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Macrocycle for CO, Reduction: Apparent Formation of an
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ABSTRACT: A copper complex supported by a redox-active bipyridyl-N-
heterocyclic carbene based ligand framework is reported. From X-ray
crystallography, the tetradentate macrocycle provides a distorted square
planar geometry around the copper metal center. The complex was
investigated for the electrocatalytic CO, reduction reaction (CO,RR) in
acetonitrile solutions. Electronic structure calculations were performed on
the complex and associated intermediates to provide a fundamental
understanding of the metal—ligand redox chemistry and are compared to
the previously reported nickel and cobalt analogues. Unlike its
predecessors, which are active catalysts for the CO,RR, the copper
complex decomposes under reducing conditions in the presence of CO,.
A novel decomposition route involving coordination of CO, to an N-
heterocyclic carbene (NHC) donor of the macrocyclic ligand is proposed
based on density functional theory (DFT) calculations, which is supported by isolation of a putative ligand-CO, adduct from the
electrolyzed solution and its characterization by 'H NMR spectroscopy and mass spectrometry. The noninnocent behavior of the
NHC donors presented here may have important implications for the stability and reactivity of other complexes supported by N-
heterocyclic carbenes, and further suggests that cooperative and productive pathways involving metal-bound NHCs could be

exploited for CO, reduction.

H INTRODUCTION

Global energy consumption continues to rise, which remains
strongly correlated with the accumulation of atmospheric
greenhouse gas emissions due to our ongoing dependence on

A growing number of transition metal catalysts for carbon
dioxide reduction have been reported with ligands containing
N-heterocyclic carbene (NHC) donors.°”"® Electron-rich
NHCs are good o-donors that generally provide strong

fossil fuels as an energy source. These trends are exacerbated
by an increasing global population and an insatiable drive for
economic growth.' Indeed, atmospheric CO, concentrations
exceeded 415 ppm in 2018,” rising sharply since the Industrial
Revolution from concentrations of less than 300 ppm during
the previous 800,000 years.” Climate change and environ-
mental catastrophes such as rising sea levels are expected if
“business as usual” continues unabated.” Renewable energy
sources offer sustainable alternatives to fossil fuels; however,
these sources (i.e., solar and wind) are diffuse and provide
irregular energy supplies that necessitate energy storage. In this
context, renewable energy can drive the conversion of carbon
dioxide into storable, energy-rich chemical fuels that are
carbon neutral and compatible with existing infrastructure,®
where CO, serves as an inexpensive chemical feedstock.
However, more efficient catalysts are needed for this reaction.
Catalyst design is critical in dictating product selectivity,
turnover frequency, catalyst stability, and the energy input
required to mediate the reaction.”
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metal—ligand bonding interactions and improved catalyst
durability, and their steric and electronic properties can be
readily tuned to optimize catalytic performance.'*~"” We have
recently developed a series of nickel- and cobalt-based catalysts
featuring tunable tetradentate ligands (Scheme 1).'®'"
Structure—activity relationships were identified from both
series in which the macrocyclic catalysts were found to be
more active and selective than the non-macrocyclic systems (1-
M) for CO, reduction in the presence of H,O as a proton
source, with the smallest macrocycles (3-M) performing best
overall.'"®"? The nickel catalysts can generate methane in the
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Scheme 1. Previously Reported Nickel and Cobalt Catalysts
for CO, Reduction Supported by Tunable Bipyridyl-N-
heterocyclic Carbenes, M = Ni(II) or Co(II)
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presence of a strongly reducing iridium photosensitizer and a
sacrificial reductant. Catalyst 2-Ni was found to be the most
selective and active for this remarkable 8e™/8H' trans-
formation.”’ Notably, lower overpotentials, faster turnover
frequencies, and higher selectivities were obtained with the
cobalt series in electrocatalytic CO, reduction. The cobalt
catalysts can operate in aqueous solutions where 3-Co
generated CO with over 90% Faradaic efficiency.'”

These catalysts exploit the bipyridyl unit as a redox-active
fragment. Redox-active ligands can serve as effective electron
reservoirs to facilitate the multielectron reduction of CO, but
must work in concert with the metal for efficient catalysis.'*~>*
However, in such systems, differences in reactivity as a function
of metal are not well understood for molecular catalysts.
Electronic structure calculations have shown, in the case of the
nickel series (Scheme 1), that initial metal-based reductions
favor proton reduction to H, while initial ligand-based
reductions favor CO, reduction to CO.'® A related observation
was found for the cobalt series where initial ligand-based
reductions gave improved selectivity for CO, conversion
relative to the competing hydrogen evolution reaction
(HER)."” One of our primary objectives is to understand
and exploit the interplay of metal—ligand redox chemistry in
catalysts supported by redox-active frameworks. Our efforts
were extended to copper to continue probing the synergy
between the redox-active framework and an Earth-abundant
metal center to understand how selectivity and activity for CO,
reduction with added proton sources manifest as a function of
the metal center. We report herein the synthesis, character-
ization, and electronic structure calculations of 2-Cu (Scheme
2) supported by the 16-membered macrocycle (L2) featuring
an ethyl bridge between the NHC donors.

Scheme 2. Synthesis of the Macrocyclic Copper Complex, 2-
Cu, from the Imidazolium Ligand Precursor L2
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B EXPERIMENTAL SECTION

Materials and Methods. All synthetic manipulations were
performed under N, atmosphere using standard Schlenk
techniques, unless otherwise noted. Acetonitrile was distilled
over CaH, and stored over molecular sieves before use. Water
was purified with a Barnstead NANOpure Diamond water
purification system. All other chemicals were reagent or ACS

grade, purchased from commercial vendors, and used without
further purification. High-resolution electrospray ionization
mass spectra (HR-ESI-MS) were acquired with a Waters
SYNAPT HDMS Q-TOF mass spectrometer. '"H NMR spectra
were obtained using a Bruker Ascend 400 spectrometer
operating at 400 MHz ('H). Spectra were referenced to
residual protiated solvent peaks, and chemical shifts are
reported in ppm.

Electrochemical Measurements. Electrochemistry was
performed with a CH Instruments 600E Series potentiostat.
Cyclic voltammetry (CV) was carried out in a three-electrode
cell equipped with a glassy carbon disk working electrode (3
mm dia.), a platinum wire counter electrode, and a silver wire
quasi-reference electrode that was referenced at the end of
experiments by the addition of ferrocene as an internal
standard. Electrochemistry was conducted in acetonitrile
(CH4CN) solutions containing 0.1 M tetrabutylammonium
hexafluorophosphate (Bu,NPF) as the supporting electrolyte.
Solutions for cyclic voltammetry were degassed with N, or
CO, thoroughly before collecting data.

Controlled potential electrolysis (CPE) were performed in a
3-neck pear-shaped glass cell with a glassy carbon rod (2 mm
diameter, type 2, Alfa Aesar) working electrode, a silver wire
quasi-reference electrode, and a platinum mesh (2.5 cm?” area,
150 mesh) counter electrode that was housed in an isolation
chamber, separated from the other electrodes with a fine glass
frit. Solutions were degassed with CO, for 30 min before
collecting data. Applied potentials in CPE experiments were
determined by cyclic voltammetry. Constant stirring was
maintained during electrolysis. Headspace gases in the airtight
vessel employed for electrolysis were quantified by gas
chromatographic analysis using an Agilent 7890B Gas
Chromatograph and an Agilent Porapak Q (6’ long, 1/8”
O.D.) column. Integrated gas peaks were quantified with
calibration curves generated from known standards purchased
from BuyCalGas.com. CO was measured at an FID detector
equipped with a methanizer, while H, was quantified at the
TCD detector. Faradaic efficiencies were determined from the
experimental amount of product formed during electrolysis
divided by the theoretical amount of product possible based on
accumulated charge passed and the electron stoichiometry of
the reaction X 100.

Ultraviolet—visible (UV—vis) spectroelectrochemical (SEC)
measurements were conducted with a commercial “honey-
comb” thin-layer SEC cell from Pine Research Instrumenta-
tion, employing a gold working electrode, a silver wire quasi-
reference electrode, and a platinum wire counter electrode.

Synthetic Procedures. Synthesis of L2(OTf),. Compound
L2 was synthesized as the triflate salt of the imidazolium
precursor according to a modified literature procedure.'® In a
100 mL two-neck round-bottom flask, 6,6'-bis-
(bromomethyl)—2,2"-bipyridyl (340 mg, 1.0 mmol) and 1-
(2-(1H-imidazol-1-yl)ethyl)-1H-imidazole (162 mg, 1.0
mmol) were dissolved in 40 mL of a 1:1 (v/v) CH;CN/
H,O solution and heated to reflux for 3 days while stirring
under N, atmosphere. The solvent was then removed on a
rotary evaporator and the remaining mass was dissolved in 30
mL of anhydrous CH;CN. Silver triflate (514 mg, 2.0 mmol)
was added to the reaction mixture, which was stirred overnight
at room temperature under N, atmosphere. The reaction
mixture was filtered through Celite to remove AgBr and the
solvent was evaporated under reduced pressure. The
compound was subsequently precipitated from an acetone
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solution by adding diethyl ether and used without further
purification (418 mg, 65%). '"H NMR (400 MHz, CD;CN): §
8.61 (s, 2H), 7.97 (t, ] = 7.8 Hz, 2H), 7.84 (d, ] = 7.4 Hz, 2H),
7.55—7.52 (m, 4H), 7.46 (t, ] = 1.9 Hz, 2H), 5.52 (s, 4H), 4.72
(s, 4H). *C NMR (400 MHz, CD;CN): § 157.17, 153.68,
139.33, 138.11, 125.29, 123.63, 123.32, 123.21, 54.34, 49.41.

Synthesis of Cu(L2)(OTf),, 2-Cu. To a round-bottom flask
was added 1.16 g (S mmol) Ag,O and 0.642 g (1 mmol) L2,
which was dissolved in 30 mL dry acetonitrile and allowed to
react at room temperature overnight under N, atmosphere.
Excess Ag,0 was removed by centrifugation and filtration
through a syringe filter (0.4S pm PTFE). Next, 0.134 g (1
mmol) CuCl, was added to the reaction mixture, which was
stirred overnight at room temperature under an inert
atmosphere. The reaction mixture was centrifuged and filtered
through a syringe filter (0.45 pm PTFE) to remove AgCl
Next, 0.256 ¢ (1 mmol) of AgOTf was added and stirred
overnight at room temperature to remove the second
equivalent of chloride. AgCl was again removed by
centrifugation and filtration as described above. The product
was purified by ether diffusion into a concentrated acetonitrile
solution to afford purple crystals suitable for single-crystal X-
ray diffraction (SCXRD). Yield = 27% (0.105 g). HR-ESI-MS
(M") m/z caled. for [Cu(L2)]**, 202.5445; found 202.5265.
Elemental analysis caled for C,,H,;sCuF¢N¢OqS,: C, 37.53; H,
2.58; N, 11.94; found C, 37.35; H, 2.47; N: 11.76.

X-ray Crystallography. A single crystal of 2-Cu was
secured to a fiber loop micromount using Paratone oil and
transferred to the goniometer head of a Rigaku XtalLAB
Synergy-S X-ray diffractometer equipped with a HyPix-
6000HE hybrid photon counting (HPC) detector, a micro-
focused X-ray source, and an Oxford Cryosystems low-
temperature device. Examination and data collection were
performed with Mo Ka radiation (4 = 0.71073 A) at 100 K. To
ensure completeness and desired redundancy, data collection
strategies were calculated using CrysAlisPro.”” Subsequent
data processing was also performed in CrysAlisPro. Using the
SCALE3 ABSPACK scaling algorithm,” empirical absorption
corrections determined via face-indexing in CrysAlisPro were
applied to the data. The structure was solved via intrinsic
phasing methods using ShelXT and refined using ShelXL in the
Olex2 graphical user interface.’’ ™ The final structural
refinements included anisotropic temperature factors on all
non-hydrogen atoms. All hydrogen atoms were placed
according to their electron density Q-peak and refined as
free atoms.

Additional data collection and refinement details can be
found in Table SI. Complete crystallographic data, in CIF
format, have been deposited with the Cambridge Crystallo-
graphic Data Centre. CCDC 2054810 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details. Density functional theory (DFT)
calculations were carried out with Gaussian 09 (Revision
E.01),>" and Gaussian 16 (Revision A.03).* Geometry
optimizations were performed at the unrestricted ®B97X-D*°
level of theory in acetonitrile (¢ = 35.688) through the
solvation model based on density (SMD) approach.”” The
Def2-TZVPP basis set was used on Cu and Fe (i.e., ferrocene),
while the Def2-SVP basis set was employed on all other atoms
except for the triflate counteranion, in which Def2-SVPD was
used (denoted BS1).***” Additional single-point calculations

were performed in solution on all optimized geometries using
the Def2-TZVPP basis sets for all atoms except for the triflate
in which Def2-TZVPPD was employed (denoted BS2).
Stability analyses were performed in addition to analytical
frequency calculations on all stationary points to ensure that
geometries correspond to local minima (all positive
eigenvalues) or transition states (one negative eigenvalue).
IRC calculations and subsequent geometry optimizations were
used to confirm the minima linked by each transition state.*>*!

The oxidation state of the copper center was established
through localized orbital bonding analysis (LOBA) calculations
on the wB97X-D/BS1(SMD) optimized geometries,"” as
implemented in the Q-Chem software.*> The Pipek—Mezey
orbitals were utilized in combination with the Lowdin
population analysis. All computed free energies include the
zero-point vibrational energy corrections, thermal corrections,
and entropies calculated by standard statistical thermodynamic
methods at 298.15 K and 1 M standard state. The computed
Gibbs free energies were corrected by implementing Grimme’s
quasi-harmonic approach to entropic contributions and Head-
Gordon’s quasi-harmonic approach to enthalpy.**** All
calculated reduction potentials are reported versus the Fc*/°
couple and were computed using the direct method.*® Unless
otherwise stated, all reported free energies were obtained at the
®B97X-D/BS2(SMD)//@wB97X-D/BS1(SMD) level of
theory. Additional benchmarking calculations were performed
using generalized gradient approximation (GGA), Hybrid
GGA, and meta hybrid-GGA functionals. Further details are
provided in the Supporting Information.

B RESULTS

The macrocyclic copper complex (2-Cu) was synthesized from
the bipyridyl-imidazolium ligand precursor (L2) as summar-
ized in Scheme 2. An intermediate silver-NHC complex was
formed by reacting L2 with excess Ag,O, which was
subsequently transmetalated with CuCl, to form a copper
complex and one equivalent of AgCl. The copper species was
reacted with one equivalent of AgOTf to remove the second
chloride ion to give the triflate salt of 2-Cu, which was purified
by diethyl ether diffusion into a concentrated acetonitrile
solution to afford purple crystals suitable for single-crystal X-
ray diffraction.

The X-ray crystal structure of 2-Cu exhibits a distorted
square planar geometry in which the copper metal center is
coordinated to the two nitrogen atoms from the bipyridine
moiety and a carbon atom from each NHC donor (Figure 1).
The bond distances from the Cu center to the two nitrogens of
bipyridine are 2.0619(13) and 2.0592(15) A, and from the Cu
center to the two carbons of the NHC donors, 1.9835(18) and
1.9980(16) A. The crystal structure also reveals a specific
association of two triflate ions with the axial coordination sites
of the copper species with Cu—O distances of 2.6557(12) and
2.8145(12) A. The Cu—O distances are significantly longer
(by 0.5—0.8 A) than the sum of the covalent radii of Cu and O,
but between 0.1 and 0.3 A shorter than the sum of their van
der Waals radii, consistent with an electrostatic interaction
between the copper cation and the triflate counteranions.””**
Thus, we favor a four-coordinate description of the copper
complex, in agreement with the computational results (vide
infra).

The 16-membered macrocycle has a moderate degree of
flexibility. The chelate angles around the copper center vary
from 78.21(6)° for the N1—Cu—N2 angle formed by the
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Figure 1. ORTEP diagrams of 2-Cu with (left) and without (right)
the associated triflate ions. Thermal ellipsoids are shown at 70%
probability. H atoms and an outer sphere acetonitrile molecule have
been omitted for clarity.

bipyridine donor as part of a S-membered chelate ring to
100.43(7)° for the C12—Cu—C17 angle comprised of the
NHC donors as part of a 7-membered chelate ring.
Intermediate to these extremes, the N1—Cu—C17 and N2—
Cu—C12 angles dictated by the opposing 6-membered chelate
rings are 91.06(6) and 88.62(6)°, respectively. The bipyridine
unit is nearly planar and exhibits a torsion angle between the
pyridine rings of just 0.22°.

Electrochemistry. The electrochemical behavior of the
complex was examined by cyclic voltammetry in N,-saturated
solutions containing 1 mM 2-Cu with 0.1 M Bu,NPF as the
supporting electrolyte in anhydrous acetonitrile (CH;CN). All
potentials are referenced to the ferrocenium/ferrocene couple
(Fc*’®). The potential was scanned negatively where an
irreversible peak is observed at —0.89 V, which is followed
by a reversible redox couple at E;;, = —2.10 V with a peak
splitting value of 69 mV (Figure 2). Continuing with the return

N;

01__co,

20 1

Current / pA

T T T T T
0.75 0.00 -0.75 -1.50 -2.25
Potential / V vs Fc™
Figure 2. Cyclic voltammetry of 2-Cu at 1 mM concentration in

anhydrous CH;CN/0.1 M Bu,NPF; solutions under N, (black) and
CO, (red) atmosphere at a scan rate of 100 mV/s.

scan, a peak at —0.35 V is observed, along with a quasi-
reversible couple at E;;, = 0.74 V (AE = 99 mV). The most
positive redox process is assigned to a Cu(III/II) couple, while
the waves at —0.89 and —2.10 V are tentatively assigned to
Cu(Il/I) and ligand-based reductions, respectively. Cyclic
voltammograms were collected as a function of scan rate. The
reductive peak potentials were found to exhibit linear behavior
when plotted versus the square root of the scan rate, consistent
with diffusion-controlled processes (Figure S1).

The same solution was then examined under a CO,
atmosphere. Under these conditions, a small increase in
current and a slight cathodic shift are observed for the first
reduction, relative to that under N,, at —0.92 V. At more
negative potentials, two overlapping and predominately
irreversible reductions are observed at —1.95 and —2.12 V
that constitute a relatively significant increase in current in the
presence of CO,. These results are consistent with CO,
activation by the reduced complex. In the return scan, broad
oxidation features appear at —0.89 and —0.12 V, followed by a
prominent oxidation wave at 0.89 V. The putative Cu(III/II)
couple is also less reversible. Scan rate dependent cyclic
voltammograms reveal that the system remains diffusion-
controlled under these conditions (Figure S3).

Controlled potential electrolysis (CPE) was carried out at an
applied potential of —2.14 V using a high surface area glassy
carbon rod working electrode to determine the stability and
selectivity of 2-Cu for electrocatalytic CO, reduction (Figure
3A). During the CPE experiment, the solution changes from a
homogeneous light pink solution to an off-white and turbid
solution (Figure S4). This apparent degradation is noticeable
within the first 30 min of the experiment. The electrolyzed
solution was filtered and examined by high-resolution mass
spectrometry and 'H NMR spectroscopy. In the mass
spectrum, there was no signal corresponding to the metal
complex, but peaks matching the m/z ratio and isotopic
pattern of the free ligand bearing a CO, adduct were observed
(Figure SS). A 'H NMR spectrum was also obtained that
supports the mass spectrometry data; the proposed structure is
shown in Figure 4. It was challenging to isolate the compound
from the supporting electrolyte (0.1 M Bu,NPF) and only a
small amount was collected, which prevented further character-
ization. In the 'H NMR spectrum, 10 aromatic protons are
observed between 7.3 and 8.6 ppm that we assign to the
aromatic protons of the bipyridine and the protons at the 4 and
S positions of the imidazolium groups of an asymmetric
compound. Additional signals are found between 3.9 and 5.6
ppm that integrate to a total of 8 protons that presumably
correspond to the alkyl linking groups within the macrocycle.
However, we are not able to explain the integrations of ~3 for
the peaks at 3.98 and 4.44 ppm based on the proposed
structure. Further downfield, a singlet that integrates to 1 is
observed at 10.09 ppm that is assigned to an imidazolium C2
proton, which may have a hydrogen-bonding interaction with
the carboxylate given its chemical shift. At a minimum, these
results indicate that the complex demetalates under reducing
conditions. Indeed, the glassy carbon rod was coated with a
thin metallic layer, consistent with the deposition of a
heterogeneous Cu material on the electrode surface (Figure
S4). The used electrode was then subjected to a rinse test and
was found to exhibit a catalytic current response in a fresh,
catalyst-free solution of electrolyte saturated with CO, (Figure
3B). Metallic copper is a known heterogeneous catalyst for
electrochemical CO, to a variety of reduced carbon
products.*’~>*

An electrolysis with 2-Cu at an applied potential of —0.96 V,
just after the first reduction, was also conducted and produced
the same product. The putative ligand-CO, adduct was again
identified by 'H NMR spectroscopy as a component of the
mixture following this experiment (Figure S6). Under
anhydrous conditions, protonation of the C2 carbon of one
of the NHC donors to form an imidazolium moiety is expected
to come from Hofmann degradation of the quaternary
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Figure 3. Charge-time profile from CPE experiments with 0.5 mM of 2-Cu in CO,-saturated CH;CN/0.1 M Bu,NPF solution at —2.14 V vs Fc*/°
(A); CVs associated with the rinse test using fresh electrolyte solution, v = 100 mV/s (B).
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Figure 4. '"H NMR spectrum of the isolated ligand-CO, adduct in CD;CN. The proposed structure is shown.
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Figure 5. UV—vis spectroelectrochemistry of 0.125 mM 2-Cu in N,- (A) and CO,- (B) saturated anhydrous CH;CN/0.1 M Bu,NPF, solutions.

alkylammonium cation of the supporting electrolyte, which is
well-established under reducing conditions.™

It is known that N-heterocyclic carbenes can be generated
electrochemically from imidazolium salts*®~°” and reacted with
various electrophiles,”* ** including CO,.°” We reasoned that
it would be possible to generate a free carbene from ligand
precursor L2 under reducing conditions, which could react
with CO, in the absence of a copper ion. To test this
possibility, an electrolysis of L2 was performed at the same
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applied potential (—0.96 V) in CO,-saturated CH;CN/0.1 M
Bu,NPF, (Figure S7). However, the adduct was not observed
by "H NMR spectroscopy under these conditions (Figure S8),
indicating that the Cu metal center plays an important role in
the formation of the proposed ligand-CO, decomposition
product.

The electrochemical activity and stability of 2-Cu was also
investigated in the presence of water as an added proton source
to facilitate the proton-coupled reduction of CO,. Current

https://doi.org/10.1021/acsomega.4c02520
ACS Omega 2024, 9, 34555—-34566


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02520/suppl_file/ao4c02520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02520/suppl_file/ao4c02520_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02520?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

+e-
_—
E=-0.82V

2[2_cu]2+
pcu =0.6
+CH,CN
AG =5.6
2+
oHs |
1] +e- N—
N —_—
E=-0.58 V N
4

2[2.Cu-CH3CNJ?*

1[2-Cu-CH3CNJ*
pcu=0.0

cu' _+e-—>
|

N N E=-215V
T2\

(I: N

CH,

2[2-Cu-CH5CN]
pcu=0.0

pcu=0.6

Figure 6. Calculated redox potentials in V versus the Fc*/°

couple for the one- and two-electron reduced species from 2[2-Cu]** in acetonitrile.

The Mulliken spin population is given for copper, pc,. (A) Proposed distorted trigonal planar intermediate, '[2-Cu-CH;CN]*, obtained after the
first reduction. The computed free energy profile leading to the formation of this intermediate is shown in Figure 7.

enhancement was observed in cyclic voltammograms with
increasing concentrations of added water until saturation
conditions were achieved at concentrations of 2.4% (v/v)
added H,O (Figure S9). A controlled potential electrolysis of
2-Cu in CO,-saturated CH;CN solution containing 2.4% H,O
was then performed with an applied potential of —2.14 V
(Figure S10). An overall Faradaic efficiency (FE) of 15%
(FEco = 12%; FEy, = 3%) was determined by analyzing the
headspace gases of the airtight electrochemical cell by gas
chromatography. The post-CPE solution was also analyzed and
a small amount of the ligand-CO, adduct was observed by 'H
NMR spectroscopy (Figure S11). However, under these
conditions with added water, the major decomposition product
observed by 'H NMR is a species in which both NHC donors
are protonated, indicating that protonation of the NHCs
significantly outcompetes CO, binding.

UV-Visible Spectroelectrochemistry. Prompted by the
CPE experimental results, UV—vis spectroelectrochemistry was
performed at different applied potentials under both N, and
CO, atmospheres. The UV—vis spectrum of 2-Cu has an
absorption band at 320 nm that is accompanied by a shoulder
at 309 nm and another peak at 244 nm. With an applied
potential of —1.60 V, beyond the first reduction, a new peak
appears at 285 nm along with a small absorption at 330 nm
that features a tailing band out to ~450 nm; these peaks
emerge at the expense of the initial spectrum (Figure SA). The
reversibility of this process was assessed with an applied
potential of 0.4 V to oxidize the complex back to the starting
Cu(II) state. The resulting spectrum is less intense but is
otherwise identical to the initial spectrum. The same
experiment was conducted under CO, atmosphere using a
fresh solution of 2-Cu. However, in the presence of CO,, an
irreversible change in the absorption spectrum is observed, and
regeneration of the initial complex was not achieved (Figure
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SB). A rise in the baseline absorbance is observed at longer
wavelengths that is indicative of light scattering and the
formation of a turbid solution. This behavior suggests that the
reaction of CO, with the reduced complex facilitates
decomposition.

Computational Results. Density functional theory (DFT)
calculations were performed for the four-coordinate [2-Cu]**
complex and its one- and two-electron reduced species.
Starting with ?[2-Cu]** (where the initial superscript
represents the spin multiplicity of a species, in this case,
doublet), the four-coordinate complex was computed to have a
dihedral angle (7) between the two ligand planes (Cu—C, and
Cu—N,) that deviates from the ideal square planar geometry
by 13.7° (exp. 7 = 16.55(6)°). This deviation is slightly higher
than in the cobalt and nickel counterparts, which have
calculated deviations of 10.2° and 9.2° (exp. 7 = 6.40(9)° for
2-Ni), respectively. This indicates that the copper compound is
somewhat more distorted and may behave differently than its
nickel and cobalt analogs. We note that the higher degree of
distortion of the ligand framework is also observed
experimentally, where 7 = 16.55(6)° for 2-Cu. The computed
bond lengths are in good agreement with the experimental
values. For instance, the Cu—N bond distances are calculated
as 2.090 and 2.103 A (vs 2.0619 and 2.0592 A experimentally).
In comparison, the Cu—C bond distances associated with the
NHC donors are computed as 1.996 and 2.016 A compared to
1.9835 and 1.9980 A experimentally. Localized orbital bonding
analysis (LOBA) calculations were performed on the 2[2-
Cu]** species and confirmed that the copper metal center is
formally in a +2 oxidation state (Figure S19). We have also
considered five- and six-coordinate compounds in the presence
of acetonitrile. However, an octahedral compound could not
be formed as one of the bound acetonitriles would dissociate
and weakly interact with the metal center. In the case of the
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Figure 7. Computed free energy (kcal/mol) profiles for yielding the acetonitrile bound species, [2-Cu-CH;CN]*, and CO, adduct intermediate,
[2-Cu-CO,], in which carbon dioxide binds at the NHC donor. All free energies are calculated with respect to the separated reactants, and all
species have a singlet ground state. (A) Optimized geometry of the three-coordinate acetonitrile bound complex, [2-Cu-CH;CN]*. (B) Optimized
geometry of [2-Cu-CO,]" in which CO, is bound to the NHC donor. The distances are in A, and the angles are in degrees.

five-coordinate species, our calculations suggest that acetoni-
trile binding to yield *[2-Cu-CH;CN]*" is uphill by 5.6 kcal/
mol and is, therefore, unlikely under the experimental
conditions (Figure 6). Similar observations were obtained in
the presence of triflate (Figure S18). Our computational results
are consistent with a four-coordinate description of the copper
complex [2-Cu]*".

The first redox potential was obtained by optimizing the
four-coordinate [2-Cu]*" complex and its one-electron-
reduced species in acetonitrile. The calculated redox potential
from the four-coordinate copper(1l) compound to the one-
electron reduced species is within 70 mV of the experimental
value (Figure 6). Note that various tested DFT functionals
show similar results (Table S7). The reduction is metal-
centered and yields a four-coordinate closed-shell singlet, '[2-
Cu]*. LOBA calculations confirm that the oxidation state of
copper is +1 (Figure $24). The formal oxidation state of +1 for
![2-Cu]"* differs from the nickel and cobalt analogs, where both
the ligand and metal-based reductions are accessible in 2-Ni.'®
In contrast, the initial reduction of 2-Co is ligand—centered.19
These observations are explained by the higher degree of
distortion of the ligand framework in 2-Cu, which stabilizes the
dxz_y2 orbital with respect to the bpy z* orbital compared to
the nickel and cobalt analogues, as shown for the one-electron
reduced species (Figure S31).

A critical aspect of our work is that following the formation
of '[2-Cu]*, acetonitrile can bind at copper to give a three-
coordinate '[2-Cu-CH;CN]" species, where the bipyridine
ligand dissociates (Cu---N,, = 3.24 A and Cu--N,, = 3.34 A,
Figure 7A) upon CH;CN binding. This intermediate is at
equilibrium with the separated reactants (Figures 6 and 7). A

transition state was located for this process, which requires an
activation energy of 6.1 kcal/mol, implying that the formation
of the proposed distorted trigonal planar complex is kinetically
and thermodynamically accessible. Since '[2-Cu-CH;CN]" is
at equilibrium with the separated reactants, acetonitrile binding
and reduction of ?[2-Cu]** via a concerted process displays the
same redox potential as the stepwise pathway. This suggests
both mechanisms are viable experimentally, which may explain
the irreversible peak observed at —0.89 V.

In the second redox event, the four-coordinate species '[2-
Cu]* can be reduced to form 2[2-Cu]® at —1.90 V, which is
200 mV more positive than the experimental value (E,,, (exp.)
= —2.10 V, E;), (calc.) = —1.90 V; Table S8). However, an
alternative mechanism provides a better agreement between
the theoretical and experimental redox potentials. After the
first reduction event, a distorted trigonal planar complex, '[2-
Cu-CH,;CNJ]", can form, as previously described, which can be
reduced to give 2[2-Cu-CH,CN], the corresponding three-
coordinate neutral species (Figure 6). In this case, the
computed redox potential is —2.15 V, which agrees with the
experimental value (E,;,, = —2.10 V). Moreover, the reduction
is ligand-based to yield a copper(I) center and a bipyridine 7*
radical.

In addition to acetonitrile coordination, CO, binding was
also considered after the initial formation of '[2-Cu]". In light
of the observed geometry of the acetonitrile-bound species, we
considered CO, binding to the copper center with three-,
four-, and five-coordinate geometries, as well as CO, binding
to the carbon atom of one of the NHC ligands. While we could
not obtain a metallocarboxylate intermediate species on the
singlet surface, our calculations imply that CO, binding to the
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NHC ligand is spontaneous by 0.6 kcal/mol, signifying that the
primary interaction of CO, with the catalyst takes place at the
N-heterocyclic carbene. A transition state was located to give
the ligand-coordinated CO, adduct, '[2-Cu-CO,], which has a
free energy of activation of 14.0 kcal/mol that may be due, in
part, to the structural rearrangement that occurs during the
breaking of the Cu-NHC bond. Experimentally, there is
evidence of CO, bound to the free ligand (Figure SS),
suggesting that catalyst deactivation may occur due to CO,
binding to the NHC donor rather than at the copper metal
center. We have also computationally considered direct CO,
binding at the free imidazolium ligand. Further details are
provided in the Supporting Information.

B DISCUSSION

The catalytic reduction of carbon dioxide using molecular
copper complexes is rare.”>~°® This is likely due to the limited
stability that is often observed under reducing conditions.
Indeed, the reductive demetalation of molecular copper
complexes has been re(?orted with various ligand frameworks,
including macrocycles.””~”* It has been shown previously that
demetalation by electrochemical reduction results in the
deposition of metallic copper on the electrode surface.’®”
Farnum and co-workers demonstrated that the deposited
copper layer was a competent electrocatalyst for CO,-to-CO
conversion.”® As heterogeneous electrocatalysis is not the focal
point of this work, additional studies beyond the rinse test
described above (Figure 3B) were not pursued here.

Experimental and computational data indicate that the large
peak-to-peak splitting of the Cu(II/I) couple at —0.89 V
corresponds to the reduction of copper and subsequent
formation of a distorted trigonal planar intermediate in
acetonitrile (Figure 6). This complex is at equilibrium with
the separated reactants and requires an activation energy of 6.1
kecal/mol (Figure 7), which is kinetically and thermodynami-
cally accessible under experimental conditions. Furthermore,
TD-DFT calculations of '[2-Cu-CH;CN]" indicate that the
UV—vis spectrum reasonably agrees with the experimental data
(Figures S and S34). However, the theoretical spectrum
computed for [2-Cu]* also matches the experimental UV—vis
data, implying that both '[2-Cu]* and '[2-Cu-CH;CN]" are at
equilibrium, as described previously.

It is worth noting that a number of three-coordinate Cu(I)
compounds su_Pported by carbene-based ligands are known in
the literature.””~’® In these examples, trigonal planar geo-
metries are typically observed with either one or two
coordinated NHC donors.””~"” Relevant examples of copper
complexes in different oxidation states bearing macrocyclic
tetradentate NHC based ligands have also been reported.””*’
In the report by Kithn and co-workers using a tetraNHC
ligand, a Cu(III) complex was accessed via a disproportiona-
tion reaction starting from a Cu(II) salt even under anaerobic
conditions.”” Interestingly, the copper(III) metal center can
react with acetate to cause decoordination of the macrocycle
along with oxidation of an NHC donor.”” In the report by
Meyer and co-workers, the stepwise preparation and isolation
of copper complexes in the +1, +2, and +3 oxidation states was
shown with a dipyridyl-diNHC ligand in which the two NHCs
of the macrocycle are positioned trans to one another (rather
than cis as in 2-Cu).*” Our efforts to isolate and characterize a
Cu(I) species from L2 or by reduction of 2-Cu were not
successful. We reason that the trans orientation of NHC
groups in the Meyer system80 is an important characteristic,

facilitating the isolation of a stable Cu(I) complex as most
Cu(I)-NHC compounds adopt a linear geometry with many
displaying a cationic [Cu(I)(NHC),]* motif.”’

Our work also demonstrates that CO, binds at the NHC
ligand rather than at copper. For instance, DFT calculations
indicate that after forming '[2-Cu]*, '[2-Cu-CO,]* is
exergonic by 0.6 kcal/mol (Figure 7). Moreover, the computed
UV-—vis spectrum for this compound matches the experimental
data (Figures S and S35). Also, based on our calculations, [2-
Cu-CO,]" is proposed to be the thermodynamic product,
while '[2-Cu-CH;CN]* is the kinetic product when both
CH,CN and CO, are present in solution (Figure 7). The
formation of a ligand-coordinated CO, adduct intermediate
becomes even more favorable after adding one additional
electron to '[2-Cu]® to give *[2-Cu], where the latter
compound features a copper(I) center and a bipyridine 7*
radical. In this case, the formation of 2[2-Cu-CO,] is
spontaneous (AG = —4.6 kcal/mol) and requires an activation
energy of 11.9 kcal/mol (Figure S30). This is consistent with
the experimental CV of 2-Cu under a CO, atmosphere, which
displays an increase in current and a slight cathodic shift of the
two overlapping and predominately irreversible reductions at
—1.95 and —2.12 V. The isolation of an apparent ligand-CO,
adduct in the post-electrolysis solution falls in line with the
theoretical outcome. Moreover, this same adduct is also
observed following electrolysis with an applied potential
corresponding to the first reduction potential.

N-heterocyclic carbene-based ligands have been widely
applied in homogeneous catalysis, including electrocatalytic
CO, reduction with first-row transition metals,” " "'%72% as
neutral, highly tunable donors that provide robust metal—
ligand bonding interactions.'*™"” However, NHCs are also
electron-rich nucleophiles that have been shown to react
reversibly with CO, to form neutral zwitterionic imidazolium
carboxylates.*' ** We note that NHC—CO, adducts can be
prepared by other routes,* ™% and such compounds have been
used to convert CO, into methanol and methane.®**’
Interestingly, imidazolium carboxylates have been employed
as NHC-transfer agents to form metal-carbene complexes
while releasing CO,,**”*”" which may be considered the
reverse reaction of the demetalation pathway proposed here to
form the ligand-derived NHC—CO, adduct.

B CONCLUSIONS

A new copper complex featuring a tetradentate bipyridyl-NHC
based ligand was prepared. This 16-membered macrocyclic
compound was characterized by elemental analysis, high-
resolution mass spectrometry, and X-ray crystallography. As
part of a larger series of compounds, the copper complex was
investigated for electrocatalytic CO, reduction, but was found
to be unstable under these conditions.

DFT calculations were pursued to provide a fundamental
understanding of the electronic structures of 2-Cu and
associated intermediates with respect to its nickel and cobalt
analogues. Due to the higher deviation from the ideal square
planar geometry in 2-Cu, the dxz_y2 orbital is more stabilized
than in 2-Ni and 2-Co. A direct consequence of this is that the
metal is mainly reduced in going from *[2-Cu]** to '[2-Cu]",
while a ligand-based reduction is accessible in both the nickel
and cobalt derivatives."®'® We note that in the case of 2-Ni,
the metal-based reduction was also computed to be
competitive.18
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A novel decomposition pathway is proposed based on
electronic structure calculations reported here, in which carbon
dioxide binds to an NHC donor of the ligand and ultimately
leads to demetalation of the ligand. Data obtained by '"H NMR
spectroscopy and high-resolution mass spectrometry following
controlled potential electrolysis of the copper complex in CO,-
saturated acetonitrile solutions suggest that the free ligand
bearing a CO,-adduct is formed. The proposed pathway for
catalyst decomposition has not been previously reported, to
the best of our knowledge, and may be relevant to the growing
number of NHC-based catalysts employed for CO, reduction.
Furthermore, the noninnocent behavior of the NHC donors
proposed here suggests that cooperative and productive
pathways involving metal-bound NHCs could be exploited
for CO, reduction catalysis.
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