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ABSTRACT: Electrocatalytic CO: reduction is demonstrated for the Mn and Re tricarbonyl complexes,
[M(Me20QN)(CO)3(CH3CN)] (M = Mn or Re) containing the 5,7-dimethyl-8-oxyquinolate (Me2OQN") ligand. In com-
parison to the related 2,2’-bipyridyl (bpy) reference complexes, [M(bpy)(CO)3(CH3CN)]* (M = Mn or Re), the Me2OQN -
based pre-catalysts exhibit onset of catalytic current with the input of one less equivalent of electrons. This behavior is
attributed to the formal Me:OQN(/-) redox couple which contributes towards each catalytic cycle in tandem with the
formal Mn(/0) and Re(/0) redox couples. In addition to computational support for synergistic metal-ligand redox-cooper-
ativity, electrochemistry (cyclic voltammetry and controlled potential electrolysis), spectroelectrochemistry (FTIR and
EPR), and pulse radiolysis coupled with time-resolved infrared (TRIR) spectroscopy, provide structural insight into the
electronic properties of the one-electron and two-electron reduced species.

INTRODUCTION

The harvesting and storage of solar energy in the form of
chemical bonds via electrocatalytic CO2 conversion with
solar-derived electricity is highly desired. Of the many
classes of homogeneous transition metal catalysts investi-
gated for CO2z reduction, the [Mn(o.-diimine)(CO)sL]" sys-
tems, where L is a neutral or anionic monodentate ligand
such as acetonitrile (CHsCN; n = 1+) or Br- (n = 0), are
among the most highly studied.>2 This is in part due to the
abundance and low-cost of manganese but also due to the
capacity for these catalysts to exhibit a high turnover fre-
guency (TOF),34and a tunable and high product selectiv-
ity with, on occasion, a high turnover number (TON).5 6
The majority of these studies have utilized conventional
2,2’-bipyridyl (bpy)-based a-diimine ligands, inspired no
doubt by the early works of Hawecker, Lehn and Ziessel”
8, and Meyer® on [ReCl(bpy)(CO)s], as well as the more
recent study by Chardon-Noblat, Deronzier and co-work-
ers on [MnBr(dmbpy)(CO)s] (dmbpy = 4,4’-dimethyl-
2,2’-bipyridine).1° In contrast to their Re(l) analogues,
apart from select examples,* 1-13 Mn(l)-based pre-cata-
lysts typically require the presence of excess Brgnsted acid
for the binding of COz and formation of a key Mn(l) me-
tallocarboxylic acid intermediate.’* 15 An increasing num-
ber of these Mn-based catalysts now deviate from the tra-
ditional a-diimine ligand framework, taking advantage of
a variety of symmetric and asymmetric ligand scaffolds.!

For example, Agarwal and co-workers first employed this
approach through the introduction of the asymmetric 2-
pyridyl N-heterocyclic carbene (NHC) ligand in a manga-
nese(l) tricarbonyl bromide pre-catalyst, later improved
upon with the more r-acidic 2-pyrimidyl NHC ligand.16. 17
This work was followed by Hartl, Weinstein, and co-work-
ers who developed a series of catalysts based upon the
asymmetric 2-(phenylimino)pyridine ligand system
where imine substituents were used to tune the redox
properties of the Mn(l) center while 2,6-phenyl substitu-
ents were used to introduce steric bulk.’®8 More recently,
Richeson and co-workers reported highly selective CO
evolution by the [mer-Mn(PNP)(CO)s]* and [fac-
MnBr(PN)(CO)s] pre-catalysts, where PNP is the N,N’-
bis(diphenylphosphino)-2,6-di(methylamino)pyridine
pincer ligand and PN is the bidentate N-(diphe-
nylphosphino)-2-(methylamino)pyridine ligand.2 Adopt-
ing a symmetric approach, Royo, Lloret-Fillol, and co-
workers used a methylene bridged bidentate bis(N-me-
thylimidazolium) ligand which exhibited the highest TOF-
max for any Mn-based electrocatalyst reported to date, al-
beit with an inherently high overpotential due to the elec-
tron-rich properties of the ligand.4

In this study, the asymmetric bidentate electron-rich 5,7-
dimethyl-8-oxyquinolate (Me2OQN-) ligand is investi-
gated at both Re(l) and Mn(l) facial-tricarbonyl solvated



metal centers, and compared against the redox and elec-
trocatalytic properties of their Re(l) and Mn(l) bpy coun-
terparts for reference (Fig. 1).
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Figure 1. Molecular structures of [M(bpy)(CO)s(CHsCN)]*
([1-M-MeCN]*, M = Re(l) or Mn(l)) and
[M(Me20QN)(CO)3(CHsCN)] ([2-M-MeCN], M = Re(l)
or Mn(l)).

This design is inspired by the copper-based monoamine
and galactose oxidase enzymes, where a tyrosine O-radi-
cal/anion redox couple works in synergy with the Cu(11/1)
redox couple to promote two-electron two-proton coupled
amine/alcohol oxidation and dioxygen reduction.19-22 In-
deed, metalloradicals and redox transformations are the
cornerstone of most catalytic cycles with growing im-
portance today being given to catalysts possessing so-
called ‘non-innocent’ ligands23: 24 which may be directly
involved in the redox transformations of the catalytic cy-
cle.2-31 In this study, using a suite of experimental and
computational techniques, we test the hypothesis that a
ligand-based radical/anion redox couple may participate
synergistically with the Re(1/0) or Mn(1/0) couple to ef-
fect the two-electron two-proton coupled reduction of CO2
to CO. This demonstrates that both ligand and metal can
share redox accountability, contributing one electron
each towards catalyst activation, and ultimately CO evo-
lution.

RESULTS

Synthesis and Structural Characterization

The syntheses of [1-Re-MeCN]*, [1-Mn-MeCN]*, and
[2-Re-MeCN] were successfully completed following
previously reported literature procedures.32-34 Unlike in
the previous report for [2-Re-MeCN],33 [2-Mn-MeCN]
could not be isolated directly. Instead, the
[Mn(Me20QN)(CO)s(THF)] complex was firstly prepared
by deprotonating the commercially available 5,7-dime-
thyl-8-hydroxyquinoline ligand with a slight excess of po-
tassium carbonate in dry tetrahydrofuran, followed by ad-
dition of bromopentacarbonyl manganese(l) and heating
in a microwave reactor at 60 °C for 1 hour. Cooling to
room temperature and recrystallization yielded analyti-
cally pure product. The [Mn(Me20QN)(CO)s(THF)] com-
plex exhibits very similar solvation behavior to [2-Re-
MeCN], whereby in non-coordinating solvents the
weakly bound monodentate THF ligand dissociates, form-
ing the [Mn(Me20QN)(CO)s]= dimer as confirmed by
FTIR spectroscopy in dichloromethane. Similar again to

[2-Re-MeCN], immediate solvation of the dimer occurs
in neat acetonitrile, quantitatively forming [2-Mn-
MeCN] in-situ (Scheme 1), confirmed by FTIR (Fig. 2)
and 'H NMR (Fig. SI-1) spectroscopy.

Scheme 1. Solvation of the [M(Me20QN)(CO)s]2
dimer in acetonitrile, forming the acetonitrile
solvated [2-M-MeCN] monomers (M = Mn or Re)

7
co ¢o H,C 7° CO
oCu,| — [ wCO  CHON M |
oc” | \WT\CO -CHZCN o | Nco
N N Hy N
z S H
S F é
Hs
Hs Hs M = Mn(l) or Re(l)

—— [2-Mn-MeCN], CH,CN
——[2-Re-MeCN], CH,CN

[Mn(Me,OQN)(CO)s],, CH,Cl,
—[Re(Me,0QN)(CO);l,, CH,Cl,

Normalized Absorption

2050 2000 1950 1900 1850

Wavenumber (cm)

Figure 2. Overlay of FTIR spectra for [2-Re-MeCN] and [2-
Mn-MeCN] recorded in acetonitrile (top), and the dimeric
[M(Me20QN)(CO)s]2 (M = Mn or Re) complexes recorded in
dichloromethane (bottom).

The FTIR spectra of both monomer and dimer Mn or Re
complexes exhibit characteristic v(CO) stretching modes
in the 1850-2050 cm™ range. In non-coordinating di-
chloromethane, the [M(Me20QN)(CO)s]2 (M = Mn or Re)
spectra are best described as symmetric and asymmetric
combinations of both fac-M(CO)s centers in the dimeric
structure. The Mn dimer exhibits a symmetric and asym-
metric combination of each tricarbonyl A(1)’ stretching
mode at 2037 and 2021 cm, while the equivalent Re di-
mer bands are shifted to slightly lower wavenumber, at
2034 and 2017 cm-, consistent with the Re center being
more electron rich. The three absorption bands observed
for the [Mn(Me20QN)(CO)s]2 dimer in dichloromethane
at 1943, 1924 and 1907 cm are due to unresolved overlap
of four v(CO) stretches due to symmetric and asymmetric



coupling of each Mn(CO)s center A(2)’ and A” stretching
modes. Again, the Re dimer exhibits a similar profile but
shifted to lower wavenumbers at 1929, 1906 and 1893 cm-
L In acetonitrile, both the [2-Mn-MeCN] and [2-Re-
MeCN] monomers exhibit the more common three peak
profile typically observed for fac-tricarbonyl metal com-
plexes possessing pseudo-Cs point group symmetry. [2-
Mn-MeCN] exhibits A(1)’, A(2)’, and A” v(CO) stretch-
ing modes at 2032, 1938 and 1915 cm-, respectively. The
analogous v(CO) stretching modes for the more electron
rich Re complex, [2-Re-MeCN], are observed at lower
energy due to greater Re d(n)—CO(n*) back-donation,
with peaks at 2020, 1913 and 1894 cm-.

Electronic structure calculations and cyclic volt-
ammetry under 1 atm of argon

Prior to electrocatalysis studies it is important to gain an
in-depth understanding of pre-catalyst redox properties
under inert conditions in the absence of CO.. In this par-
ticular study it is also relevant to highlight the unique re-
dox characteristics of Re and Mn tricarbonyl complexes
with the non-innocent Me2OQN- ligand. In a previous
study by Zhao et al.,33 the ‘redox-active’ label for the bpy
ligand was distinguished from the more complex ‘non-in-
nocent ligand’35 character of the Me2OQN- ligand in [2-
Re-MeCN], at least at its HOMO, HOMO-2 and HOMO-
3 energy levels. Computational analysis predicts the
HOMO level of [1-Re-MeCN]* to consist primarily of
Re(d) and CO(n*) character, with no contribution from
the bpy ligand, whereas the non-innocent nature of the
Me20OQN- ligand arises from degenerate mixing of the
frontier Re d(w) and Me2OQN- n-electron donating orbit-
als at the HOMO and HOMO-2 levels.3 In the current
study, to aid with electrochemical redox assignments, we
investigated the net unpaired spin densities of the oxi-
dized and reduced forms of [2-Re-MeCN] and [2-Mn-
MeCN] as presented in Figure 3.
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Figure 3. Spin density plots (isofactor = 0.001) computed
at the MOG6 level of theory illustrating the significant con-
tribution of the Me2OQN-™ ligand to the one-electron oxi-
dized [2-M-MeCN]* complex, and the one-electron re-
duced six-coordinate [2-M-MeCN]- and five-coordinate
[2-M]-complexes (M = Mn or Re).

One-electron oxidation of both [2-Re-MeCN] and [2-
Mn-MeCN] leads to negligible net spin densities on the
metal centers whereas significant spin is found to be de-
localized on the phenolate ring of Me2OQN-, with po =
0.22-0.24. As a result, the oxidized species could be as-
signed as [M'-(Me2OQN-")(MeCN)]*. Similarly, one-elec-
tron reduction results in the reduction of the ligand,
which could be viewed as [M'(Me20QN*")(MeCN)]-. How-
ever, this time higher spin density is localized on the
pyridyl-side of the quinioline ring with pn = 0.23 and po =
0.01, indicating negligible radical character on the oxygen
atom. Upon dissociation of the acetonitrile ligand, the un-
paired spin localizes on the metal center for [2-Mn]~ (pmn
= 1.36) whereas it is shared between the Me2OQN ligand
and the metal center for [2-Re]~ (pre = 0.22) (Fig. 3). The
unpaired spin density data for both five-coordinate one-
electron reduced [1-Re]° and [1-Mn]° complexes is sim-
ilar to their counterparts with the Me2OQN- ligand, but an
inspection of Mulliken charges indicates an increased
electron density on each metal center in the latter as ex-
pected from the anionic nature of the Me2OQN- ligand
(Fig. S1-18). The electrochemical redox potentials for both
[2-Re-MeCN] and [2-Mn-MeCN] have been investi-
gated by cyclic voltammetry and are presented below in
Figure 4. For cyclic voltammetry plots directly comparing
[1-M-MeCN]* and [2-M-MeCN] (M = Mn or Re) com-
plexes, the reader is referred to the supporting infor-
mation (Figs. SI-3 and S1-4).
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Figure 4. Cyclic voltammograms of [2-Re-MeCN] and [2-
Mn-MeCN] recorded under 1 atm of argon with a 3 mm
glassy carbon disc working electrode, and 1 mM analyte con-
centration in 0.1 M [BusN][PFe] acetonitrile supporting elec-
trolyte with a scan rate of 0.10 V s,

The voltammetry of Re bpy complexes is well established.®
As shown in Fig. SI-3 for [1-Re-MeCN]*, a quasi-reversi-
ble one-electron oxidation event occurs at +1.49 V vs the
ferricenium/ferrocene (Fc*/9) pseudo-reference redox
couple (all potentials are hereafter reported vs Fc*/0). Due
to the electron rich character of the Me2OQN-ligand in
[2-Re-MeCN], its first oxidation occurs at +0.40 V (Fig.
4), which is >1V negative of the Re(l1/1) couple in [1-Re-
MeCN]*. Negligible Re(ll) character is present in [2-Re-



MeCN]*. Furthermore, this primarily ligand-based [2-
Re-MeCN]®/9 redox couple is reversible. It is only upon
2-electron oxidation at +1.00 V that the redox chemistry
of [2-Re-MeCN]@+* becomes quasi-reversible likely
due to decreased Re d(n)—CO(n*) back-bonding and CO
dissociation. The reductive chemistry of [1-Re-MeCN]*
follows an electrochemical-electrochemical-chemical
(EEC) mechanism, as described earlier by Sullivan et al.?
Correlation of our own voltammetric data with computa-
tional analysis is consistent with this EEC mechanism.
The bpy(n*)-based LUMO of [1-Re-MeCN]-* is electron-
ically independent of the Re(l) center. However, it is still
redox-active and displays a quasi-reversible one-electron
reduction at —1.61 V, followed by the Re(1/0) couple at —
1.78 V (Fig. SI-3). This second reduction is irreversible
due to dissociation of the monodentate acetonitrile lig-
and, forming the five coordinate, two-electron reduced
[Re°(bpy"")(CO)s]- species, which has previously been es-
tablished as the active catalyst for CO2 reduction.* Upon
switching the bpy ligand in cationic [1-Re-MeCN]~ to the
anionic Me20OQN- ligand in the neutral [2-Re-MeCN]
complex, two irreversible one-electron reduction events
are observed at —2.23 and —2.46 V (Fig. 4). As will be de-
scribed below via computational and spectroelectrochem-
ical EPR analysis, these are both assigned to the
Me2OQN/*-) redox couple according to an ECE mecha-
nism. The first Me2OQN/*-)-based reduction forms the
anionic [Re!'(Me20QN-")(CO)3(CHsCN)]- intermediate,
which gives rise to dissociation of the monodentate ace-
tonitrile ligand, facilitating a thermal migration of the
added electron density onto the Re center to form the an-
ionic five coordinate [Re®(Me20OQN)(CO)z]- intermediate,
allowing for a second ligand-based reduction to generate
[Re°(Me20QN"")(CO)s]?-.

The reductive chemistry of [1-Mn-MeCN]* is now also
well established and follows an ECE mechanism.t The first
reduction of [1-Mn-MeCN]* at —1.48 V is bpy(n*) based
(Fig. SI-4). This is followed by rapid dissociation of the
monodentate CHsCN ligand, forming the five-coordinate
neutral [Mn°(bpy)(CO)s] metalloradical, which rapidly
dimerizes to form [Mn°(bpy)(CO)s]z. Subsequent reduc-
tion of this Mn®>—Mn° dimer is observed at —1.83 V, giving
rise to the two-electron reduced five coordinate
[MnO(bpy-")(CO)s]- active catalyst. Notably, oxidation of
the Mn®—Mn?© dimer is observed at —0.61 V upon the re-
verse scan in cyclic voltammetry. The Mn-Me20QN based
complex, [2-Mn-MeCN] exhibits analogous electro-
chemical behavior to the [2-Re-MeCN] system, albeit
with slightly more positive potentials. Two sequential
one-electron reductions are observed for [2-Mn-MeCN]
at—1.66 V and —2.21 V (Scheme 2, Figure 4). The first re-
duction at -1.66 V forms the five-coordinate
[Mn°(Me20QN)(CO)s]- anion, as predicted by computa-
tional analysis (Fig. 3) and also confirmed by EPR and PR-
TRIR experiments (vide infra). The second reduction oc-
curring at —2.21 V subsequently forms the
[Mn°(Me20QN*)(CO)s]%- di-anion. In addition, a weak
anodic peak is evident at —0.81 V. This is tentatively as-
signed to oxidation of  the monoanionic
[Mn(Me20QN)(CO)z]2— dimer likely formed by displace-
ment of the solvent ligand in [2-Mn-MeCN] by the
[Mn°(Me20QN)(CO)z]- metalloradical via Mn'—Mn?°

bond formation. This is discussed further below in the
pulse-radiolysis TRIR section. A collection of all redox po-
tentials is provided here in Table 1 for reference.

Scheme 2. The electrochemical-chemical-electro-
chemical (ECE) mechanism exhibited by [2-Mn-
MeCN] and [2-Re-MeCN] upon sequential two-
electron reduction
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Table 1. Electrochemical data recorded in 0.1 M
[BusN][PFs] acetonitrile supporting electrolyte
under 1 atm of argon at a glassy carbon working
electrode with a scan rate of 0.10 V s

E (V vs. Fc*/0)

[1-Re-MeCN]* +1.49> -—1.65P -—1.782 —2.942
[2-Re-MeCN] +1.00b +0.40¢ -2.232 -2.462

[1-Mn-MeCN]* +1.032 —0.619 —-1.482 —1.832 —2.94b
[2-Mn-MeCN] +0.622 +0.27¢ -0.81¢ -1.66° -—2.21¢

2 irreversible, Eyc or Eps tabulated ® quasi-reversible © reversible
9 Ep, associated with dimer oxidation

Cyclic voltammetry under 1 atm of CO;

Upon repeating cyclic voltammetry under 1 atm of CO2
(0.28 M) in acetonitrile with 0.17 M H20 present, catalytic
current is observed to grow in for [1-Re-MeCN]* at its
second reduction wave, consistent with the well-estab-
lished two-electron reduced species [Re°(bpy-)(CO)s]-
being the active catalyst.!4 It should be noted that under
the current experimental conditions, with a low concen-
tration of proton source, the initial catalytic current ob-
served upon two-electron reduction is rather weak for [1-
Re-MeCN]*. Increased catalytic current is observed
upon scanning more negative to potentially higher re-
duced catalytic species. A significant improvement in the
catalytic performance of [1-Re-MeCN]* is observed un-
der more acidic conditions (Fig. SI-10). The five-coordi-
nate anionic catalyst generated in-situ [1-Re]~- can react
with CO: in the presence of a proton source, in this case



H-0, to generate the neutral [Re(bpy)(CO)3(CO2H)] me-
tallocarboxylic acid intermediate, which proceeds to
evolve H20 and CO upon further reduction.t 1> The full
catalytic cycle for this reaction, and for the remaining cat-
alysts in this study, is discussed in further detail below in
the computational section; for the time being we will focus
on the identity of each active catalyst generated in-situ. In
contrast, and remarkably, [2-Re-MeCN] shows clear ev-
idence for the onset of catalytic current upon the first one-
electron reduction event when recorded under 1 atm of
CO2 (Fig. 5, Ecaz = —2.27 V).
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Figure 5. Cyclic voltammograms of [1-Re-MeCN]* (top) and
[2-Re-MeCN] (bottom) recorded with 1 mM analyte con-
centration in 0.1 M [BusN][PFe] acetonitrile electrolyte with
0.17 M H20, under 1 atm of argon (blue) and 1 atm of CO2
(red) at a 3 mm glassy carbon disc working electrode with a
scan rate of 0.10 V s'.. Both sets of voltammograms are nor-
malized with respect to the non-catalytic Faradaic current, ip,
observed at the peak of the first reduction wave under argon
(np is the number of electrons involved in the non-catalytic
Faradaic current response).

The magnitude of the catalytic current response exhibits
first-order kinetic behavior with respect to the concentra-
tion of [2-Re-MeCN] (Fig. SI-5), providing support for
our hypothesis that the Me2OQN®/") redox couple is work-
ing in synergy with the Re(1/0) couple to initiate for-
mation of the key [Re!(Me20QN*)(CO)3(CO2H)] interme-
diate along the CO2 reduction catalytic cycle. Although the
coulombic impact of the negatively charged Me2OQN- lig-
and requires a more negative potential to form the one-
electron reduced derivative relative to [1-Re-MeCN]*,
the [2-Re-MeCN] pre-catalyst exhibits a sharper growth

of catalytic current likely due to its inherently greater nu-
cleophilicity. It is also noteworthy that a second peak is
exhibited at —2.46 V under catalytic conditions likely due
to a parallel catalytic cycle stemming from the two-elec-
tron reduced [2-Re]2- active catalyst.

Recent evidence has shown that, while Mn-based cata-
lysts can also bind COz, due to the lesser nucleophilicity of
Mn vs Re they typically require a larger overpotential than
their Re counterparts to drive catalytic CO formation at a
similar rate to Re.L 15 This is due to the relatively lower en-
ergy of first-row vs. third-row valence d-orbitals.!4 The
electrocatalytic properties of [1-Mn-MeCN]* have al-
ready been discussed at great length elsewhere.! In the
context of this study, it is important to appreciate that fol-
lowing two-electron reduction to form the five-coordinate
[Mn©(bpy-")(CO)s]- active catalyst, a large overpotential is
observed due to the required reduction of the
[Mn(bpy)(CO)3(CO2H)] intermediate in order to provide
enough driving force for the rate-determining, proton-
mediated C—OH bond cleavage step.! The need for this
additional reduction step to promote rate-determining C-
OH bond cleavage is characteristic of most Mn-based cat-
alysts and is commonly referred to as the reduction-first
catalytic pathway.% 15 In contrast to [1-Mn-MeCN]*, pre-
catalyst [2-Mn-MeCN] exhibits onset for catalytic cur-
rent directly upon formation of the two-electron reduced
[Mn(Me20QN)(CO)3]?- intermediate (Fig. 6), thus avoid-
ing any excessive overpotential beyond in-situ generation
of the active catalyst (Ecavz = —2.14 V). This is consistent
with pre-catalyst [2-Mn-MeCN] undergoing the proton-
mediated C—OH bond cleavage step immediately upon
two-electron reduction. In fact there is a significant an-
odic shift of the catalytic wave (Ecav2 =—2.14 V) relative to
the second-cathodic wave observed under inert condi-
tions (E = —2.25 V), which might be due to the binding of
CO:z2 (Fig. 6).
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Figure 6. Cyclic voltammograms of [1-Mn-MeCN]* (top)
and [2-Mn-MeCN] (bottom) recorded with 1 mM analyte
concentration in 0.1 M [BuaN][PFs] acetonitrile + 0.17 M H20
electrolyte, under 1 atm of argon (blue) and 1 atm of CO2 (red)
at a 3 mm glassy carbon disc working electrode with a scan
rate of 0.10 V s'.. Both sets of voltammograms are normalized
with respect to the non-catalytic Faradaic current, ip, ob-
served at the peak of the first reduction wave under argon (np
is the number of electrons involved in the non-catalytic Far-
adaic current response).

To summarize, in comparison to [1-Re-MeCN]* and [1-
Mn-MeCN]+*, the Me2OQN- based pre-catalysts exhibit
onset of catalytic current with the input of one less equiv-
alent of electrons to access the rate-determining C—OH
bond cleavage step. Furthermore, both [2-Re-MeCN]
and [2-Mn-MeCN] exhibit first-order kinetics with re-
spect to both catalyst and CO2 concentration (Figs. SI-5
through SI-8). At least for the [2-Re-MeCN] pre-cata-
lyst, this behavior is attributed to the formal Me2OQN¢/-)
redox couple which contributes in tandem with the
Re(1/0) redox couple to CO2/H* activation (see computa-
tional section below for more details). In contrast to [2-
Re-MeCN], the [2-Mn-MeCN] pre-catalyst still re-
quires two-electron reduction to access the metallocar-
boxylic acid intermediate. Direct onset of catalytic current
from the two-electron reduced pentacoordinate species
[2-Mn]2- is likely the consequence of a beneficial cou-
lombic effect allowing for direct protonation to access the
protonation mediated rate-determining C—OH bond
cleavage step. In contrast, the bpy-based pre-catalyst [1-
Mn-MeCN]* is converted to the pentacoordinate [1-
Mn]- active catalyst in-situ, but upon CO2/H* binding to
form the [1-Mn-COzH] intermediate a further reduction
event, and inherent overpotential, is required to form the

anionic [Mn-CO2H]- intermediate to access the rate-de-
termining step via the so-called reduction-first catalytic
pathway. L 15

A comparison of scan-rate dependent catalytic (icat) and
non-catalytic (ip) current ratio, i.e. scan-rate dependence
of icat/ip, allows for the identification of steady-state ki-
netic conditions and estimation of the maximum obtaina-
ble turnover frequency (TOFmax) for a well-behaved cata-
lyst according to eq. 1,

TOF = 0.1992 (22) (i) <—t)2 )

— 5 -
RT Necat p

where F is the Faraday constant (96,485 s A mol?), v is
the scan rate (V s?), R is the universal gas constant (8.3145
V A s K-1mol+?), T is the temperature (K), np is the number
of electrons involved in the non-catalytic Faradaic current
response (responsible for ip), and Nnca is the number of
electrons required for catalysis (2 electrons for the reduc-
tion of CO2 to CO). A plot of TOF vs scan rate for both [2-
Re-MeCN] and [2-Mn-MeCN] is presented in Figure 7.
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Figure 7. Scan-rate dependence of the turnover frequency
(TOF) observed for [2-Re-MeCN] and [2-Mn-MeCN]
recorded in 0.1 M [BusN][PFs] acetonitrile electrolyte
with 0.17 M H20 under 1 atm of CO.. Steady-state kinetic
conditions for [2-Mn-MeCN] are identified above a
threshold scan rate of v = 0.75V st by a plateau of the TOF
response.

Steady-state conditions are established for [2-Mn-
MeCN] atv = 0.75 V s, resulting in an estimated TOFmax
value of 45.4 + 8.4 s'1. Unfortunately, steady-state condi-
tions could not be verified for pre-catalysts [1-Re-
MeCN]*, [1-Mn-MeCN]* and [2-Re-MeCN], as upon
increasing the scan-rate their TOFs continued with a lin-
ear progression with no signs of a plateau current (Fig. SI-
9). While this may be construed (incorrectly) as a conse-
guence of rapid catalyst turnover, the inherently low icat/ip
ratios suggest this is a consequence of catalyst inhibition
by an unknown side-reaction and not rate-limiting CO2
substrate consumption. Attempts to estimate TOFmax US-
ing Saveant’s foot-of-the-wave analysis (FOWA) method



were unsuccessful due to the weak catalytic currents ob-
served and the limited linear portion of the sigmoidal cur-
rent response.3% 37 As such, the best-case alternative was
to compare the icat/ip ratios and non-optimized TOF val-
ues at a single scan rate of v =0.10 V s (Table 2).

Table 2. Summary of catalytic results for all complexes in-
vestigated. Results obtained from CV data recorded for 1
mM [catalyst] under 1 atm of CO. at 0.10 V s

Ecav2® ica/ip  TOF (s)b
[1-Re-MeCN]*  —-1.75¢ 3.6 2.6
[2-Re-MeCN]  —2.27 2.5 1.2
[1-Mn-MeCN]*  —2.86 10.7 22.2
[2-Mn-MeCN]  —2.14 8.5 14.1

apotentials reported as V vs. Fc*/9. PTOF values estimated
from the ratio icat/ip determined at v = 1.0 V st using eq. 1. ¢
determined from the peak catalytic current at Ecat = —2.09 V.

Notably, the [1-Mn-MeCN]* pre-catalyst exhibits the
greatest TOF at 0.10 V s in the presence of 1 atm of CO2
and 0.17 M H20 of 22.2 s1. This comes at the cost of the
most negative Ecav2 0f —2.78 V. The [2-Mn-MeCN] cata-
lyst exhibits a more favorable Eca2 of —2.15 V albeit with
aslightly lower TOF of 14.1 st under identical (non-steady
state) experimental conditions. Both [1-Re-MeCN]* and
[2-Re-MeCN] pre-catalysts exhibit smaller TOFs at just
2.6 stand 1.2 s, respectively. Cyclic voltammetry for all
complexes was also conducted with 1 atm CO2 under more
acidic conditions, i.e., in the presence of 1.0 M trifluoro-
ethanol (TFE). While the bpy-based pre-catalysts, [1-Re-
MeCN]+ and [2-Re-MeCN]* showed improved catalytic
current under these conditions, the Me2OQN--based cat-
alysts exhibited a decreased catalytic current (Figs. SI-10
and SI-11), and also a decrease in selectivity for CO2 re-
duction, confirmed by controlled potential electrolysis, as
discussed below.

Controlled potential electrolysis

To confirm the product selectivity of pre-catalysts [1-Re-
MeCN]*, [2-Re-MeCN], [1-Mn-MeCN]*and [2-Mn-
MeCN], controlled potential electrolysis (CPE) experi-
ments with quantitative in-situ gas chromatography anal-
ysis were run for CO and H:z quantification followed by a
single solution phase analysis of the electrolyte solution
for formate quantification post-catalysis, using ion-ex-
change chromatography. In CPE experiments, each cata-
lyst was reduced at a single potential bias identified by cy-
clic voltammetry (typically at Ecav2) under 1 atm of CO:
with 0.17 M H20. All four catalysts exhibit formation of
CO, albeit with varying efficiencies, with negligible obser-
vation of Hz and/or formate. Pre-catalyst [1-Re-MeCN]+
exhibits a moderate Faradaic efficiency of 52% for CO.
The Mn-based bpy analogue, [1-Mn-MeCN]* exhibits
similar behavior with 62% Faradaic efficiency for CO and
just a 2% Faradaic efficiency for Hz. The Me2OQN- based
pre-catalyst, [2-Re-MeCN] presents a similarly moder-
ate Faradaic efficiency for CO production relative to [1-
Re-MeCN]+, of 51%, with negligible H: at just 3%. How-
ever, pre-catalyst [2-Mn-MeCN], exhibits much im-
proved CO evolution, with a Faradaic efficiency of 88%.

Table 3. Summary of Faradaic efficiencies achieved for each
catalyst studied following 3 hours of controlled potential
electrolysis at a potential determined by Ecar2 in the pres-
ence of 1 atm COz and 0.17 M H20

CO (%)@ H2(%)a HCOH (%)®

[1-Re-MeCN]* 52 0 0
[2-Re-MeCN] 51 3 0
[1-Mn-MeCN]* 62 2 0
[2-Mn-MeCN] 88 5 0

aDetermined by GC chromatography, PDetermined by
ion-exchange chromatography

Attempts to account for missing Faradaic yield was unsuc-
cessful. However, similar CPE experiments repeated in
the presence of a larger excess of Brgnsted acid, for exam-
ple, 2.78 M (5%) H:0, allowed for quantitative assign-
ment of the Faradaic yield, albeit with a much reduced se-
lectivity for CO2 reduction and increased H: yield. These
data are summarized in Table SI-1.

Electron Paramagnetic Resonance Spectros-

copy

Electron paramagnetic resonance (EPR) is a valuable,
structurally sensitive technique to gain insight into the
mechanistic steps for electrocatalysis pertaining to para-
magnetic redox intermediates of transition metal cata-
lysts. Furthermore, both naturally occurring isotopes of
rhenium, 18Re (37.1% abundance) and 8’Re (62.9%
abundance), as well as the sole 55Mn isotope (100% abun-
dance), each possess a nuclear spin angular momentum
of | = 5/2 giving rise to distinct hyperfine spectral fea-
tures. EPR spectroscopy has already been employed in se-
lect studies to identify the nature of radical intermediates
in the reduction of COz using [M(a-diimine)(CO)sL]", M =
Mn or Re, based pre-catalysts. For example, Kubiak and
coworkers recently used EPR to confirm the ligand-based
radical in a [Re(MesDABMe=-)] catalyst.2® Kaim and cowork-
ers have also used EPR extensively to study reduced states
for a series of [Re(bpy)(CO)sL]" pre-catalysts.3? A compa-
rable EPR response is here observed for [1-Re-MeCN]+*
following one-electron reduction (Fig. SI-12) where com-
putation predicts the spin density to be predominantly
based in a bpy(n*) orbital (Fig. SI-18). In contrast to [1-
Re-MeCN]*, the Re center in [2-Re-MeCN] demon-
strates notably different behavior after one-electron re-
duction (Fig. 8).
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Figure 8. Experimental (X-band, 9.5 GHz, g = 2.004) and
simulated EPR spectroelectrochemical data for [2-Re-
MeCN] recorded at 77 K in 0.1 M [BusN][PFs] acetonitrile
electrolyte following one-electron reduction.

Clear evidence for an equilibrium mixture of two species
is observed, consistent with the theoretical prediction for
reversible dissociation of the acetonitrile solvent for the
one-electron reduced species, i.e. [2-Re-MeCN]- = [2-
Re]- + MeCN, to generate the pentacoordinate
[Re°(Me20QN)(CO)s]- metalloradical complex. Calcula-
tions suggest that the Re center is responsible for 22% of
the spin character in [2-Re]~ (Fig. 3). This EPR spectrum
is highly significant as it provides clear experimental evi-
dence of the latter metalloradical species which is believed
to be the active catalyst for CO2 reduction.

A broad EPR signal is observed upon one-electron reduc-
tion of [1-Mn-MeCN]*, which is solely attributed to the
hexacoordinate [Mn'(bpy*-)(CO)3(CHsCN)]° radical an-
ion possessing a predominantly ligand-based radical (pmn
= 0.00, Fig. SI-18). Again, hyperfine splitting is observed
as a sextet consistent with coupling to the adjacent Mno (I
= 5/2) center (Fig. SI-13). It should be emphasized here
that one-electron reduction of [1-Mn-MeCN]* leads to
rapid formation of the EPR silent [Mn(bpy)(CO)z]2 dimer.
However, EPR is a very sensitive technique and is capable
of characterizing even trace quantities of [Mn(bpy—
)(CO)3(CHsCN)]°.

In contrast, the strong sextet EPR signal exhibited upon
one-electron reduction of [2-Mn-MeCN] (Fig. 9) pro-
vides strong evidence for the pure Mn(0) based penta-
coordinate metalloradical species [Mn°(Me20QN)(CO)s]~-
. The lack of additional hyperfine splitting here suggests
that there is limited interaction of the unpaired electron
with surrounding nuclei on the ligand, concluding that the
radical is entirely based on the Mn center. This observa-
tion is also consistent with computational studies, which
predict a spin-density of pwn = 136 for
[Mn°(Me20QN)(CO)s]- (Fig. 3).
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Figure 9. Experimental (X-band, 9.5 GHz) and simulated
EPR spectroelectrochemical data for [2-Mn-MeCN] rec-
orded at 77 K in 0.1 M [BusaN][PFe] acetonitrile electrolyte
following one-electron reduction (g = 2.007).

Pulse Radiolysis Time-Resolved Infrared Spec-
troscopy

In pulse radiolysis (PR), a high-energy electron pulse
from an accelerator is used to excite a sample.38 This rap-
idly generates a homogeneous mixture of reducing and
oxidizing radicals derived from the solvent, which include
the strongly reducing solvated electron (es™). Typically, an
additive is used to scavenge undesired radicals and/or to
convert the primary radicals into one type of radical spe-
cies, thus creating either oxidizing or reducing condi-
tions.38 For the experiments discussed here in CHsCN,
formate ion (OC(O)H-) was added to the solution as a rad-
ical scavenger. The H-atom transfer processes that it un-
dergoes with the solvent radicals rapidly generate the
strongly reducing carbon dioxide radical anion (CO2-),3°
which, in addition to es, acts as a reductant towards the
dissolved metal complex.

Combining PR with nanosecond time-resolved infrared
(TRIR) detection has provided a powerful tool for mecha-
nistic studies of electrocatalysts since specific redox inter-
mediates can be rapidly prepared and identified, and their
reactivity subsequently monitored.l: 40. 41 |ndeed, PR-
TRIR has the time resolution to allow the detection of
short-lived intermediates that cannot be observed by in-
frared spectroelectrochemistry (IR-SEC). For example,
previous PR-TRIR studies of the mononuclear
[Mn(dtbpy)(CO)3(OC(O)H)] pre-catalyst in CH3CN4° al-
lowed the observation of formate dissociation from the
one-electron reduced [Mn(dtbpy*-)(CO)3(OC(O)H)]-
transient (t = 77 ns) with concomitant production of the
neutral five-coordinate [Mn°(dtbpy)(CO)s] radical, and
dimerization of this radical to form the Mn—Mn bound
[Mno(dtbpy)(CO)s]2 dimer. In contrast, PR-TRIR has also
been used to demonstrate the absence of dimerization
upon one-electron reduction of pre-catalysts that gener-
ate the bulky [Mn°(meszbpy)(CO)s] and {Mn°



([(MeO)2Ph]2bpy)(CO)s} intermediates.? In these cases,
the two-electron reduced species was observed to grow-in
on the microsecond timescale, consistent with dispropor-
tionation of the one-electron reduced intermediate,® as
previously implied by CV and IR-SEC experiments.42 43

Upon preparation of solutions of [2-Re-MeCN] and [2-
Mn-MeCN] for PR-TRIR experiments in CHzCN in the
presence of 50 mM [BusN][OC(O)H] as a solvent radical
scavenger, the large excess of formate ions quantitatively
generated the [2-Re-OC(O)H]-and [2-Mn-OC(O)H]~
anions in-situ, due to the strong coordinating nature of
formate compared with CHsCN. However, these com-
plexes still contain the Me2OQN- ligand and metal centers
in the M(I) oxidation state, thus allowing interpretation of
any catalytic intermediates upon formate dissociation,
since Mn-formate complexes have previously been shown
to rapidly eject the formate ligand upon one-electron re-
duction.3. 40 [2-Re-OC(O)H]~- exhibits three v(CO)
bands at 2003, 1885 and 1866 cm-in CH3CN (Fig. 10, bot-
tom). Upon one-electron reduction by PR, these peaks are
bleached, giving immediate rise to two new v(CO) stretch-
ing modes at 1975 and 1843(br) cmt (Fig. 10, top). By
comparison with computed IR spectra of all reasonable
intermediates at the MO6 level of theory (Fig. SI-14), we
assign these bands to the one-electron reduced, coordina-
tively unsaturated [Re?(Me2OQN)(CO)s]-anion produced
upon formate dissociation, which is expected4® to be ex-
tremely rapid (nanosecond timescale). Within 2 ps, an-
other band grows-in at 1997 cm-. Again by comparison
with computed IR spectra (Fig. SI-14), this is attributed to
the A(1)” v(CO) stretch of the hexacoordinate
[Re(Me20QN"-)(CO)3(CH3CN)]- solvated anion, with
both its A(2)’ and A” v(CO) stretches obscured by the
strong doublet bleach of the formate starting material.
The latter is evident by a positive valley in the bleach sig-
nal at 1875 cm-! (Fig. 10).
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Figure 10. IR spectrum of a 1.5 mM solution of [2-Re-
OC(O)H]- in CHsCN containing 50 mM
["BusN]J[OC(O)H] (bottom) and the TRIR spectrum rec-
orded 2 ps after pulse radiolysis of this argon-purged so-
lution (top).

The abovementioned PR-TRIR observations are con-
sistent with the EPR and computational analysis of [2-

Re-MeCN] with respect to equilibria between the penta-
coordinate [Re%(Me20QN)(CO)s]- metalloradical and the
hexacoordinate [Re(Me20QN*-)(CO)3(CHsCN)]- solvated
anion. These species were found to decay at different rates
on the microsecond timescale, with the latter being more
unstable. This is not surprising, since it was previously
shown that formate ion only scavenges 60 + 20% of the
radiolytic solvent radicals in CH3sCN,3® and thus the re-
maining radicals are likely to react with these two species
at different rates due to their distinct radical characters.
Since the actual decay pathways are unknown in the PR
experiment, we will not discuss them further here.

[2-MNn-OC(O)H]~ exhibits three v(CO) stretches at
2013, 1909 and 1887 cm in CH3CN (Fig. 11, bottom). All
three are instantly bleached upon one-electron reduction
by PR, giving immediate rise to a pair of sharp and broad
v(CO) bands at 1928 and 1810 cm-!, respectively (Fig. 11,
top). The latter peaks are consistent with IR-SEC experi-
ments (Fig. SI-15) upon one-electron reduction of [2-Mn-
MeCN], and are assigned to the five-coordinate
[Mn°(Me20QN)(CO)s]- metalloradical by comparison
with the computed IR spectrum of this species (Fig. SI-
16). Sole observation of the one-electron reduced
[Mn°(Me20QN)(CO)sz]- metalloradical is also consistent
with EPR and computational analysis of [2-Mn-MeCN],
and this species is found to decay slowly on the few hun-
dred microseconds timescale, similar to the Re analog. In-
terestingly, there is also tentative evidence for a weak
band at 2032 cm in the PR-TRIR spectrum (Fig. 11),
which may correspond to a possible
[Mn(Me20QN)(CO)s]2— dimer, also observed by infrared
spectroelectrochemistry (IR-SEC) at 1866(br), 1877 and
2032 cmt (Figs. SI-13 & SI-15). Such dimer formation, al-
beit minor, may also be responsible for the weak oxidation
wave observed at —0.81 V by cyclic voltammetry (Fig. 4,
Table 1).
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Figure 11. IR spectrum of a 1.5 mM solution of [2-Mn-
OC(O)H]- in CHsCN containing 50 mM
["BusN]J[OC(O)H] (bottom) and the TRIR spectrum rec-
orded 15 pus after pulse radiolysis of this argon-purged so-
lution (top).

Computational analysis



We performed density functional theory calculations at
the MO6-L and MO6 level of theories coupled with the
SMD continuum solvation model for acetonitrile (see
computational methods for further details) to investigate
the mechanism for proton-coupled electrocatalytic CO2
reduction catalyzed by both [2-Re-MeCN] and [2-Mn-
MeCN], including the electronic structures of catalytic
intermediates, to produce CO and H20. The proposed cat-
alytic cycle is presented in Scheme 3 including the com-
puted standard reduction potentials (E°), free energy
changes (AG) and activation free energies (AG*). Plots of
molecular orbitals and spin densities, are provided in the
supporting information alongside the optimized transi-
tion-state structures for C—OH bond cleavage (Fig. SI1-19).
Here, the computed energetics at the MO6 level of theory
are presented with comparable data at the MO6-L level of
theory also available in supporting information. The pro-
posed mechanism starts with a one-electron reduction
step with concomitant dissociation of the acetonitrile lig-
and leading to the formation of [2-M]~ for both [2-Mn-
MeCN] and [2-Re-MeCN] with computed E° of -1.68 V
and —-2.25 V vs Fc*/0, respectively, in quite good agree-
ment with cyclic voltammetry experiments. The computed
AGs indicate that acetonitrile dissociation is irreversible

for [2-MnNn]~ (AG = -18.7 kcal/mol) whereas it's possible

to have an equilibrium in the case of [2-Re]~ (AG =-1.4
kcal/mol). This is consistent with spectroelectrochemical
EPR and PR-TRIR experiments. Acetonitrile dissociation
upon one-electron reduction is also favorable for [1-Mn-
MeCN]* (AG = -6.6 kcal/mol) but is unfavorable for [1-
Re-MeCN]* (AG =4.1 kcal/mol), also consistent with our
experimental observations. As discussed above, in the re-
sulting pentacoordinate species the spin is mostly local-
ized on the metal center for [2-Mn]~ (pmn = 1.36) whereas
it is delocalized across both the ligand and the metal cen-

ter for [2-Re]™ (pre = 0.22).

Following the first reduction, CO2 binding to [2-Re]-

(AG = 12.6 kcal/mol) is possible whereas we could not
locate a CO2 bound adduct for the [2-Mn]- species, which
is in line with the observed increase in catalytic current
only for [2-Re-MeCN] at its first reduction potential
(Fig. 5). Following CO: binding and protonation (AG =
-11.2 kcal/mol at pH 0) the neutral [2-Re-CO2H] metal-
locarboxylic intermediate of formula
[Re!'(Me20QN*)(CO)3(CO2H)] is generated. Formation of
the latter species is key to the unique electrocatalytic be-
havior exhibited by the [2-Re-MeCN] pre-catalyst. Con-
sistent with a redox contribution from the Me2OQN- lig-
and towards CO2 reduction is how radical character is cal-
culated to be delocalized predominantly across the phe-
nolate-side of the Me2OQN-" ring (pme20on = 0.88) with just
a weak contribution from the formal Re" (pre = 0.05) oxi-
dation state. This ligand-based oxidation is really trig-
gered by protonation of the [2-Re-CO:2]- adduct
(pre = 0.27; pcoz = 0.59) which still possesses the Me2OQN-
ligand in its native anionic state (Fig. 12).
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[2-Re-CO,] [2-Re-CO-H]
(Pre = 0.27; pcoz = 0.59) (Pmezoon = 0.88; pre = 0.05)

Figure 12. Spin density plots (isofactor = 0.001) computed
at the MOG6 level of theory illustrating the significant con-
tribution of the one-electron oxidized Me20QN-" ligand to
the [2-M-CO2H] catalytic intermediate in contrast to its
[2-Re-CO2]-precursor.

A facile reduction (E° = -0.23 V) is then predicted to re-
generate the native Me2OQN-ligand oxidation state to re-
sult in the formation of [2-Re-CO2H]-. The computed
energetics indicate that subsequent protonation resulting
in C—OH bond cleavage is rate-limiting (AG* = 29.3
kcal/mol) while the following one-electron reduction step
to form [2-Re-CO]- is quite facile. In the case of the [2-
Mn-MeCN] pre-catalyst, further reduction of the one-
electron reduced intermediate, [2-Mn]-, to [2-Mn]2-is
required for CO2 binding (AG = 0.7 kcal/mol), which upon
protonation (AG = —-41.8 kcal/mol) leads to formation of
[2-MnNn-CO2H]-. Next, C—OH bond cleavage assisted by
water as the Brgnsted acid is proposed to occur with a
computed activation free energy, AG* = 27.8 kcal/mol for
[2-MnNn-COzH]-. Further one-electron reduction of the
C—OH bond cleavage products, [Re-CO] and [Mn-CO],
followed by facile CO evolution, regenerates the active
[M]- intermediate completing the catalytic cycle. For the
[1-Mn-MeCN]* and [1-Re-MeCN]* pre-catalysts, C—
OH bond cleavage exclusively proceeds via the reduction—
first pathway in the present conditions, whereas this path
is less likely to be accessible with [2-Mn-MeCN] and [2-
Re-MeCN] due to the high overpotential requirements
for the reduction of [M-CO2H]-to [M-CO2H]?- (E° =-2.75
V and -2.58 V for [2-Mn-CO2H]- and [2-Re-CO2H]-,
respectively). We have previously reported on the activa-
tion of this thermodynamically favorable protonation-
first pathway utilizing Lewis base moieties in the second-
coordination sphere of a Mn-bpy based pre-catalyst.?
However, to the best of our knowledge, this is the first ex-
ample of a Mn pre-catalyst providing access to the proto-
nation-first pathway via inner coordination sphere ef-
fects. This behavior is not surprising when the electron-
rich character of the Me2OQN- ligand is considered rela-
tive to bpy. Essentially, formation of the [2-Mn-COz2H]~
intermediate precludes an additional reduction step as it
already carries a negative charge upon its formation, fa-
cilitating direct access to the protonation-first pathway
and avoiding an excessive overpotential. As a result, in
comparison to [1-Mn-MeCN]* and [1-Re-MeCN]* pre-
catalysts, the Me2OQN--based pre-catalysts exhibit onset
of catalytic current with the input of one less equivalent of
electrons to access the rate-determining C—OH bond
cleavage step. Moreover, the computed AG*s predict an
order of magnitude faster CO evolution by [2-Mn-



MeCN] compared to [2-Re-MeCN], in line with the ex-
perimentally observed TOFs.

Scheme 3. Proposed catalytic cycles for pre-catalysts [2-

Re-MeCN] and [2-Mn-MeCN] including computed E° (vs

Fc*/9), AG (kcal/mol) and AG* (kcal/mol) at the MO6 level of theory.
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CONCLUSION influence of the Me2OQN- ligand precludes the need for

The electronic properties for both Mn and Re complexes
of the general formula [M(Me20QN)(CO)s(CH3CN)] have
been presented and distinguished from their reference
bpy-based analogues. The non-innocent Me2OQN- ligand
imparts unique electrochemical properties to the [2-Mn-
MeCN] and [2-Re-MeCN] pre-catalysts which make
them particularly suited to electrocatalytic applications.
In particular, under 1 atm of CO2 and in the presence of
H-0 as a Brgnsted acid, electrocatalytic CO2 reduction is
demonstrated for both [2-Mn-MeCN] and [2-Re-
MeCN] pre-catalysts. Onset of catalytic current for both
[2-Mn-MeCN] and [2-Re-MeCN] is initiated with the
input of one less equivalent of electrons relative to their
bpy-based reference complexes, [M(bpy)(CO)3(CHsCN)]*
(M = Mn or Re). Utilizing spectroelectrochemical EPR,
FTIR and computational analysis, in addition to the pow-
erful technique of PR-TRIR spectroscopy, it was possible
to narrow down the one-electron and two-electron re-
duced species relevant for the exhibition of CO2 reduction
activity. In particular, for [2-Re-MeCN], the formal
Me20QNC/) redox couple contributes towards each cata-
lytic cycle in tandem with the formal Re'/° redox couples
by facilitating in-situ generation of the active catalyst and
driving the rate-determining C—OH bond cleavage step
upon just one-electron reduction of the pre-catalyst. In
contrast, [2-Mn-MeCN] requires the input of a second
electron to activate the catalyst. However, the coulombic

an additional overpotential associated with the reduction-
first pathway, facilitating a protonation-first CO2 reduc-
tion pathway for both [2-Mn-MeCN] and [2-Re-
MeCN] pre-catalysts.

EXPERIMENTAL SECTION
Materials and Methods

The following chemicals were purchased from Sigma Al-
drich; bromopentacarbonylmanganese(l) (98%), silver
trifluoromethanesulfonate (>99%), tetrabutylammonium
hexafluorophosphate (>99%), potassium carbonate
(>99%), 2,2,2-trifluoroethanol (>99%), tetrahydrofuran
(anhydrous, 99.9%), hexane (ACS reagent grade, 99%),
acetonitrile (ACS reagent grade, >99.5%). Tetrabu-
tylammonium hexafluorophosphate was recrystallized
thrice from ethanol and dried under vacuum prior to elec-
trolyte preparation. The water content in ACS reagent
grade acetonitrile was confirmed by Karl-Fisher titration
to be 0.17 M (0.3%). Steady-state FTIR spectra were rec-
orded on a Thermo Nicolet 670 FTIR spectrophotometer
in spectrophotometric grade acetonitrile. NMR spectra
were recorded on an Agilent spectrometer operated at
399.80 MHz for *H nuclei. CDsCN was used as received
from Sigma Aldrich and its residual 'H solvent signal (5 =
1.94 ppm)#4 used as an internal reference for reporting the
chemical shift. Voltammetry and bulk electrolysis were
carried out on a CH Instruments 620E potentiostat. A



custom three electrode cell was used for both voltamme-
try and bulk electrolysis experiments allowing airtight in-
troduction of working, counter and reference electrodes
as well as septa for gas purging. For cyclic voltammetry,
glassy carbon (3 mm diameter) and Pt wire were used as
working and counter electrodes, respectively, with 0.1 M
[BusN][PFe] in spectrophotometric grade acetonitrile as
the supporting electrolyte. A non-aqueous reference elec-
trode was used to minimize ohmic potential drop at the
solvent interface. This consisted of a Ag wire in 0.10 M
[BusN][PFe] acetonitrile supporting electrolyte isolated
by a Vycor frit and was calibrated in-situ using the ferrice-
nium/ferrocene redox couple as a pseudo reference. Re-
dox potentials (E) were determined from cyclic voltam-
metry as (Epa + Epc)/2, where Epa and Epc are the anodic
and cathodic peak potentials respectively. Where E could
not be calculated due to irreversible behavior, Epc or Epa
are reported accordingly. For CO2 concentration depend-
ent studies, gas cylinders were ordered from Airgas con-
taining pre-mixed ratios of Ar:CO:2 (100:0, 80:20, 60:40,
50:50, 40:60, 20:80, 0:100).

Controlled potential electrolysis & product quantification

For controlled potential bulk electrolysis experiments, a
vitreous carbon (Structure Probe, Inc.) working electrode
soldered to a copper wire was used. A Pt gauze counter
electrode was used, isolated from the main compartment
by a fine porosity Vycor tube+frit to minimize resistance.
Gas chromatography data were recorded on a custom Shi-
madzu GC-2014 instrument where a Ni “methanizer” cat-
alystwas used to convert CO to CHa prior to quantification
of CH4 by the thermal conductivity detector. H2 was sim-
ultaneously monitored by a flame ionization detector dur-
ing the same injection. The GC was precalibrated for CO
and H:z quantification by mimicking bulk electrolysis con-
ditions (i.e. 5 mL supporting electrolyte in the same cell,
with electrodes, under 1 atm COy). Standard curves for Hz
and CO were generated using this cell where known vol-
umes of the analyte gas (Hz or CO) were injected and the
solution stirred for 30 min to allow equilibration of the
analyte between the electrolyte and headspace prior to GC
injection. Formate analysis following bulk electrolysis was
completed using a Dionex Aquion instrument using a Di-
onex lonPac AS22 (4 x 250 mm) anion column and Di-
onex AERS 500 Carbonate (4 mm) electrolytically regen-
erated suppressor. Samples were prepared for analysis by
diluting an aliquot of the bulk electrolysis solution by a
factor of ten in deionized water. Filtration to remove in-
solouble [BusN][PFe] electrolyte was required using a
PVDF 0.22 um syringe filter. The diluent and mobile
phase consisted of a sodium carbonate:bicarbonate
(4.5:1.4) solution run at 0.70 mL/min at room tempera-
ture. The formate peak was observed at 6.23 min and in-
tegrated to quantify the concentration of formic acid pro-
duced in reference to a standard calibration curve.

Synthesis

[Mn(Me20QN)(CO)3(THF)] To a microwave vial, ~3
mL of dry THF was left to purge gently with argon. To this
vial, the ligand, 5,7-dimethyl-8-hydroxyquinoline (63 mg,
0.36 mmol) was added with a three-fold excess of K2COs
(150 mg, 1.09 mmol). This reaction solution was left to stir

for approximately 1 minute under argon. The manganese
starting material, bromopentacarbonyl manganese(l)
(100 mg, 0.36 mmol), was then added. The reaction vial
was sealed quickly and irradiated at 60°C for approxi-
mately 1 hour. Upon cooling, the reaction mixture, a
bright orange-red solution, was filtered through a small
plug of alumina, removing the insoluble base. Recrystalli-
zation with hexanes yielded analytically pure product as a
shiny yellow solid in 28% vyield. FTIR (CHsCN) v(CO):
2032, 1938, 1915 cmt. IH-NMR (CDsCN) 8: 2.34 (3H, s),
2.51 (3H,s), 7.20 (1H, s), 7.46 (1H, dd, J1 =4 Hz, J2= 8
Hz), 8.37 (1H, dd, J1 = 2 Hz, J>=4 Hz), 8.98 (1H, dd, J: =
2 Hz, J2=4 Hz). Anal. Calcd. for CisH1sMnNOs: C, 56.41;
H, 4.73; N, 3.65. Found: C, 56.82; H, 4.89; N, 3.48.

Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra at X-band frequency (ca. 9.5 GHz) were ob-
tained with a Magnettech MS-5000 benchtop EPR spec-
trometer equipped with a rectangular TE 102 cavity. The
measurements were carried out in synthetic quartz glass
tubes. For EPR spectroelectrochemistry a three-electrode
setup was employed using two Teflon-coated platinum
wires (0.005” bare, 0.008” coated) as working (or a Tef-
lon-coated gold wire (0.003” bare, 0.0055” coated) as
working electrode) and counter electrode and a Teflon-
coated silver wire (0.005” bare, 0.007” coated) as a pseu-
doreference electrode. All spectra were recorded at 77 K
in 0.1 M [BusN][PFe] acetonitrile following controlled po-
tential electrolysis. Spectral simulations were performed
with EasySpin 5.1.4 and MatLab R2012a.

Pulse Radiolysis Step-Scan FTIR Experiments

Pulse radiolysis experiments were conducted at the 2 MeV
Van de Graaff (VdG) electron accelerator located in the
Chemistry Division at Brookhaven National Laboratory. A
commercial step-scan FTIR spectrometer (Bruker, Vertex
80v) equipped with an external fast risetime HgCdTe IR
detector was placed on an air-stabilized optical bench
close to the VdG’s electron beam line exit window, with
the electron beam passing directly through a homemade,
air-tight IR flow cell (0.7 mm pathlength) equipped with
0.5 mm thick CaF2 windows. A 25 mL CHsCN solution
containing 1.5 mM of the Mn complex and 0.025 M tet-
rabutylammonium formate (synthesized according to a
reported procedure4°) was prepared inside a glovebox and
placed into a sealed reservoir vessel. The vessel was then
inserted into a gas-tight recirculating flow system con-
taining a magnetically-coupled gear pump (Micropump).
The tubing was evacuated and refilled with argon several
times before saturating the solution with 2 atm argon and
flowing. The VdG can produce electron pulses of increas-
ing dose by increasing the electron pulsewidth up to a
maximum of 5 us. In these experiments, we used 500 ns
electron pulses at a repetition rate of 5 Hz. Since our ex-
periments were not quantitative, we did not measure the
absorbed dose. The time-resolved step-scan FTIR meas-
urements were performed in a manner similar to those
previously reported4 for laser flash photolysis, except in
this case a digital delay generator (Stanford Research Sys-
tems, DG535) was used to trigger the electron pulses in
synchronization with the data collection. A preamplifier



built into the IR detector was used to amplify the detector
signal prior to digitization. In a typical experiment, data
were collected at 6 cm-1 spectral resolution with an optical
band pass filter that resulted in 255 interferogram mirror
positions. 16 averages were acquired at each mirror posi-
tion, leading to a total of 4080 electron pulses impinging
on the flowing sample. FTIR spectra recorded after the ex-
periment showed very little overall sample decomposition
(<5%).

Computational Methods

Density functional theory. All geometries were fully opti-
mized at the M06-L46 and MO6 levels of density functional
theory47-49 with the SMD continuum solvation models° for
acetonitrile as solvent using the Stuttgart [8s7p6d2f |
6s5p3d1f] ECP1IOMDF contracted pseudopotential basis
sets! on Mn, the Stuttgart [8s7p6d2f | 6s5p3d2f]
ECP60MWB contracted pseudopotential basis set>2 on Re
and the 6-31G(d) basis set on all other atoms.>3 Non-ana-
lytical integrals were evaluated using the inte-
gral=grid=ultrafine option as implemented in the Gauss-
ian 16 software package.5* The nature of all stationary
points was verified by analytic computation of vibrational
frequencies, which were also used for the computation of
zero-point vibrational energies, molecular partition func-
tions, and for determining the reactants and products as-
sociated with each transition-state structure (by following
the normal modes associated with imaginary frequen-
cies). Partition functions were used in the computation of
298 K thermal contributions to the free energy employing
the usual ideal-gas, rigid-rotator, harmonic oscillator ap-
proximation.5s Free-energy contributions were added to
single-point, SMD-solvated M06-L and MO6 electronic
energies computed at the optimized geometries obtained
with the initial basis with the SDD basis set on Mn and Re,
and the larger 6-311+G(2df,p) basis set on all other atoms
to arrive at final, composite free energies.

Solvation and standard reduction potentials. As men-
tioned above, solvation effects for acetonitrile were ac-
counted for by using the SMD continuum solvation
model. A1 M standard state was used for all species in so-
lution (except for acetonitrile as solvent for which the
standard state was assigned as 19.14 M). Thus, the free en-
ergy in solution is computed as the 1 atm gas-phase free
energy, plus an adjustment for the 1 atm to 1 M standard-
state concentration change of RT In (24.5), or 1.9
kcal/mol, plus the 1 M to 1 M transfer (solvation) free en-
ergy computed from the SMD model. Standard reduction
potentials were calculated for various possible redox cou-
ples to assess the energetic accessibility of different inter-
mediates at various oxidation states. For a redox reaction
of the form

O ¥ 16y = Ry (o)

where O and R denote the oxidized and reduced states of
the redox couple, respectively, and n is the number of
electrons involved in redox reaction, the reduction poten-

tial Eg

‘R relative to SCE was computed as

0
0 _ AGO‘R _ AE [}
OR ™ = ref
n ©)
where AG(C'))‘R is the free energy change associated with

eq. 2 (using Boltzmann statistics for the electron) and
AE:;, is taken as 0.141 V,% which is required for the con-

version of calculated Eglkversus normal hydrogen elec-
trode (NHE) in aqueous solution (Enxve=-4.281 V)5 to
Egﬂk versus the saturated calomel electrode (SCE) in ac-

etonitrile (Esce = -4.422 V).58 We obtained reduction po-
tentials referenced to the ferricenium/ferrocene couple by

using a shift of -0.384 V from E&R vs SCE.
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