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ABSTRACT: A comprehensive mechanistic study of electro- * e et . oo T e e .

i atm +
catalytic CO, reduction by ruthenium 2,2":6',2"-terpyridine 279816 MeCNIHIO 5 g70% barcialo
(tpy) pyridyl-carbene catalysts reveals the importance of

efficiency

stereochemical control to locate the strongly donating N- ) 4 -

heterocyclic carbene ligand trans to the site of CO, activation. Wil //’/ -

Computational studies were undertaken to predict the most - o i_ w E

stable isomer for a range of reasonable intermediates in CO, O O .

reduction, suggesting that the ligand trans to the reaction site @:”\*R“\\d\ P ”\—R“\\ i\ )

plays a key role in dictating the energetic profile of the catalytic @ h Wi Y ‘ S
reaction. A new isomer of [Ru(tpy)(Mebim-py)(NCCH;)]*" Netrans Foar < 365" T e

(Mebim-py is 1-methylbenzimidazol-2-ylidene-3-(2'-pyridine))

and both isomers of the catalytic intermediate [Ru(tpy)(Mebim-py)(CO)]** were synthesized and characterized. Experimental
studies demonstrate that both isomeric precatalysts facilitate electroreduction of CO, to CO in 95/5 MeCN/H,0O with high
activity and high selectivity. Cyclic voltammetry, infrared spectroelectrochemistry, and NMR spectroscopy studies provide a
detailed mechanistic picture demonstrating an essential isomerization step in which the N-trans catalyst converts in situ to the
C-trans variant. Insight into molecular electrocatalyst design principles emerge from this study. First, the use of an asymmetric
ligand that places a strongly electron-donating ligand trans to the site of CO, binding and activation is critical to high activity.
Second, stereochemical control to maintain the desired isomer structure during catalysis is critical to performance. Finally,
pairing the strongly donating pyridyl-carbene ligand with the redox-active tpy ligand proves to be useful in boosting activity
without sacrificing overpotential. These design principles are considered in the context of surface-immobilized electrocatalysis.

B INTRODUCTION

Carbon dioxide holds immense promise as a sustainable _ /N
feedstock for the synthesis of energy-dense fuels. Electro— Q ,N—juLN\
chemical CO, reduction has received particular interest,"~” %’;‘) \N
based in part on the promise of coupling electrocatalysts with

renewable energy sources such as solar or wind power.” "> The [Ru(bpy)>(CO)I?* [Ru(tpy)(bpy)(L)I**
development of CO, reduction electrocatalysts faces an L = OHp, NCMe
inherent challenge in selectivity; however, a catalyst must
exhibit kinetic selectivity for one of the various thermodynami-
cally accessible carbon-based products while also avoiding
undesirable proton reduction to H,. Ideal catalysts should also
maintain high activity with long-term stability.

Ruthenium polypyridine complexes (Figure 1) serve as a [Ru(tpy)(Mebim-py)(L)]2*
prime example of the evolution of molecular electrocatalysts L = OH,, NCMe
toward improved selectivity and stability through structural . ovridi |
redesign. 13,14 Early [Ru(bpy),(CO), ]2+ (bpy = 2,2/-bip r- Figure 1. Ru polypyridine catalysts.

idine) catalysts, featuring a single type of chelating ligand,">
produced mixtures of CO and formate in most cases and organometallic bidentate 1-methylbenzimidazol-2-ylidene-3-
suffered from electropolymerization through bpy dissociation (2’-pyri(21ine) ('Mel:)im-py) ligan.d farnished [Ru(tpy)(Mebim-
(although the resulting films remained electroactive).'”'* py)(L)]**, which is a substantially faster electrocatalyst that
Installation of a 2,2:6',2"-terpyridine (tpy) ligand to form
[Ru(tpy) (bpy)(L)] 2* prevented electropolymerization."”~>* Received: February 14, 2019
Further elaboration to replace bipyridine with the asymmetric Published: April 11, 2019

ACS Publications  © 2019 American Chemical Society 6658 DOI: 10.1021/jacs.9b01735
g J. Am. Chem. Soc. 2019, 141, 6658—6671


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b01735
http://dx.doi.org/10.1021/jacs.9b01735

Journal of the American Chemical Society

also boasts high selectivity for CO in acetonitrile solution*
and tunable CO/H, ratios in water.”> This is also a rare
example of a molecular catalyst that is capable of both CO,
reduction and water oxidation.”® Recently, a Ru bipyridine
complex fitted with large mesityl substituents successfully
avoided electropolymerization to achieve rapid and selective
CO, electroreduction to CO (k,,, = 1300 s71).>’

The leading Ru electrocatalysts for CO, reduction feature
multiple supporting ligands and low molecular symmetry,
raising the possibility of intermediates that can adopt multiple
geometric isomers. The aforementioned catalyst [Ru(tpy)-
(Mebim-py) (NCCH,)]*, in particular, caught our attention.
The asymmetric Mebim-py ligand can, in theory, support two
stereoisomers that would likely exhibit significant reactivity
differences. The viability of the various isomers during
turnover was not explored in prior studies. Furthermore, the
specific role of the strongly electron-donating carbene ligand in
tuning reduction potentials or accelerating chemical reactions
has not been elucidated, further motivating a detailed
mechanistic study of this unique catalyst system.

The mechanistic diversity of ruthenium electrocatalysts is
rather remarkable. Proposed pathways from CO, and a proton
source to CO and H,O are shown in Scheme 1.° Pathways A,

Scheme 1. Mechanistic Pathways Proposed for
Electrochemical Reduction of CO, to CO by Ru
Electrocatalysts
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B, and C all begin with two-electron reduction. In pathway A,
CO, addition is followed by a single protonation to form a
metallocarboxylic acid that undergoes electrochemical reduc-
tion before protonolysis releases water and forms a carbonyl
complex. Rarely proposed for Ru complexes,” pathway A is
observed in Mn and Re systems.””*° Pathway B, in which CO,
binding is followed by two sequential protonations to form a
carbonyl complex, is the mechanism proposed for most Ru
catalysts, including [Ru(bpy),(CO)(L)]** and [Ru(tpy)(bpy)-
(L)]?*.1o%2 Pathway C involves protonation of a reduced
species to form a metal hydride, which forms a formate
complex by CO, insertion and finally undergoes a unique
rearrangement to a metallocarboxylic acid to rejoin another
pathway. The bulky precatalyst Ru(Mes-bpy)(Cl),(CO), was
proposed to operate via pathway C.*” In pathway D, only a
single one-electron reduction occurs before CO, addition;
subsequent reduction generates the same metallocarboxylate
intermediate in pathways A and B. Modification of the
bidentate ligand on Ru-tpy-based catalysts led to a change in
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mechanism from pathway B to pathway D.***' A similar ECE
mechanism is observed in the formation of a carbonyl complex
upon electrochemical reduction of [CpRu(bpy)(NCCH;)]*
under CO,.*

The first detailed mechanistic study of CO, reduction by
pyridyl-carbene-supported Ru electrocatalysts is described
here. DFT predictions of the relative stability of isomeric
CO, electroreduction intermediates inspired the synthesis of
cis and trans isomers of proposed catalytic intermediates, which
were then characterized in detail using cyclic voltammetry and
infrared spectroelectrochemical experiments. These studies
establish the pyridyl-carbene catalyst system as a highly active
and selective electrocatalyst that provides several significant
lessons in electrocatalyst design. First, the asymmetric pyridyl-
carbene ligand can adopt a geometry that places a strong o-
donor trans to the CO, activation site, leading to geometry-
specific rate acceleration. Second, controlling the isomer
structures along the mechanistic pathway proves critical for
sustained activity. Finally, the catalyst teaches that the redox-
active terpyridine ligand can control the catalytic onset
potential, while the strongly donating, redox-inactive pyridyl-
carbene chelate controls the rate of key chemical steps. This
method of decoupling electronic tuning of nucleophilicity and
redox potentials could be a valuable strategy for breaking
“scaling relationships” by increasing the rate of chemical steps
without increasing overpotential.

B RESULTS AND DISCUSSION

Computational Investigation of Geometric Isomers.
Density functional theory (DFT) as implemented in the
Gaussian 09 software package was employed to estimate the
relative stability of C-trans and N-trans isomers of plausible
catalytic intermediates (Scheme 2). The C-trans stereo-

Scheme 2. Computational Study of the Relative Stability of
Isomeric Structures

C-trans N-trans

L=C0,, n=0, AG® = —4.2 kcal-mol~! (MeCN solvent)

L=CO,H, n = 1+, AG® = —5.7 kcal-mol~! (MeCN solvent)
L=CO, n =2+, AG® = —5.3 kcal-mol~-! (MeCN solvent)

chemistry is defined as the carbene donor sitting trans to the
monodentate ligand binding site, while the N-trans stereo-
chemistry is defined as the pyridine donor sitting trans to the
monodentate ligand binding site. The B3LYP functional®* was
employed along with the cep-121g basis set’*° for Ru atoms
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and the 6-31++G(d,p) basis set’” for other atoms, with implicit
solvation applied using the SMD method.*®

Scheme 2 summarizes the relative free energies of C-trans
and N-trans isomers for various complexes relevant to CO,
electroreduction. The complexes of formula [Ru(tpy)(Mebim-
py)(L)]"*" are abbreviated Ru-L"*, where L is a monodentate
ligand, and assigned a prefix C- or N- denoting C-trans or N-
trans stereochemistry, respectively. For the acetonitrile-bound
precatalyst, the isomer with the NHC trans to the acetonitrile
ligand, C-Ru-MeCN?**, was computed to be more stable by
1.66 kcal/mol (MeCN solvent).

Surprisingly, all efforts to optimize the N-trans isomer of the
key doubly reduced intermediate Ru(tpy)(Mebim-py) (N-
Ru’) failed to converge on the targeted structure. Instead, the
geometry shifted to a C-trans configuration (C-Ru®) during
optimization. The spontaneous isomerization of the doubly
reduced intermediate from N-trans to C-trans was explored
further through a constrained optimization varying the angle
between the tridentate and bidentate ligands (Figure 2). No
minimum near the expected N-trans geometry was observed.

Energy relative to C-trans minimum (kcal/mol)

-1 1 I I 1 1 1 1

100 110 120 130 140 150 160
N(tpy)-Ru-N(Mebim-py) angle (degrees)

Figure 2. Variation of energy (relative to the minimum of C-Ru®) as a
function of the angle defined between the central tpy nitrogen atom
and the Mebim-py pyridyl nitrogen atom (SMD water solvation
model).

The highest occupied molecular orbitals (HOMOs) of five-
coordinate singly reduced C-Ru* and doubly reduced C-Ru’
both show extensive delocalization across the Ru d-orbitals and
the terpyridine 7 system, indicating significant terpyridine
character in the reduction (Figure 3). The localization of
electron density on terpyridine is noteworthy in the context of
prior reports proposing that the related bipyridine complex
Ru(tpy)(bpy) features one electron localized on tpy and
another localized on bpy.””** The Mebim-py ligand is
expected to be very difficult to reduce, which may effectively
force both reductions to involve the terpyridine ligand.
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Figure 3. HOMO of C-Ru* (top) and C-Ru’ (bottom). The orbitals
are almost identical; the complexes are depicted in different
orientations to show both sides of the 7 system.

A change in isomer stability to favor N-trans is predicted for
the closed-shell metallocarboxylate, metallocarboxylic acid, and
carbonyl complexes. The computed isomer stability tracks with
the expected trans influence of the ligands, with CO,-derived
ligands (strong trans influence) favored in a position trans to
pyridine (weak trans influence). Isomers that orient two strong
trans influence ligands (e.g., carbon donors) trans to each other
are typically less stable than isomers that position strong and
weak trans influence ligands across from each other. If the
system is under thermodynamic control during catalysis, the
catalyst would switch between C-trans and N-trans inter-
mediates during each turnover. These computational pre-
dictions inspired us to isolate each isomer and examine the
mechanism of catalysis.

Synthesis of Geometric Isomers of Ru Acetonitrile
and Carbonyl Complexes. The Ru precatalyst bearing the
NHC trans to an acetonitrile ligand, C-Ru-MeCN?**, was
prepared according to the previously reported procedure
(Scheme 3a).*” The other geometric isomer, which has not
been previously reported, was targeted next. Heating the
known “piano stool” complex [(Mebim-py)Ru(p-cymene)Cl]-
[PF,]* with tpy at 80 °C in acetonitrile for 24 h (Scheme 3b)
produced a new Ru complex that could be isolated in
analytically pure form in 56% yield by column chromatog-
raphy. The '"H NMR spectrum is consistent with a complex
with the formula [Ru(tpy)(Mebim-py)(MeCN)]** (N-Ru-
MeCN?*"). The signal corresponding to the methyl protons
shifted downfield by 1.56 ppm with respect to the analogous
signal in C-Ru-MeCN?**, consistent with an N-trans isomer in
which the methyl protons point away from the terpyridine ring
current. '*C NMR spectroscopy revealed a resonance
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Scheme 3. Synthesis of C-Ru-MeCN** (a) and N-Ru-

MeCN** (b)
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[(Mebim-py)Ru(p-cym)CI](PFg) N-Ru-MeCNZ2*

corresponding to the carbene carbon at 210.4 ppm, downfield
of the analogous signal in C-Ru-MeCN** (203.1 ppm).

Single crystals of N-Ru-MeCN>* were obtained from an
acetone solution layered with pentane. An X-ray diffraction
study unambiguously confirmed the connectivity and geometry
of the nitrile complex, with the bidentate pyridyl-carbene
ligand positioned with the nitrogen atom of the pyridyl group
trans to the acetonitrile ligand (Figure 4).

Figure 4. Structural representation of N-Ru-MeCN>* with ellipsoids
drawn at the 50% level. Hydrogen atoms, two PF4 counterions, and
acetone solvent are omitted for clarity. Selected distances (A) and
angles (deg): Ru(1)—C(1) 2.007(3), Ru(1)—N(1) 2.059(2), Ru(1)—
N(2) 2.082(2), Ru(1)-N(3) 2.022(2), Ru(1)—N(4) 2.086(2),
Ru(1)—N(5) 2.037(2); C(1)—Ru(1)-N(3) 172.32(10), N(5)—
Ru(1)—N(1) 175.96(9) N(2)—Ru(1)—N(4) 157.00(9).

Both isomers are stable in CD;CN solution at room
temperature over a period of weeks. After 7 days at 100 °C,
solutions of C-Ru-MeCN?*" underwent approximately 10%
isomerization to N-Ru-MeCN** (see Figure S13 in the SI).
Solutions of N-Ru-MeCN?* underwent 40% isomerization to
C-Ru-MeCN*" under the same conditions (see Figure S14 in
the SI). These results are consistent with the DFT predictions
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that C-Ru-MeCN?' is thermodynamically more stable, but
only by 1-2 kcal/mol.

Metal carbonyl complexes are essential intermediates in
electrocatalytic CO production, so the two Ru(II) carbonyl
isomers were also targeted. Access to the desired complexes
required two distinct synthetic approaches. The C-trans isomer
was accessed in 53% yield by heating C-Ru-MeCN>* under 1
atm of CO in EtOH at 75 °C (Scheme 4a). A similar approach

Scheme 4. Synthesis of C-Ru-CO?>* (a) and N-Ru-CO** (b)
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starting from N-Ru-MeCN?' failed, leading instead to
decomposition products and unreacted starting material. An
alternative synthesis of N-Ru-CO*" was developed based on
the reaction of [(Mebim-py)Ru(p-cymene)Cl][PF,] with tpy
and [NH,][PF¢] under 1 atm of CO in EtOH at 75 °C
(Scheme 4b). A yellow precipitate of N-Ru-CO** formed
during the course of the reaction, allowing its facile isolation in
48% yield.

The 'H NMR spectra of both complexes are consistent with
C, symmetric structures. The diagnostic signals for the methyl
protons appear at 4.56 ppm for N-Ru-CO** and at 2.86 ppm
for C-Ru-CO?*'. The 1.7 ppm difference provides further
evidence that the N-methyl proton chemical shift nicely reflects
the molecular geometry based on anisotropic effects.”' The
signal attributed to the carbene carbon of N-Ru-CO** (203.4
ppm) is shifted downfield compared to C-Ru-CO** (195.3
ppm). The resonances corresponding to the carbon of the CO
ligand lie at similar chemical shifts (196.0 and 195.3 ppm for
N-Ru-CO*" and C-Ru-CO?, respectively). The IR stretching
frequencies showed a striking difference of 21 cm™ (v(CO) =
2026 cm™' for C-Ru-CO*', v(CO) = 2005 cm™ for N-Ru-
CO?* in acetonitrile).

Single-crystal X-ray diffraction of C-Ru-CO?** and N-Ru-
CO? reveals overall molecular structures differing only in the
relative orientation of the Mebim-py ligand (Figure S). As
expected based on trans influence considerations, the Ru—CO
distance is longer when positioned trans to the carbene ligand
(1.960(4) A in C-Ru-CO?*") than when positioned trans to the
pyridine ligand (1.877(4) A in N-Ru-CO?*). The carbonyl C—
O distance is longer in N-Ru-CO*" (1.139(5) A) than in C-
Ru-CO?* (1.124(5) A), consistent with more z-backbonding
into the carbonyl for the N-trans complex, in agreement with
IR spectroscopy. The carbene is proposed to reduce back-
bonding in the M—L unit trans to it: in C-Ru-CO?*, the
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a)

Figure 5. Structural representation of C-Ru-CO>* (a) and N-Ru-
CO* (b) with ellipsoids drawn at the 50% level. Hydrogen atoms,
two PF, for C-Ru-CO*, two OTf for N-Ru-CO>* counterions, and
acetone solvent are omitted for clarity. See SI for full details on the
metrical parameters.

elongated Ru—CO bond reduces the ability of the CO ligand
to accept 7 electron density. The stretching frequency of the
CO ligand in N-Ru-CO*" is lower because this complex
contains a stronger o-bond with CO and features less z-back-
bonding into the tpy ligand, which conspire to maximize 7-
back-bonding between Ru and CO.

Electrocatalytic CO, Reduction by Acetonitrile Com-
plexes. The preliminary studies of the C-trans isomer C-Ru-
MeCN?*" demonstrated well-behaved cyclic voltammograms
(CVs) and selective generation of CO in acetonitrile,”* so
this solvent was utilized in our detailed mechanistic analysis of
this complex and the newly isolated N-trans isomer N-Ru-
MeCN?*". The electrocatalytic behavior of each precatalyst
isomer was examined to compare overall performance and
confirm that the reaction proceeds in a well-defined manner.

CVs of C-Ru-MeCN>" in dry acetonitrile with no added
proton donor under CO, show a huge current enhancement
near the second reduction feature, indicative of electrocatalytic
CO, reduction (Figure S17). Electroreduction of CO, in the
presence of water as a proton source also leads to a strong
electrocatalytic response (Figure 6a), in accord with the prior
study of this isomer.

The electrocatalytic behavior of N-Ru-MeCN>* had not
been examined previously. Under conditions of dry acetonitrile
(Figure S17) as well as 95/5 CH;CN/H,0O (Figure 6a, 100
mV/s) the precatalyst N-Ru-MeCN>" exhibits current
enhancement that is almost identical to that of C-Ru-MeCN?>*,

The water-containing acetonitrile mixtures were the focus of
further mechanistic studies, based on the well-defined
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Figure 6. CVs of C-Ru-MeCN** (blue) and N-Ru-MeCN>* (red) at
100 mV/s with a 3 mm working electrode (a) and at 20 V/s with a 1
mm working electrode (b). Inset: Enlargement to show return
oxidation features. Conditions: MeCN + 5% H,0, CO, atmosphere,
[Ru] = 1 mM, [TBAPF4] = 100 mM, glassy carbon disc working
electrode, Pt wire counter electrode, Ag wire pseudoreference
electrode.

thermodynamic parameters in this mixed solvent.*”* We
sought to explore fast-scan-rate conditions for these systems
for the first time to enable rate constant analyses, based on the
hypothesis that the peak-shaped current responses were due to
the catalyst rapidly consuming CO, (initial concentration
~0.28 M).** Under the conditions outlined above (1 atm CO,,
95/5 MeCN/H,0), more idealized “S-shaped” peaks could be
obtained for both C-Ru-MeCN?>' and N-Ru-MeCN”>* by
increasing the CV scan rate above 20 V/s (Figure 6b). This
behavior is indicative of kinetically controlled catalysis, wherein
the current response is not perturbed by diffusion or substrate
consumption.*”* As expected for a pure kinetic regime, the
peak catalytic current did not vary with scan rate above 20 V/s
(Figures S18 and S19 in SI). Under these high scan rate
conditions k,, the rate constant for the rate-determining
chemical step in the catalytic cycle, can be estimated using eq
1, which relates the ratio of catalytic current under pure kinetic
conditions (i) and current in the absence of catalysis (i,) to
koys the scan rate (v), the number of electrons in the overall
reaction (n, = 2), and the number of electrons involved in the
reduction process in the absence of catalysis (1, = 1).***

i n. |RT |1
< =204 == = [k
. nPF v obs

p ny

(1)

The catalytic activity of C-Ru-MeCN** (k,,, = 2400 + 200
s7') is slightly higher that of N-Ru-MeCN>* (2100 + 300 s™"),
but both precatalysts result in similarly exceptional perform-
ance in terms of catalytic activity. A catalytic Tafel plot for the
C-trans isomer is shown in Figure 7, based on the estimated
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Figure 7. Catalytic Tafel plot of C-Ru-MeCN?*, plotted alongside
other molecular Ru catalysts with well-defined turnover frequency
(TOF) and overpotential (77) values. See Section S in the SI for
structure drawings of [Ru(tpy)(bpy)(MeCN)]***° [Ru(tBu-bpy)-
(Me-bpy)(MeCN)J*,** [Ru(tpy)(P-N)(MeCN)]**,*" and Ru(Mes-
bPY)(CO)z(Cl)z'27

standard potential for the reduction of CO, to CO, E° = —1.44
V vs Fc*/F¢,* under the employed conditions of 95/5
MeCN/H,0. The Tafel plot enables comparisons with other
Ru electrocatalysts that operate under analogous conditions
(see Section § in the SI for details related with the construction
of the Tafel plots).”>** The overpotential required for C-Ru-
MeCN?* to reach a rate constant of 1 s™! is around 450 mV,
while the maximum activity is reached at an overpotential
around 650 mV.

The precatalyst C-Ru-MeCN?" features a second reduction
before the catalytic wave that is only observed at fast scan rates
(Figure 6b). Normalized scan-rate-dependent CVs of C-Ru-
MeCN?* (Figure S20 in the SI) show no substrate
consumption in this region, suggesting that no catalysis occurs
at the second reduction. Instead, a third reduction is needed to
activate C-Ru-MeCN?" for rapid CO, reduction catalysis (the
catalytic current enhancement stemming from the third
reduction obscures the second reduction at slow scan rates).
The catalytic onset thus occurs just after the second reduction
feature, so a previously unrecognized catalytic intermediate
must be undergoing reduction to initiate rapid catalysis. This
behavior is consistent with a “reduction first” mechanism™
involving electrochemical reduction of a metallocarboxylic acid
intermediate (pathway A in Scheme 1).

At fast scan rates, CVs of N-Ru-MeCN?* are distinct from
the C-trans precatalyst (Figure 6b). The onset of electro-
catalysis is observed after only one reduction. While this could
reasonably be attributed to the N-trans isomer operating via a
“protonation first” mechanism (pathway B in Scheme 2), the
line crossing observed in CVs of N-Ru-MeCN?* (Figure 6b)
indicates the presence of other chemical processes during the
electrochemical experiment.3'0 As will be discussed below, the
voltammetry of N-Ru-MeCN?* at all scan rates is consistent
with rapid isomerization of an N-trans intermediate to a C-
trans intermediate to produce the same active species
regardless of which precatalyst is utilized.

For pathway A, a small primary kinetic isotope effect might
be expected. CVs of C-Ru-MeCN>* under CO, in the presence
of 5% D,0 reached a higher catalytic peak current than those
in the presence of H,O at 100 mV/s (Figure S21). At first
glance, this would suggest an inverse isotope effect, but scan-
rate-dependent experiments show that this actually arises from
faster substrate depletion kinetics at the surface of the
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electrode with H,O. Increasing the scan rate to reach the
pure kinetic regime in the presence of D,0 gives ky,, = 1700
s™!' (see Figures S22 and S23 in the SI) and leads to a normal
kinetic isotope effect, kpou/kopsp = 1.4 = 0.2. The small
isotope effect is consistent with a rate-determining process that
involves either proton transfer to the reduced metallocarbox-
ylic acid or a composite barrier involving pre-equilibrium
proton transfer followed by C—O bond cleavage. Similar KIEs
have been observed for other CO, reduction electrocatalysts
proposed to proceed via analogous mechanisms.**™>°
Controlled potential electrolyses (CPEs) at an applied
potential of —2.15 V vs Fc'/Fc confirm that both catalysts
produce CO selectively (Scheme $S), a prerequisite for detailed

Scheme S. Electrolysis Conditions and Catalytic
Performance of the Two Isomeric Precatalysts

-2.15Vvs Fc*/Fc
Ru catalyst

95/5 MeCN/H,O

1 atm CO, CO (+H0)

Kops = 2400 # 200 s~
CO Faradaic Efficiency = 87%

Kops = 2100 + 300 s~
CO Faradaic Efficiency = 91%

N
\

N-Ru-MeCN?*

mechanistic studies. Both C-trans and N-trans isomers
supported prolonged current enhancement, although the C-
trans complex passed somewhat more charge (4.0 C for C-Ru-
MeCN?** and 3.4 C for N-Ru-MeCN** during 1 h on a 3 mm
glassy carbon disc, Figures $24 and S2§ in SI). CO is produced
with high Faradaic efficiency by both complexes (87% for C-
Ru-MeCN** and 91% for N-Ru-MeCN?**). When reticulated
vitreous carbon (RVC) was used as working electrode to
increase the area of contact with the solution, a turnover
number (TON) of 30 was observed after 1 h based on bulk Ru
concentration (much of which is far from the electrode surface
and thus inactive at any given time). Accounting for the
fraction of catalysts present in the reaction-diffusion layer in
CPEs using the glassy carbon disc provides TON values
around 10000 and turnover frequency (TOF) values above
3000 s, consistent with the high activity apparent in CVs (see
SI Section 3.4 for details). Longer-term CPEs eventually led to
a loss of current after approximately 3 h that is attributed to
surface adsorption, either of a molecular species that prevents
facile electron transfer or by another catalytically inactive
species. Polishing the electrode and returning it to the solution
resulted in resumed electrocatalysis. Consistent with the low
Faradaic efficiency for H,, electrolysis in 95/S MeCN/H,O
under N, (in the absence of CO,) led to only traces of
hydrogen detected by gas chromatography (GC).

Cyclic Voltammetry Analysis of Initial Reduction:
Reduction-Induced Isomerization. To examine the mech-
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anism of electrocatalytic CO production in more detail, a series
of cyclic voltammetry studies was carried out to probe the
individual mechanistic steps. The initial reduction processes of
the two acetonitrile complex isomers were examined first. CVs
of C-Ru-MeCN?** and N-Ru-MeCN>* in MeCN under an N,
atmosphere are shown in Figure 8. The current responses of

a)
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—— C-Ru-MeCN*™*
—— N-Ru-MeCN*
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T
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Figure 8. CVs of C-Ru-MeCN** (blue) and N-Ru-MeCN** (red)
showing the cathodic (a) and anodic (b) sections. Conditions: N,
atmosphere, MeCN, [Ru] = 1 mM, [TBAPF;] = 100 mM, 3 mm
glassy carbon disc working electrode, Pt wire counter electrode, Ag
wire pseudoreference electrode, 100 mV/s.

the two isomers are nearly indistinguishable, with each
complex exhibiting two reversible one-electron reductions
(—1.69 and —1.94 V vs Fc*/Fc for C-Ru-MeCN?** and —1.68
and —1.94 V vs Fc*/Fc for N-Ru-MeCN?*, at 100 mV/s).

CVs of N-Ru-MeCN?* and C-Ru-MeCN?* that start with an
anodic sweep to positive potentials reveal distinct oxidation
features for each complex (Figure 8b). The Ru'/Ru" couple
for C-Ru-MeCN>* (0.86 V vs Fc*/Fc) is found at less positive
potentials than that of N-Ru-MeCN** (0.92 V vs Fc*/Fc).
This difference of 60 mV between the oxidation of the two
isomers provides a convenient handle to interrogate the
identity of the complexes after the two-electron reduction:
reduction-induced isomerization of N-Ru-MeCN?** to the C-
trans manifold would lead to the appearance of an oxidation at
0.86 V belonging to C-Ru-MeCN**.

A series of CVs of N-Ru-MeCN?* and C-Ru-MeCN?** were
recorded with a full potential sweep at 1 V/s, a scan rate
chosen to minimize diffusion of any isomerization products
away from the surface of the electrode. CVs of C-Ru-MeCN>*
are exactly the same independently of whether the experiment
initially sweeps anodically or cathodically (Figure 9a),
indicating that no isomerization occurs for this complex. For
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Figure 9. (a) CV of C-Ru-MeCN”* sweeping anodically (blue) and
cathodically (black); (b) CV of N-Ru-MeCN>* sweeping anodically
(red) and cathodically (black and orange). Inset: Zoomed-in
oxidation zone. Conditions: N, atmosphere, MeCN, [Ru] = 1 mM,
[TBAPF4] = 100 mM, 3 mm glassy carbon disc working electrode, Pt
wire counter electrode, Ag wire pseudoreference electrode, 1 V/s.

N-Ru-MeCN?, the half-wave potential of the oxidation feature
is different when scanning anodically or cathodically (Figure
9b). After a cathodic sweep through both reduction features,
the oxidation feature in the return sweep was observed at E, ,
= 0.88 V vs Fc'/Fc. The oxidation feature agrees closely with
that of C-Ru-MeCN?*, providing clear evidence for N-trans to
C-trans isomerization upon reduction. No change in the
oxidation feature of N-Ru-MeCN>* was observed if the scan
was reversed after only the first reduction event, indicating that
two reductions are required to trigger isomerization on this time
scale (Scheme 6). This result is in excellent agreement with our
computational study (vide supra), in which no minimum could
be found for the formally Ru(0) complex with the pyridyl
group trans to the coordination vacancy. Similar reductive
isomerization behavior was observed recently for Ru-tpy-based
complexes bearing an asymmetric bidentate P—N ligand.”" In
situ isomerization has also been implicated in photochemical
CO, reduction by Ir polypyridyl catalysts.>*

The reduction-induced isomerization process was further
probed through a full scan rate dependence of N-Ru-MeCN?>*.
At slow scan rates, the second reduction of N-Ru-MeCN?*
(E,;) appears at the same potential as that of C-Ru-MeCN>*.
The peak potential E,, of N-Ru-MeCN*" exhibits a cathodic
shift with increasing scan rate (Epc2 < —2.1 V vs Ec*/Fc above
10 V/s Figures S27 and S28 in the SI), which is symptomatic
of a chemical step following reduction (EC mechanism).** The
second reduction remains electrochemically irreversible even at
fast scan rates. The anodic return sweep is consistent with
oxidation of C-Ru’ rather than N-Ru’ at all scan rates,
suggesting rapid (>>1000 s™' see Figure S29 in the SI)

DOI: 10.1021/jacs.9b01735
J. Am. Chem. Soc. 2019, 141, 6658—6671


http://dx.doi.org/10.1021/jacs.9b01735

Journal of the American Chemical Society

Scheme 6. Electrochemical Reductive Pathways of C-Ru-MeCN>* and N-Ru-MeCN?** under N, (All Potentials vs Fc*/Fc)
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dissociation of MeCN and isomerization to form the more
stable five-coordinate species C-Ru®.

The cathodic shift of the second reduction of N-Ru-
MeCN?" helps explain why this precatalyst exhibits an unusual
catalytic current response at fast scan rates (line crossing and
delayed onset, Figure 6b). The onset of catalysis by N-Ru-
MeCN?>" is tied to the scan-rate-dependent potential of the
second reduction, which triggers acetonitrile dissociation and
rapid isomerization to the C-trans isomer before binding CO,.
At slow scan rates, nitrile dissociation and isomerization occur
on the time scale of the sweep, leading to identical current
response for the N-trans and C-trans isomers (Figure 6a). At
fast scan rates, however, the N-Ru-MeCN*/* reduction shifts
cathodically beyond —2.1 V vs Fc*/Fc, while the C-trans
analogue does not change, resulting in a more negative onset of
catalysis for the N-trans isomer. After isomerization, the
current response increases rapidly and then overlays with that
of the C-trans species during the return sweep (because the C-
trans isomer is the dominant species). These observations
show that N-Ru-MeCN?* follows the same mechanism as the
C-trans isomer (after an initial isomerization) and also helps to
explain the line crossover observed at fast scan rates for N-Ru-
MeCN™.

Reactivity of the Doubly Reduced Intermediate.
Initial reduction of either isomer is expected to produce a
highly reactive five-coordinate intermediate.”*~>* CV studies
are consistent with rapid CO, binding and protonation by
water to produce a metallocarboxylic acid intermediate. These
steps are too rapid for direct electrochemical kinetic studies. In
dry MeCN, CO production is attributed to CO, binding to
form a metallocarboxylate that undergoes nucleophilic attack at
a CO, molecule to produce CO;>™ as a co-product.”’ Such a
change in mechanism is consistent with the 2-fold difference in
catalytic current comparing 95/5 MeCN/H,0 and dry MeCN
(compare Figure 6a with Figure S17 in the SI).

The five-coordinate doubly reduced intermediate C-Ru’
could also react with H,O to form a ruthenium hydride
complex. In addition to opening pathways to H, or formate,
metal hydrides have recently been implicated as intermediates
in an alternative mechanism for CO generation (Scheme 1,
pathway C).>” To explore the possibility of Ru protonation by
H,O0, separate CVs were obtained for C-Ru-MeCN>" and N-
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Ru-MeCN?** in 95/5 MeCN/H,O under a N, atmosphere
(Figures S30 and S31 in the SI). For each isomer, the
voltammetric response was almost identical to that in dry
MeCN, suggesting that water is not acidic enough to form a
metal hydride under these conditions. Thermodynamic
calculations based on empirical relationships between reduc-
tion potentials and metal hydride pK, values®® predict that the
hydrides of the two isomers have a lower pK, than H,O in
MeCN (see SI Section 6). Furthermore, the lack of current
enhancement under N, suggests that the Ru complexes are not
active catalysts for H, evolution under these conditions, as
corroborated by CPE experiments in the previous section.
Further evidence against pathway C of Scheme 1 comes from
NMR experiments, which show that C-Ru-MeCN>" does not
produce any CO in the presence of formate. Only H, and CO,
were detected by headspace GC analysis. No evidence for Ru
carbonyl species was present by IR spectroscopy or CV studies
of C-Ru-MeCN*" in the presence of formate and H,O (Figure
$32 in SI).

While no evidence is observed for hydride formation in 95/5
MeCN/H,O, [Ru(tpy)(Mebim-py)(OH,)]** produces H,/
CO mixtures in CO,-saturated aqueous solutions. Under these
conditions near neutral pH values, protonation to form a
hydride is the likely pathway to H, production. The competing
pathways under these conditions were explored computation-
ally, as detailed in the Supporting Information (Section 8).

Electrochemical Studies of CO Complexes: Trans
Effect on CO Release Rates. After CO, binding and
activation to form a Ru carbonyl complex, the final step in the
catalytic cycle is CO release. With isolated carbonyl complexes
in hand, voltammetric studies were conducted to provide
insight into the CO release rates for each isomer.

The CV of N-Ru-CO?* under N, in pure MeCN (red trace
in Figure 10a) shows two quasi-reversible reductions, both
anodically shifted relative to the analogous acetonitrile
complex (Figure $33). The first reduction becomes fully
reversible (E,;, = —1.44 V vs Fc*/Fc) if the CV sweep is
reversed before reaching the second reduction (Figure S34),
consistent with CO dissociation occurring after the second
reduction event. The second reduction is quasi-reversible at
slow scan rates, but becomes essentially reversible above 6 V/s
(Eyj, = =191 V vs Fc'/Fc, Figures 10b and S35—S37 in the
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Figure 10. CVs of C-Ru-CO** (blue) and N-Ru-CO** (red) under
N, at 100 mV/s scan rate (a) and normalized CVs of N-Ru-CO?*" at
various scan rates (b). Conditions: N, atmosphere, MeCN, [Ru] = 1
mM, [TBAPF] 100 mM, 3 mm glassy carbon disc working
electrode, Pt wire counter electrode, Ag wire pseudoreference
electrode.

SI). For this type of EC mechanism (Scheme 7) the rate
constant for the chemical step can be estimated according to a
zone diagram analysis based on the scan rate (v) at which the
reaction becomes fully reversible, kco < 60."° The rate
constant for CO dissociation was estimated to be koo < 36 57",

The rate constant for CO dissociation upon 2e” reduction of N-
Ru-CO* is more than S0 times slower than the observed rate
constant for electrochemical catalysis starting from N-Ru-
MeCN?, clearly ruling out the N-trans Ru carbonyl complex as
a competent catalytic intermediate.

The CV of C-Ru-CO*" under N, features two major
reductions that are cathodically shifted relative to N-Ru-CO?*
(Figure 10a blue trace). A less prominent, reversible reduction
(E /> = —1.69 V vs Fc*/Fc) is observed at the same potential as
the first reduction of C-Ru-MeCN*" (Figure $38). NMR
spectroscopic monitoring of C-Ru-CO** in CD;CN (Figures
S7 and S15a) confirms partial CO substitution by the solvent
over several minutes. Heating C-Ru-CO?* for 3 h at 100 °C
gives full conversion to C-Ru-MeCN?*" (in contrast, N-Ru-

CO?" does not lose CO or isomerize after 1 week at 100 °C;
see Figures S15 and S16 in the SI).

The CV of C-Ru-CO*" provides insight into catalytic
intermediates. An anodic feature (approximately —1.5 V vs
Fc*/Fc) present in the return sweeps of electrocatalytic CV
experiments (Figure 6b) aligns perfectly with the C-trans
carbonyl species (C-Ru-CO?**/C-Ru-CO" couple, Figure 10a).
The electrocatalytic response of both acetonitrile complexes C-
Ru-MeCN?* and N-Ru-MeCN?** shows the same anodic
feature, further confirming that the N-trans complex isomerizes
to the C-trans under catalytic conditions. Following CPE
experiments using either C-Ru-NCMe** or N-Ru-NCMe>"
precatalyst, CVs match perfectly with C-Ru-CO** (Figures
S39—S41 in SI). The presence of C-Ru-CO*" in solution after
CPE was further established by IR spectroscopy (Figures S42
and S$43, no evidence of N-Ru-CO>* was observed),
confirming full isomerization to C-trans species during catalysis
starting from N-Ru-MeCN>*.

The distinct reduction potentials of the carbonyl and
acetonitrile complexes enable studies of reductively triggered
CO displacement by acetonitrile. A CV at 100 mV/s that
sweeps cathodically through the one-electron reduction of C-
Ru-CO?* releases CO to generate more C-Ru-MeCN?*, based
on the current increase for the oxidation feature attributed to
the acetonitrile complex (Figure S44 in SI). CVs of C-Ru-
CO?" at scan rates of S0 and 25 mV/s show a marked increase
in peak current for the reduction of C-Ru-MeCN?>* even in the
initial cathodic sweep, further indicating CO loss after a single
reduction (Figures S46 and S47 in the SI). A chemical
disproportionation involving oxidation of C-Ru-MeCN" by C-
Ru-CO?* could account for the presence of increasing amounts
of C-Ru-MeCN?" in the voltammograms. At faster scan rates
(e.g, 1 V/s), there is little evidence for CO loss from C-Ru-
CO* (Figure S4S in the SI).

Sweeping to more negative potentials leads to reduction of
C-Ru-CO" with a voltammetric response that is essentially
irreversible. In accord with rapid CO dissociation upon two-
electron reduction of C-Ru-CO?*" is the observation of a large
increase in the peak current for the features associated with
oxidation of C-Ru-MeCN?*, even at a scan rate of 1 V/s
(Figure S4S in the SI). The reductions of C-Ru-CO* and C-
Ru-MeCN™ are not easily distinguishable because they occur at
almost the same potential. This lends some apparent
reversibility to the CV, but this feature is assigned as an
irreversible reduction of C-Ru-CO" due to rapid following CO
loss overlapping with the reversible reduction of C-Ru-
MeCN*. The presence of C-Ru-MeCN*' prevents a full
kinetic analysis for the CO dissociation upon reduction of C-
Ru-CO", but the scan rate dependence studies are consistent
with an extremely rapid process. Scheme 8 shows a reaction
sequence that accounts for the observed behavior. The C-trans
carbonyl complex C-Ru-CO*" is a kinetically competent catalytic

Scheme 7. Electrochemical Reductive Mechanism of N-Ru-CO** under N, (All Potentials vs Fc*/Fc)
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Scheme 8. Electrochemical Reductive Pathways for C-Ru-CO?>* under N, (All Potentials vs Fc*/Fc)

C-Ru-cO%*

C-Ru-MeCN*

C-Ru-MeCN?*

intermediate, whereas the N-trans analogue is not. This suggests
that, although N-Ru-CO?" is thermodynamically more stable than
C-Ru-CO*, it is not formed during catalysis.

The CO dissociation processes were also monitored using
infrared spectroelectrochemistry (IR-SEC). Upon stepwise
reduction of N-Ru-CO?**, the CO stretching band assigned to
this complex (2005 cm™") decreases in intensity, while a new
band located at 1961 cm™ grows (Figure $48). The new CO
stretching band is assigned to the singly reduced complex N-
Ru-CO". Further reduction at more negative potentials leads
to the disappearance of all IR signals in the CO stretching
region, in agreement with CO loss occurring only after the
two-electron reduction of N-Ru-CO>'. When the same
experiment was performed with C-Ru-CO** (2026 cm™),
the initial vibrational feature decreased in intensity upon single
reduction faster than the N-trans complex. The resulting band
(1975 cm™"), assigned to C-Ru-CO*, was relatively lower in
intensity (Figure S49), consistent with some CO dissociation
during the first reduction as observed by CV. Full CO loss is
observed upon applying more negative potentials, indicating
rapid and quantitative CO release after the second reduction.

If a C-trans carbonyl complex is a catalytic intermediate, C-
Ru-CO*" should be a viable precatalyst for CO, electro-
reduction. Indeed, CVs of C-Ru-CO** in 95/5 MeCN/H,0
under a CO, atmosphere show a catalytic wave that looks
almost identical to those observed for the nitrile complexes
(Figure 11 and Figure S41). Furthermore, increasing the scan
rate of the experiment results in plateau-shaped CVs (Figure
S50), providing k., = 2300 s~'; this value is the same within
error as the value obtained for C-Ru-MeCN>".

On the other hand, CVs of N-Ru-CO?* under the same
conditions show only a modest current enhancement at the
second reduction feature, with a somewhat larger current
response observed at more negative potentials than seen for
the acetonitrile complexes (Figure 11). The delayed onset
beyond —2 V is attributed to sluggish dissociation, with slow
CO release kinetics limiting access to the intermediate that
rapidly isomerizes to the C-trans manifold. The catalytic rate
constant for N-Ru-CO?* was estimated as described above as
ks = 1600 s™!, much smaller than for the acetonitrile
complexes and also requiring higher overpotential. Interest-
ingly, no catalytic activity at all is observed for N-Ru-CO*" in
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Figure 11. CVs of C-Ru-CO?* (blue) and N-Ru-CO>" (red), under
CO, atmosphere with 5% H,0. Conditions: CO, atmosphere, MeCN
+ 5% H,0, [Ru] = 1 mM, [TBAPF4] = 100 mM, 3 mm glassy carbon
disc working electrode, Pt wire counter electrode, Ag wire
pseudoreference electrode, 100 mV/s.

dry MeCN (Figure S51), suggesting a role of water in
accelerating CO dissociation or isomerization.

Mechanistic Summary. The overall mechanistic picture is
captured in Scheme 9. The onset of catalysis beyond the
second reduction feature of C-Ru-MeCN?>" is consistent with a
“reduction first” pathway (pathway A in Scheme 1) that is
essentially unknown for Ru catalysts, but common for Mn and
Re catalysts.”” Pathway B is ruled out because the catalytic
onset should occur at the second reduction feature, not at
more negative potentials as seen in the experiments. Pathway
C is ruled out on the basis of an array of studies showing that
Ru hydrides are not formed under the reaction conditions and
that formate is not an intermediate. Pathway D is ruled out
because the first reduction feature is not perturbed by CO,.

Initial reduction proceeds by sequential one-electron
processes, followed by acetonitrile dissociation. In the case of
N-Ru-MeCN?*, the second reduction is followed by an
isomerization process that is sufficiently rapid (>>1000 s™')
to be kinetically competent in catalysis. After reduction (and
isomerization in the case of N-trans complexes), rapid CO,
binding produces only the C-trans isomer C-Ru-CO" upon
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Scheme 9. Overall Mechanistic Scheme
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protonation and reduction of the metallocarboxylate. The
more thermodynamically stable N-trans isomer N-Ru-CO**
and its reduced analogues are not observed. Reduction of N-
Ru-MeCN?* triggers isomerization to the C-trans manifold,
proceeding faster than any reactivity with CO, that would form
an N-trans carbonyl complex. There is also a kinetic barrier to
isomerization of the carbonyl complexes: once the C-trans
carbonyl complexes form, they do not isomerize to the N-trans
isomers. This is fortuitous, because N-Ru-CO** undergoes CO
dissociation upon reduction at a rate (kcg < 36 s7') that is far
too slow to be competent in catalysis. The trans effect of the
carbene plays a key role in catalysis. With the carbene trans to
CO, both C-Ru-CO* and C-Ru-CO" support extremely facile
CO dissociation, consistent with the intermediacy of such
species in catalysis.

Connections to Surface Electrocatalysis. A recent
report from Meyer and co-workers demonstrated CO
production from surface-bound ruthenium pyridyl-carbene
complexes that are closely related to the freely diffusing species
under examination here.’® In that work, the C-trans Ru
complex of Figure 12 was attached to a glass slide sequentially
treated with TiO,, carbon nanotubes, and another layer of
TiO,. After an overcoat of TiO, was added to stabilize the
catalyst—surface interaction, electrolysis in aqueous NaHCO,
buffer under 1 atm of CO, led to CO production with a TON
> 300. All of the CO was produced in an initial burst of
activity, however; complete catalyst deactivation was observed
after just 900 s. Most of the Ru remained on the surface, but
high-resolution X-ray photoelectron spectroscopy (XPS)
revealed a change in the Ru binding energy before and after
electrolysis.

Hypothesizing that the modified electrodes might be
deactivating to one of the three new Ru species synthesized
in this work, we carried out XPS studies to characterize the Ru
binding energy of each of the four isolated complexes. Figure

6668

5000

- - - CRu-MeCN™
— - = N-Ru-MeCN**
4000 = NRu-CO™ .
---- CRu-cO" N\
Electrode after CPE /" .
3000 L :
/0 \

Intensity (a.u.)

2000

1000

0
283.0

T T T T T T T
2825 2820 2815 2810 2805 280.0 2795 279.0

Binding Energy (eV)

Figure 12. Structure of Ru pyridyl-carbene catalyst studied on
surfaces (top) and XPS spectra of the modified electrode after
controlled potential electrolysis (CPE) and the various molecular
complexes prepared in the present work (bottom).

12 compares the Ru binding energies of the molecular species
with the postcatalysis electrode material. An excellent agree-
ment in Ru binding energy is observed for N-Ru-CO*" (green
trace) and the deactivated surface-modified electrode (black
trace). The loss in catalytic activity of the molecule-decorated
electrode might therefore be due to an isomerization event to
form the N-trans carbonyl complex that was demonstrated in
the present study to have poor catalytic activity. While the
origins of this change in mechanism on the surface warrant
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further investigation, this observation underscores the
importance of controlling catalyst geometry.

B CONCLUSIONS

The experimental and computational results paint a detailed
portrait of the mechanism of a leading electrocatalyst for CO
production. Three key features of the ruthenium terpyridine
pyridyl-carbene catalysts stand out as design principles that
could be applied to other electrocatalysts: (1) the trans effect
can accelerate key steps in CO, electroreduction, (2)
geometric isomerization of the catalyst during turnover can
play a pivotal role, and (3) heteroleptic complexes mixing
strong donor ligands and redox-active ligands can balance high
activity and low overpotential. These three features are
discussed in more detail in the following paragraphs.

With the structures of molecular electrocatalysts continually
increasing in complexity, it is becoming more important to
understand the opportunities and challenges associated with
geometric isomers. One key feature of the present system is the
trans effect revealed by the asymmetric pyridyl-carbene ligand.
Positioning the strong N-heterocyclic carbene donor trans to
the CO, activation site enables extremely rapid CO,
electroreduction (k,,, = 2400 s™'). This is reflected in the
rates of key steps: for example, the C-trans Ru carbonyl
complex undergoes CO dissociation much more rapidly than
the N-trans analogue. This difference in rate does not come at
the expense of a more negative reduction potential; in fact, the
C-trans analogues are more reactive and also easier to reduce.
These observations suggest that future catalysts should be
designed to position a single strong donor ligand trans to the
CO, activation site.

The trans effect is only observed because the stereo-
chemistry of the present catalyst system is kinetically
controlled. Although N-trans intermediates are thermodynami-
cally favored in the late stages of the catalytic cycle, both N-
trans and C-trans precatalysts proceed via a pathway that
kinetically enforces C-trans stereochemistry. Initial reduction of
N-Ru-MeCN?* triggers isomerization to C-trans isomers,
enabling rapid electrocatalysis from either precatalyst. Isomer-
ization at the doubly reduced state “locks in” the molecular
geometry, introducing a kinetic barrier to access N-trans
isomers during the remainder of the catalytic cycle.
Significantly, this avoids formation of the carbonyl complex
N-Ru-CO?**, which is more stable than C-Ru-CO>* but
undergoes prohibitively slow CO release. The catalyst system
can be considered “self-corrective” because reduction of an N-
trans isomer funnels the catalyst into the highly active C-trans
orientation. While the catalysis proceeds in an ideal fashion in
solution, the XPS study suggests that a surface-bound variant
of the Ru pyridyl-carbene catalyst isomerizes to an inactive N-
trans carbonyl complex. The notion that geometric isomer-
ization along the catalytic cycle may be a general phenomenon
is supported by the observation that photochemical CO,
reduction catalyzed by [Ir(tpy)(ppy)(CD)]* (ppy is 2-phenyl-
pyridine) also proceeds through a common five-coordinate
intermediate with the strong o-donor trans to the coordination
vacancy.sz’59

Another general design principle is apparent in the pairing of
the pyridyl-carbene ligand with the redox-active tpy ligand.
The computational and experimental data are consistent with
the first and second reductions having a high degree of tpy
character. The pyridyl-carbene can therefore tune the
nucleophilicity to enhance ligand dissociation and CO,
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activation rates without greatly impacting the reduction
potentials. This strategy of decoupling electronic tuning of
nucleophilicity and redox potentials is distinct from many
catalyst systems. For example, electronic tuning in variants of
Re(bpy)(CO);(Cl) by adjusting the substituents on the
bipyridine ligand leads to scaling relationships in which the
fastest catalysts are the hardest to reduce.’® Similar
observations have been made for [Ru(tpy)(bpy)(L)]*"
analogues.”’ Tuning the properties of a redox-inactive ligand
while maintaining the electronic structure of the redox-active
ligand involved in accepting electrons has the potential to
break commonly observed scaling relationships.

These new mechanistic insights have enabled a deeper
understanding of the underlying features that engender Ru
pyridyl-carbene with excellent catalytic activity. These findings
have broad implications in catalyst design, highlighting
opportunities for precise catalyst control when the appropriate
geometric isomers can be harnessed.
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