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Abstract

One approach for the conversion of CO: into fuels or fuel precursors is the proton-coupled
reduction of CO; to CO or formic acid, using transition-metal complexes as catalysts in either
electrocatalytic or photocatalytic processes. While a number of such molecular catalysts have
been investigated over the years, many are based on expensive precious metals. However, a
family of precatalysts with the generic formula, [Mn(o-diimine)(CO);L]*"°, based on the earth-
abundant metal, manganese, has recently emerged as a promising, cheaper alternative to the
heavily-investigated Re-based analogues. In this review, we discuss the current mechanistic
understanding of these and related Mn-based CO; reduction precatalysts, from the point of view
of both computational modeling and experimental techniques. We also highlight the methods
used to accurately determine catalytic figures of merit, such as overpotential and turnover
frequency. Finally, we have summarized the major findings in both electrocatalytic and
photocatalytic CO: reduction driven by Mn-based catalysts, including exciting new
developments involving immobilization of the molecular catalysts on solid supports or
electrodes, and also their use in photoelectrochemical CO; reduction where solar energy is used

to overcome the demanding electrochemical overpotential.
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1. Introduction

The rise of atmospheric CO; beyond 400 ppm for the first time in human history is a major
concern across the scientific community and the world as a whole. Utilizing our knowledge of
synthesis, thermodynamics and kinetics, the chemical community has been striving towards the
discovery of green and economically viable technologies to capture atmospheric CO> and also
reduce future CO; emissions. The conversion of CO> into C-1 fuels, e.g., methanol or formic acid
(HCO:H) and fuel precursors, such as carbon monoxide (CO), is a viable strategy to achieve a
sustainable, carbon-neutral, global energy technology. One highly desired, yet challenging,
approach is the proton-coupled catalytic conversion of CO; to CO or HCO2H in an
electrocatalytic process using electrical potential energy (ideally derived from renewable sources
such as solar energy), or in a photocatalytic process where photon energy absorbed by a catalyst
or photosensitizer is stored in the form of chemical bonds in CO; reduction products. Currently,
industrial CO production uses the Boudouard disproportionation of CO> over ‘coke’ at 800 °C
[1], or the steam reforming of low molecular weight hydrocarbons at ~1000 °C to produce
synthesis-gas (H2:CO ~ 3:1) [2]. The principal use of CO is as synthesis-gas for the production
of long-chain hydrocarbons (CyHan+1, n = 10 - 20) by the Fischer-Tropsch process [3]. Formic
acid is also a highly valued product of CO; reduction as it is less toxic and nonflammable
compared to CO. Moreover, formic acid is a liquid product which can be directly used in an
efficient fuel cell [4-6]. Formic acid is produced at a scale of 720,000 tones/annum (for feed
preservation, leather and textile processing, flue gas desulfurization) via the hydrolysis of methyl
formate; ironically a product of MeOH and CO [7]. Ultimately, there is enormous demand for

both CO and HCO,H, thus presenting great potential for a carbon neutral sustainable economy.



Transition metal complexes are prime candidates for the development of selective CO2
reduction electrocatalysts and photocatalysts as they offer easy access to a diverse range of metal
oxidation states and ligand structures to allow electronic fine-tuning of the metal center and
optimization of hydrogen-bonding in the second coordination sphere. This is no more evident
than in nature with the [NiFe] CO dehydrogenase enzyme which promotes the proton-coupled
reduction of CO2 to CO [8]. Molecular homogeneous transition metal-based catalysts have long
been utilized for electrocatalytic CO> reduction [8-10], as the often formed metallocarboxylate
intermediate reduces the reorganization energy for CO:> activation by stabilizing a bent
configuration of the carboxylate anion [11]. A comprehensive review of all transition metal
catalysts for CO; reduction is beyond the scope of this review, and the reader is therefore

directed to a number of excellent reviews on this topic [8, 9, 12-24].

This manuscript will focus solely on CO: reduction catalysis with complexes based on
the first-row transition metal, manganese (Mn), and specifically the fac-MnX(L2)(CO)3 class of
catalyst precursors, where L, is typically a bidentate polypyridyl or related ligand and X is a
monodentate ligand. The majority of MnX(L2)(CO)3 complexes favor a facial (fac) arrangement
of their three CO ligands, as opposed to the meridional isomer (mer), so for the purpose of this
review the fac label will be dropped unless specifically relevant. MnX(L2)(CO); complexes have
become the focus of intense investigation in recent years, in part due to their high product
selectivity for CO formation, but also because they are based on a much cheaper, more earth-
abundant metal compared to their more thoroughly investigated Re-based counterparts. A major
goal of this review is to provide a detailed description of our current understanding of the

mechanism for proton-coupled CO> reduction by the MnX(L2)(CO)3 class of catalysts. To



achieve this, a summary of reported computational studies is provided with an overview of the
relevant thermodynamic parameters that collectively define the challenges of this chemistry. This
is followed by a discussion of the principle experimental methods utilized to probe the catalytic
mechanism. In particular, the MnX(L2)(CO);3 class of catalysts and their reactive intermediates
exhibit very characteristic and strong infrared (IR) features due to their distinctive v(CO)
stretches. Thus, a major effort has been made to summarize all v(CO) IR data for the reported
catalysts and their reactive intermediates where available. Finally, a summary of the catalytic
properties of MnX(L2)(CO); systems is provided for both electrochemically and photochemically

driven processes.

1.1 Manganese vs. rhenium tricarbonyl CO: reduction catalyst precursors

Prior to discussing the details of CO; activation by homogeneous MnX(L>)(CO); catalyst
precursors, it is pertinent to consider their properties relative to the more extensively studied
rhenium congeners. Since the first report by Hawecker, Lehn, and Ziessel of the photocatalytic
reduction of CO> to CO with ReCl(bpy)(CO); (bpy = 2,2’-bipyridine, Fig. 1, 1) using near-UV
light in the presence of a sacrificial electron donor [12, 25, 26], and Meyer’s pioneering studies
indicating the existence of both one- and two-electron pathways for the electrocatalytic reduction
of CO; to CO with the same complex [27], there have been many literature reports of related Re-
based photo/electro-catalytic systems, with numerous reviews written on the topic [9, 14, 15, 18,
22, 28-32]. While reports of unsuccessful attempts at catalytic CO, conversion by Mn-based
catalysts are rare [33], as are reports of stoichiometric CO; fixation by Mn complexes [34], it
was not until a recent 2011 article by Deronzier, Chardon-Noblat and co-workers [35] that the

successful application of MnBr(a-diimine)(CO)3 (where a-diimine is bpy or 4,4’-dimethyl-2,2’-



bipyridine (dmbpy), Fig. 1, 2 and 3) as an electrocatalyst precursor for the proton-mediated
conversion of CO> to CO was reported, in acetonitrile (CH3CN) in the presence of 5% (2.78 M)
H>O0. In contrast to their Re(I) analogues, which can reduce CO; in the absence of an added
proton source, it is now understood that the Mn(I) catalysts typically require the presence of an
excess source of Brensted acid for the binding of CO; and formation of a key Mn(I)
metallocarboxylic acid intermediate to occur. In hindsight, this observation helps to explain the
lack of catalytic behavior previously reported for MnCl(bpy)(CO); (Fig. 1, 4) in the absence of
an appreciable proton source [36]. This prerequisite has been investigated computationally by
Carter and co-workers [37, 38] and is discussed in detail below in Section 2 ‘Mechanistic
Aspects of CO2 Reduction by Group 7 Catalysts’. In Section 3 ‘Thermodynamic Aspects of CO-
Reduction in Aqueous and Non-Aqueous Solvents’, where a discussion of how to accurately
determine catalyst overpotential is first provided, a direct comparison of the electrocatalytic

properties of [M(bpy)(CO)3(CH3CN)]*, where M = Re(I) or Mn(I) (Fig. 1, 5 and 6), is presented.
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Figure 1. Molecular structures of some of the first studied Mn- and Re-based CO; reduction pre-
catalysts (1 — 4) plus the [M(bpy)(CO)3(CH3CN)]" acetonitrile complexes where M = Re (5) or

Mn (6) discussed herein. Citations are provided in parentheses.



2. Mechanistic aspects of CO:2 reduction by group 7 catalysts

Photo— and electrochemical conversion of CO; to higher energy products, particularly to CO and
formate (HCOO"), by manganese (Mn) and rhenium (Re) catalysts has been investigated in
several computational studies [37-47]. Density functional theory (DFT) calculations have been
performed to compute reduction potentials, pKas, reaction free energies (AG) and free energies of
activation (AG*) in order to gain insight into the mechanism of catalytic CO, reduction and
product selectivity of the associated catalysts. Although DFT calculations have been the primary
choice in many computational studies, in recent years post-Hartree-Fock (post-HF) level of
theories such as domain based local pair natural orbital (DLPNO) single- and double-excitation
coupled cluster (DPLNO-CCSD) [48], and DLPNO-CCSD with perturbative inclusion of triplet
excitations (DLPNO-CCSD(T)) [49] methods have been employed for benchmark calculations in

mechanistic studies of CO; reduction by Mn— and Re—based complexes [37, 38, 47].

2.1 Electrocatalytic CO: reduction

In their seminal studies, Carter and co-workers examined several aspects of the mechanism of
the proton-dependent electrocatalytic reduction of CO2 to CO by 1 and 2 catalyst precursors [37,
38]. A common set of pathways for the generation of possible products after one— and
two—electron reduction of 1 and 2 have been investigated at the B3LYP-D3 level of theory [50-

53] in conjunction with the COSMO solvation model [54] for CH3CN.



The proposed mechanistic pathways, as depicted in Scheme 1, start with a single electron
reduction resulting in the formation of [M'X(bpy")(CO)3]" (where M = Mn or Re and X = Br™ or
CI') or Ml(bpy")(CO); depending on whether the halide anion stays bound or dissociates during
the reduction event. The formation of a pentacoordinate M'(bpy*)(CO); species could result in
coordination of a solvent CH3CN molecule to the vacant site or alternatively dimerization to
form [M°bpy)(CO)]o. The computed free energy changes (AGs) indicate that the
pentacoordinate Re'(bpy™)(CO)s species prefers to bind a chloride ion or a solvent molecule, AG
= —7.7 and —6.0 kcal/mol respectively, whereas the pentacoordinate intermediate is favored for
Mnl(bpy"")(CO)s, which can further react with another Mn!(bpy")(CO); to form the Mn’~Mn°
dimer complex [Mn’(bpy)(CO)s;]o. The DFT calculations reveal twice as much net o spin
population on Mn (6, = 0.47) compared to that on Re (6, = 0.25) for the M(bpy")(CO); species,
indicating that metal-based reduction is more favorable for the case of Mn, consistent with the
preference for a pentacoordinate intermediate. This is in line with the experimental observations
of a much greater dimerization rate constant for Mn!(dtbpy™)(CO)3 (2kdim = (1.3 £ 0.1) x 10° M !
s 1; dtbpy = 4,4'-ditertbutyl-2,2"-bipyridine) to generate dimer 8 (Fig. 2), [55] compared to
Re!(dmbpy™)(CO)s (2kdim = 40 M! s71) to generate the [Re®(dmbpy)(CO)3]> dimer, [56] since
the fraction of pentacoordinate Re'(bpy™)(CO); available for dimerization is predicted to be

much smaller than that of Mn'(bpy*)(CO)s.
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Figure 2. Molecular structures of MnBr(dtbpy)(CO)s (7) and dimeric [Mn(dtbpy)(CO)3]2 (8)

[55, 57].

After the second reduction step, a common reactive [M°(bpy)(CO);]" intermediate
forms which may react with CO> to generate [M'-CO,]" (M = M(bpy)(CO)s moiety) or
alternatively with a proton donor to form a hydride species, M'-H. The computed activation
barriers with phenol as the proton source indicate that the CO> binding pathway is favored by
=10 kcal/mol for both Mn and Re catalysts, which provides a plausible explanation for the high
selectivity of these catalysts towards CO rather than hydrogen or formate production, the latter
formed via CO> insertion into a M'-H bond [58]. A significant distinction between Mn and Re
complexes is that the CO2 binding step is predicted to be thermodynamically uphill (AG = 2.2
kcal/mol) for the former complex while it is downhill (AG = —3.4 kcal/mol) for the latter, even
though the kinetics of binding is predicted to be similar for both catalysts (AG* = 3.3 kcal/mol).
An important outcome of the distinct CO> binding affinities is the requirement of a Brensted acid
to protonate and stabilize the [M'-CO;]  intermediate in the case of Mn catalysts, in agreement
with the experimental observations of a lack of catalytic CO; reduction activity of 4 in the
absence of weak Brensted acids [33]. The protonation of [M'-CO:] to generate M'-CO>H with
phenol as the proton source is determined to be facile (barrierless) and highly exergonic (AG =

—33 kcal/mol) for both Mn and Re catalysts.
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Scheme 1. Common set of pathways for the generation of possible products proposed by Carter
and co-workers [37] after one— and two— electron reductions of MnBr(a-diimine)(CO); and

ReCl(a-diimine)(CO); in CH3CN, where a-diimine = bpy and related R-substituted bpy ligands.

Carter and co-workers identified two possible pathways for the formation of CO and H>O
from the M'-CO,H intermediate, labeled as protonation—first and reduction—first pathways in
Scheme 1 [37]. The protonation—first pathway starts with heterolytic C—OH bond cleavage
facilitated by a proton donor leading to the formation of H>O and [M'-CO]", which is further
reduced to generate M'(bpy " )(CO)s. In contrast, the reduction—first pathway proceeds with
reduction of [M'-CO,H] followed by heterolytic C—OH bond cleavage yielding H>O and the
common M!(bpy"")(CO)s intermediate. Stepwise or concerted one-electron reduction and CO

evolution steps complete the catalytic cycle, regenerating the active [M°(bpy™)(CO);]" catalyst.

10



The computed activation free energies are identified to be quite similar for the rate determining
chemical step of proton coupled C—OH bond scission for both pathways and catalysts (AG* =
11 kcal/mol). Importantly, the microkinetic simulations performed by Carter and co-workers on
the basis of computed reduction potentials, free energy changes and activation free energies
(which are refined by LPNO- [59] and DLPNO-CCSD(T) [49] calculations) demonstrated that
only the reduction—first pathway is plausible for the Re catalyst whereas both protonation-first
and reduction-first pathways could be operating for the Mn catalyst depending on the applied

potential and the pKa of the proton source.

In a joint experimental and computational study, Agarwal et al investigated the reduction
of COz to CO by the MnBr(HOPhbpy)(CO); (HOPhbpy = 6-(2-hydroxyphenyl)-2,2"-bipyridine)
complex, which features a phenolic proton source adjacent to the Mn center where CO; binding
occurs (Fig. 3 9) [42]. The authors performed DFT calculations at the M06-L level of theory [60]
with the CPCM continuum solvation model [61, 62] for CH3CN to probe the underlying reasons
for the enhancement in catalytic activity towards electrochemical reduction of CO; by 9
compared to 2 or MnBr(MeOPh-bpy)(CO)3; (MeOPhbpy = 6-(2-methoxyphenyl)-2,2"-bipyridine)

(Fig. 3 10).
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9 R = OH
10 R = OCH,4

Figure 3. Molecular structures of pre-catalysts 9 and 10 reported by Agarwal et al. [42] where
the bpy ligand contains a hydroxyphenyl or methoxyphenyl substituent at one of the bpy 6-

positions.

Theoretical calculations indicate that the attack of Mn'-CO-H by a CO, molecule (Fig. 4a-b)
to generate [Mn'-(CO)4]" and HCOs™ is associated with high activation free energies (AG* = 34.0
and 25.0 kcal/mol), whereas the presence of the phenol group as a proton source in the second
coordination sphere facilitates the C—OH bond cleavage (AG* = 13.0 kcal/mol) by providing a
pathway for proton-assisted dehydration of Mn'-COH (Fig. 4c) and decreasing the entropic cost

associated with the activation energy.

AG* = 34.0 kcal/mol AG* =25.0 kcal/mol AG* =13.0 kcal/mol
(a) (b) (c)

Figure 4. Optimized transition state structures for: (a-b) the interaction of a molecule of

CO; with Mn(HOPh-bpy)(CO)3(COOH), and (¢) the proton-assisted dehydration of Mn(HOPh-

12



bpy)(CO)3(COOH). Reproduced with permission from ref. [42]. Copyright 2015 American

Chemical Society.

Lam et al revisited the electrocatalytic CO> reduction mechanism of [Mn’(bpy™)(CO)s]
with 2,2,2—trifluoroethanol (CF;CH>OH, TFE) as the proton source, focusing on the effect of
homoconjugation (CF3CH>O /CF;CH2OH) or formation of a carbonate adduct intermediate
(CF3CH20CO2") of the deprotonated TFE alkoxide anion on the energetics of the steps involving
hydrogen bonding to, or proton transfer from, TFE molecules [43]. The authors performed DFT
calculations at the B3LYP-D3 level of theory with a Poisson Boltzmann (PBF) continuum
solvation model [63] for CH3CN and presented an electrocatalytic cycle similar to that proposed
by Carter and co-workers (Scheme 1) for both [Mn’bpy )(CO);]” and [Mn’(bpm™)(CO)s]
(where bpm is 2,2’-bipyrimidine, Fig. 5, 11) complexes. Computed activation free energies (AG*
= 18.9 and 21.1 kcal/mol, for bpy and bpm respectively) were more favorable for the heterolytic
C-OH bond cleavage step following the reduction—first pathway compared to those of the
protonation—first pathway (AG* = 22.2 and 23.7 kcal/mol, for bpy and bpm respectively).
Although the predicted AG*s were higher in the case of the bpm ligand (therefore lower
predicted turnover frequencies), the reduction of Mn'-CO,H in the reduction—first pathway was
0.5 V more favorable (—1.69 V and —1.19 V vs SCE, for bpy and bpm respectively) consistent
with the greater electron affinity of the bpm ligand. As a consequence of these observations,
[Mn’(bpm™)(CO);]~ was predicted to perform electrocatalytic CO, reduction at lower

overpotentials compared to [Mn’(bpy*)(CO);] at the expense of lower turnover frequencies.
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Rawat et al investigated the mechanism and product selectivity of a N-heterocyclic
carbene pyridine (NHC-py) containing MnBr(NHC-py)(CO); complex (Fig. 5, 12) for
electrocatalytic CO; reduction using the B3LYP-D3 method and the CPCM continuum solvation
model for CH3CN [44]. The authors demonstrated that except in the presence of very strong
acids (e.g., HCI) as the proton donor, COz binding to the [Mn°(NHC-py™)(CO)3]” intermediate is
strongly favored over proton transfer from a Brensted acid to generate the hydride intermediate,
Mn!(H)(NHC-py)(CO)3, which provides high selectivity towards CO formation rather than
hydrogen or formate as products, similar to [Mn°(bpy*)(CO)3]". An interesting finding observed
in the computed structures is the weak interaction of the nitrogen atom of the carbene with CO-
in Mn'Br(NHC-py)(CO)3 and [Mn’Br(NHC-py")(CO)3]” complexes, which might assist in the

dissociation of the halide ion.
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Figure 5. Molecular structures of the [Mn(bpm)(CO)s]™ anion 11 investigated by Lam et al. and

the MnBr(NHC-py)(CO)3; complex 12 investigated by Rawat et al [44].

Recently, Ngo et al reported the electrocatalytic reduction of COz to CO by the
{Mn'([(MeO)2Ph]2bpy)(CO)3(CH3CN)} " ([(MeO):Ph]2bpy = 6,6'-bis(2,6-dimethoxyphenyl)-2,2'-
bipyridine) complex (Fig. 6, 13), demonstrating the first example of a catalyst which provides

access to the protonation—first pathway, thus minimizing the overpotential requirement [47].
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Figure 6. Molecular structures of MnX(a-diimine)(CO); CO> reduction precatalysts 13 - 15
where o-diimine is a 6,6’-disubstituted 2,2’-bipyridyl ligand. Citations are provided in

parentheses.

The steric influence imposed by the [(MeO).Ph]:bpy ligand, similar to the 6,6’-dimesityl-2,2'-
bipyridine (meszbpy) ligand (Fig. 6, 14 and 15) reported earlier by Sampson et al. inhibits Mn°—
Mn® dimerization upon one-electron reduction [64]. Additionally however, the presence of
methoxy groups located in close proximity to the Mn center in the report by Ngo et al. enables
weak allosteric hydrogen—bonding interactions with Brensted acids. This effectively lowers the
activation free energies associated with the heterolytic C—-OH bond cleavage step, thus
promoting the protonation—first pathway. DFT calculations performed at the M06 level of theory
[65] coupled with the SMD continuum solvation model [66] showed that the AG*s associated
with the C-OH bond cleavage step (Fig. 7) are significantly lower for the protonation—first
pathway for the Mn'([(MeO)>Ph]:bpy)(CO)3(COH) complex compared to those for
Mnl(mes;bpy)(CO)3(CO2H) (e.g., AG* = 25.1 vs 30.7 kcal/mol, respectively, using TFE as a
proton source) in line with the experimental observations that only the former catalyst promotes
the protonation—first pathway to a significant extent. The authors also performed DLPNO-

CCSD(T) calculations for the activation energies associated with the protonation—first pathway

15



of both complexes for a set of Brensted acids (H»O, MeOH, TFE, PhOH) to assess the
performance of a set of selected density functionals. Similar qualitative results were identified
for all the functionals tested, with the MO6-L functional providing the best quantitative

agreement with the DLPNO-CCSD(T) level of theory.

(b)

Figure 7. Optimized transition state structures for heterolytic C—OH bond cleavage for the
protonation—first ~ pathway  using TFE as the proton source for (a)
Mn!([(MeO)2Ph]bpy)(CO)3(CO2H) and (b) Mn'(mes2bpy)(CO)3(CO2H). Color code: Mn, ochre;
C, gray; N, blue; O, red; F, cyan; H, white. Selected distances (A) are shown as blue dashed

lines.
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2.2 Photocatalytic CO: reduction

While the focus of this manuscript in primarily on the catalytic conversion of CO>,
primarily to CO and HCOO™, by homogeneous Mn catalysts, there are a number of Re-based
computational studies which should be considered as they highlight alternative pathways
(relative to Scheme 1) for CO> reduction. While these studies are inspired by experimental
studies which have utilized photoinitiated catalysis they are equally relevant to electrochemical

methods as analogous reactive intermediates may be generated at an electrode surface.

In an early work, Muckerman and co-workers investigated the mechanism of CO
evolution from Rel(bpy)(CO)3(COOH) using DFT calculations [39]. Geometry optimizations at
the M06-L level of theory in conjunction with the CPCM continuum solvation model for DMSO
were performed to study the reaction between Re!(bpy)(CO);(COOH) and CO; (Scheme 2). The
authors uncovered that CO, could react with Rel(bpy)(CO);(COOH) to generate a
[Rel(bpy)(CO)4][HCO;7] complex salt with an activation enthalpy (AH*) of 24 kcal/mol. In the
following step, the HCOs3~ counteranion displaces CO via associative ligand exchange (AH* = 12
kcal/mol) to generate the Re!(bpy)(CO)3(OCO:H) bicarbonate complex (Scheme 2). The
proposed mechanism was also supported by '*CO, isotope labeling experiments, which

demonstrated that the HCO3™ anion originates from the CO; substrate upon reacting with

Re!(bpy)(CO)3(COOH).
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Scheme 2. Proposed mechanism by Muckerman and co-workers [39] for CO evolution via the

reaction of Rel(bpy)(CO)3;(COOH) with COs.

In their following work, using a similar computational methodology, Muckerman and co-
workers studied the mechanistic details of formation of a rhenium carbonate dimer,
[Re(bpy)(CO)3]2(0CO2), and CO via photocleavage of the [Re!(bpy)(CO)s]> dimer in COx—
saturated N,N-dimethylformamide (DMF) solvent (Scheme 3) [40]. The initial step of the
proposed mechanism involves generation of two pentacoordinate Re'(bpy " )(CO); complexes via
photocleavage of the Re’~Re’ bond, which in turn react with a carbon dioxide molecule to
generate the carboxylate dimer (AH = —36 kcal/mol), [Re(bpy)(CO)3]2(OCO), in an effective
two—electron reduction of CO,. The insertion of a second molecule of CO> proceeds with AH* =
22 kcal/mol to yield the [Re(bpy)(CO)3]2(OC(O)OCO) intermediate, which upon rearrangement
evolves CO forming the carbonate-bridged rhenium dimer, [Re(bpy)(CO)3;]2(OCO2) (AH* = 15.3
kcal/mol) (Scheme 3). The proposed mechanism agrees well with earlier experimental
observations [27, 67] of the analogous dmbpy complex, specifically with identification of
[Rel(dmbpy)(CO);]2(0'CO) as a long-lived intermediate and Bco,

[Rel(dmbpy)(CO);]2(0*CO2) and [Re'(dmbpy)(CO)3]2(0O'*C(O)OH) as products from the
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reaction of the [Re'(dmbpy)(CO)s3]2 dimer in '3COr—saturated DMF solvent upon incident

irradiation.

Scheme 3. Proposed mechanism by Muckerman and co-workers [40] for the formation of
rhenium carbonate dimer, [Re(bpy)(CO)3]2(OCO.), and CO via photocleavage of Re’~Re’ dimer

in COx—saturated DMF solvent.

In a recent combined experimental and computational study, Schneider et al reported the
competitive kinetic isotope effects (!3C KIEs) on photocatalytic CO, reduction by
ReCl(bpy)(CO); in CH3CN and DMF solvents in the presence of triethanolamine (TEOA) as a
sacrificial reductant [45]. The authors performed DFT calculations at the M06 level of theory
coupled with the SMD continuum solvation model to examine the photocatalytic reaction
mechanism of CO; reduction by ReCl(bpy)(CO)s and to compute the '*C KIEs. High precision

natural abundance '*C isotope effect measurements resulted in '*C KIEs of 1.0718 and 1.0685, in
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CH3CN and DMF respectively, which are consistent with the computed '*C KIEs for CO,
binding to the one—electron reduced five coordinate Re!(bpy")(CO)s species (Fig. 8). These
findings indicate that the first irreversible step for photocatalytic CO> reduction in CH3CN and
DMF solvents is the same and similar reactive intermediates are produced upon reduction in both
solvents. In dry solvent conditions, CO, binding to the one—electron reduced Re'(bpy™)(CO)s
species could be followed by dimerization as discussed above, whereas further reduction in the
presence of weak Bronsted acids protonation and further reduction steps could lead to formation
of CO and H>O in a similar fashion to proposed mechanisms for electrocatalytic CO> reduction

by Mn and Re catalysts.

TS for CO; binding to Re!(bpy*)(CO)3 TS for CO; binding to [Re’(bpy™)(CO)3]
13C KIE (computed): 1.061 13C KIE (computed): 1.086

Figure 8. Optimized transition state structures for CO» binding to Re!(bpy™)(CO)s (left) and to
[Re’(bpy)(CO)s]~ (right) and computed '3C kinetic isotope effects (KIEs). Color code: Re,

cyan; C, gray; N, blue; O, red; H, white.
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3. Thermodynamic aspects of CO2 reduction in aqueous and non-aqueous solvents

The one-electron reduction of free CO; to generate the CO; radical anion, CO;™ (Eq. (1))
is a thermodynamically demanding reaction, which occurs at an equilibrium potential of —1.90 V
vs. the standard hydrogen electrode (SHE) in water at pH 7, due, in part, to the large
reorganization energy involved [68]. However, through the application of bio-inspired proton-
coupled electron transfer (PCET) catalysis, the thermodynamic requirements for CO> reduction
can be reduced significantly, producing, for example, HCO,H at a more modest potential of —
0.61 V (Eq. (3)), or CO at —0.52 V (Eq. (4)). To illustrate the diversity and proton dependency of
CO; redox chemistry, a summary of aqueous equilibrium potentials (vs. SHE) for the pure redox
(Egs. (1) & (2)) and proton-coupled (Egs. (3) — (8)) conversions of CO» to some of its reduced
derivatives is provided below for the following reaction conditions: pH = 7; 25 °C; 1 atm of
gases (g); 1 M solutes (aq); water as a solvent (1). The data in these equations are from Table 1 in

ref. [69] and references therein.

COZ(g) te Cozk(aq) -1.99V (1)

COZ(aq) + 67 = C()2.7(aq) -1.90V (2)
+ _

CO,g T 2H o T2¢ = HCOH,, 061V (3)
+ _

CO,g T 2H T2 = CO, +HO,, 052V 4)

3CO,,, T H,0, +2e = CO +2HCO, 056V (5
+ _

COyp T 4H g Tde = HL(OH), +H,O,, 049V (6)
+ _

CO, TOH o T6e = CH,OH, ) +H,0, 038V (7)
+ _

Coz(g) +8H (aq) t8e = CH4(g) + ZHZO(I) -0.24V (8)
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It is important to also recognize that one of the major challenges in identifying a successful
homogeneous catalyst for the proton-coupled conversion of CO> is product selectivity, especially
with respect to the often less thermodynamically demanding and therefore competitive proton
reduction reaction, i.e., hydrogen (Hz) evolution (Eq. (9)) [70]. This is especially challenging for
electrocatalytic HCO>H production, which shares a metal hydride intermediate with the H»

evolution mechanistic pathway.

2H'ag +2¢ = Hag -0.41 Vvs. SHE @ pH 7 (0.00 V vs. SHE @ pH 0)  (9)

Many different CO; reduction catalysts have been developed over the years for use in both
aqueous and non-aqueous solution. To evaluate catalytic performance and make comparisons
between different systems, various parameters are considered, such as overpotential for
electrocatalysts (7), and turnover number (TON), turnover frequency (TOF), and product
selectivity for both electro- and photocatalysts [21, 71, 72]. Ideally, a catalyst would be as active
as possible (i.e., operate at low 7 with a high TOF), durable (i.e., exhibit a high TON over
extended time), and selective for a single product. For electrocatalysts, 77 is defined as the
difference between the applied potential at the working electrode (£) and the equilibrium
potential (Eeq) for the electrochemical reaction (Eq. (10)), with Eeq being derived from the
standard electrode potential (E£°) and a potential term (ep) related to the activities
(concentrations) of reactants and products at the electrode surface [73]. For heterogeneous
electrocatalysts 7 is typically determined from the applied potential, E, that results in a specified
current density (j, A/cm?), while for homogeneous catalysts, it has been suggested to use a value

of E corresponding to the potential at which the catalytic current is half its maximum value

(Ecat/Z) [72]
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n= Eeq - E (10)

Unfortunately, despite the fact that many CO: reduction catalysts have been studied in
organic solvents such as CH3CN, values of E° for various CO: reduction reactions in these
solvents are still quite rare, unlike in water where they are well known (Egs. (1) — (8)). One
example is the standard electrode potential for the 2H" / 2¢™ proton-coupled reduction of CO; to
CO in dry CH3CN (Eq. (12)), which was recently estimated as —0.13 V vs ferrocenium/ferrocene
(Fc"®) by Matsubara et al. [69] and —0.12 V vs Fc”® by Appel and Mayer [74]. Thus, in
principle, if a catalyst that reduces CO> to CO is operated in dry CH3CN in the presence of an
acid-base buffer of well-defined pH, it should be a simple matter to calculate E.q from this
standard potential using the Nernst equation as shown in Eq. (11). However, it turns out that the
calculation of Eeq is slightly more complicated than this (vide infra). Unfortunately, the use of
acid-base buffers in CO; reduction studies has been very limited [47, 69], and thus in many cases

the pH of the solution under operating conditions is unknown.

2.303RT
f— o .
Beq=E _( 2F ) 2pH (D
COx + 2H'cmsen) + 267 == €O + HyO(cmscn) °=.0.13 V vs. Fc™? (12)
COZ(g) + HZO(CH3CN) = H+(CH3CN) + HCO3_(CH3CN) pKa(app):23'4 (1 MHzO) (13)
3C0yg) + HpO(cmscen) + 267 == €O + 2HCOs (chsen) °=-1.55V vs. Fc™ (1 M H,0)  (14)

The situation becomes more complicated when H>O is added to an organic solvent as a
proton source for CO; reduction. In this case, an apparent acid-base equilibrium is setup between

the dissolved CO; and H>O (Eq. (13)), releasing protons, the concentration of which depends on
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the concentration of added H>O. The net CO; reduction reaction in the presence of H.O (Eq.
(14)) is thus a combination of the electrode reaction in Eq. (12) and the CO> + H>O apparent
acid-base equilibrium (Eq. (13)), with bicarbonate (HCO3") as a byproduct. Savéant and co-
workers made initial estimates of E£° for this CO> reduction reaction in wet CH3CN and DMF
[75], which involved the use of a DFT-calculated value of a water transfer energy to estimate the
apparent pKa. for Eq. (13). However, using the technique of isothermal titration calorimetry
(ITC), this apparent pKa. was experimentally-determined by Matsubara et al. in wet CH3CN
containing 1 M H>O (pKa = 23.4 £ 0.1), permitting a more accurate value of £° to be estimated

for this particular concentration of H>O in CH3CN, i.e., E°gq (14) (1M Hy0) = —1.55 V vs. Fc*0 [73].

Unfortunately though, researchers have used a wide range of H>O concentrations for CO>
reduction studies in wet CH3CN. To address this, Matsubara very recently applied the concept of
the unified pH scale to allow an estimation of E° for Eq. (14) in wet CH3CN over a wide range of
H>O concentrations, from 0.50 — 55.3 M (1-100 vol % H>0) [73]. As can be seen in Fig. 9, E° is
very sensitive to the water content, spanning a range of 0.5 V. In addition, Matsubara formulated
an equation that allows Eeq to be estimated for the electrocatalytic reduction of CO> to CO in wet
CH3CN (Eq. (14)) by bulk electrolysis using a homogeneous catalyst in solution when the
applied potential (F) is sufficiently more negative than Eca2 (Eq. (15)). As can be seen in Eq.
(15), E° is modified by an expression that contains parameters that include the concentration of
the catalyst (cg), the concentration of CO in the solution when equilibrated with CO at 1 bar in
the gas phase (cgg), and the diffusion coefficients (D) of CO, HCO3;~, CO> and the catalyst. For
situations where E is similar to Ecay2, @ more complex form of Eq. (15) should be used (see Eq.
(S20) in ref. [73]). A similar equation was also developed for bulk electrolysis with a surface-

immobilized catalyst.
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Matsubara’s work has now opened up the possibility of making fair comparisons of the
catalytic efficiencies of CO»-to-CO reduction catalysts under various solution conditions in wet
CH3CN, and such a comparison that includes some Mn-based catalysts was made in ref. [73]. In
principle, an equation similar to Eq. (15) could be developed for the reduction of CO2 to CO in
dry CH3CN in the presence of an acid-base buffer (Eq. (12)), allowing for an accurate estimation
of overpotentials under these conditions. We expect that the standard potentials for other types of
CO; reduction reactions in various aqueous organic solvents will be estimated in the future using
Matusbara’s method, finally allowing a true comparison of the efficiencies of all reported and

future CO> reduction electrocatalysts.

ey Organic

E°/V vs SHE

Aqueous

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of water

Figure 9: Plot of the standard electrode potential for the reduction of CO> to CO in wet CH3CN
(Eq. (15)) as a function of the water content. The potentials are shown here versus the standard

+/0

hydrogen electrode (SHE), but they are also reported versus Fc™ in the original publication.

Reproduced with permission from ref. [73]. Copyright 2017 American Chemical Society.
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3.1 Case study: A comparison of overpotentials for analogous Mn- and Re-based CO: reduction
catalysts

Taking advantage of Matsubara’s approach, we have included below a direct comparison of
the Re and Mn complexes 5 and 6 for the electrocatalytic reduction of CO; to CO ina 0.1 M

BusNPFs CH3CN electrolyte with 2.78 M (5%) added H>O (Fig. 10).

5 [Re(bpy)(CO),(CH,CN)]"

1——1atmAr

—— 1atm CO, + 5% H,0
E__=-182V

cat/2
TOF,_ =6.0 (x1.7)s"
7|6 [Mn(bpy)(CO),(CH,CN)]"
(i/i ) —— 1 atm Ar
P 1atm CO, + 5% H,0
p E.,, protonation-first = -1.80 V
E___ reduction-first=-1.97 V

cat/2

TOF__ protonation-first = 6.1 (+0.5) s™

max

TOF _, reduction-first =15.4 (+3.3) s’

-0.5 ' 10 ' 15 ' 2.0
Potential (V vs. Fc™)

Figure 10: Plot of linear sweep voltammetry data under 1 atm of COz in a 0.1 M BusNPFs

acetonitrile electrolyte with 2.78 M (5%) added H»O for 5 (-) and 6 (—). All data was recorded at

a scan rate of L = 0.10 V s and calibrated internally using the Fc™°

pseudo-reference. Also
included are reference cyclic voltammetry data under 1 atm of argon in a 0.1 M Bu4NPFs
acetonitrile electrolyte for 5 (—; Epc =—1.65V & -1.78 V) and 6 (—; Epc = —1.48 V & —1.83 V).
Both protonation-first (Ecay2 = —1.80 V) and reduction-first (Eca2 = —1.97 V) catalytic waves are

exhibited by 6; Ecay2 for the Mn reduction-first pathway was estimated by deconvolution of both

catalytic waves. A single catalytic wave is exhibited by 5 (Ecar2 = —1.82 V). Maximum turnover
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frequencies (TOFmax) were determined following scan-rate analysis and identification of steady-
state catalytic conditions, apart from the TOFmax value for the protonation-first pathway of 6

which was estimated by foot-of-the-wave analysis.

Comparing just the reference cyclic voltammetry data, recorded under argon, the first one-
electron reduction of the Mn complex 6 at —1.48 V vs. Fc™® occurs 0.17 V more positive than
that of the Re(I) analogue. While both reductions are formally assigned to the bpy/bpy™
reduction, the positive shift of 6 is attributed to the lower-lying energy of the adjacent valence d-
shell of the Mn(I) center relative to Re(I). This reduction is irreversible for 6 due to rapid
dissociation of the CH3CN ligand and formation of the neutral pentacoordinate Mn(0)
metalloradical species, [Mn(bpy)(CO)3]", which subsequently undergoes rapid dimerization to
form [Mn(bpy)(CO)3]> whose oxidation is observed upon the reverse scan in Fig. 10 at -0.61 V
vs. Fc°. In contrast, the first one-electron reduction wave for 5 is quasi reversible, characterized
by a redox couple of —1.61 V vs. F¢™° (Epe= —1.65 V, AE, = 0.080 £0.005 V) consistent with the
predicted stability of the neutral six-coordinate, Re(bpy)(CO)3;(CH3CN) intermediate (see
Section 2.1). Subsequent reduction to the five-coordinate, two-electron reduced active catalytic
species, [M(bpy)(CO)s] is evident by a second irreversible one-electron cathodic wave at —1.83

V and —1.78 V vs. Fc™° for Mn and Re, respectively.

Under 1 atm of CO: in the absence of any added proton source, no catalytic current is
observed for either complex. While this is unusual for such Re-based polypyridyl complexes, it
is consistent with the electron deficient character of S relative to its neutral chloride analogue and

complexes containing more electron rich polypyridyl ligands [12, 25-27, 76]. Under
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electrocatalytic conditions (1 atm CO; and 2.78 M (5%) added H»O), catalytic current is
observed for both the Mn and Re complexes. The Mn complex 6 exhibits both protonation-first
(Ecarz = —1.80 V) and reduction-first (Ecav2 = —1.97 V) catalytic waves, while just a single
catalytic wave is exhibited by 5 (Ecar2 = —1.82 V). Under these catalytic conditions with 1 mM
catalyst concentration, having determined diffusion coefficients of 3.71 x 10 cm? s and 1.89 x
10° cm? s! for 6 and 5, respectively, Eeq was calculated to be —1.21 V and —1.20 V vs. Fc™°,
respectively using Eq. (S20) in ref. [73] and a value of £E° = —1.43 V vs. Fc™ obtained from a fit

of the E° data reported in ref. [73].

Using Eq. (10), the overpotentials for the protonation-first and reduction-first pathways for 6
are therefore 7=0.59 V and 0.76 V, respectively, representing a saving of 0.17 V by following
the protonation-first pathway. In contrast, 5 exhibits an overpotential of 7= 0.62 V, which is just
0.03 V more than for the protonation-first pathway for the Mn-based catalyst. It should be noted
that these overpotentials are specific to the experimental conditions applied in Fig. 10 and may

likely vary with pKa of the proton source and pH of the solution, as discussed above.

4. Experimental mechanistic investigations of CO: reduction by Mn-based complexes

All catalysts operate through a series of reaction steps that involve intermediates in various
oxidation states, and their reactions with substrate molecules (CO> in the case of this review),
and sometimes with other species such as Brensted acids. In order to develop catalysts that
enhance a desired reactivity while suppressing unwanted side reactions and decomposition
pathways, it is critically important that the catalytic mechanism is fully understood, including the

structure and reactivity of individual catalytic intermediates. The knowledge gained from such
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mechanistic investigations can then be applied to the design of improved catalysts. Often, a
combined theoretical and experimental approach is the most successful strategy, with theoretical
predictions guiding experiments. A discussion of theoretical methods applied to CO> reduction
catalysis was provided in Section 2. In this section, we will highlight a variety of powerful
experimental techniques that are often employed to obtain mechanistic information about CO»
reduction catalysis by Mn-based complexes. We will begin with a brief overview of
voltammetric techniques, and then focus on spectroscopic methods that can be used to identify
and directly monitor the reactivity of catalytic intermediates. Selected examples related to CO>
reduction catalysis with Mn-based complexes will be highlighted, with an emphasis on infrared

(IR) spectroscopic techniques, and other structurally-sensitive methods.

4.1 Electrochemical methods

A powerful and commonly used method for mechanistic investigations of CO2 reduction
catalysis is electrochemistry. A large variety of electrochemical techniques are available, ranging
from cyclic voltammetry and bulk electrolysis to more advanced experiments such as rotating
disk electrode (RDE) and rotating ring-disk electrode (RRDE) electrochemistry. These
techniques can be used to obtain both thermodynamic and kinetic information about catalytic

reaction steps, and can also be used to help identify catalytic intermediates and products.

4.1.1 Voltammetry
The accurate determination of an electrocatalyst’s overpotential (7) at a given applied
potential (E£) from voltammetry data has already been discussed in Section 3. In addition to

elucidating the basic thermodynamic properties of a catalyst, time-dependent voltammetric
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sweep methods, specifically cyclic and linear sweep voltammetries, are also a powerful tool for
extracting kinetic information about a catalytic cycle. This topic has been covered in significant
detail in recent articles, some of which are specifically focused on the reduction of CO» [21, 71,
77]. Thus, the major concepts are simply summarized here with specific reference to Mn-based

catalysts.

Prior to electrocatalysis studies, cyclic voltammetry is initially used to determine the
reduction potentials and non-catalytic Faradaic current responses (ip) of homogeneous complexes
under inert conditions. For homogeneous Mn-based molecular catalysts, this typically requires
an inert atmosphere of argon or nitrogen and a non-protic electrolyte solvent, such as 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPF¢) in dry CH3CN. Commonly, for the
majority of Mn(I) tricarbonyl polypyridyl complexes, the observed current-voltage profile
follows an electrochemical-chemical-electrochemical (ECE) mechanism as described in the
catalyst activation steps of Scheme 1, i.e., two sequential irreversible one-electron reduction
steps are often observed, ultimately generating a pentacoordinate anion, e.g., [Mn’(bpys—
)(CO)3]~. In the case of complexes with 6,6’-disubstituted bipyridine ligands [47, 64] and some
other systems [78-80], the same ECE mechanism occurs but it is condensed into a single,
concerted two-electron event. Upon replacing the inert gas with 1 atm of CO., but in the absence
of a proton source no change in the current-voltage response is observed. Only upon introduction
of the CO> substrate with concurrent addition of an external Brensted acid co-reagent is catalytic

current (icat) observed, initiated by two-electron reduction of the Mn complex.
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Kinetic analysis of the peak ica value is required to extract the maximum turnover frequency
(TOFmax — sometimes referred to as the observed (kobs), or apparent (kapp) rate constant) of the
catalyst. According to Scheme 1, the rate equation for the electrocatalytic reduction of CO:> to
CO by a homogeneous Mn-based molecular catalyst can be represented by Eq. (16) where Acat

represents the intrinsic rate constant of the catalyst.

rate = TOFyx = kcat[coz][H+]2 (16)

The direct measurement of kca by voltammetry is not possible. However, under pseudo first-
order conditions, where an excess of CO2 and Brensted acid exist at low catalyst loading
(typically 1 mM), TOFmax can be determined. Unfortunately, despite the fact that the solubility of
COz in CH3CN (~ 0.28 M / atm [81]) is much greater than in water, it is still limited, which can
hinder the establishment of pseudo first-order conditions for an efficient catalyst due to a
depletion of [CO2] within the electrochemical double layer at the electrode surface during
analysis. Thus, to determine TOFmax for an efficient electrocatalyst for CO> reduction by
voltammetry, an appropriate scan rate threshold must be identified, above which any dependence
on the mass transfer diffusion of CO> from the bulk electrochemical solution is negated. This
requires the characterization of TOFmax at increasing scan rates until a steady-state current
plateau is reached and the catalytic rate becomes independent of the applied scan rate (Fig. 11).
Under these ideal steady-state conditions, an s-shaped current response is observed in cyclic
voltammetry where the catalytic current of the reverse-scan almost overlays that of the forward

scan. For example, the steady-state voltammetric response of catalyst 13 [47] is presented in Fig.
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11 at a scan rate of 0.10 V s™! in a 0.1 M BusNPFs CH3CN electrolyte under 1 atm CO; in the

presence of 6.33 M H>O.
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Figure 11: (Left) Scan-rate dependence of the maximum turnover frequency (TOFmax) observed
for 13 recorded in a 0.1 M BusNPFs CH3CN electrolyte under 1 atm CO> in the presence of 6.33
M H:O. Steady-state kinetic conditions are identified above a threshold scan rate of V=0.10 V s
! by a plateau of the TOFmax response. The inset shows the predicted linear plot of ‘icat/ip Vvs.
1/v” where the data deviates from linearity at scan rates of L < 0.10 V s'. (Right) An overlay of
the Faradaic and catalytic responses for 13 recorded in a 0.1 M BusNPFs CH3CN electrolyte
under 1 atm of argon (-) and 1 atm of CO2 + 6.33 M H;O (-), respectively. Both
voltammograms were recorded at a scan rate of v = 0.10 V s”'. Note the s-shaped curve of the
catalytic response indicative of steady-state catalysis conditions. A maximum ica/7, ratio of 12.51

is exhibited, corresponding to a TOFmax of 243 s™! consistent with the adjacent plots.
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When characterizing a catalyst, we recommend the calculation of TOFmax at multiple scan
rates beyond the threshold for steady-state conditions and reporting the mean TOFmax with a
standard deviation. To calculate TOFmax at any given scan rate which exhibits steady-state

conditions, the ratio of ica/ip need only be measured and the following equation can be used,

TOFmax = 0.1992 (=) n ) ("C.—“t)z (17)

2
RT/ \Ngg¢ ip

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'! mol!), T is the temperature (K), np is the number of electrons
involved in the non-catalytic Faradaic current response (responsible for ip), and 7cac is the number
of electrons required for catalysis (2 electrons for the reduction of CO2 to CO). It should be
strongly emphasized that the application of Eq. 17 must be validated by establishing steady-state
catalytic conditions, as discussed above and illustrated in Fig. 11, otherwise the calculated TOF
does not represent a maximum value and is likely severely underestimated. In fact, Eq. 17 is
derived only by assuming steady-state conditions consistent with an E:Ccas mechanism describing
only the rate-determining step of the catalytic cycle under pseudo first-order conditions [71, 82,
83]. It should also be appreciated that when extracting TOFmax using voltammetry data in this
manner the value obtained is representative of only the small portion of activated catalysts within

the diffusion layer at the electrode surface.

Thus, where steady-state catalytic conditions cannot be established, TOFmax cannot be
experimentally determined. In the specific case of characterizing a very efficient catalyst where

pseudo first-order conditions cannot be established, as the depletion of [CO:] in the
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electrochemical double layer cannot be ignored, Saveant and co-workers developed the foot-of-
the-wave analysis (FOWA) method to estimate TOFmax [21, 71, 75, 84]. FOWA effectively
extrapolates the slope of the catalytic current onset (quite literally the foot of the catalytic wave)

to estimate TOFmax, which is otherwise unattainable due to the rate limiting CO> concentration.

Practically, FOWA requires a plot of “ica/ip vs. 1/ (1 + exp [;—T (E — Eé’at)])’, according to Eq.

18 where FE is the applied potential, i.e. the entire x-axis of a voltammetry plot, and E2,; is the

standard reduction potential for activation of the active catalyst (determined under inert non-
catalytic conditions). This gives rise to a linear plot consisting of a slope (m) described by Eq.

19, from which TOFnax can be extracted.

. 224 |(BL)TOF 0y
w240 )]<”§?§> (18)

ip 1+exp[(R—1;,)(E —E&)| \1p

RT ca
m = 2.24 (E) TOF 0y <:;/§> (19)

We recently applied FOWA to estimate TOFmax for the protonation-first pathway of catalyst
13 as discussed above. In the presence of a Bronsted acid that has a pK. in CH3CN lower than
that of H>O, such as phenol, the protonation-first pathway is evident as a more positive catalytic
wave overlapping with that of the reduction-first pathway. A pure value of ica solely for the
protonation-first pathway cannot be determined due to the underlying current onset for the more
negative reduction-first catalytic response. FOWA allowed TOFmax to be estimated as a mean
value of 138 + 4 s over a range of scan rates from 0.5 to 1.0 V s’'. An example of the FOWA

analysis for 13 recorded at 0.75 V s! is presented in Fig. 12.
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Figure 12. Foot-of-the-wave analysis (FOWA) for the protonation-first pathway of catalyst 13
recorded in a 0.1 M BusNPFs CH3CN electrolyte under 1 atm CO; in the presence of 1.37 M
phenol at a scan rate of L =0.75 V s!. A positive hysteresis of the FOWA plot (full FOWA data)
is attributed to the underlying onset current for the reduction-first catalytic pathway. Truncating
the FOWA data to a linear portion and extrapolating a linear fit allows estimation of TOF max
from the linear slope. The inset shows the i, normalized current response plotted vs E — EQ;

where distinct catalytic current waves can be identified for both the protonation-first and

reduction-first catalytic pathways.

4.1.2 Controlled potential (bulk) electrolysis

After voltammetric techniques have been used to identify the applied potential(s) at which
COz reduction catalysis is believed to occur, it is critically important that these are followed up
with controlled potential (bulk) electrolysis (CPE or BE) experiments with product analysis.

Without a CPE experiment, it is impossible to claim from CV data alone that the observed
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catalytic current is generated by a specific catalyzed reaction, e.g. the reduction of CO; to CO or
HCO:H, since other competing processes, including H> production, could be occurring. In a
typical CPE experiment, a two-compartment electrochemical cell is used so that the oxidative
processes occurring at the counter electrode does not contribute to the products formed at the
working electrode in the main compartment, and these desired reduction products are not
oxidized at the counter electrode. The cell is purged with CO., sealed, and then the working

electrode is held at a fixed potential for a given amount of time.

The products of catalytic CO; reduction are quantitatively analyzed by various means during
and/or after CPE. For example, samples of the head space gas are often analyzed by gas
chromatography (GC) to quantify CO and H> production. Liquid-phase products, e.g. HCO2H,
are often analyzed by NMR, GC-MS, or ion chromatography methods. Once the amount of each
product is quantified, the TON can be calculated based on the initial concentration of the
precatalyst (see Section 5.2.4 for a definition of TON, which is the same for both electro- and
photocatalytic processes). The amount of charge (Q) that passes through the cell during CPE is
also recorded, and from the amount of each product formed, a Faradaic efficiency (FE) for each
product can then be determined based on the CO: reduction reaction that is occurring. For
example, for the two-electron reduction of CO2 to CO (Eq. (4)), a 100% FE for CO would
correspond to 1 mole of CO produced per 2 moles of charge passed. Finally, we would strongly
encourage readers to perform control CPE experiments with isotopically labeled *CO» to
determine that the labeled carbon carries through to the reduction products observed, thus
confirming that the products are indeed derived from the added CO.. This is particularly

important for immobilized catalysts where more exotic electrode materials, such as Nafion®

36



membranes or various forms of carbon-based or metal oxide supports, are often used, since in
these cases it is conceivable that even small amounts of carbon-based impurities could be
responsible, at least in part, for the CO> reduction products observed. We note that since CO is
ultimately produced by ejection from the tetracarbonyl intermediate (Scheme 1), some isotopic
scrambling could possibly occur. However, this would only ever be a potential issue if the TON

is very low (<~10).

4.1.3 Infrared spectroelectrochemistry (IR-SEC)

If catalytic intermediates are easily prepared, for example by chemical synthesis, reaction
with chemical oxidants/reductants, or by electrolysis, and they are sufficiently long lived, then
conventional spectroscopy techniques, such as IR, UV/Vis, NMR, etc. can be applied. One such
method that has proved to be particularly powerful for investigating CO2 reduction catalysis is
infrared spectroelectrochemistry (IR-SEC). In this technique, stable or metastable species
generated at a working electrode held at a particular potential are probed in-situ by fourier-
transform infrared (FTIR) spectroscopy in a specially designed IR cell containing working,
counter, and reference electrodes. In some cases, the working electrode is a metallic mesh inside
a transmission IR cell, through which the IR beam can transmit (a so-called optically transparent
thin layer electrochemical or OTTLE cell), while in other cases it is a metallic or glassy carbon
disc, off which the IR beam is reflected in a specular reflectance-type cell [32]. IR-SEC takes
advantage of the structural specificity of IR spectroscopy and the ability to prepare successive
catalytic intermediates simply by gradually stepping the potential of the working electrode. We
note that in some cases, UV/Vis-SEC has also proved to be a powerful technique for monitoring

CO; reduction processes.
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Early pioneering IR-SEC work on the well-known family of [Re(a-diimine)(CO);L]%* CO»
reduction catalyst precursors, in some instances in combination with UV/Vis-SEC experiments
[33, 85, 86], provided a comprehensive picture of the initial reduction events, including the loss
of ligand L upon one-electron reduction and the existence of one- and two-electron pathways for
the CO» reduction process, involving key intermediates such as [Re(a-diimine)(CO)3]’, [Re(a-
diimine)(CO)3], and the metallocarboxylic acid species, [Re(a-diimine)(CO); (COH)].
However, in the case of the Re-CO2H species, v(OCO) bands of the bound CO2 moiety could not
be assigned due to overlap with the strong IR band of carbonate ion, CO3*. These experiments
were made possible by the sensitivity of the v(CO) frequencies of the carbonyl ligand stretching
vibrations to both the electron density and the structural arrangement of ligands at the metal

center, permitting relatively facile identification of intermediates.

Various first-row transition metal complex CO; reduction catalyst precursors have also been
studied by IR-SEC [87, 88]. Even the Mn-based versions of the Re-based catalyst precursors,
i.e., the [Mn(a-diimine)(CO);L]”" complexes, were the subject of early IR-SEC investigations
[89, 90], with intermediates such as the Mn—Mn bonded dimer, [Mn(a-diimine)(CO)3]2, and the
two-electron reduced species, [Mn(a-diimine)(CO)3]", having been observed. An important
mechanistic difference between the Mn- and Re-based complexes that was highlighted by the
various IR-SEC studies [90, 91] is that in the case of the Re complexes, one-electron reduction
results in an observable six-coordinate anion, e.g., [ReCl(bpy™)(CO)s3]", which slowly ejects the
sixth ligand, e.g., Cl', to form an observable neutral radical intermediate, which will be in

equilibrium with a Re—Re bonded dimer to varying degrees depending on the functionalization
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of the bpy ligand. Further reduction ultimately results in the [Re(bpy)(CO)3] active catalyst.
However, for the Mn complexes, ejection of the sixth ligand upon one-electron reduction, and
subsequent Mn—Mn dimerization, both occur on such a fast timescale that no intermediates prior
to the dimer are observed by IR-SEC. In addition, the dimerization is quantitative in the case of

Mn, whereas the radicals and dimer are in equilibrium in the case of Re (see Section 2.1).

At the time that the Mn-based complex 4 was originally studied by IR-SEC, it was thought
not to be capable of acting as a CO; reduction catalyst [33], since electrochemical experiments in
the presence of Bronsted acids were never attempted. This discovery was finally made some
years later by Chardon-Noblat, Deronzier, and co-workers in their study of the reduction of CO>
by catalysts 2 and 3 in CH3CN in the presence of 5% H>O [35]. In this pioneering work, it was
actually UV/Vis-SEC that was used to characterize the formation of the dimer, [Mn (a-
diimine)(CO)3]2 upon one-electron reduction, followed by the production of the two-electron
reduced [Mn(a-diimine)(CO)s3]™ active catalytic species after reduction of the dimer at more
negative potential. This opened the door for a number of recent investigations of Mn-based CO-

reduction catalyst precursors, with IR-SEC being a key mechanistic tool.

Kubiak’s group has made a major contribution to this field, developing a series of Mn-based
CO> reduction electrocatalyst precursors. Their initial work on the dtbpy complex 7
demonstrated the power of IR-SEC for identifying the various reduced forms of the catalyst via
the v(CO) vibrations, up to the two-electron reduced active catalytic species, [Mn(dtbpy)(CO)3]”
(see Fig. 13) [57]. This latter species was also sufficiently stable in the presence of a potassium

crown ether to allow an X-ray crystal structure to be obtained.
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Figure 13: (A) IR-SEC of 7 (black) under N> in CH3CN, showing two major species as the
potential is increased cathodically: [Mn(dtbpy)(CO)3]2 (red), and [Mn(dtbpy)(CO)3]™ (blue). (B)
CV of 7 under Ar in CH3CN, showing correlation to the species seen in the IR-SEC experiment.

Reproduced with permission from ref. [57]. Copyright 2014 American Chemical Society.

Later, Kubiak and co-workers added sterically demanding mesityl groups at the 6,6'-
positions of the bpy ligand (Fig. 6) [64]. The presence of these groups prevented Mn-Mn
dimerization from occurring from 14 and 15, promoting disproportionation of the one-electron
reduced intermediate, [Mn(mes:bpy)(CO)]°, to produce the two-electron reduced
[Mn(mes>bpy)(CO)s] active catalytic species at the potential of the first reduction. In addition to
both of these species being observed by IR-SEC, in the presence of CO2 and methanol as a
Bronsted acid, v(CO) bands at 2006 and 1907 cm™ were assigned to the metallocarboxylic acid
intermediate, Mn(mes>bpy)(CO)3(CO2H) that results from the reaction of [Mn(mes2bpy)(CO)s]~
with CO2/H". Unfortunately though, the v(OCO) vibration of the bound CO>H moiety (expected
to appear between 1700 and 1500 cm™') could not be observed, presumably due to either a small
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accumulation of the species or spectral interference by methanol. Despite the fact that the Mn—
CO:H species is formed at the potential of the first reduction, the IR-SEC data indicated that
catalysis does not occur until this species is reduced at ~400 mV more negative potential, which
induces the ejection of OH™ (in the form of H,O upon reaction with H"), and subsequent CO
elimination from the resulting tetracarbonyl species. In related work, IR-SEC was used to
characterize the intermediates generated during CO; reduction with 14 and 15 in the presence of
Mg?* cations that act as a Lewis acid, which promotes catalysis at much lower overpotential and
a change in mechanism to that of reductive disproportionation of COz (eq. 20) [92]. In this case,
spectral activity in the 1600 — 1700 cm™ region was assigned to the formation of CO3* and

HCOj™ species, in addition to a [Mn(mes,bpy)(CO)3(CO.Mg)]" intermediate.

2C0Oz + 2¢ = CO + COs* (20)

In other work, Kubiak appended methyl acetamidomethyl groups at the 4,4'-positions of the
bpy ligand in the dacbpy ligand (dacbpy = 4,4'-bis(methyl acetamidomethyl)-2,2'-bipyridine) for
both Mn- (16) and Re-based (17) CO: reduction catalysts (Fig. 14) [93]. Catalysis with mixtures
of the Mn and Re catalysts resulted in slightly better catalytic performance than with the
individual catalysts alone. This was interpreted as being due to the formation of non-covalent
hydrogen bonding interactions between the amide groups leading to the assembly of
supramolecular catalytically active species (Fig. 14, 18). IR-SEC was used to characterize the
usual one- and two-electron reduced species, and also indicated that the Re and Mn centers
interact during the reduction mechanism, potentially even forming heterobimetallic bonds in the

absence of COs.
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Figure 14. Molecular structure of the [Mn(X)(dacbpy)(CO)3] monomeric pre-catalysts 16 and 17

reported by Machan et al. alongside the H-bonded active dimer catalyst 18 [93].

Gobetto, Nervi and co-workers also used IR-SEC to characterize the intermediates generated
upon the reduction of MnBr(bpy')(CO); catalysts 20 and 21 in which the bpy’ ligand was
substituted at the 6-position with a phenyl ring containing either two (pdbpy = 4-phenyl-6-
(phenyl-3,4,5-triol)-2,2’-bipyridine) or three (ptbpy = 4-phenyl-6-(phenyl-3,4,5-triol)-2,2’-
bipyridine) hydroxyl groups, respectively, which can act as a local proton source during CO>
reduction catalysis (Fig. 15) [94]. The behavior was understandably more complex than that
observed with catalysts that lack local OH groups. For the catalyst containing OH groups in the
ortho positions of the phenyl ring, Mn-Mn dimerization is suppressed by reductive
deprotonation of one of the OH groups and coordination of the resulting phenolate to the Mn
center. In addition, a Mn-hydride species was also observed as a minor intermediate. At more
negative potentials, further reduced species were observed, up to the two-electron reduced,
doubly deprotonated active catalyst. Reductive deprotonation has also been observed by IR-SEC
in CH3CN for the Mn-based catalyst containing the 4,4'-dihydroxy-2,2"-bipyridyl (dhbpy) ligand

in MnBr(dhbpy)(CO)3 (22) [95].
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Figure 15. Molecular structures of the dimethoxy (19), dihydroxy (20) and trihydroxy (21)
substituted complexes reported by Gobetto, Nervi and co-workers alongside complexes 22 and
23 reported independently by Cowan and Kubiak, respectively. Citations are provided in

parentheses.

An interesting study that involved the replacement of the bromide ligand in 2 by cyanide, i.e.,
Mn(CN)(bpy)(CO)s (Fig. 15, 23), made use of IR-SEC as supporting evidence for an additional
mechanistic pathway that takes place at the potential of the first reduction of the catalyst,
involving disproportionation of the one-electron reduced [Mn(CN)(bpy)(CO)3]~ species to
generate the two-electron reduced active catalyst, [Mn(bpy)(CO)3]” [96]. This behavior is
attributed to the strong-field nature of the CN™ ligand that prevents its rapid dissociation upon
one-electron reduction, and thus suppresses Mn—Mn dimer formation. Spectral observations in
the 1600 cm™! region in the presence of COz and 0.5 M phenol as a Brensted acid resulted in the
assignment of a new band at 1587 cm™! to phenoxide (PhO") and another at 1654 cm™ to H>O,

which would be the by-product of the proton-coupled two-electron reduction of CO> to CO (eq.
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4). However, clarification of this band assignment may be required since it is known that H>O in
CH3CN exhibits a characteristic §(H-O-H) bending vibration at ~1631 ¢cm™ [97], which is >20

cm’! away from the 1654 cm™ band observed in the IR-SEC experiment.

In follow-up work, Kubiak and co-workers investigated the photocatalytic reduction of CO»
to CO and HCO-H using 23 as the catalyst precursor and [Ru(dmbpy)s;]** as a visible light-
absorbing photosensitizer that receives an electron from the sacrificial reductant, 1-benzyl-1,4-
dihydronicotinamide (BNAH), upon irradiation with 470 nm light [98]. This experiment takes
advantage of the fact that one-electron reduction of 23 by the reduced photosensitizer
([Ru(dmbpy)s]™), results in disproportionation of [Mn(CN)(bpy)(CO)3]™ to generate one
equivalent of the active catalyst, [Mn(bpy)(CO)s]". Two different solvent systems were
employed, DMF/TEOA (4:1 v/v) and CH3CN/TEOA (4:1 v/v). TEOA was used as a base to
deprotonate the oxidized BNAH, i.e., BNAH™, thus preventing back-electron transfer. It was
found that in CH3CN/TEOA, the favored reduction product was CO, whereas in DMF/TEOA it
was HCOzH (see Section 5.2). IR-SEC experiments in the v(CO) region were performed in the
two solvent systems. In both cases, at the first reduction potential of 23, IR bands at 1911 and
1810 cm™ corresponding to the two-electron reduced [Mn(bpy)(CO)s]” disproportionation
product were observed to grow in. However, in the case of CH3CN/TEOA, the
[Mn(CN)(bpy)(CO)3]" intermediate was not observed, while in DMF/TEOA a significant
amount of it could be seen from bands at 2003, 1909, and 1893 cm™! that appear and then decay
as the two-electron reduced product forms. It was proposed that this difference in the stability of
[Mn(CN)(bpy)(CO)3]™ between the two solvent systems might account for the different product

selectivities. Thus, in CH3CN/TEOA, [Mn(bpy)(CO)3]™ is rapidly generated, resulting in the

44



formation of a Mn-CO;H intermediate and CO production, while in DMF/TEOA there is
sufficient time available for a competing reaction involving H-atom abstraction by
[Mn(CN)(bpy)(CO)3]" from TEOA or perhaps BNAH™, to generate a hydride such as
Mn(H)(bpy)(CO)3, which could then react by insertion of CO> into the Mn—H bond to generate a

Mn-OC(O)H intermediate, and ultimately HCO2H (see Scheme 4).
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Scheme 4: Proposed mechanism for the formation of HCO;H and CO products in the
photocatalytic reduction of CO> with Mn(CN)(bpy)(CO); (23) as the catalyst precursor and
[Ru(dmbpy)s]*" as the photosensitizer. CO is favored in CH3CN/TEOA while HCOH is favored
in DMF/TEOA. Reproduced with permission from ref. [98]. Copyright 2016 American Chemical

Society.

IR-SEC mechanistic investigations of Mn-based CO, reduction catalyst precursors have not
been restricted to bpy-based systems. For example, Hartl and co-workers have studied MnBr('Pr-
DAB)(CO); 24, which contains the non-aromatic 1,4-diazabuta-1,3-diene (DAB) ligand

substituted with Pr groups (Fig. 16) [99]. Similar to Kubiak’s mes.bpy system, the two-electron
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five-coordinate reduced anion, [Mn(‘Pr-DAB)(CO)s]™ is generated at the two-electron reduction
potential of the parent complex. However, in the presence of H>O, this anion converts into a
stable bicarbonate complex, [Mn(‘Pr-DAB)(CO); ('-OCO,H] which must be further reduced to
produce another intermediate that is then reduced to initiate catalysis at ~650 mV more negative
potential than the initial reduction potential of the parent complex. The IR-SEC data also
revealed that the high concentration of the CO reduction product produced in the thin-solution
layer of the IR-SEC cell resulted in the production of [Mn(CO)s]” by displacement of the DAB
ligand by CO. Replacement of the 'Pr substituents by p-tolyl groups in the DAB ligand resulted
in a shutdown of the catalytic activity, highlighting the fact that subtle electronic changes can be
used to tune catalytic performance for this series of catalysts. Related Mn-DAB complexes
bearing bulky groups such as mesityl as N-substituents in the DAB ligand were also studied by
IR-SEC for CO:> reduction (Fig. 16, 26 — 29) [100]. In this case, the intact one-electron reduced
complex (prior to Br~ loss) was observable by IR, which contrasts with the very rapid ejection of
Br~ from the one-electron reduced form of the Mn-bpy complexes. Furthermore, no Mn—Mn
dimer was produced, with only the five-coordinate anion active catalyst being observed. It
should be noted that this series of complexes promoted the reductive disproportionation of CO»
to CO and COs> (Eq. 20), as a consequence of the Mn center being less nucleophilic than in the
Mn-bpy complexes. Thus, a band at 1650 cm™ due to CO3>" was observed in these IR-SEC

experiments.
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Figure 16. Molecular structures of the MnBr(DAB)(CO)s complexes reported by Hartl (24, 25)

[99] and Kubiak (26 — 29) [100] where DAB is a N, N -disubstituted 1,4-diazabutadiene ligand.

Other notable examples of the use of IR-SEC to probe catalytic mechanisms of CO>
reduction by Mn-based catalyst precursors containing non-bpy ligands include complexes
containing m-terphenyl isocyanide ligands [101], a new class of Mn complexes containing
asymmetric 2-iminopyridine ligands that have allowed steric and electronic properties to be
decoupled and independently tuned [80], complexes containing terpyridine ligands [102], and

complexes containing the phenanthroline-5,6-dione ligand [103].

Finally, we note that all of the investigations highlighted so far in this section have been
performed in organic solvent (CH3CN) using homogeneous catalyst precursors dissolved in
solution. However, there is strong interest in performing this type of CO> reduction catalysis in
aqueous solution. One promising way to go about this is to immobilize homogeneous catalysts
on an electrode surface, thus eliminating water solubility issues, with the added benefit that
immobilized catalysts are often more robust and may even exhibit enhanced catalytic activity

compared to in homogeneous solution. Spectroscopic studies of immobilized catalysts are
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generally more challenging. However, we note one such recent study with a Mn-bpy catalyst
precursor that was appended with a pyrene moiety on the bpy ring using the 4-methyl-4'-(5-
(pyren-1-yl)pentyl)-2,2"-bipyridine) ligand (bpypyr, Fig. 17), which permitted immobilization of
the complex onto a carbon nanotube electrode [104]. In-situ attenuated total reflection (ATR) IR
spectroscopy was performed, which helped to understand the change in product selectivity with
catalyst loading. Thus, at higher surface loading a Mn—-Mn dimer formed, which led to
preferential formation of CO as the reduction product, whereas at lower catalyst loading a Mn—H
intermediate was observed, resulting in enhanced production of formate as the reduction product
by insertion of CO; into the Mn—H bond. Such surface-sensitive SEC methods, together with
other more advanced surface-sensitive spectroscopic techniques [105] will likely play important
roles in future mechanistic investigations of CO> reduction by immobilized catalysts, and for the

investigation of electrode-catalyst interactions in general.

Figure 17. Molecular structure of the MnBr(bpyyr)(CO)s pre-catalyst reported by Reisner and

co-workers for immobilization on MWCNT electrodes [104].

4.2 Electron paramagnetic resonance (EPR) spectroscopy
We have so far focused mainly on IR-SEC as a mechanistic tool for characterizing CO>
reduction intermediates. However, other structurally sensitive techniques have also been applied,

such as electron paramagnetic resonance (EPR) spectroscopy. For example, Kubiak and
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Walensky used EPR to confirm that the unpaired electron in the Re(M*DABM®") (CO)3;(CH3CN)
intermediate is largely localized on the DAB ligand [100]. A recent notable example of the
application of EPR to Mn-based CO> reduction catalysts was the use of advanced pulsed-EPR
methods for the discovery of an unusual low-spin, paramagnetic [Mn"-CO,H]"
metallocarboxylic acid intermediate and thus a possible alternative catalytic pathway for CO>
reduction [106]. For the catalyst precursor 3 in the presence of CO; and H>O, it was noted that in
addition to the usual catalytic current observed in the CV at the second reduction potential of the
complex (where the Mn°~Mn° dimer is reduced to the two-electron reduced [Mn(dmbpy)(CO)3]
species), additional current enhancement was also observed at the first reduction potential of the
complex [35]. At this more positive potential, the Mn’~-Mn° dimer is generated but cannot be
further reduced to [Mn(dmbpy)(CO)3] ", thus implying that an alternative catalytic pathway exists
involving the reaction of CO2 and H* with the Mn°~Mn° dimer. Such a possibility was explored
by UV/Vis-SEC and pulsed-EPR methods (2P-ESEEM and HYSCORE), resulting in the
characterization of [mer-Mn'(dmbpy)(CO)3(CO,H)]" as the product of oxidative addition of CO
and H' to the Mn’~Mn° dimer. This is a low-spin, paramagnetic Mn! species, hence the utility of
EPR for its characterization. Completion of the catalytic cycle was proposed to occur by the one-
electron reduction of the [Mn"-CO,H]" intermediate together with its reaction with H" and a
solvent molecule, resulting in the elimination of H>O and CO products (blue pathway in Scheme
5). However, we believe it is unlikely that one-electron reduction / protonation will result in the
spontaneous  ejection of both HO and CO. One-electron reduction of
[Mn'(dmbpy)(CO)3(CO2H)]* would produce Mn'(dmbpy)(CO)3(CO2H), which is the same
metallocarboxylic acid intermediate that is in the currently accepted catalytic cycle for CO»

reduction with this family of catalysts (Scheme 1). Subsequent protonation would generate
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[Mn!(dmbpy)(CO)4]" via H,O elimination. This type of species is a stable, isolable molecule
(vide infra) [107-111] that is unlikely to undergo spontaneous ejection of CO (as implied by the
blue pathway in Scheme 5). We therefore suggest that an alternative pathway at this applied
potential might involve an additional one-electron reduction of [Mn'(dmbpy)(CO)]* to
[Mn!(dmbpy")(CO)4]°, which should be unstable with respect to CO ejection, producing
[Mn(dmbpy)(CO)s]" radicals that will dimerize to regenerate the Mn’~Mn° dimer and complete
the catalytic cycle without returning to the original Mn' catalyst precursor (red pathway in
Scheme 5). However, perhaps the fact that the [Mn"-CO,H]" intermediate was predicted [106] to

have mer isomer structure, geometry might also play a role in the proposed reactivity.
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Scheme 5: Starting from the solvento complex, [Mn'(dmbpy)(CO)3;(CH3CN)]*, the mechanism
for the electrocatalytic reduction of CO2 to CO in CH3CN in the presence of 5% H>O that occurs
at the first reduction potential of the complex, proposed by Orio, Chardon-Noblat, and co-
workers [106], is depicted by the black and blue arrows. Note that although their experiments
were performed with 3, one-electron reduction of these complexes results in the ejection of either
CH3CN or Br and the formation of identical products, so which starting complex is used is
inconsequential. Shown by the black and red arrows is an alternative mechanism that we suggest
.

might be more viable, not requiring the spontaneous ejection of CO from [Mn!(dmbpy)(CO)4]

(as implied by the blue pathway).

4.2.1 Comments on the tetracarbonyl intermediates

In the catalytic cycle of CO» reduction to CO by [MnL(a-diimine)(CO);]”° complexes
(Scheme 1), both the protonation-first and reduction-first pathways converge at a common
Mnl(a-diimine™)(CO)s intermediate following the prior rate determining C—OH bond cleavage
and H>O elimination steps. There has been little attention paid to these final steps of the catalytic
cycle and the properties of this neutral tetracarbonyl intermediate have not yet been studied, thus
knowledge of its stability is still up for question. For example, does CO spontaneously dissociate
to generate the five coordinate Mn°(a-diimine)(CO); radical, prone to rapid dimerization,
followed by a reduction step to regenerate the active catalyst, [Mn’(a-diimine’)(CO)3]? Or,
alternatively, is one-electron reduction of Mn'(a-diimine™)(CO)4 kinetically favored over CO
loss to enhance the rate of CO evolution and directly regenerate the active catalyst in a typical
EC electrochemical mechanism? We speculate that CO dissociation from the neutral Mn'(a.-

diimine™)(CO)4 intermediate is possible but under the experimental conditions often employed
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during electrocatalysis with large overpotentials, initial one-electron reduction to evolve CO and
directly regenerate the active catalyst is a more likely pathway. These are questions which are
likely best addressed in the future using techniques such as IR-SEC. At least, from the
perspective of the protonation-first pathway, we can state that the cationic tetracarbonyl species
[Mn(a-diimine)(CO)4]" is very stable and even isolable [107-111]. Notably, this could allow
access to the neutral Mn'(a-diimine™)(CO)4 intermediate via the aforementioned IR-SEC studies.
In either case, whether studying the protonation-first or reduction-first pathway, formation of
these manganese tetracarbonyl species is directly related to the prior rate determining steps and
therefore their characterization and spectroscopic information carry significant importance in the

further understanding and optimization of the catalytic reduction of CO> to CO.

Focusing on the protonation-first pathway, we have recently synthesized some cationic
manganese tetracarbonyl species, namely [Mn(bpy)(CO)4]" (31), [Mn(mes2bpy)(CO)4]" (32), and
{Mn[(MeO2Ph),bpy](CO)4}" (33), starting from their manganese tricarbonyl bromide forms,
MnBr(a-diimine)(CO)s, stirring with 1.1 equivalents of AgBF4 under a bubbling stream of CO
gas for 4 hours in dichloromethane (DCM) solvent at room temperature. v(CO) IR data for these
complexes, and a related Mn-based tetracarbonyl cation (34), dissolved in DCM, are presented in
Table 1, and the IR spectrum of 31 is shown in Fig. 18. These species will be the subject of

future IR-SEC investigations, as discussed above.
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Figure 18. (top) Molecular structures of isolated [Mn(a-diimine)(CO)4]" cations. (bottom) FTIR

spectrum of the [Mn(bpy)(CO)4](BF4) complex recorded in dichloromethane.

Table 1. IR data for Mn-based tetracarbonyl cations

Compound v(CO) (cm™) Solvent Ref.
[Mn(CO)(bpy)]BF4 2119, 2044, 2023, 1983 DCM [107] & this review
[Mn(CO)s(mes2bpy)]BFs | 2106, 2026, 20185, 1982 |  DCM This review
fMn(CO):[(MeO,Ph)bpy} BFs | 2110, 2036, 2009, 1968 DCM This review
[Mn(CO)4(Pr,Ph-DAB)]PFs | 2109, 2042, 2027, 2006 DCM [111]

Pro,Ph-DAB = (N,N'-bis(2,6-diisopropylphenyl)-1,4-diaza-1,3-butadiene)
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4.3 Stopped-flow techniques

When catalytic intermediates are too short-lived to be monitored by steady-state
spectroscopic methods, faster time-resolved techniques are required. One such technique that can
be used to study the kinetics of reactions on the milli- to sub-millisecond timescale is stopped-
flow mixing [112]. Typically, two solutions held in syringes are rapidly mixed in a mixing
chamber, initiating a chemical reaction and then the mixed solution flows into a spectroscopic
cell where it is suddenly stopped and monitored by a fast spectroscopic technique. Although to
the best of our knowledge, stopped-flow has not been used to investigate CO> reduction
processes with Mn-based catalysts, Kubiak and co-workers have used stopped-flow with UV/Vis
detection to monitor the kinetics of the reaction of the two-electron reduced form of a Re-based
CO> reduction catalyst, [Re(dtbpy)(CO);]- with CO,, H,O, CH30OH, and TFE in THF,
monitoring the decay of the characteristic 570 nm absorption band of [Re(dtbpy)(CO)s]™ [113].
This revealed that the Re-based anion reacts with CO; about 25 times faster than with H,O, and
50 times faster than with CH30H. No reaction with TFE was observed. These results are
consistent with the high selectivity of [Re(dtbpy)(CO)3]™ for CO; reduction over H" reduction. In
later work, Kubiak and co-workers made use of stopped-flow with rapid-scan FTIR detection to
directly characterize and monitor the kinetics of formation of the metallocarboxylic acid
intermediate, Re(bpy’)(CO);(COH) (bpy’ = bpy or dtbpy) [114]. Similar to before,
[Re(bpy)(CO)3]” was chemically synthesized and a THF solution of it was mixed with CO»-
saturated THF in the presence or absence of either CH30OH or H>O as Brensted acid. The Re-

CO2H intermediate was not only characterized by its strong v(CO) vibrations, but also by a pair

of v(OCO) bands at 1662 and 1616 cm™ due to the bound CO,H moiety.
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4.4 Time-resolved infrared (TRIR) spectroscopy

Laser flash photolysis with UV/vis laser pulses is a well-established technique for rapidly
generating the excited state of a chromophore [115]. When coupled with transient absorption
spectroscopy in the UV, visible, or near-IR regions, it provides excellent information on the
dynamics of various photoinduced processes such as excited state formation, intra- and
intermolecular electron or energy transfer, and bond formation / cleavage reactions. Depending
on the pulse width of the excitation laser and the transient absorption spectroscopy method used,
processes on time scales ranging from femtoseconds to milliseconds or longer can be
interrogated. This technique is thus ideally suited to the investigation of fast events involved in
photocatalytic CO, reduction, such as the quenching of electronic excited states by sacrificial
electron donors, intramolecular electron transfer in supramolecular systems, and the generation
of catalytic intermediates. However, spectral bands in the UV/vis regions are often broad, which
can sometimes make it difficult to assign bands to specific species. The structural
characterization of these short-lived species becomes much easier when time-resolved
vibrational spectroscopy, such as time-resolved resonance Raman (TR®) or time-resolved
infrared (TRIR), is employed.

TRIR spectroscopy has a long history, dating back as far as 1958 [116], and it has become a
definitive method for the identification of short-lived intermediates, particularly in systems that
contain good IR reporter groups (e.g., CO or CN). In terms of its application to CO> reduction
catalysis, TRIR has been heavily applied to the [Re(o-diimine)(CO)3(L)]”* family of catalysts
(as well as others), having been used to identify the nature of photoinduced excited states
(through characteristic shifts of the intense v(CO) IR bands) and to probe subsequent inter- and

intramolecular electron transfer processes (including interfacial electron transfer), and the
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formation of catalytic intermediates. There have been many examples of such studies, and rather
than attempt a comprehensive review here, the reader is referred to several excellent review
articles that have been published over the years [117-122].

Although a number of Mn-based transition metal complexes have been investigated for a
variety of reasons by TRIR spectroscopy e.g., [123, 124], to the best of our knowledge, no Mn-
based CO; reduction catalysts have been studied by TRIR following laser flash photolysis.
Reasons for this include the fact that first-row transition metal complexes generally have
extremely short-lived excited states that cannot easily be coupled into electron transfer processes,
and also the fact that they are quite photosensitive with photolabile ligands. Of course, a separate
photosensitizer molecule can be used, the excited state of which is reductively quenched by a
sacrificial electron donor (see Section 5.2.1), resulting in electron transfer to the Mn catalyst that
could be probed by TRIR. Given the continued interest in and development of new Mn-based

CO; reduction catalysts, such experiments are likely to be reported in the future.

4.5 Pulse radiolysis coupled with time-resolved infrared spectroscopy (PR-TRIR)

Pulse radiolysis (PR) is a well-established time-resolved technique that strongly
complements laser flash photolysis [125]. In PR, a high-energy electron pulse from an
accelerator is used to excite a sample, rapidly generating either the one-electron reduced or
oxidized form of a dissolved solute, or in some cases its excited state. PR differs fundamentally
from laser flash photolysis in that the energy of the electron pulse is deposited in the medium
(i.e., the solvent) as opposed to being absorbed directly by solute molecules, as is the case with
pulsed laser excitation. Generally, the incident electron pulse passes through the sample, ionizing

solvent molecules along the way, producing energetic electrons and holes (radical cations of
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solvent molecules). Many of these electron-hole pairs geminately recombine, but a certain
proportion of the electrons escape the so-called Onsager radius, causing further ionizations in a
cascade process. Secondary reactions then occur between the electrons, holes, and solvent
molecules, producing a homogeneous mixture of solvated electrons (es), cations (generally
solvated protons), and various solvent-derived radicals on a timescale of <100 ns. For example,
in water the final mixture is shown in Eq. (21) [126], where the numbers in parentheses are the
radiation chemical yields (G values) in units of molecules/100 eV of absorbed energy, and e.q~
represents the solvated electron in water.

€aq (2.7), H (0.55), "OH (2.8),

Hzo AAA
H, (0.45), H,0, (0.7), H;0™ (2.7)

(21)

The utility of PR lies in the fact that the overall redox conditions of the solution can be
controlled to be either oxidizing or reducing through the judicious addition of additives that
scavenge particular radicals, while leaving others, including new secondary radicals, to react
with dissolved solutes. There are many such “tricks of the trade” that have been well
documented, particularly for aqueous solutions [126]. For example, oxidizing radicals can be
eliminated by the addition of fert-butanol, leaving e.q to reduce solutes, while "OH radicals can
be left to oxidize solutes after the scavenging of e.q by N2O. Another example is the strongly
reducing carbon dioxide radical anion (CO;™) that can be produced by H-atom transfer from
added formate (HCO2") to "H and "OH radicals.

When combined with time-resolved spectroscopy, PR becomes a powerful mechanistic tool
for investigating redox catalysis, and it has been widely applied to both homogeneous and
heterogeneous catalytic systems that are used in artificial photosynthesis processes [127]. Since

PR does not involve the direct excitation of a solute, it is particularly suited to the study of
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catalysts that have short excited state lifetimes, or which are too photosensitive for direct study
by laser flash photolysis. It is also invaluable for mechanistic studies of electrocatalysts since
specific redox intermediates can be rapidly prepared and their reactivity can be monitored.
Indeed, it has the time resolution to allow the detection of short-lived intermediates that cannot
be observed by spectroelectrochemistry (SEC). As in laser flash photolysis, improved
characterization of intermediates generated by PR can be obtained through the use of TRIR
detection, in a so-called PR-TRIR experiment. Until recently, PR-TRIR had only ever been
applied to gas-phase samples [128, 129]. However, taking advantage of developments in tunable,
high power quantum-cascade IR laser technology, Grills and co-workers successfully coupled,
for the first time, nanosecond TRIR detection with the PR of condensed-phase samples [130,
131]. More recently, they coupled the complementary TRIR method of time-resolved step-scan
FTIR spectroscopy with PR, for the rapid acquisition of broadband TRIR spectra following PR
[47]. Most PR-TRIR work so far has been performed in organic solvents such as CH3;CN, THF,
and DMF [130, 132]. However, the detection of transient metal-hydride species was

demonstrated in aqueous solution [127].

An example of the application of PR-TRIR to understand the mechanism of reactivity of a
Mn-based CO:> reduction electrocatalyst comes from the study of the mononuclear catalyst
precursor, Mn(dtbpy)(CO)3(OC(O)H) in CH3CN (OC(O)H™ = formate, added to the solution as a
radiolytic solvent radical scavenger and which displaced the original Br~ ligand upon dissolution)
[55]. As discussed above, one-electron reduction of the MnL(bpy')(CO)s (L = Br-, OTf") family
of catalyst precursors results in the formation of a Mn—Mn bonded dimer intermediate. However,

very few mechanistic details were available from IR-SEC experiments due to the short lifetimes

58



of the intermediates. One-electron reduction by es” in CH3CN permitted the initial observation of
the fully intact radical anion, [Mn(dtbpy* )(CO);(OC(O)H)]™ (black TRIR spectrum in Fig. 19),
followed by formate dissociation (t = 77 ns) and the production of the neutral Mn-based radical,
Mn’(dtbpy)(CO); (red TRIR spectrum in Fig. 19). Finally, dimerization of this radical to form
the Mn—Mn dimer 8 (blue spectrum in Fig. 19) was monitored, and a second-order kinetic
analysis revealed a dimerization rate constant of 2kaim = (1.3 = 0.1) x 10° M! s\, The almost
diffusion-controlled rate constant indicated that the neutral radical remains as a five-coordinate
species before dimerization, with no solvent binding to the metal center at the vacant
coordination site, which correlates with computational results on similar systems (see Section

2.1).

& JL FTIR
2050 2000 1950 1900 1850 1800
Wavenumber (cm-)

Figure 19: IR spectrum of a 1.5 mM solution of Mn(dtbpy)(CO)3(OC(O)H) in CH3CN
containing 50 mM ["BusN][HCO-] (bottom) and TRIR spectra recorded 40 ns, 300 ns, and 1.5
ms after pulse radiolysis of this argon-purged solution (top). Reproduced with permission from

ref. [55]. Copyright 2014 American Chemical Society.
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In more recent work, PR-TRIR was applied to the one-electron reduction of Mn-based CO
reduction catalyst precursors containing extremely sterically bulky bpy ligands that prevent
dimerization from occurring, e.g., 14 [47]. In those cases, the Mn-based five-coordinate radical,
e.g., Mn’(mes;bpy)(CO)s was observed, and confirmed by PR-TRIR not to dimerize. However,
more recently, we repeated the PR-TRIR experiment with a higher radiation dose, i.e., under
conditions where a higher concentration of the Mn-radical is produced, and the two v(CO) IR
bands of the two-electron reduced, [Mn(mes2bpy)(CO)3]™ species were observed to grow in on
the microsecond timescale at 1806 and ~1905 cm™ (see Fig. 20). The observation of a single
two-electron reduction wave in the CV of 14, together with the results of previous IR-SEC
experiments [64, 92], implied that a disproportionation process takes place upon one-electron
reduction of this catalyst precursor, generating the two-electron reduced active catalyst,
[Mn(mes2-bpy)(CO)s] . These PR-TRIR data have confirmed the disproportionation process and
have allowed it to be monitored in real time. Additional peaks in Fig. 20 observed at 1854 and
~1945 cm! are assigned to the, as yet unidentified, other product of disproportionation, or a
derivative of it.

PR-TRIR is clearly a powerful new way to unravel mechanistic details of catalytic processes,
including CO; reduction catalysis, which complements the well-established method of laser flash
photolysis with UV/vis transient absorption or TRIR detection. It is particularly suited to the
study of photosensitive electrocatalysts, and we therefore expect an increasing use of this
technique in the coming years with Mn-based and other first-row transition metal complex-based
catalysts. In particular, it is anticipated that CO:-bound intermediates deeper in the catalytic

cycle will be able to be probed by PR-TRIR.
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Figure 20: Lower panel: FTIR spectrum of Mn(mes2bpy)(CO)3;(OC(O)H) in argon-saturated
CH3CN in the presence of 50 mM [BusN][HCO:]. Top panel: Step-scan FTIR spectra recorded
between 6 us and 1 ms after PR of this solution with 4 us pulsewidth electron pulses at the BNL
2MeV Van de Graaff accelerator. Mn® = Mn(mes;bpy)(CO)3, Mn~ = [Mn(mes2bpy)(CO)s] .
Note that the band of [Mn(mes;bpy)(CO)s] around 1905 cm! is obscured by a negative bleach
band of the starting complex. However, it is clearly evident by the change in intensity ratio of the

two lower frequency bleach bands with increasing time delay.

Finally, in light of the important role infrared detection has played, and is likely to play, in
the investigation of MnX(a-diimine)(CO); CO:2 reduction catalysts, a reference database of
v(CO) IR stretches for reported precatalysts, as well as (where available) their one-electron

reduced, dimeric, and two-electron reduced derivatives has been provided in Table 2.
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Table 2. v(CO) infrared stretches for reported MnX(o-diimine)(CO)3 precatalysts, and their one-electron reduced, dimeric and two-

electron reduced derivatives, obtained by a variety of methods including IR-SEC and TRIR spectroscopy.

v (CO) unless noted otherwise, cm’

Eﬁlby:: L2 X Medium MnX(L2)(CO)s One-electron reduced [Mn(L2)(COY]: « [Mn(L:)(CO)]-* | Reference
2 bpy Br Cs pellet 2024(m), 1932(br) 35]
KBr pellet 2019, 1941, 1917 [103]

CH:CN 2027, 1933, 1924 1911, 1811 [94] [95]
H CH:CN 1991, 1817, 1804(sh) [94]
6 bpy CH:CN * Csl pellet 2021(w), 19532((?;)5’(342(‘”)’ v(CN) 35]
23 bpy (CNy | 0.1 M BuiPFe CH:CN ¥(CN) 2115, 2029, 1942, 1928 1911, 1837, 1811 [96]
3 dmbpy Br- Csl pellet 2021(s), 1951(m), 1927(w), 1995(s) [35]
dmbpy CH3;CN ® Csl pellet 2020(w), 1952(m), 1943(s), v (CN) 2048(s) [35]
7 dtbpy Br 0.1 M BusPFe CH;CN 2028, 1933, 1923 1973, 1928, 1878, 1850 1907, 1807 [57]
CH,CN 2025, 1930, 1921 [95]
CH:CN 2026, 1932, 1920 55]
dibpy OC(O)H- i’gf&ﬁg%&?" 2026, 1932, 1914 123;): 11885932; 1973, 1927, 1880, 1849 [55]
dtbpy CHLCN ® CH:CN 2047, 1955 (57]
2 dhbpy Br CH:CN 2024, 1930, 1915 [95]
dhbpy CH:CN? | 0.1 M BusPFs CH:CN 2044, 1955, 1944 2039, 1944, 1932 ¢ 2024, 1927, 1903 [95]
35 debpy Br CH1CN (5% Ha0 viv) 2030, 1940, 1931 [95]
55 bpabpy Br ATR 2031, 1918(br), v (P=0) 1156 [133]
E{OH 2030, 1946, 1930 [133]
30 bpypr Br ATR 2016, 1900(br) [104]
. 2022, 1930, 1912 1968, 1921, 1870, 1844 [104]
bpYow HA0 # . 2025, 19387, 1903/ [104]
bpYare H . 1991, 1880 [104]
64 apbpy Br ATR 2016(s), 1914(s), 1895(s) [134]
Na'-pbpy ¢ Br ATR v (N2") 2264(m), 2024(s), 1907(s), [134]
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16
49

50

38
36

37

14

15

10

13

20

21

24

25
26
26
27

28

dacbpy
KK-tpy
-tpy "
K-tpy
K>-tpy
phen

phen-dione

phen-dione

mes2bpy

mes2bpy

mes2bpy

HOPhbpy

MeOPhbpy

6,6'-bis(2,6-
(MeO)2Ph)bp
y

pdbpy
pdbpy
ptbpy
ptbpy
Pr-DAB
Pr-DAB
pTol-DAB
MesDABMe
McsDABMc
2.6—iPr2DABMe

2-(‘,F3DABMC

CH;CN ®

Br-

CH:CN ®

OC(O)H"
Br-

Br-

CH;CN ®

Br-
CHs;CN ®
Br-
CHs;CN ®
Br-
H.0°
Br-
Br-

Br~

CH;CN
CH;CN
0.1 M BusPFs CH;CN
CH;CN
0.1 M BusPFs CH;CN
KBr pellet
KBr pellet
0.1 M BusPFs CH3CN
KBr pellet
THF
0.1 M BusPFs CH3CN

THF

0.1 M BusPFs CH;CN
+0.1 M Mg(OTf),

CH;CN

CH;CN + 50 mM
["BwN][HCO:]

ATR

ATR

CH;CN

0.1 M BusPFs CH;CN
0.1 M BusPFs CH;CN
0.1 M BusPFs CH;CN
0.1 M BusPFs CH;CN
0.1 M BusPFs CH;CN
0.1 M BusPFs CH;CN
0.1 M BuPFs THF
KBr pellet
0.1 M BusPFs CH;CN
KBr pellet

KBr pellet

2027, 1933, 1924
1925, 1853
1949, 1878
2025, 1935, 1919
2025, 1935, 1919
2019, 1946, 1920
2040, 1942, 1925, v(C=0) 1697
2032, 1941, 1931, v(C=0) 1708
2051, 1967, 1950, 1702
2021, 1940, 1906
2023, 1936, 1913

2038, 1956, 1926
2039, 1949
2039, 1948(br)
2022, 1935, 1906

2019(s), 1920(br)

2021(s), 1934(s), 1882(s)
2038, 1954, 1941

2026, 1935, 1925(sh)
2044, 1961
2023, 1936, 1914
2044, 1958
2026, 1930(br)
2048(s), 1963(m), 1951(sh)
2028, 1951, 1925
2022, 1949, 1910, v (C=N) 1383
2027, 1951, 1913
2024, 1947, 1922, v(C=N) 1384

2032, 1964, 1937, v(C=N) 1384
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2025, 1929, 1919/

1973, 1883, 1866

1984, 1883
1950, 1848 *

1950, 1848

1947, 1846 *

2011,1923, 1905 ©

1970, 1926, 1898, 1871, 1846

1911, 1882, 1860, 1836, 1798

1921, 1883, 1860, 1798

1932, 1880, 1868, 1847

1975, 1945, 1886(br)

1911, 1811

1830, 174

1830, 1765 1

1909, 1808

1907, 1805
1907, 1806

1905, 1806 ¢

1904, 1805

1912, 1817, 1804

1921, 1811(br)

1946, 1842

1924, 1815

[93]
[102]
[102]
[102]
[102]
[103]
[103]
[103]
[103]

[64]

[64]

[64]

[92]

[47]

This work

[42]

[42]

[47]

[94]
[94]
[94]
[94]
[99]
[99]
[99]
[100]
[100]
[100]
[100]



29 BDABMe Br KBr pellet 2027, 1944, 1930, v(C=N) 1383 [100]
N-methyl-
39 N'-2- Br- ATR 2012(s), 1906(br) [78]
pyridylimida g sh T
zol-2-ylidine
N-methyl-
N’-2-
40 pyridylbenzi Br- ATR 2015(s), 1927(m,sh), 1897(s) [78]
midazol-2-
ylidine
N-ethyl-N'-2-
pyrimidylben -
42 Zimidazol- Br ATR 2017, 1930, 1889 [79]
2-ylidene
43 IMP Br CH;CN 2029, 1941, 1926 1994, 1949, 1902, 1875 1930, 1826 [80]
IMP H0°? CH;CN 2051, 1964, 1958/ [80]
44 IPIMP Br CH;CN 2029, 1943, 1923 1981, 1949, 1901, 1882, 1862 1929, 1824 [80]
IPIMP H0°? CH;CN 2049, 1959(br)/ [80]
45 DIPIMP Br CH;CN 2028, 1944, 1922 1929, 1829/1822 [80]
DIPIMP H0°? CH;CN 2050, 1960(br) [80]
46 TBIMP Br CH;CN 2029, 1945, 1923 1928, 1823 [80]
47 TBIEP Br CH;CN 2028, 1943, 1917 1922, 1814(br) [80]
TBIEP H.0° CH;CN 2048, 1960, 1954 [80]
61 PNP CH3CN 1852, 1930, 1973 [135]
62 PN Br CH:CN 1880, 1903, 1936 [135]

m = medium, w = wide, br = broad, s = sharp (a) recorded in 0.1 M BusNPFs CH3CN electrolyte unless otherwise noted (b) cation (c) reductively deprotonated Mn(bpy(OH(O)(CO)3(CH3CN) (d) doubly deprotonated [Mn(bpy(O~
)2(CO)3(CH3CN)]" (e) adsorbed on MWCT electrodes in aq. KHCOj electrolyte (0.5 M, pH 8.2) (f) estimated (g) diazonium salt derivative (h) [MnBr(i3-tpy)(CO)2] (i) [Mn(i*-tpy)(CO)2]" (j) phen-dione ligand CO: adduct (k)
confirmed by pulse-radiolysis TRIR (I) 6-coordinate one-electron reduced anion [Mn(OC(O)H)(dtbpy)(CO)s] (m) 5-coordinate one-electron reduced radical [Mn(dtbpy)(CO)s]" (n) in THF (0) 6-coordinate one-electron reduced
anion
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S. Summary of Mn-based CO: reduction catalysts

To summarize the current state-of-the-art in catalytic CO; reduction by Mn based molecular
catalysts a number of key experimental parameters should be compared to establish a clearly
identifiable structure-property relationship to help guide future studies towards an improved
understanding and optimization of catalyst properties. Ideally this would require a compilation of
such properties as TOFmax, TON, 7, protonation-first versus the reduction-first pathway, and
product selectivity (CO vs. HCO2H vs. Hz). Unfortunately, only rarely are all desired data
reported in a single study but more critically, due to the relative emergent nature of this research
topic, researchers are still mastering these criteria. For example, catalyst TOF’s are often
reported incorrectly as TOFmax without establishing steady-state state electrocatalytic conditions
(Section 4.1.1), and with recent improvements in the understanding of non-aqueous pH equilibria
[73] many reports of 77 need revising (Section 3). The goal of this manuscript has not only been
to review our current understanding of the mechanistic aspects and spectroscopic properties of
Mn catalyzed CO- reduction reactions, but also to highlight the standard experimental methods
required to accurately report the above list of catalyst properties to enable a cross-literature
examination of these catalysts side-by-side. We acknowledge that this is an already recognized
challenge, not only in the field of CO: reduction catalysis, which a number of our peers have
already addressed with some success [15, 69, 72-74, 84, 136]. With this in mind, this summary
section is designed to highlight the major findings in both electrochemical and photochemical
driven CO> reduction catalysis by Mn-based catalysts with a comprehensive set of tabulated data
to be used as a reference for experimental conditions employed with a specific catalyst. Only

where accurately determined, as set out in Section 4.1.1 will TOFax be tabulated.
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5.1. Electrocatalysis

In 2011, Chardon-Noblat, Deronzier, and co-workers first reported the electrocatalytic
activity of MnBr(bpy’)(CO); (where bpy’ = 2,2’-bipyridine or 4,4’-dimethyl-2,2’-bipyridine) for
the selective reduction of CO; to CO in CH3CN, with the pioneering discovery that the
stoichiometric addition of a Brensted acid is required to observe catalytic current [35]. This work
has since inspired a number of researchers to further pursue MnX(a-diimine)(CO)3 catalysts as a
greener alternative to their traditionally more popular Re congeners by taking a variety of
approaches such as (i) a-diimine ligand modification, (ii) monodentate ligand ‘L’ modification,
(ii1) protic and aprotic Lewis acid dependence, (iv) supramolecular assembly, and (v) catalyst

immobilization, each of which are discussed below.

5.1.1 o-diimine ligand modification

The MnBr(bpy)(CO);3 precatalyst (2) is commonly reported as a baseline for comparison to a
variety of structural analogues, or often just variations in electrocatalytic conditions. Early
studies of MnBr(a-diimine)(CO); precatalysts have ranged from the investigation of simple
inductive effects at the bpy ligand using the commercially available dmb or dtbpy ligands in 3
and 7 [35, 57], to the introduction of protic functionality on the bpy backbone with the dhbpy

ligand in 22 and the 4,4’-dicarboxy-2,2’-bipyridine (dcbpy) ligand in 35 (Fig. 21) [95].

HO,C.
| N, o
/.Ninl\
N
| N co CcO
HO,C

35
Figure 21. Molecular structures of the MnBr(dcbpy)(CO)3 pre-catalyst reported by Cowan and

co-workers [95].
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The strong inductive influence of the dtbpy ligand had earlier gained recognition for
stabilizing the five-coordinate Re'(dtbpy)(CO); radical. While dtbpy does not hinder
[Mn’(dtbpy)(CO);3]» formation, it does appear to induce a significant increase in catalytic current
density relative to bpy and dmbpy, albeit at the cost of a cathodic shift in overpotential (Table 3,
entry 7) [57]. From the numerous examples of electrocatalytic CO> reduction available for the
bpy-based pre-catalyst 2, the greatest selectivity (FEco = 100%, TONco = 13) was reported by
Chardon-Noblat, Deronzier and co-workers (Table 3, entry 1) [35], whereas the best stability was
later reported by Cowan and co-workers (FEco = 51%, TONco = 471) albeit immobilized in a
Nafion membrane with an aqueous electrolyte (Table 3, entry 52) [137]. The dmbpy-based pre-
catalyst 3 exhibits a comparable selectivity with a slightly improved stability (FEco = 100%,
TONco = 34) in homogeneous conditions (Table 3, entry 6) [35]. The dtbpy-based pre-catalyst 7
also exhibits quantitative CO formation (FEco = 100%) [57]; unfortunately TONco was not
reported under homogeneous conditions for comparison, but when immobilized in a Nafion film
with an aqueous electrolyte, TONco = 46.1 was obtained albeit with a reduced selectivity (FEco
= 71%) due to competitive formation of HCO.H (Table 3, entry 54) [95]. 22 and 35 were
primarily investigated for catalytic CO2 reduction post immobilization by Cowan and co-workers
in the same study with a Nafion membrane and aqueous electrolyte, but suffered from very low

TONSs for CO (Table 3, entries 55 & 56) [95].

Compain, Chardon-Noblat, and co-workers have reported on the electrocatalytic activity of
two [Mn(phen-dione)(CO);L]" complexes (36 and 37) for CO» reduction, where phen-dione is

the non-innocent 1,10-phenanthroline-5,6-dione ligand and L = Br™ (n = 0) or CH3CN (n = +1,
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PFs™ salt) [103]. Both 36 and 37 exhibit two sequential reversible one-electron reduction events
under 1 atm Ar at —0.55 V, —1.31 V and —-0.40 V, —1.14 V vs Ag/AgNOs, respectively. In
contrast to traditional MnX(a-diimine)(CO); complexes, these redox couples were assigned to
the non-innocent phen-dione ligand which is comparable to the o-quinone/o-semiquinone/o-

hydroquinone system (Scheme 6).

N | S T1n-2
o | _N, _N,, )|< WCO
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36 X=Br,n=0
37 X =CH3CN, n=+1

Scheme 6. Sequential one-electron reductions of the phen-dione ligand in complexes 36 and 37

reported by Compain, Chardon-Noblat and co-workers [103].

Consistent with the ligand-based redox chemistry of 36 and 37, distinct reactivity is observed
under 1 atm of CO> where coupling of the oxyanion of the one-electron reduced and two-
electron reduced ligand with CO> results in the formation of a mono- and bis-carbonate ligand,

respectively (Scheme 7).
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36 X=Br,n=0
37 X =CH3CN, n = +1

Scheme 7. Sequential one-electron reductions of the phen-dione ligand in complexes 36 and 37
under 1 atm of CO in the absence of a proton source reported by Compain, Chardon-Noblat, and

co-workers [103].
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While the latter appears to be non-catalytic, consistent with prior reports of the free phen-
dione ligand [138], further reduction at more negative potential gives rise to a catalytic wave at —
1.50 V vs. Ag/AgNO;3, likely due to activation of the Mn center towards CO»> reactivity. Further
voltammetry studies under 1 atm of CO> but in the presence of 2.78 M H>O showed that the first
two reduction steps merge to a concerted two-electron process (likely due to proton-coupled
reduction of the phen-dione ligand), with catalytic current observed at —1.80 V vs Ag/AgNOs
attributed to formation of the [Mn(phen(OC(O)(OH)2)(CO)3]~ active catalyst. Controlled
potential electrolysis experiments in 0.1 M BuN4PFs + 2.78 M H20 CH3CN electrolyte under 1
atm of CO; at an applied potential of —1.70 V vs Ag/AgNOs (Table 3, entries 15 & 16) exhibited
a high selectivity for CO for the first 7 h (FEco = 100%), whereas an increased H>O

concentration of 5.56 M resulted in FEco dropping to 40%.

For reference in the latter study, the authors also reported the MnBr(phen)(CO)3 complex 38
(Fig. 22) which exhibits the more typical voltammetry of MnX(a-diimine)(CO)3 complexes,
with an irreversible Mn(0/I) couple occurring at —1.52 V vs. Ag/AgNO;3 resulting in
[Mn(phen)(CO)3]2 dimer formation (Epa = —0.48 V vs Ag/AgNOs;), followed by a second
irreversible one-electron reduction at —1.81 V vs Ag/AgNOs;. Attempts to prepare the
[Mn(phen)(CO)3]> dimer by in-situ controlled potential electrolysis were unsuccessful, leading
the authors to conclude that instability of the dimer is responsible for a poor Faradaic efficiency

for CO production in the presence of CO2 and H>O (Table 3, entry 14) [103].
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Figure 22. Molecular structures of the MnBr(phen)(CO); pre-catalyst 38 reported by Compain,

Chardon-Noblat and co-workers [103].

With the limited commercial availability of bpy ligands, researchers have also explored
the synthesis of novel bpy derivatives where functionality has been tailored to explore different
facets of Mn redox chemistry and/or aspects of the CO: reduction catalytic cycle itself. For
example, Sampson et al. demonstrated how the steric bulk of the mes;bpy ligand in 14 and 15
prevents competitive formation of the Mn~Mn° dimer complex (see Section 4.1.3), enhancing
the TOFmax for CO formation (Table 3, entries 17 - 19) [64]. In contrast to earlier protic
functionality on the backside of the bpy ligand, distant from the catalytic center in 22 and 35,
Franco et al. [139] and Agarwal et al. [42] have both independently reported on the introduction
of a pendant hydroxyphenyl group in the second coordination sphere of the Mn center using the

pdbpy and HOPhbpy ligands in pre-catalysts 20 (Fig. 15) and 9 (Fig. 3), respectively.

Interestingly, in addition to a 70% Faradaic efficiency for CO (FEco), 20 exhibits a FEncozn
= 22% for formic acid in CH3CN electrolyte in the absence of any added Brensted acid,
suggesting the formation of an intermediate Mn—H intermediate via the pendant hydroxyl group
in close proximity to the Mn active site (Table 3, entry 32) [139]. While the related study by
Agarwal et al. only reported on CO production (FEco = 86%) by 9 (Table 3, entry 26), they

provided computational evidence for intramolecular hydrogen bonding in the rate-determining
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transition state between the second-coordination sphere hydroxyl group of the HOPhbpy ligand
and the Mn-COOH intermediate that was predicted to lower the activation energy for critical C-
OH bond cleavage via proton-assisted dehydration of Mn-COOH (see Section 2.1). More
recently, Ngo et al. reported similarly on the electrocatalytic reduction of CO> to CO by 13,
which enhanced the TOFmax of the lower overpotential protonation-first pathway (see Section
2.1) [47]. In the this case, the presence of a pendant methoxy Lewis base functionality, in
combination with a Brensted acid of suitable pKa (TFE or PhOH) in CH3CN located in close
proximity to the Mn-COOH intermediate, enables weak hydrogen bonding, effectively lowering
the activation free energies of the rate-determining C—OH bond cleavage step. This study also
confirmed that growth of catalytic current for the protonation-first pathway occurs directly from
the two-electron reduced active catalyst, whereas an added overpotential (0.55 V) is required for
observation of catalytic current for the reduction-first pathway. In hindsight, it can also be
postulated that the low-overpotential protonation-first pathway was also accessed by pre-
catalysts 9 and 20 with respect to CO evolution via the local availability of an intramolecular
proton source [42, 139]. Controlled potential electrolysis studies by Ngo et al. for both 13 and 15
were conducted in the presence of a variety of Breonsted acids and are discussed in detail in

Section 5.1.3 (Table 3, entries 22 - 25 & 28 — 31) [47].

A select few studies have deviated from the traditional 2,2-bipyridyl ligand scaffold by
investigating asymmetric ligands in their catalyst design. The MnBr(N-C)(CO);3 class of pre-
catalysts, where N-C = N-methyl-N’-2-pyridylbenzimidazol-2-ylidine (39) or N-methyl-N’-2-
pyridylimidazol-2-ylidine (40), were first reported by Agarwal et al. in 2014 (Fig. 23) [78]. Both

catalysts exhibit selective CO formation in CH3CN electrolyte with 5% H>O albeit with poor
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Faradaic efficiencies (FEco < 35%, Table 3, entry 40). To counter the strong electron donation
influence of the NHC ligand, the same authors later improved upon this catalytic activity by
replacing pyridine with the more m-acidic pyrimidine ring in 42 (Fig. 23), leading to a 0.16 V
anodic shift in catalyst activation which serendipitously also improved upon the selectivity for

CO production (FEco = 72 %, Table 3, entry 43) [79].

,CHs R
[‘N N
A, B o S, B o

. N N
Mn Mn
Ao P o

39R = Me 40R = Me, X=C-H
41 R=Et,X=C-H
42R=Et,X=N

Figure 23. Molecular structures of asymmetric MnBr(N-C)(CO)3 CO> reduction catalysts 39 —
42 reported by Agarwal and co-workers where N-C is a pyridyl or pyrazine containing N-

heterocyclic carbene ligand [78, 79].

Hartl, Weinstein, and co-workers more recently reported on the electrocatalytic CO»
reduction properties of a series of asymmetric MnBr(IP)(CO)3; complexes 43 — 47, where IP is a
2-(phenylimino)pyridine ligand (Fig. 24) [80]. Imine substituents were here used to tune the
redox properties of the Mn(I) center while 2,6-phenyl substituents at the a-diimine were used to
introduce steric bulk to inhibit Mn’~Mn° dimer formation. Both CO and HCOs~ were observed

as products of electrocatalysis in wet (4.7 % H20O) CH3CN (Table 3, entries 44 - 48).
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Figure 24. Molecular structures of the MnBr(a-diimine)(CO); CO:> reduction precatalysts

reported by Hartl, Weinstein and co-workers where o-diimine is an asymmetric 2-iminopyridyl

(IP) ligand [80].

In two related but independent studies it was demonstrated that the absence of aromatic
character in the a-diimine ligand of MnL(a-diimine)(CO)3 precatalysts can cause rapid catalyst
decomposition or even turn off catalyst activity altogether (see Section 4.1.3, Fig. 16) [99, 100].
It is also worth noting that in a 2015 study by Mukhopadhyay et al. of the MnBr("">*""PDI)(CO);
precatalyst 48 (Fig. 25), where "™™P""PDI is a pentachelating phosphine-substituted pyridine
diimine ligand, only quanitative H» evolution was observed, attributed to a lowering of the

electrolyte pH due to carbonic acid formation by dissolved CO; [140].

The Kubiak group later succeeded in attaching the x’-tpy ligand in 49 which exhibits a
moderate activity for CO evolution alongside the analogous *-tpy complex 50 (Fig. 25) [102].
Both 49 and 50 exhibited selective CO production, with the x>-tpy also evolving a bound CO
ligand (perhaps forming the x*-complex in-situ), resulting in a Faradaic efficiency of 129%. This

anomaly is explained by the large impact CO ligand loss can have on FEco when the TON is

very low due to poor catalyst stability (Table 3, entries 12 & 13).
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In contrast, Richeson and co-workers later demonstrated selective CO production (FY =
96%) for a MnBr(PNP)(CO); precatalyst 51 (Fig. 25), where PNP is the tridentate N,N -
bis(diphenylphosphino)-2,6-di(methylamino)pyridine pincer ligand (Table 3, entry 49) [135].
Interestingly, catalytic current grows-in upon just one-electron reduction of 51, quantitatively
producing CO and COs* in anhydrous 0.1 M BusNPFs CH3CN electrolyte. It is conceivable that
the two-electron reduction of CO> here occurs via disproportionation of the one-electron reduced
Mn’(PNP)(CO); intermediate. However, the mechanism or active catalyst species was not probed
in any detail. Addition of 5% H>O to this system resulted in a decrease in product selectivity due
to competitive Hz evolution (FEm= 41%), consistent with formation of a Mn—H intermediate
under acidic conditions. The related MnBr(PN)(CO); catalyst 52, where PN is the asymmetric N-
(diphenylphosphino)-2-(methylamino)pyridine bidentate ligand, only exhibited catalytic current
in wet (5% H>0) CH3CN electrolyte, again with competitive H> evolution (Table 3, entry 51)

[135].

_N/_w 4 \ J N LQND
_ _PPh, ‘
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<
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48 49 50
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N—p-Ph 17 Ph, Ph
\ co HsCo P, El” .CO
/N S N |
N—Mn—CO Mn
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/ \_Ph %
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Figure 25. Molecular structure of the MnBr(1c>-NNN-PP)(CO) pincer complex 48 reported by

Mukhopadhyay et al. [140] alongside the MnBr(i>-tpy)(CO)2 (49) and MnBr(k2-tpy)(CO); (50)

74



complexes reported by Kubiak and co-workers [102], and the [Mn(PNP)(CO);3](Br) and
p P y

[MnBr(PN)(CO)s] complexes reported by Richeson and co-workers [135].

5.1.2 Monodentate ligand ‘L’ modification.

While 2 is by far the most often utilized Mn-based pre-catalyst due to its ease of preparation
from commercially available MnBr(CO)s, we want to take this opportunity to encourage
researchers to use the alternative cationic CH3CN  solvated  pre-catalyst,
[Mn(bpy)(CO)3(CH3CN)]", or a-diimine derivatives thereof, for reference studies (e.g., Section
3.1, Fig. 10). Previous reports have shown that the bromide ligand in MnBr(a-diimine)(CO)3 is
typically replaced by CH3CN via solvolysis, generating a mixture of Faradaic responses due to
the additional presence of [Mn(o-diimine)(CO)3(CH3CN)]" [35, 80]. Preparation of [Mn(a-
diimine)(CO)3(CH3CN)]'X~  complexes is  relatively  straightforward  via  the
[Mn(CO)s(CH3CN)]"X™  intermediate [47, 107], where X = triflate (OTf) or
hexafluorophosphate (PFs”), and in our experience the extra effort made at this stage of an
electrocatalysis investigation saves many complications in the long-term when trying to assign
the complex redox chemistry observed in cyclic and linear sweep voltammetry. Reports on
substituting the monodentate L ligand to an alternative other than the bromide anion are limited,
but this approach can reap significant rewards from a catalytic viewpoint. For example, as
discussed earlier (Section 4.1.3), Kubiak, Agarwal, and co-workers used IR-SEC studies of 23 to
support  their hypothesis for disproportionation of the one-electron reduced
[Mn(CN)(bpy)(CO)3]™ species to generate the two-electron reduced active catalyst,

[Mn(bpy)(CO)3]", which exhibited selective CO formation (FEco = 98%, Table 3, entry 4) [96].
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Thus, catalytic current grew in upon just one-electron reduction of 23, priming this system for a

subsequent photocatalysis study (see Section 5.2).

5.1.3 Bronsted and Lewis acid dependence

As highlighted throughout this review, addition of a Brensted acid is typically critical for the
generation of catalytic current for CO> reduction to CO or HCO;H with Mn-based catalysts.
While the majority of studies have opted to simply add 5% H>O (2.78 M) to a CH3CN-based
electrolyte, some studies have explicitly investigated the influence of Brensted acid
concentration and pK, on the catalytic current density, specifically in the case of selective CO
production. In each case, a very strong dependence of TOFnax has been observed due to the
critical role protonation plays in the rate-determining C-OH bond cleavage step from the Mn—
COOH intermediate, whether it be via the protonation-first or reduction-first pathway. A
detailed thermodynamic discussion of this Brensted acid dependence has already been presented
in Section 2.1. However, it suffices to say enhanced catalytic activity is typically observed, as
anticipated, with a greater availability of protons due to either an increased Brensted acid
concentration or use of an acid with lower pKa. A major challenge in these studies has been how
catalyst solubility (and possibly stability) has restricted investigations to non-aqueous
electrolytes and there is only limited knowledge of non-aqueous Brensted acid pKa values. In
fact, only select pKa values have been reported in CH3CN and trends are often speculated from
Brensted acid pKa values reported in DMSO. The most commonly utilized Bronsted acids to date
have been H,O (pKapmsoy = 31.4 [141]; pKacchzeny not reported, n.r.), MeOH (pKapmso) = 29.0
[141]; pKachseny n.r.), TFE (pKapmsoy = 23.5 [142]; pKachseny = 35.4 est. [43]), and PhOH

(pKapmso) = 18.0 [143]; pKachzeny = 29.1 [144]). Kubiak and co-workers were the first to
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investigate MeOH and TFE in combination with 7 following the reduction-first pathway for CO
evolution, where they found 5.8 M MeOH to behave similarly to 3.1 M H>O [57]. However, a
two-fold increase in catalytic current was observed with just 1.4 M TFE, consistent at least with
their pK, trends in DMSO (Table 3, entries 7 - 9). The same group later reported on the Bronsted
acid dependence with HO, MeOH and TFE in combination with their bulky 14 and 15 pre-
catalysts, again for the reduction-first CO evolution pathway [64]. MeOH at 3.2 M only showed
a slight increase in catalytic current relative to 3.5 M H>O, with TFE again surpassing both with
an almost two-fold increase in catalytic current at just 1.4 M concentration (Table 3, entries 17 -
19). Ngo et al. reported the same 15 pre-catalyst to exhibit yet another two-fold increase in
efficiency upon switching to PhOH as a proton source (Table 3, entries 22 - 25) [47]. As
highlighted earlier in this review, the focus of the latter study was upon distinguishing the
protonation-first and reduction-first pathways for CO evolution by the 13 pre-catlayst, which
contains four pendant methoxy groups in its second coordination sphere. In contrast to
precatalysts 9, 20 and 21 which have protic hydroxyl groups in their second coordination sphere,
use of an aprotic pendant Lewis base appears to avoid a Mn—H intermediate synonymous with
HCO:H production, thus improving upon CO product selectivity (Table 3, entries 28 - 31). This
was however, highly dependent upon the pK. of the Brensted acid used, with Faradaic
efficiencies of CO evolution for the reduction-first pathway reported as FEco = 61%, 99%, 100%
and 85% alongside only competitive H> evolution, using H>O (6.33 M), MeOH (2.09 M), TFE
(2.13 M) and PhOH (1.37 M) Brensted acids, respectively [47]. Under identical conditions for
13, H,O and MeOH were ineffective at promoting the lower overpotential protonation-first
pathway, which only occurred appreciably in the presence of TFE or PhOH (FEco = 88%; Table

3, entries 30 & 31) [47].

77



Gobetto, Nervi, and co-workers recently expanded upon the scope of Brensted acids (H2O
plus TFE and PhOH), as well as the number of hydroxyl groups in their earlier catalyst 20, by
introducing a third pendant hydroxyl group on the phenyl substituent in the MnBr(ptbpy)(CO)3
pre-catalyst 21 [94]. The authors concluded that the Brensted acid dependence of the different
protic sites in the 20 and 21 complexes led to the existence of competing electrocatalytic
pathways, reducing product selectivity but with accountable FE’s for both CO and HCO:H.
Water addition favored CO production over HCO2H, while the stronger TFE and PhOH Brensted
acids improved turnover of the Mn—H intermediate and enhanced production of HCO,H (Table
3, entries 32 - 39). A complex series of reactions were proposed based upon a detailed IR-SEC

study of both 20 and 21 (see Section 4.1.3), where evidence for Mn—H formation was presented.

Alternative to Brensted acid addition to promote CO evolution, and inspired by prior
independent studies by Savéant and Fujita [145, 146], Kubiak and co-workers have capitalized
on the use of Mg?" [92] and [Zn(cyclam)]** [147] (cyclam = 1,4,8,11-tetraazacyclotetradecane)
Lewis acids with their established pre-catalysts 14 and 15. It was found that the sacrificial Mg?*
co-reagent promotes a low overpotential reductive disproportionation mechanism, second order
in CO;, to produce one equivalent of CO (FEco = 98%) and one equivalent of the insoluble
Mg(COs3) salt, thus requiring a sacrificial elemental Mg counter electrode to promote catalytic
turnover (Table 3, entry 20). In contrast, the [Zn(cyclam)]*" system was reported to promote
formation of a soluble [Zn(cyclam)](CO;) salt, maintaining the [Zn(cyclam)]** Lewis acid in

solution to contribute in a co-catalytic fashion, producing CO with 80% selectivity (Table 3,

entry 21).

78



5.1.4 Supramolecular assembly

Based on an approach more synonymous with photosensitizer-catalyst assemblies for
artificial photosynthesis and photocatalysis, Machan et al. used hydrogen-bonding interactions
between the acetamidomethyl groups of the dacbpy ligands of both 16 and 17 (Fig. 14) to
support non-covalent self-assembly of a heterobimetallic supramolecular Re and Mn dimer for
electrocatalytic CO> reduction to CO [93]. While only a 10% enhancement in catalytic current
was attributed to the self-assembled dimer, voltammetry and IR-SEC studies (Section 4.1.3)
provided evidence for a one-electron reduced Re’(dacbpy)(CO); center and a two-electron
reduced [Mn(dacbpy)(CO)3]™ center in the heterobimetallic dimer. The authors ultimately
concluded that CO evolution occurred by the reduction-first pathway, however, facilitated at a
lower overpotential by intramolecular electron transfer to a Mn'-CO,H intermediate from the
one-electron reduced Re’ center (Table 3, entries 10 & 11). Such synergistic behavior by a
heterometallic dimeric catalyst is rare and may inspire future catalyst design to tackle the high

overpotential barriers of CO reduction.

5.1.5 Catalyst immobilization

Although there is still some way to go yet with respect to the fundamental development of
efficient (high TOFmax, low 7) and robust (high TON) homogeneous MnX(a-diimine)(CO)s3-
based CO> reduction catalysts, there have already been a few reports where these catalysts have
been immobilized in a heterogeneous fashion at a solid-state interface. To clarify, our definition

of homogeneous and heterogeneous here applies to the relative phases of the catalyst and CO-
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substrate. All examples discussed thus far in Section 5.1 are considered homogeneous by the
latter definition even though diffusion-dependent electron-transfer from the working electrode to

the dissolved catalyst is a heterogeneous process.

The first reported example of a heterogeneous electrocatalytic study of a MnX(a-
diimine)(CO)3-based CO> reduction catalyst was by Cowan and co-workers in 2014 where 2 was
cast into a Nafion® membrane at a glassy carbon working electrode [137]. The hydrophobicity of
2 allowed the authors to utilize an aqueous electrolyte for the first time with this class of catalyst
(pH 7, 30 mM Na;HPO4 + 30 mM NaH;PO4) without any catalyst leaching. Catalytic current
attributed to a 1:2 mixture of CO and H> gas was initially limited due to the low concentration
(0.25%) of 2 in the Nafion® membrane. Interestingly, this fabricated working electrode could be
re-used with sustained catalytic current. Although the Faradaic yield of CO declined over time,
this was attributed not to catalyst decomposition but to degradation of the glassy carbon/Nafion®
membrane contact and a record TON of 471 was reported over a 4 h period, representing an
order of magnitude improvement relative to any homogenous Mn-based electrocatalyst reported
to date, highlighting a major advantage for this immobilization strategy (Table 3, entry 52). To
address the low Mn concentration, the authors introduced multi-walled carbon nanotubes
(MWCNTs) in an equimolar concentration with respect to 2, giving rise to a maximum Mn
concentration of 11% in their optimum Nafion® membrane. A ten-fold increase in catalytic
current was observed by cyclic voltammetry (3 mA cm™ at v = 0.01 V s!) at an applied potential
of —1.4 V vs NHE (n =0.88 V @ pH = 7). A follow-up study by the same group identified that
the more hydrophilic debpy and dhbpy ligands caused a decrease in catalytic activity relative to

the 2/MWCNT/Nafion® electrode, the latter even outperforming the more electron rich dmbpy
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analogue 3 and exhibiting the best catalytic current density (J = 4.38 mA cm™) at an applied
potential of —1.5 V vs NHE (n = 0.98 V @ pH = 7) with product selectivities of FEco = 52% and

FEm2 11% (Table 3, entries 53 - 57) [95].

In 2017, Nervi and co-workers succeeded in the covalent attachment of both 53 and 54 (Fig.
26) to the surface of a glassy carbon electrode using the 4-(4-aminophenyl)-2,2’-bipyridine
(apbpy) ligand [134]. Both 53 and 54 pre-catalysts could be incorporated onto modified glassy
carbon electrodes by formation of either a new interfacial C—N bond via electrochemical
oxidation of the pendent amine group or alternatively by diazonium salt derivatization of the
amino group and subsequent electrochemical reduction to form a new interfacial C—C bond.
Subsequent CV studies under an inert atmosphere proved the C—-C bond to be more stable,
especially in the case of the Mn-based catalyst. Using a glassy carbon electrode of 6.24 mm? area
(2.82 mm diameter), under 1 atm of COz in a 0.1 M BusNPFs + 4.94 M MeOH (20%) CH3CN
electrolyte, a maximum ica/ip ratio of 24 was observed with a maximum TON of 360 for CO
production (FEco = 75%) recorded upon controlled potential electrolysis at —1.75 V vs Fc”*
(Table 3, entries 62 - 65). Again, this represents a significant improvement over the

homogeneous catalysts discussed above. The Re analogue performed slightly better in the

absence of a Bronsted acid, with a TON of 402 (FEco = 75%).

Reisner and co-workers have recently reported on the fabrication and electrochemical
characterization of FTO/MO/55 electrodes using the 4,4’-bis(phosphonic acid)-2,2’-bipyridine
ligand (bpabpy, Fig. 26), where FTO is a conductive fluorine-doped tin oxide glass surface, MO

(metal oxide) is a semiconducting n-type TiO or a conducting ITO (tin-doped indium oxide)
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mesoporoous nanoparticle metal oxide thin film (6-7 um thickness, 1.0 cm? area) [133]. Only the
FTO/Ti02/55 electrode was investigated for CO; reduction properties. With a pre-catalyst
surface coverage of 34 nmol cm™ at the TiO» interface, a four-fold enhancement in current was
observed at —1.7 V vs Fc™? under 1 atm CO> in 0.1 M BusNPFg + 2.78 M H0 (5%) CH3CN
electrolyte. Controlled potential electrolysis, also conducted at —1.7 V vs Fc™® under identical
electrolyte conditions for a 2 h period, resulted in a TON of 112 (+ 17) for CO production, with
yields of FEco = 67 (= 5)% and FEn2 = 12.4 (£ 1.4)% (Table 3, entry 59). UV-Vis-SEC and IR-
SEC studies indicated the Mn’~Mn° dimer to be the active catalyst at the surface (see Section

4.1.3). Impressively, this system could also be driven photo-electrochemically (see Section 5.2).

H,N
2 53 M =Re, X = CI- 55

54 M =Mn, X = Br-
Figure 26. Molecular structures of the MX(apbpy)(CO); pre-catalysts 53 and 54 reported by
Nervi and co-workers [134] for immobilization on glassy carbon electrodes, alongside the
MnBr(bpabpy)(CO); (55) structure reported by Reisner and co-workers [133] for

immobilization on mesoporous TiO,.

Reisner and co-workers later used a modified glassy carbon multiwall carbon nanotube
(MWCNT) electrode, taking advantage of established n—m self-assembly of pyrene at the CNT

surface, to immobilize pre-catalyst 30 using the bpypy: ligand (Fig. 17, Scheme 8) [104]. Using a
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CO; saturated aqueous 0.5 M KHCO3 (pH = 7.4) electrolyte, electrocatalytic reduction of CO>
exhibited both CO and HCO;H evolution with product selectivity tuned by the surface coverage
of the Mn complex (Table 3, entry 61). UV-Vis-SEC and IR-SEC studies (see Section 4.1.3)
indicated how at high-surface loading, a Mn’~Mn° dimer was implicit in CO evolution, while at
reduced surface loading a Mn—H intermediate prevailed, which is active for HCO,H production
(Scheme 8). Most impressive for this system was the improved stability of the catalyst, with
maximum TONco = 1790 + 290 and TONuco2n = 3920 + 230 at an applied potential of —1.1 V

vs SHE (77co = 0.55V, nucozn = 0.59V).
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Scheme 8. Concentration-dependent Mn—Mn dimerization of precatalyst 30 at carbon nanotubes

was used by Reisner and co-workers to control CO versus HCO>H product selectivity [104].
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Table 3: A summary of electrochemical and controlled potential electrolysis data for reported MnX(ca-diimine)(CO)3 CO2 reduction

catalysts.
Voltammetry
Controlled Potential Electrolysis *
MnX(L2)(CO)3 1 atm of N or Ar 1 atm CO>“
.. Parameters
Table  Catalyst . i Acid feat/ip TOF max ? . FE (%) TON
Entr Number L: X Conditions Reference Epe (V) o) ©.Vs-1) ") (time, (CO:HCOH:H:)  (CO:HCOH: Hs) Reference
Y ’ potential)
N 1 mM Mn; 0.1 M H0 4h+18h 100:nr:0 .
1 2 bpy Br BwiNCIO; in CH:CN Ag/AgNO; -1.56, -1.80 .78) nr nr 170V (85:15 after 4 h) 13:nr:0 [35]
1 mM Mn; 0.1 M
BusNClIOs in . H0 2.7
2 CH:CN; pH adjusted SCE -1.09, -1.36 .78) ©.01) I nr nr nr [78]
to 3.7 (HCIO4)
1 mM Mn; 0.1 M H,0 1.6 . 4h
3 BwNCIOs +2.78 M SCE -1.15, -1.40 f 75:nr:nr 2.7:nr:nr [42]
H:0 in CHiCN @78 ©.19 SV
_ 1 mM Mn; 0.1 M +0 H.0 1.2,5.7
4 23 bpy (CN) BusNCIOs in CH;CN Fc -1.94,-2.51 2.78) 0.10) nr nr nr nr [96]
PhOH 7.2, n.o. nr’
5 ya 98:nr:1 4:nr:0 [96]
(1.50) (0.10) 22V
- 1 mM Mn; 0.1 M H0 18h o .
6 3 dmbpy Br BuNCIOs in CH;CN Ag/AgNO; -1.64,-1.89 2.78) nr. nr 170V 100:nr:0 34:nr:0 [35]
_ 1 mM Mn; 0.1 M 2610 25 .
7 7 dtbpy Br BusNPFe in CHsCN SCE -1.39, -1.57 G 0.10) f nr nr nr [57]
MeOH 26 i
8 f nr nr nr [57]
(5.80) (0.10)
TFE 42 3h'
9 f 100:nr:0 nr [57]
(1.40) (0.10) 22V
- 1 mM Mn; 0.1 M o PhOH nr - i
10 16 dacbpy Br Bu:NPFs in CHsCN Fc -1.65,-1.88 0.70) nr nr 175V 100:nr:0 4.14:nr:0 [93]
PhOH (0.75) nr
11 nr nr 86:nr:0 4.15:nr:0 [93]
+18 -1.75V
1 mM Mn; 0.1 M . PhOH 4h°
3 q — g 0 _ _ I— O
12 49 K-tpy ¢ Br BwiNPFe in CHsCN Fc 1.56, -1.75 2.50) nr nr 20V 93:nr:6 4:nr:0.3 [102]
I mM Mn; 0.1 M . PhOH 4h°
2. - 5 10 _ _ Penype e
13 50 K>-tpy Br BwiNPFs in CH;CN Fc 1.56,-1.77 (2.40) nr nr 29V 129 7:nr:0 4:nr:0 [102]
- 1 mM Mn; 0.1 M H.O 7h -
14 38 phen Br BwiNPFs in CHsCN Ag/AgNO3 -1.52,-1.81 (834) nr nr 190V 57:nr:33 nr [103]
. _ 1 mM Mn; 0.1 M H.0 7h .
15 36 phen-dione Br BwiNPFe in CHsCN Ag/AgNO; -0.58, -1.35 2.78) nr nr 170V 100:nr:nr nr [103]
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18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

37

15

10

13

20

CH;CN
(PFs)”
mes2bpy f(I){”i“(f:)IjI
HOPhbpy Br-
MeOPhbpy Br
6,6'-bis(2,6- CH;CN

(MeO):Ph)bpy (OTf)”

pdbpy Br

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BusNPFs in CH;CN

1 mM Mn; 0.1 M
BwNCIOs +2.78 M
H>0 in CH;CN

1 mM Mn; 0.1 M
BwNCIOs +2.78 M
H>0 in CH;CN

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BusNPFs in CH;CN

0.5 mM Mn; 0.1 M
BuwNPFs in CH;CN

Ag/AgNO;

Fc*?

Fc*°

SCE

SCE

Fc™°

SCE

SCE

-0.44,-1.18

H0
@78

nr

6- or 6’-substituted bpy ligands

-1.55(2e),
225

-1.60(2¢),
3.01

-1.14, -1.30,
-1.76

-1.21,-1.30

-1.63(2e),
-3.10

-1.20, -1.51,
-1.66

-1.21, -1.50,
-1.66
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H.0
(3.5)

MeOH (3.2)

TFE
(1.4)

Mg(OTf)2
0.12M)
[Zn(cyclam)]?*
(0.03 M)

H.O
(5.95)
MeOH
(2.09)

TFE
(2.00)

PhOH
(2.03)

H0
2.78)

H.0
2.78)

H.0
(6.33)
MeOH
(2.09)

TFE
(2.13)

PhOH
(1.37)
none

H.0
2.70)

20 (0.10)
30 (0.10)

50 (0.10)

3.5(0.10)

1.5(3.2)

3.5(0.50)

3.8(0.50)

7.7 (0.50)

10.8 (0.50)

10.9 (0.10)

2.1(0.10)

5.9(0.50)

5.7(0.50)

9.4 (0.50)

12.6 (0.50)

nr

nr

nr

700

2000

5000

20

105

93

115

1; 453"

3;910"

1; 258

5;259"

82; 694"

138; 1257"

nr

nr

7h
-1.70 v

nr

nr

1.17h*
22V
1.17h'
.16V
6h"
-6V
lh
225V
1h
226V
lh"
-1.65V
232V
lh"
-175V
277V

4h
-15V

4h
15V

1h
-2.34V
1h
-236V
1h”
-1.63V
-236'V
1h”
-1.64V
240V
4h
-1.8V
2h
-1.5V

100:nr:nr

nr

nr

100:nr:0

98:nr:1

80:nr:0

73:nr:27

80:nr:6

97:nr:2

80:nr:0

74:nr:21
91:nr:1

76:nr:nr

67:nr:nr

61:nr:38

99:nr:0

88:nr:13
100:nr:0

88:nr:5
85:nr:6

70:22:1

90:4:2

nr

nr

nr

36:0r:0

nr

10:nr:4

15:nr:0.4

11:nr:0.2
4:nr:0.4

n

1:nr:0.3
7:nr:0.1

2.7:nr:nr

0.9:nr:nr

7:nr:4

18:nr:0

2:nr:0.3
9:nr:0

n

4:nr:0.2
5:nr:0.1

19:6:0.3

28:1.4:0.7

[103]

[64]
[64]

[64]

[92]

[147]

[47]

[47]

[47]

[47]

[42]

[42]

[47]

[47]

[47]

[47]

[139]

[94]



34

35

36 21

37

38

39

Non-bpy ligands

40 39
41 40
42

43 )
44 43
45 44
46 45
47 46
48 47
49 61
50

51 62

Immobilized catalysts

ptbpy

N-methyl-N’-2-
pyridylimidazol-
2-ylidine

N-methyl-N’-2-
pyridylbenzimid
azol-2-ylidine

N-ethyl-N'-2-
pyrimidylbenzi
midazol-

2-ylidene

IMP

IPIMP

DIPIMP

TBIMP

TBIEP

PNP

PN

Br-

Br~

Br~

Br-

Br-

0.5 mM Mn; 0.1 M
BwNPFs in CH;CN

1 mM Mn; 0.1 M
BwNClO4 in
CH;CN; pH adjusted
to 3.7 (HC1O4)

1 mM Mn; 0.1 M
BwNCIOq4 in
CH;CN; pH adjusted
to 3.7 (HC1O4)

1 mM Mn; 0.1 M
BwNCIO4 in CH;CN

1 mM Mn; 0.1 M
BwNCIOs in CH;CN

2mM; 02 M
BusNPFs in CH;CN

2mM; 02M
BusNPFs in CH;CN

2mM; 02M
BuwNPFs in CH;CN

2mM; 0.2 M
BuwNPFs in CH;CN

2mM; 02 M
BusNPFs in CH;CN

I mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

SCE

SCE

SCE

FC*/O

Fc*°

Fc'°

Fc°

Fc™°

Fc™°

Fc'°

Fc*?

Fc*/O

-1.30,
-1.64(2¢)

-1.46,-1.72¢

-1.35 (2e),
-1.64°¢

-1.93 (2e)

-1.77 (2¢)

-1.41,-1.54

-1.49

-1.44

-1.45

-1.53 (2¢)

2.01,-2.31

-2.43,-2.69

86

TFE
(2.70)
PhOH
(2.70)

none

H.0
(2.70)
TFE
(2.70)
PhOH
(2.70)

H.0
2.78)

H0
2.78)

H.0
2.78)

H.0
2.78)

H.0
(2.61)
H.0
(2.61)
H.0
(2.61)
H.0
(2.61)
H.0
(2.61)

none

HZO
2.78)
H0
2.78)

nr

nr

nr

nr

nr

nr

1.9 (0.01)

2(0.01)

1.7 (0.10)

5.2(0.10)

2.4 (0.10)

1.8 (0.10)

2.4(0.10)

1.6 (0.10)

2.1(0.10)

8 (0.10)

8(0.10)

1.7 (0.10)

nr

nr

nr

nr

nr

nr

nr

0.08

0.08

nr

2h
-1.5V

2h
-15V

nr

3h
-1.5V
0.83h
-1.5V

3h
-1.5V

4h
146V

nr

nr

4h
146V

nr

nr

nr

nr

nr

2h
=230V
1.67h
-2.50V
33h
-2.50V

48:36:3

15:39:21

nr

74:4:2

74:10:1

56:15:17

35:nr:0

nr

48:0r:0

72:nr:0

nr

nr

nr

nr

nr

96:nr:0

33:nr:32

61:nr:38

11:9:0.8

4:12:5.5

nr

7:0.5:0.2

2:0.3:0.04

2:0.8:0.9

nr

nr

4:nr:0

>4:nr:0

nr

nr

nr

nr

nr

3:nr:0

1.9:nr:1.8

1.7:nr:1

[94]

[94]

[94]

[94]

(78]

(791

(80]

(80]

[80]

(80]

[135]

[135]

[135]



52

53

54

55

56

57

58

59

60

61

62

63

64

65

22

35

55

30

64

bpy

dtbpy

dhbpy

dcbpy

bpabpy

bpypyr

apbpy

Br-

Br-

Br-

Mn immobilized in
Nafion® film at GCE
(0.25% active); 30
mM phosphate buffer
(pH 7)

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

1 mM Mn; 0.1 M
BwNPFs in CH;CN

1 mM Mn; 0.1 M
BwNPFs +2.78 M
H20 in CH3:CN

Mn adsorbed on ITO
film (7um); 0.1 M
BusNBFs in CH;CN

Mn adsorbed (34
nmol cm?) on TiO>
film (6um); 0.1 M
BwNPFs +2.78 M
H>0 in CH3CN

1 mM Mn; 0.1 M
BuwNPFs in CH;CN

Mn immobilized at
MWCNTs; aq. 0.5 M
KHCO:s (1 atm Ar,
pH 8.2; 1 atm COo,
pH 7.4)

1 mM Mn; 0.1 M
BusNPFs in CH;CN

1 mM Mn; 0.1 M
BusNPFs in CH;CN

Mn
electrochemically
grafted (C-C bond) at
GCE (area = 0.72
mm?); 0.1 M
BusNBF; in CH;CN

Ag/AgCl

SCE

SCE

SCE

SCE

FC*/O

Fc*°

Fc™°

SHE

Fc™°

FC*/O

FC*/O

Fc°

-1.24,-1.46

-1.24,-1.46

-1.39,-1.57

-1.38,-1.73,
2.01,-2.20

-1.07,-1.41

nr

-1.68, -1.86

-1.0 shoulder

-1.52,-1.76

H.0
na
(55.5, neat)
H.O
nr
(2.78)
H.O
nr
(2.78)
none nr
H.0
nr
(2.78)
H.0
nr
(2.78)
none na
H.O
na
(2.78)
H.0
nr
(2.78)
H.O bb
na
pH=52
H.0
16 (0.20)
(4.45)
MeOH
6 (0.20)
(1.98)
H.0
na
(4.45)
MeOH
na
(1.98)

na

nr

nr

nr

nr

nr

na

na

nr

na

na

na

4h
-1.50V

4he
150V
4he
150V
4h
21V

4h
21V

4he
140V

nr

8h
-1.7V

nr

8h
-1V

1.5h;-1.73
\%

2h;-1.85V
2h
-1.85V
1.18 h
-1.75V

0.4h
-1.95V

51:nr:24

52:nr:11

71:nr:23

6:nr:45

89:nr:0

40:nr:1

nr

67:nr:12

nr
25:8:59
high I"

low I”

93:nr:nr

56.5:nr:nr

96:nr:nr

75mr:nr

66.1:nr:nr

471:nr:221

35.9:nr:7.6

46.1:nr:14.9

0.6:nr:0

0.3:nr:0

nr

112:nr:20

nr

1400:460:3304
CO =1500-2000
HCO:H = 3920

12:nr:nr

10.9:nr:nr

3.6:nr:nr

359.6:nr:nr

145.2:nrinr

[137]

[95]

[95]

[95]

(93]

[133]

[133]

[104]

[104]

[134]

[134]

[134]

[134]

nr = not reported; na = not applicable (a) same electrolyte and Mn concentration as tabulated but with added acid as noted (b) identical to voltammetry conditions unless otherwise noted (c) recorded at v = 0.1 V s unless noted
otherwise (d) TOFmax calculated from ica/ip after confirmation of stead-state conditions using Eq. 17 (¢) v = 0.01 V s°! () steady-state (pure-kinetic) conditions not confirmed to determine TOFmax (g) precatalyst immobilized in

Nafion®/ MWCNT film at glassy carbon electrode, pH 7, 0.1 M phosphate buffer (h) [Mn] = 0.0009 M, [PhOH] = 0.5, 0.1 M BuuNPFs in CH3CN electrolyte (i) [Mn] = 0.005 M, [TFE] = 0.8 M (j) [Mn] = 0.0002 M (k) [Mn] = 0.005

M, [TFE] = 0.3 M (1) [Mn] = 0.005 M, [Mg?"] = 0.2 M, Mg counter electrode, 1 equivalent of Mg(CO3) ppt formed (m) [Mn] = 0.005 M, [Zn(cyclam)]** = 0.03 M (n) data for protonation-first and reduction-first pathways (o)
[PhOH] = 0.5 M (p) includes CO loss from catalyst (q) [MnBr(ic>-tpy)(CO)2] (r) [Mn] = 0.00017 M, [H20] = 5.56 M
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5.2 Photocatalysis

5.2.1 Introduction to photocatalytic CO: reduction

Following the pioneering study of electrocatalytic reduction of CO2 to CO by
MnBr(a-diimine)(CO); complexes in 2011 [35], it was not until 2014 that the first
complementary photocatalytic system was reported by Ishitani and co-workers [148]. While
there is a rich literature on the photophysical and photochemical properties of MnBr(a-
diimine)(CO)3 complexes (for example see references [124, 149-154]), unfortunately, and in
contrast to their Re(I) analogues, their lowest-energy triplet states are too short lived for them to
be used directly as photocatalysts. Furthermore, MnBr(a-diimine)(CO)s complexes are prone to
photoinduced decomposition, including photoisomerization and ligand loss [124]. Hence, the
very limited number of reports of successful photocatalytic CO2 reduction utilizing MnBr(o.-
diimine)(CO)3 precatalysts have all used a separate redox photosensitizer typically with caution
to only irradiate the photosensitizer absorption bands. Unlike the recent tremendous interest and
growth in Mn-based electrocatalytic systems, the scope of MnBr(a-diimine)(CO)3 structures
investigated for photocatalytic applications has been much more limited. More promising,
however, and refreshingly ambitious considering the nascent nature of this field, has been the
recent transition to a photo-electrocatalytic approach [133, 155]. However, we will start with a
brief introduction to the fundamental requirements and characterization criteria for homogeneous

photocatalytic systems.
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As mentioned above, photocatalytic CO> reduction systems using a MnBr(a-diimine)(CO);3
precatalyst require a redox photosensitizer (PS) to harness the input photon energy, typically
combined with a large excess of a chemical reductant, also known as a sacrificial electron donor
(SED). Scheme 9 shows the two possible pathways toward the generation of an active reduced

catalyst (Cat™) via photosensitization.

photoreductive catalysis

(i) oxidative quenching (ii) reductive quenching

Product

SE
Substrate PS*
SED "t
hv
SED™*
Product
PS

SED Cat
Substrate

Scheme 9. Generic mechanisms for the photoinitiation of reductive catalysis illustrated for (i)
oxidative quenching and (ii) reductive quenching pathways, where PS = redox photosensitizer,
SED = sacrificial electron donor, Cat = pre-catalyst. Electron transfer rate constants (k) are

indicated where appropriate to facilitate discussion in the main text.

Briefly, reductive photocatalysis is initiated upon light absorption by PS to generate its
lowest-energy thermally equilibrated excited state (PS™). PS™ should be sufficiently long-lived to
facilitate a subsequent bimolecular electron-transfer reaction via either oxidative quenching

[Scheme 9(i)] or reductive quenching [Scheme 9(ii)] of PS". Oxidative quenching of PS” to PS™*
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is facilitated by the pre-catalyst (denoted as Cat in Scheme 9), which is itself reduced to (or en
route to) the active catalyst (denoted as Cat™ in Scheme 9). Thermodynamically, for this
electron-transfer reaction to be exergonic, the E(PS™"/PS") reduction potential should be more
negative than the E(Cat/Cat™) reduction potential. However, this is quite a rare situation for CO»
reduction precatalysts which generally have very negative reduction potentials (re. Scheme 10).
Alternatively, reductive quenching of PS* to PS™ can occur via oxidation of SED to SED™.
Similarly, from a thermodynamic perspective, for this reaction to be exergonic, the E(PS/PS™)
reduction potential of the redox photosensitizer should be more positive than the E(SED*'/SED)
reduction potential. The reductive quenching mechanism is typically also kinetically favored
since the concentration of SED is generally orders of magnitude greater than the catalyst
concentration, such that k» >> k;. Upon electron transfer from the PS™ reductant to Cat, the
ground-state PS is regenerated, in the process generating one-equivalent of the one-electron
reduced Cat™. In the case of typical MnX(a-diimine)(CO)3 pre-catalysts, Cat™ corresponds to
the one-electron reduced, pentacoordinate 17-valence electron species, Mn’(a-diimine)(CO);3
(generated upon ejection of X), which will rapidly dimerize to yield [Mn(a-diimine)(CO)3]a.
The latter dimer absorbs strongly in the visible and will undergo Mn’~-Mn° bond homolysis to
generate a dynamic equilibrium with the reactive Mn’(a-diimine)(CO)3; monomer when exposed
to a continuous light source. It is generally accepted that the Mn’(a-diimine)(CO); monomer
abstracts a H" atom (possibly from the oxidized SED™) to generate a Mn-H in-situ, which
ultimately produces HCO,H (vide infra). Alternatively, the ensuing catalytic mechanism can be
described by Scheme 1 in the electrocatalysis discussion above. For example, catalysis may
occur slowly via the [Mn(a-diimine)(CO)s]> dimer, or if PS™ is sufficiently reducing, the two-
electron reduced 18-valence electron active catalyst, [Mn(a-diimine)(CO)3]”" may be generated
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in-situ and follow either the protonation-first or reduction-first pathway, depending upon the o-
diimine structural influence as well as the pKa, of any Bronsted acid that is present.

Although we stated that the oxidative quenching mechanism is quite rare for photocatalytic
CO2z reduction, there are examples [156-159]. For example, in the recent work of Wasielewski
and co-workers [157, 158] naphthalenediimide (NDI) and perylenediimide (PDI) derivatives
were covalently bound to Re(bpy)(CO)s3-type CO: reduction catalysts. The NDI and PDI
moieties are easily reduced by chemical or electrochemical means, and the resulting NDI*™ and
PDI" radical anions absorb in the long wavelength region of the visible, producing highly
reducing NDI'™ or PDI"™" excited states that are capable of reducing the Re-based catalyst unit.

We anticipate that similar systems using Mn-based catalytic units should be viable.

5.2.2 Redox photosensitizers for reductive quenching

The choice of PS for reductive quenching depends on several factors, but a PS should exhibit
certain desirable properties. These include: (i) strong light absorption, ideally in the visible
region, that avoids competitive absorption by the catalyst and SED, (ii) a sufficiently long-lived
excited state to allow reductive electron transfer quenching of PS™ to occur, (iii) a strongly
oxidizing excited state (i.e., a high E(PS"/PS™)), and (iv) PS™ should be stable, allowing for
efficient electron transfer to Cat. Transition metal complexes are advantageous in this scenario,
and the most commonly employed PS is [Ru(bpy)s]*" (56) and its bpy-substituted derivatives
[160]. For example, [Ru(bpy);]*" exhibits a strong metal-to-ligand charge-transfer (MLCT)
visible absorption band (Amax = 452 nm, € = 1.46 x 10* M"! cm™), and a long-lived and strongly
oxidizing *MLCT excited state (7= 855 ns and E(Ru?>""/Ru™*) = +0.84 V vs. SCE). Thus, in the

case of PS = [Ru(bpy)s;]**, PS™ represents the strongly reducing [Ru(bpy)s;]"" radical cation.
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Although not yet reported for use with Mn-based systems, Ir(ppy)s (ppy = 2-phenylpyridine) is
also a commonly-employed PS in homogeneous photocatalysis [161]. Other photosensitizers that
have been used for Mn-based photocatalytic CO, reduction include, [Ru(dmbpy)s]*>* (57), zinc

tetraphenyl porphyrin (ZnTPP, 58) and fluorescein (59, Fig. 27) [162].

Figure 27. Molecular structures of the [Ru(bpy)s]**, [Ru(dmbpy)s]**, fluorescein and ZnTPP

photosensitizers.

5.2.3 Sacrificial electron donors

While a practical artificial photosynthetic system for CO> reduction would ideally generate
reducing equivalents from the catalytic oxidation of water, similar to in natural photosystem II,
such a system is too complex and impractical for fundamental mechanistic investigations and
catalyst development. It is for this reason that SEDs are employed, allowing the CO> reduction
half-reaction to be studied independently [163]. Desirable properties of a SED include a
E(SED""/SED) reduction potential that is sufficiently more negative than E(PS*/PS™) to allow
efficient electron transfer to PS™ within the excited state lifetime, and a SED™" species that
rapidly decomposes upon formation. Traditionally, various types of tertiary amines have fulfilled
these criteria. For example, the original photocatalytic CO2 reduction studies with ReX(a-

diimine)(CO)3 photocatalysts employed either triethylamine (TEA; E(TEA™/TEA) = +0.96 V vs.
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SCE in CH3CN [164]) or triethanolamine (TEOA; E(TEOA*/TEOA) = +0.80 V vs. SCE in
CH;3CN [164]). as a SED. TEA™ and TEOA™ both rapidly react with their neutral counterparts,
as shown in Eq. (22) for TEOA. The resulting neutral radicals are also strong reductants. For
example, the E(Et;N'=CHCH3/Et;NC'HCH3) reduction potential is known to be —1.12 V vs.
SCE in CH3CN, and while that of (HOCH2CH;)N"=CHCH,OH is unknown, it should be even
more negative than —1.12 V [165]. Thus, these radicals will be able to provide a further reducing

equivalent for the CO» reduction reaction, as shown in Eq. (23) for TEOA.

TEOA™ + TEOA - TEOAH' + (HOCH,CH,),NC'HCH,OH (22)

(HOCH,CH,),NC'HCH,OH > (HOCH,CH,),N*=CHCH,OH + ¢ (23)

When a PS such as [Ru(bpy)s;]*" is used, TEOA is a poor choice of SED since the reductive
quenching of PS™ is very inefficient due to E(TEOA"/TEOA) being only slightly more negative
than E(Ru?>"/Ru™*) = +0.84 V vs. SCE. In these cases, a more strongly reducing SED is
preferred. Two such SEDs that have commonly been employed in DMF and CH3CN are 1-
benzyl-1,4-dihydronicotinamide =~ (BNAH)  and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH). BIH is an even stronger reductant than BNAH (E(BIH"/BIH) = 0.33
V, while E(BNAH/BNAH) = 0.57 V vs. SCE) [164]. When BNAH or BIH are used, it is
necessary to add a base to the solution (TEOA is typically used), which promotes rapid
deprotonation of the oxidized BNAH™ or BIH™" and prevents back electron transfer. In the case
of BNAH, the resulting BNA" radicals dimerize into two isomers of (BNA): (Eq. (24)). While
(BNA); is a strong reductant itself, it is ineffective for CO reduction since the (BNA),™ radical

cation is too stable, resulting in rapid back electron transfer, which ultimately wastes absorbed
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photons. However, in the case of BIH, after deprotonation of BIH™, the strongly reducing BI'
radical does not dimerize and has been shown to donate a second electron into the system (even
to the ground state of the PS) (Eq. (25)) [166]. This results in a much more efficient use of
photons and a higher rate of catalysis. Indeed, the highest reported TONs and TOFs for Ru—Re

supramolecular CO; reduction photocatalysts have been achieved with BIH as a SED [166].

fﬁ/(:ONH2 fﬁ/CONHz

(24)
In TEOA TEOAH Elln
BNAH BNAH™ BNA’
CH3 CH3 CH3 CH3
Kb iy = 000 -
CH, CHj TEOA TEOAH CH3 c|-|3
BIH™ BI’ BI*

An alternative SED to BNAH and BIH that uses simple, commercially available materials
was recently developed by Shan and Schmehl [167], although it has not yet been applied to
photocatalytic CO> reduction. This system makes use of the more easily oxidized tritolylamine
(TTA) to reduce PS™ (where PS = 56 and various derivatives) in the presence of a large excess of
TEA that acts as a SED, irreversibly reducing the TTA™ cation. Despite the fact that the
reduction of TTA™ by TEA is thermodynamically unfavorable, in the presence of a sufficient
concentration of TEA (0.55 M was used) it becomes kinetically competitive with back electron
transfer from PS™ to TTA™. It is also worth mentioning that a couple of other SEDs have been

used for photocatalytic CO: reduction in aqueous solution, although only ascorbic acid/ascorbate
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(asc) has been tried, albeit unsuccessfuly, with a Mn-based catalysts [103]. Ascorbic acid is the
most commonly employed SED for use in aqueous solution. Although it works, it is not truly
sacrificial, since the oxidized form of asc™ is stable enough that it can accept the electron back
from PS~, thus reducing the efficiency of CO; reduction [168]. To address this issue, Ishitani and
co-workers recently developed a derivative of BIH, i.e., 2-(1,3-dimethyl-2,3-dihydro-1H-
benzimidazol-2-yl)benzoic acid (BI(CO2H)H), which must be used in the presence of NaOH to
generate the carboxylate ion (BI(CO2 )H), which is water soluble [169]. Use of this SED resulted
in a significant improvement in excited state quenching efficiency and catalytic performance. An
energy level diagram illustrating the electron-transfer free energies (AG) for the TEOA, BNAH
and BIH SED’s to the photoexcited state, 56 {[Ru'(bpy)2(bpy*)]*"}*, in CH3CN (SED—PS”
reductive quenching), as well as electron-transfer free energies (AG) from the one-electron
reduced 56 [Ru''(bpy)2(bpy*)]" to the established precatalysts 2 and 6 (PS—>precatalyst), is

illustrated in Scheme 10.
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Scheme 10. Energy level alignment diagram illustrating the relevant reduction potentials (in
CH;CN vs SCE) for the TEOA, BNAH and BIH sacrificial electron donors (SEDs), the ground
and excited state (*) reduction potentials for the [Ru(bpy)s]*" photosensitizer (PS), and the
ground state reduction potentials of the MnBr(bpy)(CO)s and [Mn(bpy)(CO)3(CH3CN)]*
precatalysts. Free energy differences are included for the SED—PS” reductive quenching

electron-transfer reaction as well as the PS™—precatalyst electron-transfer reaction.

5.2.4 Measurement of photocatalytic performance

The efficiency with which a SED reductively quenches PS® will directly impact the
photocatalytic ability of a PS-Cat system. Thus, the quenching rate constant (kq) and the
quenching fraction (7)q) of a PS" are important properties to measure. This is usually achieved
through some combination of emission quenching (steady-state and/or time-resolved) and
transient absorption spectroscopy, making use of Stern-Volmer plots [29]. The catalytic

performance of a photocatalytic CO: reduction system is typically evaluated by a few different
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criteria, some of which overlap with catalytic figures of merit used in electrocatalysis. For
example, the product selectivity can be defined in different ways, but it generally refers to the
ratio of the concentration of desired CO> reduction products to the concentration of undesired
products, such as H» [15]. The quantum yield (¢), is a measure of the molar ratio of the amount
of CO; reduction product formed and the number of incident photons absorbed. Finally, the
turnover number (TON) represents the number of times a catalytic cycle can repeat (or turnover)
during the lifetime of the catalyst, and is calculated by dividing the concentration of CO»
reduction products by the concentration of the catalyst used. The related quantity of turnover
frequency (TOF) is obtained by dividing the TON by the reaction time, and is a measure of the
rate of catalysis [15, 136, 170].

A major contrast between electrocatalytic and photocatalytic CO; reduction systems that
should be appreciated is that electrocatalytic systems have an infinite supply of reducing
electrons with a tunable driving force, whereas photocatalytic systems are limited by the quantity
of SED to maintain catalytic turnover of the PS cycle via the PS*/PS™ redox reaction. In addition
to the single-electron capacity and stoichiometric limit of available SED, the potential driving
force for Cat reduction is also limited by the intrinsic properties of the chosen PS. All things
considered, there are many constraints on the design of a photocatalytic CO, reduction system.
However, with careful consideration of the relevant thermodynamics, successful turnover of PS,

Cat and product can be achieved.

5.2.5 Published reports of photocatalytic CO: reduction using Mn-based catalysts
The first report of photocatalytic CO> reduction with a Mn-based catalyst, by Ishitani and co-

workers [18], used a 1:1 homogenous mixture of the MnBr(bpy)(CO); (2) precatalyst and
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[Ru(dmbpy);]** (57) redox photosensitizer (0.05 mM), with an excess of BNAH as a SED (0.1
M) in a DMF-TEOA solvent system (DMF:TEOA, 3:1, v/v). Under 1 atm of CO> and using 480
nm LED irradiation (4.3 x 1078 einsteins) for a 12 h duration, a high selectivity for HCO,H was
observed (Table 4 entry 2, TONuco2n = 149, ¢ = 0.053) with trace amounts of CO (TONco = 12)
and H, (TONu2 = 14). Replacing [Ru(dmbpy)s;]** with [Ru(bpy);]*" improved catalyst efficiency
slightly (Table 4 entry 1, TONuco2u = 157). Remarkably, the reaction showed a strong solvent
dependency, with a CH3CN:TEOA (3:1, v/v) solvent mixture reducing TONucozn to 78 (Table 4
entry 4) while increasing TONco to 40. A solvent mixture containing N, N’-dimethylacetamide
(DMA:TEOA, 3:1, v/v) also showed a reasonable performance relative to DMF (Table 4 entry 3,
TONHcozn = 98). Using UV/vis and IR spectroscopy, the reaction mechanism was demonstrated
to follow sacrificial reduction of the [Ru(dmbpy)s;]*" MLCT excited-state by BNAH to
ultimately generate the [Mn(bpy)(CO)3]> dimer. Initial predominant CO evolution subsided
concomitant with the disappearance of the [Mn(bpy)(CO)3]2 dimer within the first 30 mins, at
which point steady-state formation of formic acid was observed. Photolysis of a previously
isolated sample of [Mn(bpy)(CO)s]> dimer in DMF-TEOA (4:1 v/v) under argon resulted in the
same UV/vis spectral changes that were observed during catalysis, indicating possible homolytic
cleavage of the Mn—Mn bond. However, unfortunately the active catalyst could not be identified,
with insight being limited to the confirmation of a paramagnetic Mn species via peak broadening
in '"H-NMR analysis after photocatalysis, and the lack of any new v(CO) IR bands being formed
after decomposition of the dimer. Intriguingly, the observation of paramagnetism is consistent
with the EPR observation of the paramagnetic [Mn'(dmbpy)(CO)3(CO2H)]" species following
exposure of the [Mn(dmbpy)(CO)s]> dimer to CO> and H>O by Orio, Chardon-Noblat and co-

workers [106] (see Section 4.2). However, it is probably unlikely that this was the species
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formed in Ishitani and co-workers’ experiments. While dynamic light scattering indicated no
formation of colloidal nanoparticles, the apparatus used could only detect particles larger than
100 nm, so the formation of catalytically-active nanoparticles of <100 nm diameter cannot be
ruled out. The mechanism of photocatalytic CO> reduction proposed by Ishitani and co-workers

is shown in Fig. 28.
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Figure 28: Proposed mechanism for the photocatalytic reduction of CO, to HCO;H and CO
upon 480 nm photolysis of a 1:1 mixture of 2 and 57 in CO»-saturated DMF-TEOA (3:1 v/v) in
the presence of BNAH. Reproduced with permission from ref. [18]. Copyright 2014 Royal

Society of Chemistry.

In the previous section, we discussed the unique ability of 23 to electrochemically generate
the two-electron reduced [Mn(bpy)(CO)s]™ active catalyst by disproportionation of the one-
electron reduced [Mn(CN)(bpy)(CO)s3]™ intermediate for highly selective CO formation in the
presence of PhOH as a Bronsted acid [96]. In a later study, Kubiak and co-workers cleverly took
advantage of this reactivity to complement the single-photon/single-electron restriction of a

photocatalysis strategy [98]. Under optimum conditions with 0.1 mM 23, 1.0 mM 57 as the PS,
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excess 0.1 M BNAH as a SED, and a DMF:TEOA (4:1 v/v) solvent mixture, under 1 atm of CO>
and after 15 h of 470 nm LED irradiation, selective HCO,H production was observed (Table 4
entry 8, TONuco2n = 130, ¢ = 0.026), with significantly less CO (TONco = 7.1, ¢ = 0.0018) and
H> (TONmH2 = 1.6). Similar to the earlier work of Ishitani and co-workers [18], changing to a
CH3CN:TEOA (4:1 v/v) solvent mixture under otherwise identical conditions, Kubiak and co-
workers altered the product selectivity to favor CO formation (Table 4 entry 9, TONco =21, ¢ =
0.0053) over HCO2H (TONHcoz2n =9, ¢ = 0.0022 ) and H> (TONmn2 = 1.3), although the decrease
in TONHucozn was much more significant in this case. As discussed above in Section 4, cyclic
voltammetry and IR-SEC studies suggested that the CH3CN/TEOA solvent mixture favors rapid
formation of the two-electron reduced [Mn(bpy)(CO)3]™ active catalyst, reacting with CO; and a
proton source to form the Mn'-CO,H intermediate and ultimately evolve CO (Scheme 4).
However, in the DMF/TEOA solvent mixture, the higher stability (slower disproportionation) of
the one-electron reduced species [Mn(CN)(bpy)(CO)s]™ is proposed to allow adequate time for
H-atom abstraction from TEOA or perhaps BNAH™, to generate the Mn(H)(bpy)(CO); metal-

hydride species which in turn could generate HCO,H via CO insertion into the M—H bond.

An important observation in the latter study during control experiments was the generation of
HCO:H in the dark with a DMF-TEOA solvent mixture [98]. We note an earlier report by Vos
and co-workers [171], who discussed the formation of HCO;H from the hydrolysis of DMF in
the presence of H>0O and bases such as TEA and TEOA. Vos and co-workers urged caution with
respect to the water content of the solution, and suggested to avoid an aqueous work-up
procedure or analytical method such as ion-chromatography, when attempting to quantify

HCO:H production after using DMF solvent for photocatalysis in the presence of a base (e.g.,
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TEOA or TEA). While Kubiak did not use water or water-based analytical methods [98], and it
is therefore unlikely that the HCO>H he observed in the dark actually came from DMF
hydrolysis, it is worth emphasizing here consideration of the alternative DMA solvent for
photocatalytic CO; reduction, which does not suffer from this hydrolysis issue with respect to

HCO:H quantification.

In addition to the electrocatalytic CO> reduction studies reported by Compain, Chardon-
Noblat and co-workers for the phen-dione catalysts 36 and 37 (Section 5.1.1), photocatalytic
studies were also conducted using both 2 and 38 for reference [103]. The following
photocatalytic conditions were optimized for both 36 and 37: 0.1 mM Mn, 0.1 M 56 as the PS,
0.1 M BNAH as a SED, 1 atm of CO2:CH4 (95:5) and 16 - 24 h of 480 nm irradiation (Hg-Xe
lamp with a monochromatic filter). In contrast to other MnX(a-diimine)(CO)s complexes, which
appear to favor HCO;H formation in DMF/TEOA and CO formation in CH3CN/TEOA solvent
systems, selective HCO>H production was observed in CH3;CN/TEOA for both 36 (TONucoz2n =
52; TONco = 8) and 37 (TONucoz2n = 58; TONco = 15), with no formation of H» (Table 4, entries
12 & 14). Under similar conditions, consistent with literature reports of traditional MnX(o-
diimine)(CO)3 complexes, the reference precatalyst 2 exhibited favorable CO formation in
CH3CN/TEOA (Table 4, entry 7). Upon switching the solvent mixture to DMF/TEOA,
selectivity was levelled for 36 (Table 4, entries 13, TONucon = 22; TONco = 21) with the
reference 2 and 38 precatalysts exhibiting selectivity for HCO,H (TON = 39) and CO (TON =
17), respectively (Table 4, entries 6 & 10). Notably, no photocatalysis was observed for 37 in the
presence of added 2.78 M H0O, or when attempted in neat H>O solvent with an ascorbic acid

SED based buffer.
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38 was also reported by Wang, Bian and co-workers but using a zinc tetraphenylporphyrin
(ZnTPP) photosensitizer [172]. Employing optimum conditions of 2 mM 38, 0.5 mM ZnTPP as
PS, 0.10 M TEA as SED, an aqueous CH3CN/H20 (20:1 v/v) solvent mixture, and 3 h irradiation
with a 500 W Xe-arc lamp (no filter indicated), selective CO formation was observed (Table 4,

entry 11, TONco = 119, TONHucoz2n = 19).

The first example of an immobilized photocatalytic Mn-based system for CO; reduction was
reported in 2015 by Kubiak and Cohen, where the 5,5'-dicarboxylate-2,2"-bipyridine (bpydc)
ligand was incorporated into the backbone of a ZrsO4(OH)s(bpdc)s metal-organic framework
(MOF; 0Ui0-67-bpydc) [173]. Post-synthetic complexation of UiO-67-bpydc with MnBr(CO)s
was achieved at ~76% of the bpydc coordination sites. The resulting UiO-67-MnBr(bpydc)(CO)3
MOF (Fig. 29, 60) exhibited photocatalytic reduction of CO> to formate (HCOO") (TONucoo- =
110, ¢ = 0.138) with 96% selectivity following 18 h of 470 nm irradiation (2.51 x 10”7 einstein s~
') in DMF/TEOA (4:1 v/v) with 57 present as a PS and BNAH as a SED (Table 4, entry 15). The
rigidity of the three-dimensional UiO-67-bpydc structure prevented formation of the Mn®~Mn°
dimer upon one-electron reduction, favoring HCOO™ formation via CO: insertion into an
assumed Mn—H intermediate, and also protected the MnBr(a-diimine)(CO); catalytic center
from degradation. This stability allowed the photocatalytic MOF 60 to be recycled three more
times, culminating in a total TONHcoo- of 170. Overall, the photocatalytic activity of 60
exceeded that of the homogeneous MnBr(bpydc)(CO); precatalyst 61 (TONucoo- = 57) as well

as related Ui0-67 MOFs including the Re(I) analogue.
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Figure 29. Molecular structure of the UiO-67-MnBr(bpydc)(CO); metal-organic framework
(MOF) precatalyst 60 and the MnBr(bpydc)(CO); monomeric precatalyst 61 investigated by

Kubiak, Cohen and co-workers [173].

Recently, Mougel, Fontecave and co-workers immobilized the same MnBr(CO)3; moiety at
the bpy coordination centers of a periodic mesoporous organosilica (PMO) material [162]. A
series of highly ordered MnBr(bpypmo)(CO)3 porous solids (62) were prepared by the hydrolysis
and condensation of 5,5'-bis(triisopropoxysilyl)-2,2'-bipyridine in the presence of a
trimethylstearylammonium surfactant, followed by reaction with MnBr(CO)s (Scheme 11). By
analyzing the bpy content in the pre-modified bpy-PMO, as well as varying the concentration of
MnBr(CO)s, three MnBr(bpyemo)(CO); precatalyst materials were prepared with Mn:bpy ratios
of 1/2, 1/10 and 1/50. Surprisingly, FTIR and diffuse reflectance UV-Vis confirmed the presence

of the mer-isomer, although the more stable fac-isomer was the primary product.
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Scheme 11: Synthetic pathway to the MnBr(bpyrmo)(CO)s solid-state periodic mesoporous
organosilica (PMO) precatalyst prepared using the 5,5'-bis(triisopropoxysilyl)-2,2'-bipyridine
ligand by Mougel, Fontecave and co-workers. Reproduced with permission from ref. [162].

Copyright 2017 Royal Society of Chemistry.

Initial photolysis studies of MnBr(bpyrmo)(CO)s conducted under vacuum with a Mn:bpy
ratio of 1/10 (300 W Xe arc lamp, > 400 nm band pass filter) demonstrated the grow-in of the
mer isomer. Prolonged irradiation (up to 24 h) resulted in bromine loss and bpy reduction to
form Mn"(bpyrmo™)(CO)s, followed by gradual loss of all CO signals in the FTIR spectrum via
monocarbonyl and dicarbonyl intermediate materials. When repeated under 1 atm of CO, the
neutral tetracarbonyl Mn"(bpypmo™)(CO)4 material was formed. Under optimized photocatalytic
conditions (Table 4, entry 16) of 0.01 mM of the MnBr(bpyrmo)(CO);3 precatalyst (Mn:bpy ratio
of 1:50), 0.1 mM of 56 as the PS, 0.1 M of BIH as a SED, in a CH3CN/TEOA (5:1 v/v) solvent
mixture, following 16 h of A > 400 nm irradiation (300 W Xe arc lamp), the major product

observed was HCOO™ (TONucoo- = 292), followed by CO (TONco = 168) and H> (TONn =
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72). Surprisingly, no catalytic activity was observed with the more commonly used BNAH SED.
Furthermore, using a DMF/TEOA (5:1 v/v) solvent mixture led to a comparable product
selectivity but with over an order of magnitude drop in TONs (Table 4, entry 19). Changing the
PS from 60 to the organic ZnTPP (58) or fluorescein (59) dyes also resulted in a significant drop
in overall TONs but a higher selectivity for HCOO™ and no H» production (Table 4, entries 17 &
18). The absence of H» with these PSs suggests that 56 is likely responsible for the H, observed
when it is used as a PS. Initial TOFs for HCOO™ and CO were reported as 38 min! and 30 min™,
respectively, with a drop in all TOFs after 2 h, attributed to degradation of the 56 PS. Upon
recycling the MnBr(bpypmo)(CO)3 precatalyst (Mn:bpy ratio of 1:50) for three additional runs,
the catalytic activity gradually dropped off, with total conversions of TONucoo- = 484 and
TONco = 239. From a mechanistic perspective, the authors proposed that the structural
constraints of the MnBr(bpyrmo)(CO); material stabilized the one-electron reduced
Mn(bpyrmo ™ )(CO)3 radical intermediate, preventing dimerization or disproportionation (as
observed for homogeneous Mn(bpy')(CO)3L systems). Thus, BIH is required as a SED rather
than BNAH since the BI" species produced after one-electron oxidation/deprotonation of BIH is
much more reducing compared to BNA" (see Section 5.2.3). This facilitates the generation of the
two-electron reduced [Mn(bpypmo)(CO)3]~ active catalyst for CO formation (Scheme 12). The
other pathway for HCOO™ production is thought to occur via H-atom abstraction from BIH™" by
Mn"(bpypmo ™)(CO)s3, producing a Mn—H intermediate that inserts CO» to generate HCOO™ (or

HCO:H upon reaction with H").
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Scheme 12: Proposed mechanisms for the formation of HCO,H and CO from the photocatalytic
reduction of CO2 by MnBr(bpyrmo)(CO)s in CH3CN-TEOA in the presence of 56 as a PS and
BIH as a SED. Reproduced with permission from ref. [162]. Copyright 2017 Royal Society of

Chemistry.

In the first example of photoelectrochemical CO> reduction using Mn-based molecular
catalysts, Chardon-Noblat, Fabre and co-workers replaced the PS and SED components of
traditional homogeneous photocatalysis with hydrogen-terminated flat (Si-H) and nanowire
(SINWs—H) silicon photocathodes [174]. In combination with the three homogeneous pre-

catalysts 2, 5 (Fig. 1) and [Mn(dmbpy)(CO)3(C3CN)]" (Fig. 30, 63), selective CO production was
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observed upon X > 600 nm steady-state irradiation (20 mW cm 2) of both the Si-H and SiNWs-H
photocathodes in COz-saturated CH3CN containing BusNClO4 electrolyte and 5% v/v (2.78 M)
H>O. Initial voltammetry studies of all three Mn precatalysts investigated under 1 atm Ar
exhibited similar behavior at the flat Si-H and nanostructured SINWs-H electrodes in comparison
to a glassy carbon disc, although with a 0.3 V anodic shift of all reduction events. Photocatalytic
current density was exhibited by all complexes at both electrodes under 1 atm of CO> with 2.78
M H,O as a Bronsted acid. For example, photocurrent densities of 0.7 and 1.14 mA cm 2 were
recorded for 5 at —1.0 V vs SCE (v =0.10 V s!) at flat Si—H and SiNWs—H, respectively, under
catalytic conditions, representing 1.46-fold and 1.52-fold increases relative to the observed
photocurrent under 1 atm Ar in the absence of H,O. The higher photocurrent density of the
SiNWs-H electrode was attributed not only to its greater electrochemically active surface area
but also to its greater capacity to decouple minority carrier generation and collection. Control
experiments conducted with a glassy carbon disc electrode in the absence of a light source
exhibited zero current density under otherwise equivalent electrocatalytic conditions, confirming
an essential contribution from the minority charge carriers at the interface of the Si-H and
SiNWs-H photocathodes. Of the three precatalysts studied, photocurrent density-voltage (J-V)
and power-voltage (P-V) plots recorded under photocatalytic conditions confirmed 5 to exhibit
the greatest fill factor (FF = 0.35) and power conversion efficiency (n = 3.0) at SINWs-H
photocathodes. In addition, by modifying the bpy ligand with an electropolymerizable pyrrole
substituent in [Mn(bpypyr)(CO)3(CH3CN)]" (Fig. 30, 64) where bpypyr = 4-[(1H-pyrrol-1-
yD)butyl]-4'-methyl-2,2’-bipyridine, the authors succeeded in immobilizing 64 at a modified

SiNWs—H photocathode and preliminary photoelectrochemical investigations exhibited
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photocatalytic current density in the presence of CO2 and H>O, consistent with the homogeneous

catalyst studies at SINWs-H.
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Figure 30. Molecular structures of precatalysts 63 and 64, in addition to 2 and 5 (Fig. 1)

investigated by Chardon-Noblat, Fabre and co-workers [174].

Finally, in addition to the electrocatalytic studies conducted by Reisner and co-workers on a
mesoporoous FTO/Ti02/55 modified thin film electrode (discussed in Section 5.1.5) [133], the
same system was also driven photoelectrochemically. This was achieved using a CdS quantum-
dot-sensitized ZnO nanosheet photoanode, whereby the catalytic Mn-based cathode was kept in
the dark in a two-compartment cell with an applied bias of +0.6 V while the photoanode was
irradiated at A > 420 nm (AM 1.5G filter, 100 mW cm™). TEOA was required as a SED to
scavenge the holes generated at the ZnO/CdS photoanode. However, its presence was ultimately
deemed responsible for a poor catalytic performance (Table 4 entry 20, TONco = 11, FEco=
26%). Nonetheless, this study, along with the work of Chardon-Noblat, Fabre and co-workers
[174], holds great promise for the photoelectrochemical catalytic reduction of CO> utilizing solar

energy as a means of overcoming demanding electrochemical overpotentials.
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Table 4: A summary of photocatalytic data for reported MnX(a-diimine)(CO)3 CO; reduction catalysts.

MnX(L2)(CO)s

Table Catalyst [Mn] PS SED Solvent A Duration TON Ref
eference
Entry  Number L. X (mM) (conc) (conc.) (v/v) (light source) (h) (CO:HCO:H:H>)
56 BNAH 480 nm
1 2 bpy Br- 0.05 DMEF:TEOA (3:1) 12 12:157:8 [148]
(0.05 mM) (0.1 M) LED
57 BNAH 480 nm
2 0.05 DMEF:TEOA (3:1) 12 12:149: 14 [148]
(0.05 mM) (0.1 M) LED
57 BNAH 480 nm
3 0.05 DMA:TEOA (3:1) 12 9:98:14 [148]
(0.05 mM) 0.1 M) LED
57 BNAH 480 nm
4 0.05 CH;CN:TEOA (3:1) 12 40:78 : 17 [148]
(0.05 mM) 0.1 M) LED
57 BNAH 470 nm
5 0.5 DMEF:TEOA (4:1) 18 5.1:70:0.14 [173]
(0.5 mM) (0.1 M) LED
57 BNAH > 480 nm
6 “ 0.1 DMEF:TEOA (4:1) 16 6:39:0 [103]
0.1 M) (0.1 M) Hg-Xe lamp
57 BNAH > 480 nm
7 a 0.1 CH;CN:TEOA (4:1) 16 47:15:0 [103]
0.1 M) (0.1 M) Hg-Xe lamp
57 BNAH 470 nm
8 23 bpy (CN)~ 0.1 DMF:TEOA (4:1) 15 130:7.1:1.6 [98]
(1 mM) 0.1 M) LED
57 BNAH 470 nm
9 0.1 CH3;CN:TEOA (4:1) 15 21:9:1.3 [98]
(1 mM) (0.1 M) LED
56/ BNAH > 480 nm
10 38 phen ¢ Br- 0.1 DME:TEOA (4:1) 16 17:4:0 [103]
(0.1 M) (0.1 M) Hg-Xe lamp
58 TEA
11 phen Br~ 2 CH3CN:H20 (20:1) Xe lamp 3 119:19:0 [172]
(0.5 mM) (0.1 M)
. 56/ BNAH > 480 nm
12 36 phen-dione ¢ Br~ 0.1 CH3;CN:TEOA (4:1) 16 8:52:0 [103]
0.1 M) (0.1 M) Hg-Xe lamp
56/ BNAH > 480 nm
13 a 0.1 DME:TEOA (4:1) 16 21:22:0 [103]
(0.1 M) 0.1 M) Hg-Xe lamp
i 56 BNAH > 480 nm
14 37 phen-dione ¢ CH3CN(PFs") 0.1 CH3;CN:TEOA (4:1) 24 15:58:0 [103]
(0.1 M) (0.1 M) Hg-Xe lamp
immobilized catalysts
X 57 BNAH 470 nm
15 61 Ui0-67-bpydc ® Br 0.5 DMEF:TEOA (4:1) 18 45:110:1.0 [173]
(0.5 mM) 0.2 M) LED
X 56/ BIH > 400 nm
16 62 bpyrmo © Br 0.01 CH3;CN:TEOA (5:1) 16 168:292:72 [162]
(0.1 mM) (0.1 M) Xe lamp
58 BIH > 400 nm
17 0.01 CH3;CN:TEOA (5:1) 5 17:52:0 [162]
(0.1 mM) (0.1 M) Xe lamp
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59 BIH > 400 nm
18 0.01 CH;CN:TEOA (5:1) 5 11:65:0 [162]
(0.1 mM) (0.1 M) Xe lamp
56/ BIH > 400 nm
19 0.1 DMEF:TEOA (5:1) 16 9:18:1 [162]
(1 mM) (0.1 M) Xe lamp
photo-electrochemical catalysis
TEOA’ 0.1 M BuNBF; in >400 nm
; d ~ . 4 4 S
20 55 TiO2/bpabpy Br e ZnO/Cds ©.1M) CH;CN:H;0 (19/1) AM 1.5G filter 1 Il:nr:4 [133]
. . 0.1 M BusClOy in " TOFco= 9 mol
_ g - 5
21 2 SiNWs-H/bpy Br h SiNWs-H none CH;CN:H,O (19/1) > 600 nm 3 activesite! s! [174]
. . 0.1 M BusClOs in " TOFco= 5 mol
_ g - 5
22 3 SiNWs-H/dmbpy Br h SiNWs-H none CH;CN:H,O (19/1) > 600 nm 5 activeosite! s-1 [174]

(a) 1 atm COz : C4 (95:5) (b) UiO-67-bpydc is a metal-organic framework containing the 5,5’-dicarboxy-2,2’-bipyridine ligand (c) bpyemo is a periodic mesoporous organosilica material containing the 5,5’-(trisilyloxy)-2,2’-
bipyridine ligand (d) FTO/mesoporous-TiOx/catalyst working electrode with +0.6 V bias applied to a FTO/ZnO/CdS counter photoanode electrode. (¢) surface coverage = 34 nmol Mn cm? (f) TEOA was present only in counter
electrode compartment. (g) SINWs-H = hydrogen terminated silicon nanowire photocathode (h) active catalyst concentration was unknown, precluding TON calculation. No HCO:H or H> was observed. (i) [Ru(bpy)s;](PFs)2 salt (j)
[Ru(bpy)s]Cl2 salt
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6. Conclusions and future outlook

In the last several years, manganese-based transition metal complexes have emerged as
promising alternatives to their precious-metal-based rhenium counterparts for use as catalysts in
both electrocatalytic CO> reduction and photocatalytic CO2 reduction with visible light-
absorbing redox photosensitizers and sacrificial electron donors. Since the first example of
electrocatalytic CO2 reduction with MnBr(dmb)(CO); in CH3CN in 2011, a diverse range of
homogeneous Mn-based precatalysts have been developed, mainly based on the [Mn(a-
diimine)(CO);L]"® family, although some other ligand architectures are beginning to be

investigated.

While the catalytic efficiency of the Mn-based precatalysts is still far from what would be
required for a practical application, much progress has been and continues to be made. For
example, computational methods and several different experimental techniques, including
voltammetry, IR-SEC and TRIR spectroscopy, have been used to develop a deep understanding
of the mechanism of CO> reduction with these catalysts. More work is still required to observe
and characterize some of the proposed intermediates, and the knowledge gained from these

studies will aid the design of new, more robust, and more efficient catalysts in the future.

For electrocatalytic CO; reduction, it was found that the Mn-based precatalysts are
predominantly selective for CO as a reduction product and that catalytic current is only observed
in the presence of a Brensted acid. This contrasts with their use in photocatalytic CO reduction,
where a mix of CO, HCO;H, and H» products is often formed, with product selectivity being

determined by various experimental conditions, such as the nature of the solvent used (DMF vs
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CH;CN). These differences between electro- and photocatalytic product selectivities can be
attributed to the related, but subtly different, mechanistic pathways. For example, in
electrocatalytic systems, although a Mn’~-Mn° dimeric intermediate is typically produced, it is
rapidly reduced at the electrode to the two-electron reduced [Mn(a-diimine)(CO)s]™ active
catalyst species, which is selective for CO production via either the protonation-first or
reduction-first pathway (Scheme 1). Indeed, for precatalysts with extreme steric bulk on the bpy
ligand, the dimer intermediate is avoided completely and the [Mn(a-diimine)(CO)3]" is directly
generated at the electrode. In contrast, in photocatalytic systems, production of the [Mn(a-
diimine)(CO)3]™ catalytic species competes with photoinduced Mn—Mn bond homolysis of the
dimer to produce the Mn’(a-diimine)(CO);3 radical. It is thought that this radical can produce a
Mn-H hydride intermediate via H-atom abstraction, and that this hydride results in HCOH
production via CO> insertion into the Mn—H bond. Studies have shown that the nature of the
solvent system used can have an impact on the product selectivity, presumably since different

solvents stabilize the Mn"(a-diimine)(CO)3 radical to different degrees.

A recent trend has been to immobilize Mn-based CO> reduction precatalysts in various ways
to produce heterogeneous systems for electrocatalytic, photocatalytic, and photoelectrochemical
CO; reduction. This is a promising strategy for a variety of reasons, including (i) the fact that
catalyst immobilization often imparts stability on the otherwise quite fragile homogeneous Mn-
based precatalysts, (ii) it offers the possibility of using aqueous solvents for CO> reduction, (iii)
it can alter product selectivity, for example, by preventing Mn’-Mn° dimerization, (iv) it
generally boosts catalytic efficiency and turnovers, and (v) it can provide a means of overcoming

demanding electrochemical overpotentials by utilizing solar energy (in photoelectrochemical
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systems). We therefore expect to see more work in this rapidly evolving area in the near future.
Additionally, manipulation of the second coordination sphere has been shown to enhance
catalytic activity and can be used to alter the mechanistic pathway. For example, the
incorporation of hydroxyl substituents on the o-diimine ligand framework has provided a local
proton source and access to HCO;H product in addition to CO, while the incorporation of
Brensted basic methoxy groups in one system enabled hydrogen-bonding interactions in the
presence of certain Brensted acids that allowed access to the previously-elusive protonation-first
mechanistic pathway, saving 0.55 V in electrochemical overpotential. We also expect this
avenue of research to be pursed more in the future. Finally, we note that great success has been
achieved in recent years with various types of supramolecular systems, such as Ru—BL—Re, for
photocatalytic CO2 reduction, where Ru = a Ru-based visible-light absorbing photosensitizer
complex, BL = a bridging ligand, and Re = a Re-based CO; reduction catalyst [164]. It will
therefore be interesting to see if a similar direction can be pursued with analogous Ru—BL-Mn

supramolecular systems.

In conclusion, although CO; reduction with Mn-based catalysts is in its infancy, with
improvements still to be made in terms of catalyst efficiencies and stabilities, a tremendous
amount of progress has already been made in just the last seven years, as evidenced by the
diverse range of systems summarized in this review. We therefore believe that the future is very

promising for this class of COx reduction catalysts.
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