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Abstract: The atomic level tunability of molecular structures is a compelling reason to develop
homogeneous catalysts for challenging reactions such as the electrochemical reduction of carbon
dioxide to valuable Ci-C, products. Of particular interest is methane, the largest component of
natural gas. Herein, we report a series of three isomeric rhenium tricarbonyl complexes
coordinated by the asymmetric diimine ligands 2-(isoquinolin-1-yl)-4,5-dihydrooxazole (quin-1-
oxa), 2-(quinolin-2-yl)-4,5-dihydrooxazole (quin-2-oxa), and 2-(isoquinolin-3-yl)-4,5-
dihydrooxazole (quin-3-oxa) that catalyze the reduction of CO> to carbon monoxide and
methane, albeit the latter with a low efficiency. To our knowledge, these complexes are the first
examples of rhenium(I) catalysts capable of converting carbon dioxide into methane. Re(quin-1-
0xa)(CO)3Cl1 (1), Re(quin-2-0xa)(CO)3;Cl (2) and Re(quin-3-oxa)(CO);Cl (3) were characterized
and studied using a variety of electrochemical and spectroscopic techniques. In bulk electrolysis
experiments, the three complexes reduce CO; to CO and CH4. When the controlled-potential
electrolysis experiments are performed at —2.5 V (vs Fc¢™°) and in the presence of the Bronsted
acid 2,2,2-trifluoroethanol, methane is produced with turnover numbers that range from 1.3 to
1.8. Isotope labelling experiments using '*CO; atmosphere produce '*CH4 (m/z = 17) confirming
that methane originates from CO; reduction. Theoretical calculations are performed to
investigate the mechanistic aspects of the 8¢ /8H" reduction of CO, to CH4. A ligand assisted
pathway is proposed to be an efficient pathway in formation of CH4. Delocalization of the
electron density on the (iso)quinoline moiety upon reduction stabilizes the key carbonyl
intermediate leading to additional reactivity of this ligand. These results should aid the

development of more robust catalytic systems that produce CH4 from COa.



Introduction

Climate change and its consequences, such as ocean acidification and the accelerated rise
of the global mean sea level, are associated with carbon dioxide (CO2) emissions from human
activity.! Atmospheric carbon dioxide has surpassed 400 parts per million (ppm) and levels are
the highest values since records began. Considerable effort has been directed toward climate
change mitigation by developing new pathways for chemical fixation of CO2.%!? Particularly
interesting are the processes that recycle CO; into useful chemicals.>> For example, renewable
solar energy could be used to produce hydrocarbon fuels, such as methane, from CO,. Products
such as CO, formic acid, or alcohols are also desirable.! However, these products require multi-
electron/multi-proton reactions that are often in competition with hydrogen production and
therefore catalysts must be developed to control CO> reduction selectivity and activity.

Transition metal catalysts have been investigated extensively for their CO; reduction
activity.!>!® Metal catalysts can enable the reduction of the thermodynamically and kinetically
stable CO> molecule through coordination and activation. Aresta and coworkers isolated the first
example of metal-CO, complex, in which a CO> was coordinated to a nickel complex.!
Transition metal catalysts not only coordinate CO3, but are also capable of transferring multiple
electrons, avoiding the high energy CO- anion radical intermediate. For example, iron porphyrins
are efficient CO-selective CO2 reduction catalysts.?>! Besides metallated porphyrins, a number
of catalysts that transform CO; to CO and other products have been reported.'* These complexes
realize multielectron reactions thanks to the presence of ligands that serve as electron reservoirs.
The seminal work of Lehn et al. first showed Re(bpy)(CO)3:Cl (bpy =2,2"-bipyridine) to be an
effective catalyst for CO, reduction,”®?* from which an extensive derivatized library of

homogeneous photo- and electro-catalysts were built upon, providing valuable insights on



mechanisms by which CO; can be activated.?¢** While rhenium (I) diimine catalysts are among
the most studied transition metal catalysts for CO> reduction, improvements to their design are
still needed to create more effective systems for reduction of CO; past the 2-electron product of
CO.

We recently examined the use of rhenium complexes containing pyridine-oxazoline
ligands as a new family of CO» reduction catalyst as these diimine ligands are stable to reducing
conditions, easily prepared, and offer great potential for derivatization in multiple sites. In
addition, metal complexes of pyridine-oxazoline ligands have demonstrated to be efficient
catalysts in a range of catalytic reactions.>> The complex Re(2-(pyridin-2-yl)-4,5-
dihydrooxazole)(CO);Cl (I) is an active electrocatalyst for CO2 reduction, with a relative
turnover frequency (TOF), (ica/ip)’, 5.5 times that of Re(bpy)(CO)s;Cl. Interestingly, the
electrocatalytic activity of I and its derivatives showed an unusual dependence on the donor
number (DN) of the solvent.*®

The long term objective of our program is to rationally design pyridine-oxazoline ligands
with multifunctional properties (e.g. proton responsive groups, Lewis acids or pendant bases in
the second coordination sphere, etc.) that can assist in the metal-based CO: reduction catalysis
and generate desirable products. However, the electronic properties of the parent system are still
not fully understood and minor modifications have drastic effects on catalysis. Herein we report
the effects of fusing a benzene ring onto the pyridine on the CO; reduction activities of I (Figure
1). The quinoline and isoquinoline moieties are hypothesized to provide effective storage of
additional redox equivalents needed for CO; reduction and the introduction of these moieties
allows the study of the effects of heterocyclic units that are more basic (isoquinoline, pKa = 5.46)

or less basic (quinoline, pK. 4.85) than pyridine (pK. = 5.22). Through our combined
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Figure 1. Structural representation of the ligands 2-(isoquinolin-1-yl)-4,5-dihydrooxazole

(quin-1-oxa), 2-(quinolin-2-yl)-4,5-dihydrooxazole (quin-2-oxa), and 2-(isoquinolin-3-yl)-

4,5-dihydrooxazole (quin-3-o0xa) and their rhenium(I) complexes 1-3.
experimental and theoretical study, we present our results on the synthesis and characterization
of complexes 1-3, and their ability to catalyze the electrochemical reduction of CO2 to CO and
all the way to the 8-electron product CH4. To our knowledge, compounds 1-3 are the first
examples of rhenium-based catalysts to produce CH4 from CO,. Based on collective results from
spectroscopy, electrochemistry, and theoretical calculations, we discuss the plausible reaction
pathways by which these complexes perform the 2¢ /2H' reduction of CO, to CO and 8¢ /8H"
reduction of CO> to CH4, and the effect of ligand modification on catalysis. Although these
complexes yield methane with low efficiencies, we believe that the insight provided by these
studies will have significant implications for the design of more efficacious molecular catalysts
for the multielectron reduction of CO».

Experimental

Materials. Toluene, isobutyl chloroformate, 2-chloroethylamine hydrochloride, potassium

hydroxide, magnesium sulfate, 2-quinolinecarboxylic acid, 3-isoquinolinecarboxylic acid,
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isoquinoline-1-carboxylic acid, pentacarbonylchlororhenium(I) were purchased from Sigma
Aldrich. Sodium chloride and ammonium chloride were purchased from J.T. Baker. Methanol,
dichloromethane and triethylamine were purchased from Fisher Scientific. For cyclic
voltammetry the solvents acetonitrile, dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) were obtained from the Pure Process technology (PPT) Free Standing solvent
purification system (SPS). The electrochemical grade ["BusN]PFs > 99.0% used was purchased
from Sigma Aldrich. ["BusN]Cl was purchased from Acros Organics, recrystallized from HPLC-

grade ethanol and dried for 48 hours in a vacuum oven before electrochemical analysis.

Syntheses. The synthesis of the ligands 2-(isoquinolin-1-yl)-4,5-dihydrooxazole (quin-1-oxa),
2- (quinolin-2-yl)-4,5-dihydrooxazole (quin-2-oxa) and 2-(isoquinolin-3-yl)-4,5-dihydrooxazole
(quin-3-0xa) was achieved according to a previously reported procedure.’’ The ligands were

characterized by 'H NMR (Figure S1-3).

fac-Re(quin-1-oxa)(CO)3CI (1). In a 50 mL round-bottom flask, Re(CO)sCl (0.2 g, 0.6 mmol),
quin-1-oxa (0.11 g, 0.6 mol) and toluene (30 mL) were added together, and the reaction mixture
was heated to reflux. After 2.5 h, the reaction was allowed to cool down, and the solvent was
evaporated under reduced pressure to afford a brown solid (0.23 g, yield = 83%). '"H NMR, (3,
400 MHz, DMSO-dps): 8.95. (dt, 1H), 8.91 (d, 1H), 8.38(m, 1H), 8.04 (dddd, 2H), 5.16(m, 2H),
4.39(m, 1H) 4.18(m, 1H). Elem. Anal. Calcd. for ReCi5sH1oN2O4: C, 35.75; H, 2.00; N, 5.56.

Found: C, 35.86; H, 1.91.; N, 5.65.

fac-Re(quin-2-oxa)(CO)3CI (2). In a 50 mL round-bottom flask, Re(CO)sCl (0.2 g, 0.6 mmol),
quin-2-oxa (0.11 g, 0.6 mol) and toluene (30 mL) were added together, and the reaction mixture
was heated to reflux. After 2.5 h, the reaction was allowed to cool down, and the solvent was

evaporated under reduced pressure to afford a red solid (0.24 g, yield = 86%). '"H NMR, (3, 400
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MHz, DMSO-ds): 9.03. (d, 1H), 8.65 (dd, 1H), 8.36(dd, 1H), 8.22 (m, 2H), 7.99 (ddd, 1H),
5.08(td, 2H), 4.47(m, 1H) 4.24(m, 1H). Elem. Anal. Calcd. for ReCi5H10N20O4: C, 35.75; H, 2.00;
N, 5.56. Found: C, 35.73; H, 1.87; N, 5.58.

fac-Re(quin-3-oxa)(CO)3Cl (3). In a 50 mL round-bottom flask, Re(CO)sCl (0.2 g, 0.6 mmol),
quin-3-oxa (0.11 g, 0.6 mol) and toluene (30 mL) were added together, and the reaction mixture
was heated to reflux. After 2.5 h, the reaction was allowed to cool down and the solvent was
evaporated under reduced pressure to afford a yellow solid (0.22 g, yield = 79%). 'H NMR, (3,
400 MHz, DMSO-dy): 9.88. (s, 1H), 8.78 (s, 1H), 8.60(s, 1H), 8.36 (d, 1H), 8.13 (ddd, 1H), 8.05
(d, 1H), 5.04(td, 2H), 4.34(ddd, 1H) 4.16(m, 1H).,'3C NMR (5, 100 MHz, DMSO-ds). Elem.
Anal. Calcd. for ReC15H10N20421/3C7Hs C, 38.99; H, 2.40; N, 5.28. Found: C, 38.87; H, 2.38; N
5.24.

Methods. 'H and '*C NMR spectra were recorded on a Bruker AVANCE (300 MHz) or Bruker
AVANCE III (400 MHz) system at ambient temperature and were referenced to residual solvent
peaks. UV-Vis spectra were recorded on a Cary 50 spectrophotometer. Solution IR spectra
(CH3CN) were carried on a Jasco FT/IR-6100 spectrometer. Elemental analyses were performed
at Atlantic Microlab, Inc., in Norcross, GA.

Electrochemistry. Electrochemical experiments were performed by using a Model 6012D
Electrochemical analyzer from CH Instruments, Inc. or DY2311 Potentiostat from Digi-Ivy.
Cyclic voltammetry experiments were performed under N> or CO; in a one-compartment cell
with a glassy carbon working electrode, a platinum wire counter electrode and a Ag/Ag" (10 mM
AgNOs in acetonitrile, DMF or DMSO) reference electrode with ferrocene as an external
reference. All experiments were performed with solutions containing 0.1 M tetrabutylammonium

hexafluorophosphate (["BusN]PFs) as the supporting electrolyte, acetonitrile, DMSO or DMF as



the solvent, and rhenium complexes at a concentration of 1.0 mM. Infrared
Spectroelectrochemistry (IR-SEC) was performed with a commercially available Optically
Transparent Thin Layer Electrochemical (OTTLE) cell purchased from Frantisek Hartl at the
University of Reading.*® The air-tight demountable cell was composed of CaF2 windows and a
Teflon spacer (ca. 0.2 mm optical path). The working electrode was a platinum mini-grid in the
path of the IR beam, the counter electrode was a platinum mini-grid, and a silver wire was the
pseudoreference. For IR-SEC, HPLC-grade acetonitrile was purified using an Innovative
PureSolve system under N2, and ["BusN]PFs was purified by recrystallization from HPLC-grade
methanol and dried in a vacuum oven overnight. An eDaq ER466 potentiostat was used to apply
increasingly negative potentials, and IR spectra were collected with an ABB FLTA2000 IR
spectrometer. Samples were dissolved in 0.1 M TBAH/acetonitrile and sparged with argon for 20
minutes prior to analysis.

X-ray Crystallography. Recrystallization of 1-3 from acetonitrile and methanol afforded
material suitable for single crystal X-ray crystallography. Red-orange crystals of 1-3 having
dimensions 0.28 x 0.25 x 0.13 mm? (1), 0.10 x 0.09 x 0.07 mm? (2) and 0.12 x 0.09 x 0.05 mm?
(3) respectively were secured to Mitegen micromounts using Paratone oil, and their single crystal
X-ray diffraction data was collected at 100 K using a Rigaku Oxford Diffraction (ROD)
Synergy-S X-ray diffractometer equipped with a HyPix-6000HE hybrid photon counting (HPC)
detector. For samples 1 and 3, reflection data were collected using microfocused Mo K1
radiation (= 0.71073 A), while microfocused Cu K1 radiation (= 1.54184 A) was utilized for 2.
For all samples, data collection strategies to ensure desired completeness and redundancy were
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determined via CrysAlis™™. Data processing was done using CrysAlis™™

and included

numerical absorption corrections on all samples applied after face-indexing using the SCALE3



ABSPACK scaling algorithm.*® All structures were solved via intrinsic phasing methods using
ShelXT*! and refined using ShelXL*? in the Olex2 graphical user interface. Space groups were
unambiguously verified by PLATON. The final structural refinements on samples included
anisotropic temperature factors on all non-hydrogen atoms. Hydrogen atoms for 1 were attached
via the riding model at calculated positions using suitable HFIX commands. The hydrogen atoms
in 2 were located in the difference map and refined while those in 3 were introduced using a
combination of calculated positions or were located in the difference map. Crystallographic data
for the structures in this paper has been deposited with the Cambridge Crystallographic Data
Centre with the CCDC numbers 1849894 - 1849896. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Methods. All geometries were fully optimized at the M06 level of density

functional theory* with the SMD continuum solvation model*

for acetonitrile as solvent using
the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWB contracted pseudopotential basis set*> on Re
and the 6-31G(d) basis set on all other atoms.* Non-analytical integrals were evaluated using the
integral=grid=ultrafine option as implemented in the Gaussian 09 software package.*’ The nature
of all stationary points was verified by analytic computation of vibrational frequencies, which
were also used for the computation of zero-point vibrational energies, molecular partition
functions, and for determining the reactants and products associated with each transition-state
structure (by following the normal modes associated with imaginary frequencies). Partition
functions were used in the computation of 298 K thermal contributions to the free energy
employing the usual ideal-gas, rigid-rotator, harmonic oscillator approximation.*® Free-energy

contributions were added to single-point, SMD-solvated M06 electronic energies computed at

the optimized geometries obtained with the initial basis with the SDD basis set on Re and the



larger 6-311+G(2df,p) basis set on all other atoms to arrive at final, composite free energies. The

free energy of solvation of proton in acetonitrile is taken as —260.2 kcal/mol.*’

Standard reduction potentials were calculated for various possible redox couples to assess the
energetic accessibility of different intermediates at various oxidation states. For a redox reaction
of the form

Oomy + mney = Reom (D
where O and R denote the oxidized and reduced states of the redox couple, respectively, and 7 is

the number of electrons involved in redox reaction, the reduction potential Eg, relative to SCE

was computed as

DG ()

where AGJ g 18 the free energy change associated with eq. 1 (using Boltzmann statistics for the
electron) and AEy,, is taken as 0.141 V,>* which is required for the conversion of calculated
E00|R versus normal hydrogen electrode (NHE) in aqueous solution (Enmr= —4.281 V)°! to
E00|R versus the saturated calomel electrode (SCE) in acetonitrile (Esce = —4.422 V). We

obtained reduction potentials referenced to the ferricenium/ferrocene couple by using a shift of

—0.384 V from Eg g vs SCE.

Results
Synthesis and Characterization of the Re(I) Complexes

The synthesis of the new complexes was carried out by treating Re(CO)sCl with the
corresponding ligand in refluxing toluene under N> for 2.5 hours. The crude products were

collected by filtration to provide the Re(I) complexes in good yields (70-80%). Complexes 1-3
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were characterized by 'H and '3C NMR, mass spectrometry, and elemental analysis (see

Supporting Information).

Although at first sight, compounds 1-3 are similar to each other, the spectroscopic
characterization shows a different picture (Figure 3).3% 3 The MLCT bands for compounds 1 and
2 appear at 414 nm (g = 3900 M! cm™!) and 406 nm (g = 3300 M! cm™), respectively; whereas
the MLCT transition of 3 is found at higher energies (shoulder at ~365 nm, £ = 3900 M cm™).
When compared to the MLCT band in I (Amax = 369, € = 1400 M! cm™! in acetonitrile), the
MLCT transitions for 1 and 2 appear at longer wavelengths as expected since the quin-1-oxa,
and quin-2-oxa ligands should have ©* orbitals at lower energies as compared to those of the
pyridine-oxazoline ligands. In contrast, the band corresponding to the MLCT transition of

complex 3 is observed at roughly the same wavelength as that of Re(pyridine-oxazoline)(CO);Cl

1
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Figure 2. UV-visible absorption spectra of the rhenium(I) complexes 1-3 in acetonitrile at 293 K.

(D).

A comparison of the structures obtained by single crystal X-ray diffraction provides
additional information about the differences between the three complexes. Crystals of 1 and 2,

suitable for X-ray crystallography were grown from solutions of the complexes in a solution of
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1:1 v/v acetonitrile methanol mixture through slow evaporation at room temperature over a

period of 5 days. Remarkably, attempted crystallization of 3 resulted in an iminoester derivative
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Figure 3. Thermal ellipsoid plots of (A) 1, (B) 2, and (C) 3a at 50% probability. Selected hydrogen
atoms are omitted for clarity.

of 3, 3a [Re(quin-3-0xa)(CO)3(NHC(OCH3)CH3)]Cl. Thermal ellipsoid plots of the three
compounds are provided in Figures 3A-C. The three structures can be considered as distorted
octahedral with three CO groups coordinated in a facial arrangement. The Re-Naiimine distances
range from 2.134(1) to 2.290(4) A and resemble those of other rhenium-diimine complexes
including the rhenium complexes with pyridine-oxazoline ligands we recently reported.

Complex 2 shows a Re-Nquinoline distance that is longer than those observed for the other
two complexes or the previously reported Re-Npyridine distance from the rhenium pyridine-
oxazoline complexes. This elongation prevents the hydrogen atom on the carbon labeled as CB
from colliding with one of the carbonyl ligands. Along with the increased distance between the
rhenium atom and, the quinoline moiety in 2, we determined a larger angle, 104.8(1)°, formed by
the Nguinoline, thenium atom and the carbon in the carbonyl ligand trans to the oxazoline ring. The
angles for complexes 1 and 3a were 100.3(1)° and 97.4(1)°, respectively. The Re-Cl distances

for complexes 1 and 2 are 2.473(1) A and 2.496(1), respectively, and are similar to previously
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reported Re-Cl distances in similar complexes.*® In 3a the Cl anion is no longer coordinated but
is found to hydrogen-bond the N-H on iminoester ligand that originated from the solvent
molecules. The complex 3a is reminiscent of the iminoester
[Re(bpy)(CO)3;(HN=C(CH3)OCH2CH3)](PFs) (IT) reported by Ishitani and coworkers.’* The Re-
Niminoester distance in 3a is 2.186(3) A, similar to that of II, 2.178(5) A, and likewise, the
Niminoester-C distance are 1.284(4) A and 1.272(8) A for 3a and II, respectively.
Electrochemical Studies

Representative voltammograms of solutions of the ligands under an atmosphere of N> are
shown in Figure 4A. All scans were recorded under nitrogen saturation in dry acetonitrile with
0.1 M tetrabutylammonium hexafluorophosphate (["BusN]PF¢) supporting electrolyte. Ligands
quin-1-oxa, and quin-2-oxa are reduced at —2.29 V and —2.33 V vs Fc™°, respectively; whereas
the reduction of quin-3-oxa happens at a more negative potential, —2.54 V, than the other two
isomers. For complexes 1 and 2, the first reduction under N> atmosphere occur at similar E1/
values, —1.47 V and —1.49 V vs Fc, respectively. When the electrolyte is ["BusN]PFs, the ia/ic
value for the first reduction of 1 and 2 increases with the scan rate from ~0.6 to ~0.8 at 1 V/s. A
similar increase in the i./ic ratio is also observed when the electrolyte is ["BusN]Cl at 0.1 V/s
(Figure S11). These potentials are ~0.25 V more positive than those found for the first reduction
of Re(pyroxa)(CO)3;Cl (I).>® For 1 and 2, the first quasireversible reduction is ligand based, with
the added electron residing on the quinoline or isoquinoline moieties to give [Re'(quin-n-oxa®"
)(CO)3CI]” (n=1 or 2), followed by CI” dissociation. A second reduction happens at —1.93 V and
—1.95 V vs Fc™, for 1 and 2, respectively and the additional electron leads to formation of
[Re(quin-n-oxa)(CO)3]". The return scans show the oxidation of the solvato and chloro species at

~-1.29 V and -1.42 V vs Fc™°, respectively (Figure S11-S12). The anodic scan of 2 shows an
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Figure 4. Representative cyclic voltammograms of (A) ligands quin-1-oxa (black),
quin-2-oxa (red), and quin-3-oxa (blue), (B) 1, (C) 2, and (D) 3 in acetonitrile at a scan
rate of 0.1 V/s under N2 and CO;. Conditions: 3 mm diameter glassy carbon working
electrode, platinum wire counter electrode, 100 mV/s, 1 mM catalyst, 0.1 M ["BusN]PFs,

room temperature.

additional feature at ~1.6 V vs Fc™° related to the oxidation of [Re(quin-2-0xa)(CO)s]", as it is
not present when the switching potential is set before the second reduction (Figure S11-S12).
Between the first and second cathodic peaks, 1 and 2, one can occasionally observe a shoulder
(Figures 4B, 4C, and S16). We propose that the shoulder appears when traces of H»O is
introduced in the system during sparging with the gases. We base our hypothesis in the
resemblance of the shoulder with the peaks that appear at ~—1.7 V when H>O is added (Figure
S22). This cathodic peak likely corresponds to the reduction of a rhenium hydride species
formed after chloride is displaced from the first coordination sphere. Concentration-dependent
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data (Figure S13) and cyclic voltammograms in DMSO and DMF (Figure S18) show that
dimeric species, [Re(quin-1-0xa)(CO)3]2~, of 1 is produced and is oxidized at —0.7 V vs Fc 7 in

acetonitrile, and ~—0.5 V in DMSO and DMF.

The first reduction of 3 occurs at a more negative potential, —1.86 V, as compared to 1 and 2.
Unlike the first reduction wave for its congeners 1 and 2, the first reduction of 3 in the presence
of ["BusN]PFs is irreversible. The one-electron reduced species [Re(quin-3-oxa)(CO):Cl]™
undergoes equilibrium with [Re(quin-3-oxa)(CO);]° after losing a Cl". The former species is
reduced at —2.5 V, whereas [Re(quin-3-0xa)(CO)3]° forms a dimer, [Re(quin-3-0xa)(CO)s3]», that
is reduced at —2.3 V. When ["BusN]Cl is used as an electrolyte (Figure S12), the CI" does not
leave the coordination sphere of [Re(quin-3-0xa)(CO)3;Cl]™ and the cathodic peak at -2.3 V is no
longer present.

Table 1. First reduction peak potentials in the absence of a substrate (E}),” current densities
(/),? and overpotentials for 1-3 in acetonitrile.

¥ reduction 2" reduction
potential (V vs potential (V vs J

Catalyst Fc'0) Fc') (mA/cm?) mco (V) neus (V)
1 -1.47 -2.02 0.57 2.08 2.37

2 -1.49 -2.00 1.26 2.36 2.58

3 -1.86 -2.44 1.22 2.21 2.48

I -1.75 -2.31 1.31 2.11
Re(bpy)(CO)Cl 173 211 0.5

“Cyclic voltammograms were recorded in acetonitrile solution (1.0 mM in catalyst) with 0.1
M TPAPFs supporting electrolyte, using a 3 mm glassy carbon working electrode, Pt wire
counter electrode, Ag/Ag" reference electrode (10 mM AgNOs in acetonitrile), and scan rate 0.1
V/s. "Current densities, j, were determined at the potential of Ecan.Overpotential () was
determined in the absence of a proton donor and from a difference of Ecay2 and the CO2/CO and
CO/CHg couples of —0.12 and +0.15 V vs Fc¢*° respectively.>>-%

Next, we examined the voltammetric response for 1-3 under CO; saturation. Reductive scans

show that little or no catalytic enhancement occurs at the first reduction potential at a scan rate of
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0.1 V/s. For complexes 1 and 2, a shift and a negligible increase in current is observed at the
second reduction potential. The onset of more pronounced catalytic currents occurs at —2.15 V
and —2.30 V vs Fc"? for 1 and 2, respectively. For 3, the current increases at potentials near the
[Re(quin-3-0xa)(CO)3]% [Re(quin-3-0xa)(CO)s] reduction and peaks at c.a. —2.55 V vs Fc*°.
The absence of S-shaped plots (Figure 4) reveals that CO» reduction by 1-3 is not under kinetic
control. Typically, the “foot-of-the-wave analysis” (FOWA) method could allow the extraction
of the kinetics parameters; however, in our case the lack of a singular dominant product means
that any attempted extraction of kcat will provide unreliable data. Kubiak and co-workers recently
reported that in a family of closely related rhenium tricarbonyl complexes, FOWA provided
inconsistent kca values and in disagreement to values obtained by stopped-flow UV-vis
spectroscopy.® As such, quantification of the catalytic activity of 1-3 will only be limited to
relative turnover frequencies ((ica/ip)>, TOFs), faradaic efficiencies (FEs) and turnover number
(TON) values obtained from controlled potential electrolysis (CPE) studies. First order kinetics
with respect to 1 was observed when the concentration of the catalyst was varied from 1 mM to 3
mM (Figures S13 and S14) indicating that catalysis occurs on one rhenium center at these
concentrations. The activity of 1, 2 and 3, as determined by the increase in the (icat/ip)* value, is
negatively affected when DMF and DMSO are used as solvents (Figures S18-S20). We
previously reported a similar solvent dependence for a family of rhenium(I) complexes

containing pyridine-oxazoline ligands.

To further characterize the electrocatalytic CO, conversion, we next examined the
voltammetric response for 1-3 in the presence of the Bronsted acids water, methanol, and 2,2,2-
trifluoroethanol (TFE) (Figure S21 — S23). Under an atmosphere of N> and under increasing

protic concentrations, new cathodic peaks are observed. Complexes 1 and 2 present a new peak
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at ~1.7 V in the presence of the three proton donors. When TFE is added, a second new peak is
observed at —2.2 V in these two complexes. This peak is not observed when methanol is the
proton donor and is only observed for 1 when H>O is added. Complex 3 shows a broad pre-wave
at —1.1 V when the three Bronsted acids are added as well as a shoulder at —2.0 V when TFE is
used. For the three complexes, the increase in current at potentials more negative than at —2.0 V
indicate that they can catalyze proton reduction, albeit with low activity. The most active proton
reduction complex is 1 in the presence of TFE. Under an atmosphere of CO, the addition of
Brensted acids leads to a complex behavior (Figures S21-S23). For example, when TFE is used
(Figure S21), an increase in current is observed at ~Eca (-2.20 V, -2.36 V, and -2.33 V for 1, 2,
and 3, respectively), whereas at the potential at which CO> reduction occurs, c.a. -2.5 V, a
decrease in current at the CO; reduction potentials is observed for compounds 2 and 3 upon
addition of TFE, while 1 shows an increase in current although not as high as when CO; is not
present. We propose that this behavior indicates that these complexes have a preference for CO»

reduction of H" reduction.

Preparative-scale electrolysis experiments were carried out with catalysts 1-3 to characterize
the CO: reduction products (Tables 2-4). The experiments were performed for 2 h at two
different potentials, Ecat and -2.5 V. The liquid and gas phases were analysed by 'H-NMR and
GC-MS, respectively. At the more positive potential values, low amounts of CO are formed. The
addition of TFE results in the increase of CO formation, five times for 1, and roughly double for
2 and 3 relative to anhydrous conditions. Remarkably, CH4 is also observed in the gas
chromatograms, although with TON < 1. When the preparative-scale electrolysis experiments
were performed at —2.5 V (vs Fc’) CHs was detected. In isotope labelling experiments

conducted under a '*CO, atmosphere, GC-MS analysis identified as reaction product '*CH4 (m/z
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= 17), confirming that methane originates from CO> reduction (Figure S29 - S31). The
production of CHy also increased when the potential was —2.5 V, reaching TON that ranged from
1.5 £ 0.1 to 1.7 £ 0.1 after 2 hours of electrolysis. Addition of Brensted acids when the bulk
electrolysis was performed at -2.5 V increased the production of CHs. TFE was the best additive
for the production of CH4, making the reaction catalytic (TON = 1.8, 1.6, and 1.3 for 1, 2, and 3,
respectively). No liquid products were detected in any of the aforementioned conditions.
Evolution of methane also occurs from preparative-scale electrolysis of [Re(quin-n-oxa)(CO)4]"
under a CO-saturated acetonitrile solution, suggesting that CO is an intermediate in the formation
of methane (Figure S37). Additional CPE experiments with increasing concentrations of
catalysts, from 1 mM to 3 mM in CH3CN, show increase formation of CO and methane (Table
S2).

During the catalytic formation of methane from CO., one can expect that hydroxycarbene
and hydroxymethyl species form as intermediates (vide infra). Thus, we performed preparative-
scale electrolysis experiments under N> but in the presence of formaldehyde and methanol
(Figures S39 and S40). In both cases, we observed small amounts of methane, although the
amounts are negligible when compared to reactions in the presence of CO: they provide
additional evidence for the posible formation of the aforementioned intermediates. The small
amount of methane produced is probably due to the fact that rhenium-hydroxycarbene and -

hydroxymethyl species are not favored under these reaction conditions.
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Table 2. Faradaic efficiencies, turnover numbers (TON) and turnover frequencies (TOF) for 1 in
acetonitrile after CPE experiments (triplicate runs) with a reticulated vitreous carbon working
electrode held at different potentials for 2 hours. TOF obtained from CPE. Proton donors were
used as indicated at 0.13 M, 0.25 M, and 0.55 M for TFE, MeOH, and H>O, respectively.

Applied | Proton Faradaic efficiency (%) TON TOF (h!)
potential | donor H, Cco CH4 H, CcO CH4 H, CO CH4
(V vs Fc¢™?)
22(E z/z) - <1 8+ 1% - <1 0.6 - - 0.3 -
22(E l/z) TFE <1 43+4% | 19+3% <1 2.5 0.8 - 1.25 0.4
-2.5 - <1 35+2% | 25+3% <1 1.5 1.1 - 0.75 0.55
2.5 TFE <1 45+4% | 31+3% <1 24 1.8 - 1.2 0.9
-2.5 MeOH <1 38+2% | 21 +3% <1 1.7 0.9 - 0.85 0.45
-2.5 HZO <1 39+2% | 19+3% <1 1.7 0.9 - 0.85 0.45

Table 3. Faradaic efficiencies, turnover numbers (TON) and turnover frequencies (TOF) for 2 in

acetonitrile after CPE experiments (triplicate runs) with a reticulated vitreous carbon working
electrode held at different potentials for 2 hours. TOF obtained from CPE. Proton donors were
used as indicated at 0.13 M, 0.25 M, and 0.55 M for TFE, MeOH, and H>O, respectively.

Applied Proton Faradaic efficiency (%) TON TOF (h)
potential donor H, CcO CH4 H; CO CH4 Ha cO CH,4
(V vs Fc¢™?)
-2.4 (Em[/z) - <1 8+2% - <1 0.8 - - 0.4 -
2.4 (Em[/z) TFE <1 16+£4% | 8+1% <1 0.9 0.4 - 0.45 0.2
-2.5 - <1 31+£3% | 28+3% <1 1.7 1.1 - 0.85 0.55
-2.5 TFE <1 39+£3% | 34+ 1% <1 2.6 1.6 - 1.3 0.8
-2.5 MeOH <1 24 +2% | 29+ 2% <1 1.4 1.1 - 0.7 0.55
-2.5 H2O <1 26+3% | 31+2% <1 1.4 1.2 - 0.7 0.6
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Table 4. Faradaic efficiencies, turnover numbers (TON) and turnover frequencies (TOF) for 3 in
acetonitrile after CPE experiments (triplicate runs) with a reticulated vitreous carbon working
electrode held at different potentials for 2 hours. TOF obtained from CPE. Proton donors were
used as indicated at 0.13 M, 0.25 M, and 0.55 M for TFE, MeOH, and H>O, respectively.

Applied Proton Faradaic efficiency (%) TON TOF (h)
potential | donor H, Cco CH4 H, CcO CH4 H; CcO CH4
(V vs Fc¢™?)
-2.3 (Ecm/z) - <1 11+1% - <1 0.7 - - 0.35 -
-2.3 (Ecm/z) TFE <1 28+3% | 30+3% <1 1.4 1 - 0.7 0.5
-2.5 - <1 35+4% | 29+2% <1 1.7 1 - 0.7 0.5
-2.5 TFE <1 39+2% | 33+3% <l 1.9 1.3 - 0.95 0.65
-2.5 MeOH <1 30+£3% | 23+ 1% <1 1.6 0.9 - 0.8 0.45
-2.5 HZO <1 33+£2% | 25+3% <1 1.7 1 - 0.85 0.5
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Figure 5. Infrared-Spectroelectrochemistry spectra of the reduction of 1 (left), 2 (center), and 3
(right) in acetonitrile under Ar with 0.1 M TBAPFs as a supporting electrolyte.

We examined the species formed upon reduction of complexes 1, 2 and 3 using IR-SEC
(Figure 5 and Table 5), a technique that has previously been used for elucidating the behavior of

Re and Mn-based CO> reduction catalysts, including the parent complex L'% 376* At resting
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potential, complexes 1-3 are the only species observed in solution. As more negative potentials
are applied, the signals for the starting materials disappear, with the simultaneous appearance of
new bands at lower frequencies (~13-34 cm™). This is consistent with a ligand-based reduction
of the parent complexes. However, these species are relatively short-lived, and allowing this
species to stand in solution without changing the potential results in new species with signals that
are an additional 6-21 cm™' more negative. We attribute this to the loss of Cl~ and the charge
transfer from the guin-n-oxa ligands to the Re metal, analogous to the parent complex 1.3® The
species observed in this state were difficult to obtain as clean spectra because they often
coexisted with the C1™ bound species and the further reduced anion. As the cell potential is swept
further negative, the [Re(quin-n-oxa)(CO)3]° species corresponding to 1 and 2 are reduced to the
anion [Re(pyroxa)(CO)3] . The overall shift from 1 and 2 to their doubly reduced species (~65
cm ') is reminiscent of those found for other rhenium complexes and assigned to a final Re’
redox state with the additional electron on the bidentate azine ligand.** For 3, holding the
potential at the first reduction for a longer time results in new vco modes observed at 1982, 1945,
1863, and 1842 cm!. These frequencies probably correspond to the formation of the dimeric
species [Re(quin-3-0xa)(CO)3]2. Such dimerization is well known for Re(bpy)(CO)3;Cl and
related species if the bidentate ligand is not too sterically bulky.?® We also examined compound
2 with tetrabutylammonium chloride as the supporting electrolyte (Figure S42), and only
observed the mono-reduced [Re(quin-2-oxa)(CO)3CI]™ species, and the doubly-reduced
[Re(quin-2-oxa)(CO)3]” anion, consistent with the cyclic voltammetry shown in Figure S12,
indicating that the excess chloride prevents CI™ dissociation from the initially mono- reduced

species until it is reduced a second time.

21



Table 5. Signals observed in IR-SEC spectra of compound 1-3 in acetonitrile under Ar with 0.1

M TBAPFs as a supporting electrolyte.

Species

n=1

n=2

n=3

Re((quin-n-oxa)(CO);Cl
[Re((quin-n-oxa)(CO);CI]™!
[Re(quin-n-oxa)(CO)3]°

[Re(quin-n-oxa)(CO)3]™!

2022, 1917, 1899
1998, 1885, 1865
1956, 1886, 1863

1956, 1849

2023, 1915, 1900
1999, 1886, 1866
2008, 1897, 1864

1955, 1849

2023, 1915, 1896
1997, 1884, 1865
1990, 1878, 1864

1948, 1856

Theoretical Investigation of the CO2 Reduction Mechanism

The electrocatalytic reduction of CO2 to CO and CHs was studied using density
functional theory at the M06 level of theory with SMD continuum solvation for acetonitrile and
the proposed mechanisms are summarized in Schemes 1-4.

CO Evolution Mechanism

The proposed reaction mechanism for CO evolution for complexes 1-3 is presented in
Scheme 1 along with the computed reduction potentials, pKas, free energy changes (AG) and
activation free energies (AG*). One electron reduction potentials of ligands quin-1-oxa, quin-2-
oxa and quin-3-oxa are computed to be —2.13 V, -2.16 V and —2.39 V vs Fc™* in quite good
agreement with experimental observations, especially in terms of the cathodic shift in the
reduction potential of quin-3-oxa ligand. A similar trend is observed for the one electron
reduction of [Re—Cl] to [Re—Cl]~ with computed reduction potentials of —1.43 V, —1.50 V and
~1.91 V vs Fc™° respectively for complexes 1, 2 and 3. The spin population data of [Re-Cl]-
complexes (and [Re]® formed upon chloride dissociation) indicates that the additional e is

mostly localized on the ligand (Figure S40-42). The second reduction step could proceed via
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different pathways starting from [Re—Cl]~ (Scheme 1) and among the pathways examined the
reduction of [Re—Cl]~ to [Re]~ and chloride anion (-1.81 V, —1.83 V and —2.18 V vs Fc"°
respectively for complexes 1, 2 and 3) provided the best agreement with experimentally observed
potentials whereas the reduction of [Re]? to [Re]~ yielded more positive computed potentials
(-1.58 V, —1.59 V and —1.98 V vs Fc respectively for complexes 1, 2 and 3). The following
CO; binding to doubly reduced [Re]™ to generate [Re—CO2]" is surprisingly quite unfavorable for
1 and 2 (AG of about 20 kcal/mol) whereas it’s uphill by only 5 kcal/mol for 3 in line with the
electrochemical data displaying significant differences in the enhancement of second reduction
peaks of 1 and 2 versus 3 in the presence of CO,. In contrast, CO, binding to [Re]?*~ to form [Re-
CO2]* is favorable for all three complexes (AG of —2.8 to —5.5 kcal/mol). However, further
reduction of [Re]” to [Re]* requires highly negative applied potentials (=2.93 V, =2.92 V and
~2.65 V vs Fc™ respectively for complexes 1, 2 and 3, Table 3) and not likely to occur
especially for 1 and 2. The protonation of [Re-CO2]~ will yield [Re—CO:H]" for which
computed pKas are 24.3, 25.5 and 28.4, respectively for complexes 1, 2 and 3, so that in the
presence of a favorable Bronsted acid and fast protonation kinetics, CO> binding to [Re]~ might
proceed for complexes 1 and 2 as well. This is reminiscent of the behavior of tricarbonyl Mn-
Bpy type complexes where CO> binding after formation of 2e~ reduced species requires the
presence of Bronsted acids.?® This is further supported by the changes in CVs in the presence of
COz and 2,2,2-trifluoroethanol (TFE) as a Brensted acid for complexes 1-3. Upon formation of
[Re-CO:H], generation of CO could proceed via either protonation first or reduction first
pathway, and we explored both pathways using water, methanol and TFE as the Bronsted acids.
Here, only the data for TFE will be presented and similar data for water and methanol is

available in the supporting information (Table S4 and Figures S46-48). The protonation first
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pathway starts with C-OH bond cleavage of [Re—~CO2H]’ intermediate assisted by TFE with a
computed activation free energy (AGY) of 21.1, 22.2 and 25.5 kcal/mol for complexes 1-3
respectively, generating [Re—CO]*, which upon reduction forms [Re-CO]’. In contrast, the
reduction first pathway starts with reduction of [Re~CO2H]’ to [Re-CO2H]" followed by C-OH
bond cleavage, which features AG! of 18.9, 18.2 and 22.4 kcal/mol for complexes 1-3
respectively, generating the common [Re—CO]° product. Further reduction of [Re—CO]° could
result in evolution of CO and regeneration of active [Re]™ intermediate. We note that although
the proposed CO evolution mechanism is similar to that of Re(bpy)(CO)sCl, 1-2 exhibit distinct
behavior such as diminished reactivity towards CO> from doubly reduced [Re]~ species and
stronger affinity towards CO product as well as complex behavior in the presence of Brensted
acids which could stem from possible protonation of the ligands. The latter is expected to play a

significant role in CH4 generation as discussed next.
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E1 —-1.43 —-1.50 -1.91
E2 —1.81 —-1.83 -2.18
AGi 53 5.6 4.7
E3 —1.58 —-1.59 —1.98
AG2 20.1 19.4 5.0
pKa1 24.3 25.5 28.4
E4 -2.93 -2.92 —-2.65
AGs -2.8 -3.8 -5.5
pKaz 32.5 31.1 32.7
AGi* 21.1 22.2 25.5
AG4 -25.3 -24.9 —24.7
Es —1.21 —0.91 —-1.71
Es —1.45 —1.58 -1.94
AG2* 18.9 18.2 224
AGs -30.9 -31.6 -29.9
E7 —1.80 —1.88 —2.24

Scheme 1. Proposed reaction mechanism for electrocatalytic CO> reduction to CO by complexes
1-3 (top) and associated energetics of designated steps (bottom). The energetics associated with

complex 1 are also shown in the proposed mechanism. The computed reduction potentials (E)

+/0

are in units of volts versus Fc™", and the free energy changes (AG) and activation free energies

(AGY) are in units of kcal/mol at pH 0. The computed pKas are for the corresponding conjugate
acids in the protonation steps. The C-OH bond cleavage steps (AG1*, AG»¥) involve TFE as the

proton donor.

CH, Generation Mechanism

Next, we turned our attention to possible reaction routes for CH4 formation and hypothesized
two possible pathways based on generation of hydride donors to further reduce CO to CH4 which
are presented in Schemes 2-4 for complex 1. The first pathway involves protonation of the metal
center (pKa. = 18.0) in [Re(quin-1-0xa)(CO)3]™ to generate a rthenium hydride, [Re-quin-1-oxa-
H]° (Scheme 2), with a computed hydricity of 36.9 kcal/mol (2.1 kcal/mol stronger hydride

donor than [Ru(tpy)(bpy)H]", AGu. = 39 kcal/mol).®” We explored possible hydride and
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hydrogen atom transfer reactions between several [Re-quin-1-oxa-H]™ and [Re-quin-1-oxa-
COJ" couples (Figure S49-53) and found the reaction of [Re-quin-1-oxa-H] with [Re-quin-1-
oxa-COJ]" to afford the formyl species (AG = 4.2 kcal/mol) to be more favorable than other
alternatives investigated. Sequential hydride transfer from [Re-quin-1-oxa-H] to formyl species
and protonation steps will eventually generate CHy4 (Figure S49-53). However, we note that the
initial formation of [Re-quin-1-oxa-H]® is predicted to be kinetically hindered (AG2* = 42.3
kcal/mol, Scheme 2) and even if it is formed the more likely CO> reduction product will be

formate rather than CHj in the presence of rhenium hydride species.
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Scheme 2. Proposed mechanism of hydride intermediate generation for complex 1. The

+/0

computed reduction potentials (E) are in units of volts versus F¢™" and the computed pKas are for

the corresponding conjugate acids in the protonation steps. The protonation steps (AGi*, AG2¥)

involve TFE as the proton donor.

On the other hand, the protonation of the carbon atom of the C=N group on the oxazoline
ring (pKa = 19.4) in [Re(quin-1-0xa)(CO)3]™ is also possible (Scheme 2) and kinetically more

favorable by 14.4 kcal/mol compared to generation of [Re-quin-1-oxa-H]°, which led us to the
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second proposed pathway as summarized Schemes 3-4. [Re-quin-1-0xa-CO]° (reduction first
pathway product as stated above) can be reduced to [Re-quin-1-oxa-CO]~ and, rather than
evolving CO, could get protonated at the ligand (pKa 21.6) to produce a [Re(quin-1-oxaH)-CO]
species that can react intramolecularly to produce [Re-quin-1-oxa-CHO] via relatively low
activation free energy (AG* = 18.9 kcal/mol, AG = 1.3 kcal/mol) (Scheme 3, Figure S54). Ligand
protonation has been previously reported in rhenium-based CO- reduction catalysts, although the
complex is not directly related to the current family of complexes.'* Sequential hydride transfer
steps together with protonation steps could lead to formation of hydroxycarbene, hydroxymethyl
and methane from formyl species and one plausible pathway is depicted in Scheme 4. The
unique properties of efficient storage of reducing equivalents (especially for complex 1 and 2)
and ability to generate ligand-based hydride species are thought to be critical for CH4 generation

by complexes 1-3.
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Scheme 3. Proposed reaction mechanism for quin-1-oxa ligand-based hydride formation and

hydride transfer to generate formyl anion intermediate. The computed reduction potentials (E)

+/0

are in units of volts versus Fc™", and the free energy changes (AG) and activation free energies
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(AGY) are in units of kcal/mol at pH 0. The computed pKas are for the corresponding conjugate

acids in the protonation steps.
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Scheme 4. Proposed reaction mechanism for methane generation starting from formyl anion
intermediate. The computed reduction potentials (E) are in units of volts versus Fc*, free energy
changes (AG) and activation free energies (AG*) are in units of kcal/mol at pH 0. The computed

pKas are for the corresponding conjugate acids in the protonation steps.

It should be noted that given the reactivity of the ligands and low stability of the
complexes 1-3 in CO; reduction conditions, the transformation of catalysts to other reactive

intermediates could not be ruled out. One such example is attack of basic molecules such as
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hydroxide, which could form during water assisted C-OH bond cleavage step, to the carbon atom

of the C=N group on the oxazoline ring to transform the ligand and the complex (Figure S55).

Discussion

Catalysts 1-3 are the first examples of rhenium complexes capable of catalysing the
conversion of CO; to CHs. Compounds 1 and 2 are inactive in their doubly reduced state since
CO> binding is endergonic. Kubiak et al. has recently shown for two Re(bpy-R)(CO);Cl
complexes with electron withdrawing substituents (R = CN or CF3) that they require a third
reduction for CO> catalysis. The additional electron density enhances the nucleophilicity of the
[Re(bpy-R)(CO)3]* complex, but in exchange they undergo degradation fairly easily as a result
of destabilization of the molecular framework.® The latter is the likely cause of the observed low
FE values by the complexes in the current study. While the presence of the extended m-system
leads to a destabilizing third reduction event it also confers the ability for 1 and 2 to evolve
methane by enabling an equilibrium shift, away from CO dissociation. This means in the final
reductive step of the tetracarbonyl intermediate in the catalytic cycle to release CO, a significant
portion of the CO remains bound, which enables further reactivity to methane. Maintaining a
stable tetracarbonyl intermediate under catalytically reducing conditions is inherently difficult.
This difficulty was recognized in an earlier study by Tanaka and coworkers who sought to

achieve the multielectron reduction of CO, by the [Ru(bpy)2(CO).]*" complex but were

unsuccessful.%® 1**

However, upon switching to the [Ru(bpy)(tpy)(CO)]~", complex they were able

to catalytically afford a relatively stable carbonyl intermediate and thus observe several
multielectron reduction products such as CH;OH.%’ In principle, homogeneous systems for the

activation of CO, to CHs were unknown until recently when reports by Robert et al.,’*’! and

1.,72

Jurss et al.,’” elegantly affirmed the possibility of the multielectron reduction of CO> to CH4 by
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homogeneous metal complexes. Though the reports are scarce in mechanistic details, Robert et
al. in their work attest to the presence of an Fe'-CO intermediate that is stable enough for
eventual reduction to CH4.”! The dissociation of CO to afford the catalytic resting states
[Re(bpy)(CO)3]~ and [Re(pyroxa)(CO)s]~ occurs spontaneously when [Re(bpy)(CO)4]° and
[Re(pyroxa)(CO)4]° is further reduced.*® ”* On the other hand, [Re(quin-1-oxa)(CO)4] is a stable
intermediate, and CO dissociation proceeds with a computed AG of —4.3 kcal/mol. This reveals
that the delocalization of the electron density on the ligand scaffold upon reduction confers a
stable tetracarbonyl intermediate for 1 and by extension for 2, which enhances further reactivity
of this reactive axial carbonyl ligand. We also note that for the Mn analog, we could not locate a
stable optimized structure for [Mn(quin-1-oxa)(CO)4]~ intermediate, and observed spontaneous
CO evolution upon reduction of [Mn(quin-1-o0xa)(CO)4]°, which could explain the observation of
CO as the sole product for the recently reported tricarbonyl Mn complex of quinoxa ligand.’

As mentioned above, we hypothesize that the presence of protic sources facilitates ligand
protonation to afford methane evolution (and probably a competing parallel mechanism that
leads to ligand degradation). To justify that ligand protonation is a key mechanistic step for the
evolution of methane, we synthesized the fac-Re(2-(pyridin-2-yl)quinoline)(CO)3Cl complex (4)
where its ligand framework consists of a pyridyl group in the place of the oxazoline moiety. The
electrochemical behavior was then probed via cyclic voltammetry while product distribution and
selectivity were analyzed via CPE. Preparation of fac-Re(2-(pyridin-2-yl)quinoline)(CO)3Cl (4)
was carried out in analogy with the method utilized for 1-3 (see SI).

The electrochemical behavior of the 4 closely resembles the redox behavior of 1 and 2. The
first reversible reduction couple is ligand based with a cathodic peak potential E, at —1.55 V vs

+/0

Fc*? and a return anodic wave at E, = —1.49 V vs Fc*°. The second reduction step occurs at E;, =
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Figure 6. Structural representation of the rhenium complex 4 and the representative cyclic
voltammogram of 4 in acetonitrile at a scan rate of 0.1 V/s under N; and CO>. Conditions: 3
mm diameter glassy carbon working electrode, platinum wire counter electrode, 1 mM catalyst,
0.1 M TBAPF¢, room temperature.

—2.05 V vs Fc™°. Catalytic behavior of 4, mirrors that observed for compound 1 and 2 in that the
onset of the catalytic wave occurs at a potential more negative than the second reduction step.
Preparative scale electrolysis of 4 reveal the FE for CO evolution is 25 + 2%, and it compares in
a similar manner to the measured values for the complexes 1-3 (Table 2-4). This similarity of FE
reveals that 4 is also a sluggish catalyst. Only trace amounts of methane are observed during the
controlled potential electrolysis of 4 under CO, atmosphere (Table S3). This result supports the
key role of the oxazoline ligand in the catalytic formation of CHa, likely as a hydride storage and
transfer agent. Furthermore CPE studies as a function of catalyst concentration reveal first order
kinetics (Table S2) expected of an intramolecular hydride based mechanism rather than a
bimolecular mechanism as proposed by computational calculations. The small amount of
methane formed in the presence of 4 also supports the plausibility of a rhenium hydride

intermediate as the second, less favorable, alternative pathway for methane formation.
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Conclusions

In conclusion, we have prepared the first family of rhenium complexes capable of
electrochemically reducing carbon dioxide to methane. Despite the fact that the complexes are
not efficient at producing methane, they join a very small group of known molecular catalysts
capable of reducing CO; to methane. Our combined experimental and theoretical studies predict
two possible hydride donors for methane generation from CO, a rhenium-hydride and a
protonated oxazoline ligand. The ligand assisted pathway is more efficient at assisting the further
reduction of CO, however we also cannot rule out interactions between acidic and basic species
in solution with the ligand via pathways that are detrimental to the stability of the complex. The
results also highlight the key role of ligand-based reduction processes in the vicinity of the metal
center in enabling CO; reduction past the 2-electron product CO. Delocalization of the electron
density on the ligand scaffold upon reduction stabilizes the key carbonyl intermediate leading to
additional reactivity of this ligand. This insight should aid the development of more efficient

catalytic systems to reduce CO: into CH4 and other C, products under mild conditions.
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Three rhenium tricarbonyl complexes containing (iso)quinoline-oxazoline ligands were
synthesized, structurally and electrochemically characterized, and screened for CO> reduction
activity. The electrocatalytic reduction of CO; by these complexes produce CO and CH4. Density

functional theory (DFT) calculations support a ligand-assisted activation of the substrate.
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