,0, 400 MHz): 1,2-Bis(3-methylimidazolium-1-yl)ethane di(tetrafluoroborate) (E6)
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H NMR (D,0, 400 MHz): 1,3-Bis(3-methylimidazolium-1-yl)propane dichloride
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H NMR (D,0, 400 MHz): 1,3-Bis(3-methylimidazolium-1-yl)propane di(tetrafluoroborate) (E7)
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S.3. Description of the electrochemical set-up

To perform the electrochemical measurements two different cells were used. A smaller cell (Cell 1)
purchased in bio-logic where was performed the study of the ionic liquids effect and a bigger hand-made
cell (Cell 2) for the experiments that the gas phase was analyzed. Both cells have a unique chamber. The
measurements were performed in a potentiostat form Autolab PGSTAT302N. All potentials in this study
were adjusted to NHE reference by adding 0.54 V accordingly to previous measurements with Fc/Fc* as
the internal reference. The measurements were performed with and scan rate of 0.1 V-s™*. The reduction
CO, potential (E°,:) was measured under CO, atmosphere by cyclic voltammetry. The E®,; refers to the

potential at which half of the maximum current is obtained.? All the E°,; are measured in the same way.

Cell 1: three electrodes configuration cell purchased from bio-logic. In a typical test, the cell was
equipped with 0.5 mM of meso-Tetraphenylporphyrin iron(lll) chloride (FeTPP), 0.1 M of the
corresponding ionic liquid (IL), 1.0 M of trifluoroethanol (TFE) and N,N-dimethylformamide (DMF) as
solvent (35 mL). A polished glassy carbon as the working electrode (surface area: 0,07 cm?), platinum
wire as a counter electrode, and Ag/AgNO; in acetonitrile as reference electrode were used (Figure S3).
Prior to each measurement, the electrolyte solution was purged for 20 mins with a nitrogen (N,) to
remove the oxygen present in the solution. Afterwards, the solution was saturated for 1 h under a CO,

flow.

Figure $3: a) Image of the cell 1 and b) schematic representation of cell 1.

Cell 2: Hand-made 3 electrodes configuration cell. In a typical test, the cell was equipped with FeTPP, IL,
TFE and 70 mL of DMF, the exact concentrations of FeTPP, IL and TFE are explained in each experiment.

A polished glassy carbon as the counter and working electrode (surface area: 9 cm?), and Ag/AgNOs in



acetonitrile as reference electrode were used (Figure S4). Prior to each measurement, the electrolyte
solution was purged for 30 mins with a nitrogen (N,) to remove the oxygen present in the solution.

Afterwards, the solution was saturated for 2 h under a CO, flow.

a) b)

Gas Products e
To the GC r"‘.

co,orN, — |7 @
L

Figure S4: a) Image of the cell 2 and b) schematic representation of cell 2.



S.4. Description of tandem CO, electroreduction and CO utilization set-up

To perform the tandem CO, electrochemical reduction coupled with carbonylation reaction was used a
hand-made cell with two chambers connected between them (Figure S5). In one chamber the CO,
reduction was performed with a 3 electrodes set-up consisting of a polished glassy carbon as the working
electrode (surface area: 9 cm?), a polished glassy carbon as the counter electrode (surface area: 9 cm?)
and a reference electrode of Ag/AgNOs; in acetonitrile. In first chamber a solution of the dicationic-BF,
ionic liquid (0.3 M), Fe'""TPP-Cl (0.8 mM), TFE (1.0 M) in DMF (70 mL) was added, then the solution of this
chamber was purged for 20 mins with nitrogen (N,) to remove the oxygen present in the solution.
Afterwards, the solution was saturated for 2 h under a CO, flow. Then, a potential of -1.36 V vs NHE was
applied during 15h at room temperature and the carbonylation reaction products were analyzed by 'H
NMR using 1,3,5-trimethoxybenzene as internal standard. For the case of the Pd-catalyzed
carbonylations, these reactions were performed in the second chamber using 0.5 mmol of the 1-chloro-
4-iodobenzene as substrate in presence of the Pd-catalyst and the corresponding reagent for
aminocarbonylation, alkoxycarbonylations and Sonogashira process. The detailed conditions are

described in the section S12.

a) b)

Carbonlylation

CE

WE =

Figure S5: a) Image of the cell used for the tandem reaction and b) schematic representation of the cell.

For the case of the Rh-catalyzed hydroformylation, this reaction was performed by using a simple plastic
syringe (24 mL) for transferring the gas generated in (70 mL total death volume with and approximated
composition of 0.6 mmol CO and the rest is unreacted CO,) the electrochemical cell (Cell 2, Figure S4) to
a reactor with the THF solution of the Rh-catalyst and 1-octene (0.5 mmol). The transferring procedure

is very simple and effective (Figure S6) since only is required to purge the atmosphere of the reactor
10



(35 mL total volume) with a short vacuum treatment, and later, to fill the reactor 3 times with 24 mL of

the gas from the electrochemical cell. Later, the pressure of the reactor system has been corroborated

(1.2 bar (gauge)) and hydrogen was added to reach a total pressure of 2.5 bar (gauge), and the reactor

was heated at the desired temperature for the selected reaction time. The detailed conditions are

described in the section S13.

The gas was taken
with a syringe
through the septum

The gas was
transferred to
the reactor

Figure S6: Procedure to perform the tandem CO, reduction and Rh-catalyzed hydroformylation reaction of the 1-octene using the autoclave

reactor of 25 mL of volume.
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S.5. Product analysis

S4.1. Gas products

To analyze the obtained CO and H, gas products was used a 500 uL HAMILTON syringe for gas sampling.
During the experiment, samples were directly collected at regular intervals and injected (100 pL) in the
gas chromatography system (GC System Agilent 7890A with TCD and Agilent 5975C inert MSD with Triple
Axis Detection). Gas products were identified/quantified by using calibration curves previous
constructed by injecting standard samples of different CO and H, concentrations prepared using a home-

made system of 3 mass flow controllers (N,, H, and CO).
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with He as | N, analyses %
; I ith Ar as | 2
Gas Carrier \l; wi .
" we| Gas Carrier |
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e | ‘ I - |
| ! ] - | | A
\\\\\ | . |
- | i
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® [ R
¢ 20000000 b greater than 0.997.
<
60000000 - w
40000000 ._..O"" With this formula The concentration in cur
St .._..r'. y=3.779.667,453x sample using the total area that the GC gives us
P R?=0,997 in the report.
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- - 60000000 e
Hoooata e © 50000000 B
2000000 ‘,-i" 2 40000000 __‘,c"'
..," y=270.511,7477x 30000000 e
2000000 o R? = 0.9984 20000000 P
o%* =Y .,.' y =2.053.270,5719x%
o 10000000 ...,.' R?=0,9996
0 10 20 30 a0 50 o =
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Figure S7: GC-TCD analyses of the standard samples and calibration curves

% H, (% mol/mol)

The CO and H, productions were determined by areas obtained from GC-TCD analysis and the response

factor obtained from the calibration curves.
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Later, faradaic efficiency (%) of each experiment was calculated using the equation below, where F is
the constant of Faraday (96485 C mol?), Q (C) is the charge passed during the bulk electrolysis, z is the
number of moles of electrons required to produce one mole of CO or H, from CO, or H* and n is the
number of moles of product (CO or hydrogen) determined by GC analysis.

Qexperimental  zn-F

Faradaic Ef ficiency (%) =
s y (%) Qtheoretic Q

13



$4.2. Liquid products

The liquid phase was analyzed by taking an aliquot of the solution after the experiment. The aliquot (0.2

mL) was diluted with dmso-dg to a total volume of 0.6 mL for its analysis by 'H, 13C and °F NMR. The

results indicated that: (a) no other CO, reduction byproducts (i.e., formate and carbonates) were

formed, and (b) the catalyst and the IL are stable under reaction conditions.

1H NMR (dmso-ds, 400 MHz):

| Ly L
A v J'.JlL i S M L_.l_, WL ]
10.0 9.5 9.0 8.5 8.0 75 7.0 6.0 6.0 3.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
19F NMR (dmso-dg, 400 MHz):
T T T T T T T T T T T T T T T T T T T T T
0 10 -20 -30 40 -5 -60 -70 -80 90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
f1 (ppm)
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13C NMR (dmso-dg, 400 MHz):
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T

20
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S.5. Metallocarboxylate intermediate formation mechanism

a) EEEC Mechanism in DMF

E: Electron transfer
C: Chemical reaction

Figure S9: Proposed mechanism for the formation of the metallocarboxylate intermediate of Fe''TPP-Cl a) in DMF via the EEEC mechanism

and b) in acetonitrile via the EEC mechanism. Adapted from ref °.
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S.7. Reduction potentials (E; ;) for each IL

Table S1: Reduction potentials (E1/;) of each sample, changing the IL, determined by cyclic voltammetry (V vs. NHE, Scan rate: 100 mV-s%).
Conditions: FeTPP (0.5mM), TFE (1.0 M), IL (0.1 M), DMF (35 mL) under N, or CO, atmosphere using cell 1.

L Sample EFe"" EFe" EFe” EC, Overpotential
FeTPP + IL -0,1 -0,93 -1,43

BMI-BF, -1,48 790
FeTPP +IL + TFE -0,17 -0,91 -1,4
FeTPP +IL 0,01  -094 -1,43

BMI-CH3SO; -1,50 810
FeTPP +IL + TFE 0,01 -0,94 -1,44
FeTPP +IL -0,2 -1,07 -1,46

BMI-CH;COO -1,50 810
FeTPP +IL + TFE -0,25 -0,98 -1,44
FeTPP + IL 005 -0,95 -1,45

BMI-NTf, -1,50 810
FeTPP +IL + TFE -0,33 -0,95 -1,43
FeTPP + IL -0,5 -0,92 -1,44

BMI-PFg -1,49 800
FeTPP + IL+ TFE 033 -0,94 -1,42
FeTPP +IL -0,02 -0,92 -1,43

BMI-CF5S0; -1,49 800
FeTPP +IL + TFE -0,33 -0,94 -1,42
FeTPP +IL 0,01 -0,95 -1,39

BMI-CF;COO -1,49 800
FeTPP +IL + TFE 0 -0,94 -1,43
FeTPP + IL -0,01 -0,9 -1,54

TBA-PF; -1,57 880
FeTPP +IL + TFE -0,33 -0,93 -1,53
FeTPP +IL -0,09 -0,92 -1,43

TBAPFg + BMI-BF, -1,50 810
FeTPP +IL + TFE -0,18 -0,9 -1,42
FeTPP + IL -0,28 -0,93 -1,5

BMMI-BF, -1,55 860
FeTPP + IL + TFE 0,19  -0,91 -1,49
FeTPP +IL -0,02 -0,92 -1,4

EMI-BF, -1,49 800
FeTPP + IL + TFE -0,3 093 -141
FeTPP + IL -0,2 -0,43 -0,91

Dicationic-BF,; n=1 - -
FeTPP +IL + TFE -0,02 -0,42 -0,89
FeTPP +IL -0,06 -0,92 -1,33

Dicationic:-BF,; n=2 -1,35 660
FeTPP +IL + TFE 0 -0,9 -1,31
FeTPP +IL 0,01 0,98 1,28

Dicationic:BF; n=3 -1,34 650
FeTPP +IL + TFE 0 0,93 1,25

The electrochemical stability of these ILs has been evaluated by carrying on comparative experiment
under nitrogen and under carbon dioxide atmosphere. We corroborated that all the IL electrolytes,
except E5, are stable under the potential applied since only the iron-catalyst reduction peaks were

recorder under nitrogen atmosphere, whereas the experiment under carbon dioxide displayed a

17



reduction peak around -1.2-1.4 V attributed to the CO, reduction to CO. The attribution of this reduction
has been carried out by comparing with the related literature and by GC analyzing the gas phase samples

collected at regular intervals in order to quantify the formation of CO along the reaction experiment.

Concerning the electrolyte E5, this IL displayed under nitrogen atmosphere a reduction peak at more
negative potentials than those expected for CO, reduction. Under CO, atmosphere the same peak was
recorded, no CO, reduction peak was observed, and GC-analysis confirmed that no CO is being formed
under this reaction conditions. Thus, we suspect that the electrolyte E5 is not stable under the electro-

chemical potential applied, and it is being decomposed by some process involving reduction steps.
S.8. Effect of the ion-pairing
Stepwise

EC [Fe(1)]' / [Fe(0))* (EIP)
[Fe()T + e =< = [Fe(0)]*

+

[cation IL]*
[cation IL]*
EC ([Fe(l)]” + [cation IL]*)/ /p
((2-[cation IL]*)-[Fe(0)]%)

Concerted . i +. 2-
(CIPE) (2-[cation IL]™)-[Fe(0)]

Scheme S1: Classical stepwise pathways (electron-transfer first, followed by ion-pairing or vice versa), ion-pairing may also occur

concertedly with electron transfer.°
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S.9. Graphics under CO, for all the IL
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Figure S10: Cyclic voltammetry of different IL changing the anion structure (V vs. NHE, Scan rate: 100 mV-s). Conditions: FeTPP (0.5mM),

TFE (1.0 M), IL (0.1 M), DMF (35 mL) under CO, atmosphere. using cell 1
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BMI-BF, EMI-BF, BMMI-BF,
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Figure S11: Cyclic voltammetry of different IL changing the cation structure (V vs. NHE, Scan rate: 100 mV-s). Conditions: FeTPP (0.5mM),

TFE (1.0 M), IL (0.1 M), DMF (35 mL) under CO, atmosphere using cell 1.
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a) Bridge chain lenght effect b) Cyclic voltammetry (Dicationic-BF , n=1)
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Figure S12: a) Cyclic voltammetry of different IL changing the bridge chain length (V vs. NHE, Scan rate: 100 mV-s). Conditions: FeTPP
(0.5mM), TFE (1.0 M), IL (0.1 M), DMF (35 mL) under CO, atmosphere using cell 1. lonic liquid structures and b) cyclic voltammogram of 0.1
M Dicationic-BF4 n=1, 0.5 mM FeTPPCl, 1.0 M TFE in DMF (35 mL) under N, and CO, atmosphere using cell 1.

S.10. Dicationic IL vs. a two-fold concentration of monocationic IL
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Figure S13: Cyclic voltammogram of 0.5 mM FeTPPCl, 1.0 M TFE varying the ionic in DMF (35 mL) under saturated CO, atmosphere using
cell 1 (V vs. NHE, Scan rate: 100 mV-s).
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S.11. IL concentration optimization

Table S2: Reduction potentials (E;/,) of each sample, changing the IL concentration, determined by cyclic voltammetry (V vs. NHE, Scan rate:

100 mV-s). Conditions: FeTPP (0.5mM), TFE (1.0 M), IL, DMF (70 mL) under N, or CO, atmosphere using cell 2.

02

IL concentration Sample EFe"" EFe" EFe” EC, Overpotential
FeTPP + IL 0,06  -0,92 -1,33

0.1M -1,40 710
FeTPP + IL+ TFE 0,0 0,90 -1,31
FeTPP +IL 0,02 -093 -1,29

03 M -1,33 640
FeTPP + IL + TFE -0,03 0,91 -1,27
FeTPP +IL 0,02 -0,94 -1,26

0.6 M -1,25 560
FeTPP + IL + TFE 0,03 -086 -1,27
FeTPP + IL 0,03 0,94 -127

.om -1,24 550
FeTPP + IL + TFE 0,0 -0,86  -1,26
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Figure $14: a) Cyclic voltammogram of 0.5 mM FeTPPCl, 1.0 M TFE varying the dicationic-BF, ionic liquid concentration in DMF under

saturated CO, atmosphere. b) Graphics of CO productivity using different concentration of dicationic-BF, ionic liquid. Conditions: 0.5 mM

FeTPP, TFE 1.0 M, DMF under saturated CO, atmosphere applying -1.46 V vs NHE during 4h.

The effect of IL E6 concentration (0.1, 0.3, 0.6 and 1.0 M) was evaluated showing that the optimal IL E6

concentration is 0.3 M as the optimal compromise between more positive E Fe(l)/Fe(0)> (- 1.31V to—

1.27 V), more positive E%; (i.e., from — 1.40 V to — 1.33 V), higher current density, and maximum CO

productivity (0.09 mmol h1). With 0.1 M and 0.6 M of IL E6 the CO productivity decrease to 0.07

mmolco-hl. At higher E6 concentrations, a more positive E® is obtained (i.e., from -1.33 V using 0.3 M

E6 to—1.24 V using 1.0 M E6).
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S.12. Current intensity, trifluoroethanol and FeTPP-Cl optimization

a) % FE with different Current intensities b) % Faradaic efficiency with different [TFE]
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Figure $15: a) % CO and H, Faradaic Efficiency applying different current intensities. Conditions: 0.5 mM FeTPP, TFE 1.0 M, 70 mL DMF, 0.3
M dicationic-BF, ionic liquid under saturated CO, atmosphere applying different current intensities for 4h using cell 2. b) % CO and H,
Faradaic Efficiency changing the TFE concentration. Conditions: 0.5 mM FeTPP, 70 mL DMF, 0.3 M dicationic-BF 4 ionic liquid under saturated
CO, atmosphere applying -6 mA for 4h using cell 2. c¢) % CO and H, Faradaic Efficiency changing the FeTPP-Cl concentration. Conditions: 1.0
M TFE, 70 mL DMF, 0.3 M dicationic-BF, ionic liquid under saturated CO, atmosphere applying -6 mA for 4h using cell 2.

In the current intensity optimization, the highest CO faradaic efficiency (75 %) with a constant
production of CO (0.09 mmol-ht) was obtained by applying current densities of - 6 mA (Figure S15a),
with higher or lower current intensities lower Faradaic efficiency values were obtained. With the TFE
concentration optimization was observed that the TFE concentration highly affect the rate of CO
formation (after 4 h reaction, the CO formation rates are 0.05, 0.09 and 0.05 mmol-h using 0.5, 1.0

and 1.5 M, respectively) and CO/H, faradaic efficiencies (61%/17%, 75%/10% and 43%/24% using 0.5,
23



1.0 and 1.5 M, respectively) (Figure S15b). Finally, was performed the optimization of the Fe'""TPP-Cl
concentration, also showing a clear effect in the CO formation rate (0.01, 0.09 and 0.10 mmol-h! using
0.3, 0.5 and 0.8 mM, respectively) and CO/H, faradaic efficiencies (13%/30%, 75%/10% and 81%/0.4%

using 0.3, 0.5 and 0.8 mM, respectively) (Figure S15c).

A blank experiment was conducted under N, atmosphere with the optimized conditions (Conditions: 0.8
mM FeTPP, 1.0 M TFE, 70 mL DMF, 0.3 M dicationic:BF, ionic liquid) and a potential of -6 mA for 4 h was

applied. The gas phase was analyzed after the 4 hours and any traces of CO was detected.
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S.13. Tandem CO, reduction coupled with Pd-carbonylations

a) General conditions fo CO, electrchemical reduction:

0.3M
Co, co
Proton source: TFE (1.0 M)
DMF, -1.36 V vs NHE for 15 h

b) Different Carbonylations tested in this work:

Xantphos Pd G4 (5 mol%) o (\o
o) DABCO (1.0 mmol) ¢ N\)
/\/N\) \N/\/
H,N THF (3 mL) H
rt,15h Cl
1.0 mmol 84 % yield
Pd(OAc), (5 mol %) 0
I PPh; (10 mol %) i
o o
cl Et3N (3 equiv.) al
40°C,15h
0.5 mmol ’ o i
ary! iodide 2.5mL 99 % vield
Pd(OAc); (5 mol %)
PPh; (10 mol %) o]
n-CgHi3 Et;N (3 equiv.) ¢
H/ \
Toluene/H,0 (10:1, 1 mL) cl n-CgH13
0.75 mmol r,20h 87 % yield

Figure S16: Tandem CO, reduction coupled with different Pd-catalyzed carbonylations reactions explored using the two-chamber cell set-

up (cell 3).

S.13.1. Procedure for aminocarbonylation reaction

According to a modified literature procedure,!! in a two-chamber reactor (Figure S5) charged with
stirring bars 1-chloro-4-iodobenzene (0.5 mmol, 119 mg), 2-morpholinoethylamine (131 uL, 1 mmol),
Xantphos Pd G4 (24 mg, 5 mol%), DABCO (113 mg, 1.0 mmol) and THF (3 ml) were added in the
carbonylation chamber. The conditions for the CO, reduction chamber are described in the section 0O,
both chambers were stirred at room temperature. After 15 h applying -1.36 V vs NHE the chemical

reaction was analyzed by 'H NMR using naphthalene as internal standard.
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Figure S17: 'H NMR of the reaction mixture after the reaction. Using naphthalene as internal standard to quantify.

S.13.2. Procedure for Sonogashira reaction

According to a modified literature procedure,’? in a two-chamber reactor (Figure S5) charged with
stirring bars 1-chloro-4-iodobenzene (0.5 mmol, 119 mg), 1-octyne (111 pL, 0.75 mmol), Pd(OAc), (5.6
mg, 5 mol%), PPh3 (13.1 mg, 10 mol%), EtsN (209 pL, 1.5 mmol) and Toluene/H,0 (10:1, 1ml) were added
in the carbonylation chamber. The conditions for the CO, reduction chamber are described in the section
0, both chambers were stirred at room temperature. The potential was applied during 15 h and the
Sonogashira reaction was stirred 5 h more at room temperature. After a total of 20 h the chemical

reaction was analyzed by 'H NMR using 1,3,5-trimethoxybenzene as internal standard.
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Figure S18: 'H NMR of the reaction mixture after the reaction. Using 1,3,5-trimethoxybenzene as internal standard to quantify.

S.13.3. Procedure for alkoxycarbonylation reaction

According to a modified literature procedure,’® in a two-chamber reactor (Figure S5) charged with

stirring bars 1-chloro-4-iodobenzene (0.5 mmol, 119 mg), ethanol (2.5 mL), Pd(OAc), (5.6 mg, 5 mol%),

PPhs (13.1 mg, 10 mol%) and Et3N (209 uL, 1.5 mmol) were added in the carbonylation chamber. The

conditions for the CO, reduction chamber are described in the section 0, in this case the carbonylation

chamber was stirred at 40 2C while the electrochemical CO, reduction chamber was stirred at room

temperature. After 15 h applying -1.36 V vs NHE the chemical reaction was analyzed by 'H NMR using

1,3,5-trimethoxybenzene as internal standard.
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Figure $19: 'H NMR of the reaction mixture after the reaction. Using 1,3,5-trimethoxybenzene as internal standard to quantify.

S.14.Tandem CO, reduction coupled with hydroformylation.

=\ X
/NWNfN\:—‘E +
- - N
BF,  BF,
0.3M
co
Proton source: TFE (1.0 M)
DMF, -1.36 V vs NHE for 6 h le
Rh(acac)(CO), (1.3 mol %)
PN PPh; (7.8 mol %) o H\c//O
7 “n-CgHy3 - C
THF (2 mL) H™ > n-CeHyg )\n'CeHw
0.5 mmol 40°C,15h 60 % yield 18 % yield

Figure $20: Tandem CO, reduction coupled with rhodium-catalyzed hydroformylation of 1-octene

Rh(acac)(CO), (1.3 mol %)

PPh; (7.8 mol %) o H.c-0
2 n-CeHyz ,&\/\ )\
2.5 bar CO/H, (1:1) H n-CeH13 n-CgHi3
0.5 mmol THF (2mL), 40°C, 15 h 76 % yield 24 % yield

Figure $21: Rh-catalyzed hydroformylation of 1-octene performed using syngas (2.5 bar 1:1 CO/H,) to compare with the tandem experiment.

To perform the tandem CO, reduction coupled with the Rh-hydroformylation a different procedure was
followed than for the Pd-carbonylation. In this case, was used the Cell 2 (Figure S4) to perform the CO,
electroreduction. The Cell 2 was equipped with FeTPP (0.8 mM), biscationic-BF, IL (0.3 M), TFE (1.0 M)
and 70 mL of DMF. A polished glassy carbon as the counter and working electrode (surface area: 9 cm?),
and Ag/AgNOs; in acetonitrile as reference electrode were used. Prior to perform the bulk electrolysis
the electrolyte solution was purged for 30 mins with a nitrogen (N,) to remove the oxygen present in
the solution. Afterwards, the solution was saturated for 2 h under a CO, flow. Then, was applied a

potential of -1.36 V vs NHE for 6 h.

After the 6 h the gas produced in the Cell 2 was transferred with a syringe to an auto-clave reactor
(Figure S6) of 25 mL of volume (the reactor was under vacuum, the pressure inside the reactor before
adding the gas mixture was -0.8 bar gauge) previously charged with octene (0.5 mmol, 78.5 pl),
Rh(acac)(CO);, (1.3 mol %, 1.7 mg), PPh; (7.8 mol %, 10.2 mg) and THF (2 ml). After adding the gas
produced in the Cell 2 into the auto-clave reactor, the reactor had a pressure of 1.2 bar gauge, then the

reactor was charged until 2.5 bar gauge adding H, (1.3 bars of H,). The hydroformylation reaction was
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stirred for 15 h at 40 °C. Finally, the reaction mixture was analyzed by 'H NMR using 1,3,5-

trimethoxybenzene as internal standard.
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Figure $22: 1H NMR of the reaction mixture after the reaction with the tandem procedure. Using 1,3,5-trimethoxybenzene as internal

standard to quantify.

To compare the results obtained with the Rh-hydroformylation of the 1-octene using the tandem

procedure a Rh-catalyzed hydroformylation using a syngas mixture (1:1 CO/H,) was performed. The

auto-clave reactor (25 mL of volume) was charged with octene (0.5 mmol, 78.5 pL), Rh(acac)(CO), (1.3

mol %, 1.7 mg), PPh3 (7.8 mol %, 10.2 mg) and THF (2 ml). Then, the reactor was charged until 2.5 bar

using a syngas mixture (1:1 CO/H,). The hydroformylation reaction was stirred for 15 h at 40 °C. Finally,

the reaction mixture was analyzed by 'H NMR using 1,3,5-trimethoxybenzene as internal standard. With

the syngas mixture higher conversion was obtained with similar selectivities compared with the tandem

procedure.
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Figure $23: 'H NMR of the reaction mixture after the reaction using a syngas mixture. 1,3,5-trimethoxybenzene was used as internal
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