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Abstract: The decrease of total amount of atmospheric CO; is an important societal challenge in
which CO, reduction has an important role to play. Electrocatalytic CO; reduction with homogeneous
catalysts is based on highly tunable catalyst design and exploits an abundant C; source to make
valuable products such as fuels and fuel precursors. These methods can also take advantage of
renewable electricity as a green reductant. Mn-based catalysts offer these benefits while incorporating
a relatively cheap and abundant first-row transition metal. Historically, interest in this field started
with Mn(bpy-R)(CO);X, whose performance matched that of its Re counterparts while achieving
substantially lower overpotentials. This review examines an emerging class of homogeneous
Mn-based electrocatalysts for CO, reduction, Mn complexes with meridional tridentate coordination
also known as Mn pincers, most of which contain redox-active ligands that enable multi-electron
catalysis. Although there are relatively few examples in the literature thus far, these catalysts bring
forth new catalytic mechanisms not observed for the well-established Mn(bpy-R)(CO);X catalysts,
and show promising reactivity for future studies.
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1. Introduction

CO; as a global challenge. Increased atmospheric levels of CO, pose a significant threat to
our environment, while continued societal dependence upon fossil fuels leads to ever-increasing
concentrations of this greenhouse gas [1-4]. Addressing these problems is critical to avoid increased
ocean acidification and the potentially disastrous consequences of average planetary temperature
increases, which include rising sea levels, increased desert formation, and widespread species
extinction [5]. Current projections indicate that CO, emissions must reach net zero by 2070 to prevent
exceeding the Paris Agreement benchmark of a 2 °C global temperature increase [4]. Furthermore,
recent estimates based upon current emission trajectories place the likely average temperature increase
for a doubling of atmospheric CO, somewhere between 2.3 °C and 4.5 °C, with decreasing likelihood
of remaining below 2 °C [6].

Several CO,-based methods of addressing this pressing problem exist, including the reduction
of CO, emissions (decarbonization), the removal of CO, emissions through carbon capture and
sequestration (CCS), and the recycling of emitted CO; into new products [5]. Decarbonization via
the replacement of CO,-emitting technologies with more environmentally benign alternatives will
undoubtedly serve an important role in addressing climate change as key technologies such as wind and
solar energy gradually replace their traditional fossil fuel-burning predecessors. However, these clean
electricity technologies suffer from drawbacks such as intermittent production, meaning that their
electrical outputs must be used immediately or lost in the absence of adequate storage technology [7].
Moreover, these technologies fail to address the persistent need for portable, combustible fuels in
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sectors such as transportation. In contrast, CCS aims to pull emitted CO; either directly from emitting
sources or from the atmosphere, trapping CO; emissions rather than preventing them. While this
strategy could theoretically result in net negative CO, emissions, economic barriers often hinder
large-scale implementation of carbon capture or necessitate its coupling to the further extraction of
fossil fuels by using the captured CO; in enhanced oil recovery (EOR) [8]. This presents a clear obstacle
in the face of long-term problems such as continued societal dependence upon fossil fuels.

The recycling of emitted CO, waste into value-added fuels or fuel precursors has the potential
to address many of the above problems, creating a closed cycle from CO, emissions back to organic
fuels while exploiting a potentially valuable and abundant C1 source. Closing this cycle using CO,
as a chemical feedstock theoretically results in net-zero emissions and has the potential to financially
incentivize the reduction of emissions, acting as a complement to carbon capture or decarbonization
technologies. CO; reduction (CO;R) can be coupled with carbon capture. Carbon capture and
utilization (CCU) is a growing field predicted to use up to 700 million tons of CO, per year by 2050 [8,9],
serving as a complement to CCS.

Electrocatalysis as an answer to the challenge. Although many CO;R catalysts have been
investigated, electrocatalytic CO; reduction in particular presents further benefits. Many chemical CO,
reduction strategies have been explored but often require harsh conditions such as high temperature
and pressure, high-energy reductants that are themselves energy-intensive to synthesize, or expensive
precious metal catalysts, with relatively few reports of successful base metal-catalyzed reactions [10-13].
Electrocatalysis can operate under milder conditions while offering increased ability to interface with
other emission mitigation strategies. Crucially, electrochemical methods are readily coupled to clean
energy sources such as solar, enabling the production of solar fuels that effectively store intermittently
generated energy for later use. This serves an important function in service of other renewable
energy technologies while ensuring that the desired CO, reduction is carried out with electrons as
a green reductant. While research on the production of other solar fuels such as hydrogen gas also
shows promising developments [14], the reduction of CO, to liquid fuels, or precursors for such fuels,
can exploit the existing infrastructure for liquid fossil fuels.

Electrocatalytic figures of merit. There are several figures of merit when comparing
electrocatalysts, including overpotential, Faradaic efficiency (FE), selectivity, current density,
and stability over time. FE is % measure of how much of the charge delivered to a system was
used productively in the synthesis of product. Overpotential is an additional, distinct figure of
merit that allows us to establish the necessary operating potential for a given catalyst to achieve a
current density, usually defined at 10 mA cm~2. Current density is a metric intrinsically related to
overpotential. It is most often the maximal current obtained from a known surface area under a certain
set of experimental conditions (i.e., a set potential) and is expressed in units of mA cm~2, relying on
estimations of electroactive surface area. Selectivity in the production of solar fuels is a key metric
since protons and electrons, two of the ubiquitous reagents in such transformations, can combine to
form hydrogen, rather than store hydrogen equivalents within the molecular framework of a storage
molecule in the synthesis of a fuel. Faradaic efficiencies and selectivity are highlighted in this review,
as they are the most common.

Molecular electrocatalysis for CO, reduction has been explored extensively due to high
tunability through molecular design, often leading to improved selectivity over its heterogeneous
counterpart [15,16]. Appropriately designed homogeneous catalysts also avoid the problems of
electrode poisoning and the high overpotentials associated with obtaining sufficient current density in
heterogeneous electrochemical CO, reduction [15-17]. Molecular catalysts based upon a variety
of metals have been assessed for CO, reduction, particularly from group VII through group
X [17]. Although several 4d and 5d metals such as Re [18-20], Ru [21-27], and Ir [28-31] have
been investigated for CO, reduction with success, first-row transition metals are often preferred
to their second- or third-row counterparts due to their higher earth abundance and lower cost.
For this reason, established catalysts based upon the third-row group VII metal Re are frequently
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substituted with analogues using Mn, the third most abundant transition metal in the Earth’s crust [32].
Unlike group-based catalyst families using later transition metals, group VII catalysts frequently
exhibit CO;R activity regardless of whether the metal center is Mn or Re [17]. This offers valuable
opportunities for comparison and insight.

Tridentate ligands that coordinate in a mer fashion, or pincers, have also resulted in a variety
of complexes with demonstrated activity for CO, reduction [33]. Because of the potential for high
selectivity and activity while maintaining lower costs, the present review focuses specifically on the
current state of research on homogeneous electrocatalytic Mn pincer complexes for CO, reduction.
This specific class of catalysts is of interest because they incorporate tridentate redox non-innocent
ligands that can act as electron reservoirs, improve catalyst stability, and often result in mechanisms
that diverge from more commonly reported bidentate bpy-based Mn systems.

2. Min-Based Electrocatalysts in CO; Reduction

The first reported Mn-based CO;R catalysts were fac-Mn(bpy-R)(CO)3Br (bpy-R = 2,2’-bipyridine
(bpy) (1) or 4,4’-dimethyl-2,2"-bipyridine (dmbpy (2), Figure 1) [34], structural analogues of a Re-based
catalyst originally reported in 1984 [35]. Synthesis of 1 was initially reported in 1979 [36], but the
complex was not studied for CO,R catalysis until 2011 [34]. The fac-M(bpy-R)(CO3)X catalysts
therefore established promising structural motifs for CO;R catalysis, inspiring many further reports
that decorated the parent bpy ligand to modulate electronic or steric effects of the bidentate ligand,
or substituted other X-type ligands for bromide [19,20,37-39]. A key element of these catalysts is the
use of redox-active bpy ligands, enabling the storage of an additional e” equivalent within the ligand
framework. This surpasses the typical one-electron capacity common to abundant first-row transition
metals in the +1 state. This enables multielectron catalysis by the complex [40], a necessary feature for
CO;R reactions that require a minimum of two electrons. This catalytic design is a strategy commonly
employed in reaction development, conferring “nobility” to the first-row metals [40,41]. Catalysts of
this class most often produce CO with high FE for the reaction shown in Equation (1),

COy +2H" +2¢~ — CO + H,0,

)

while other catalysts may exhibit products more consistent with reactions shown in Equations (2)—(4),

CO, +2H" +2¢~ — HCOOH, )
CO, + 2H" +2¢~ — H>C50y, 3)
2C0O, +2¢~ — CO + CO%~ (4)
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Figure 1. Structures of fac-Mn(bpy)(CO)3Br (1) and fac-Mn(dmbpy)(CO);Br (2).

This established class of Mn-based electrocatalysts has been studied in depth, yielding mechanistic
insights as depicted in Scheme 1. Entrance into the catalytic cycle is proposed to involve reduction by
two electrons and X-ligand loss, after which CO, substrate may bind to the metal center and become
protonated [42]. After this stage, the mechanism diverges into two possible paths, i.e., the reduction-first
pathway (in red, proceeding through structure f in Scheme 1) or the protonation-first pathway (in blue,
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proceeding through structure e in Scheme 1), the latter of which may occur at more positive potentials
due to increased favorability of reducing a cationic species [17].
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Scheme 1. Proposed mechanistic pathways of M(bpy)(CO)sX structural Group 7 analogues of catalyst
1, where M = Re (1-Re) or Mn (1) [42]. The protonation-first pathway is shown in blue, whereas the
reduction-first pathway is shown in red.

Catalyst 2 (Figure 1) was found to operate at potentials 400 mV positive of its Re analogue in
electrochemical experiments in 95/5 MeCN/H,O and 0.1 M tetrabutylammonium perchlorate (TBAP)
electrolyte, with comparable FE and selectivity. This is thought to be due to a sequence of steps upon
entrance into the catalytic cycle (the conversion from 1a to 1b in Scheme 1) [42]. The Re catalyst 1-Re
requires the addition of a second equivalent of electrons prior to the dissociation of X~ due to the
increased stability of the singly reduced [Re(bpy)(CO);X]*~ species, whereas the Mn version of the
catalyst 1 more readily gives up X~ after only a single reduction to form either [Mr1(bpy)(CO)3]O ora
dimerized form of the catalyst. This facilitates a second reduction at a more positive potential to yield
1b. However, the Mn complex exhibits lower current densities and requires the use of a sacrificial
proton source, unlike its Re counterpart 1-Re [34,35], which was shown to most likely operate via
the reduction-first pathway (Scheme 1, red). The reduction-first mechanistic pathway diverges from
the protonation-first one by the acceptance of an additional reducing equivalent by 1d, leading to
the formation of 1f instead of protonation leading to 1e. The reduction step of the reduction-first
pathway 1d—1f is followed by a protonation/dehydration step to lead to the formation of 1g, which in
the case of Re retains all four carbonyl ligands. The Mn derivative is likely to lose one CO ligand to
reach a 5-coordiante 1g after the 1e—1g step. The active catalyst 1b is regenerated after an additional
reduction, which in the case of Re occurs with loss of a CO ligand.

Nonetheless, installation of various substituents on the bpy ligand of the Mn-based catalyst have
been shown to minimize overpotential by sterically preventing dimerization [38] or promoting the
protonation-first pathway through use of hydrogen-bonding groups [39] (Scheme 1 blue), or to improve
catalytic rate by increasing electron donation into the metal center [37].
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With a promising background for Mn-based electrocatalysis established, the present review
discusses budding research developments in Mn pincer complexes, an emerging class of Mn-based
CO3R electrocatalysts that illustrate novel reactivity motifs in the synthesis of solar fuels. Similarly to
the M(bpy)(CO)3X catalysts, this class of complexes employs polydentate redox-active ligands for use
as electron reservoirs that can enable multi-electron catalyses at metal centers that would normally
be limited to one-electron-steps. Metals in the 1" oxidation state of group VII are examples of such
species as they would normally be able to accept only one electron equivalent before reaching their M?
state. While a simple 2,2” bipyridine can act as an electron reservoir, the expansion of the ligand from a
simple bidentate bpy derivative to a larger, conjugated tridentate pincer can additionally leverage the
chelate effect to improve chemical and thermal stability of the complex and strength of the ligand-metal
binding, provide additional opportunities to tune electron donation into the metal center, and enable
novel mechanistic avenues for product formation [43].

3. Pincers in Mn CO; Reduction Electrocatalysts

Mn pincer complexes based upon a variety of ligand frameworks are discussed herein and
organized by coordination type. Table 1 presents a summary of the key examples discussed below
to allow for ease of comparison between them as well as the previously discussed benchmark
Mn(bpy-R)(CO)3X catalysts. For each catalyst type, a brief discussion of analogous complexes based
upon other metals centers is offered to examine the relationship between metal center identity and
activity. The abbreviation of the pincer type is based on the elements in contact with the metal center-
for example, 3b is an ONN pincer with O, N and N being the elements of the pincer ligand that are
attached to the metal.

Table 1. Summary of pincer catalysts discussed.

Pincer Oxidation Products Bulk Electrolysis

(Pre-)Catalyst Type States (FE, %) Conditions Proton Source Ref.
CO (70%), B
HCOO™ (22%), 18V vs SCE4h none [44]
MeCN
H,O
) , CO (90%), ~1.5Vvs. SCE, 2 h,
3a (intermediate, ONN Mn(I), Mn(0) HCOO" (4%) MeCN, 0.1M TBA PF, 2.7 M H,O
Scheme 2 I CO (48%) Vvs. SCE, 2 h,
48%), —-1.5V vs. ,2h,
HCOO- (36%) MeCN, 0.1 MTBAPF, 2/ MTFE [4]
0 -
CO (15%), 1.5V vs. SCE, 2h, 2.7 M phenol

HCOO™ (39%) MeCN, 0.1 M TBA PF

-2.2V vs. F¢/Fct,
MeCN, 0.1 M TBA PFg, 0.5 M phenol
4.1 turnovers

CO (129%) 1,
H,O

Mn(k?-tpy)(CO)3Br

(@, Fignre 2) NNN Mn(I), Mn(0)

. [46,47]
—2.2 'V vs. Fc¢/Fc
3. ’
Mn(i-tpy)(CORBr Mn(I), Mn(0)  CO (93%), H,O MeCN, 0.1 MTBA PF, 0.5 M phenol
(5, Figure 2)
4.1 turnovers
o —2.3V vs. Fc/Fct,
1\;[611 I;NP(C(g;S’ PNP Mn(I), Mn(0) Cg(()gg,/")' 125 min, MeCN, none [48]
s Higure 3 0.1 M TBA PFq
MnCNCMe CO (87%), -2.3V vs. Fe/Fc*, .
(7, Figure 4) CNC Mn(I), Mn(0) COs2 MeCN, 0.1 M TBA PF, none [49]
MnCNCBn CO (86%), -2.3V vs. Fe/Fc*, )
(8, Figure 4) CNC Mn(), Mn(©) 52 (93%)  MeCN, 0.1 M TBA PFq none [49,50]
138 C, -1.70 V vs.
Mn(dmbpy)(CO)3X ) CO (100%), Ag/AgNO3, ImM cat o
(2, Figure 1) Mn(D), Mn(0) H,0 in 95/5 MeCN/H, O, 5% H0 [34]
0.1 M TBAP

! Loss of CO ligand from the pre-catalyst causes non-Faradaic CO production and increases this value above 100% [46,47].
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3.1. ONN Pincer Binding in Mn(bpy-R)(CO)3X Catalysts

Among the many examples of Mn(bpy-R)(CO)3;X catalysts reported, one example from 2014
(3, Scheme 2 and Table 1) that was initially believed to behave in a similar fashion to other catalysts
of the class was later found to incorporate pincer intermediates [44,45]. Catalyst 3 was found to
produce CO with 70% FE and formate/formic acid with 22% FE with the ligand as the sole proton
source under an applied bias of —1.8 V vs. Fc/Fc*. This performance, yielding a turnover frequency
(TOF) of 1.4 s7! and turnover number (TON) of 19 for CO production, compared favorably with the
original Mn(bpy)(CO)3Br catalyst. Cyclic voltammetry (CV) is an electrochemical technique that allows
us to diagnose potentials necessary for the introduction of reducing equivalents into the molecular
frameworks of catalysts. Such data showed that complex 3 underwent three reductions at —1.2 V vs.
saturated calomel electrode (SCE), —1.51 V vs. SCE, and —1.66 V vs. SCE. Both the second and third
reductive features showed gradual attenuation of current at higher scan rates, indicating the existence
of a chemical step preceding each of the two reductions [44]. Although the chemical step preceding
the second reduction was initially presumed to be dimerization (as expected for Mn(bpy-R)(CO);X
catalysts), later studies using IR and UV/VIS spectroelectrochemistry (SEC) illustrate that this was not
the case [45].

Scheme 2 presents the proposed pathway for catalyst activation for entrance into the catalytic
cycle [45]. Although this example is based upon a bidentate pre-catalyst and bidentate active catalytic
state, the ability of the phenoxide group to coordinate into the metal center is proposed to play a
significant role in two intermediates, namely 3b and 3¢, and may be responsible for the notable
mechanistic differences between this catalyst and the canonical Mn(bpy-R)(CO)3X catalysts. The ability
of the ligand to become tridentate and donate an additional two electrons to the metal may provide an
alternative route toward a stable 18-electron count for the complex, thus no longer favoring formation
of a Mn-Mn bond.

Ph Ph —a-
OHL_DH—() oH{. \ L(D 7 N\ - N 0 ¢\ =
NG, BrN __MeCN__ N, e N =N, =N, N, N
«an - Moy o Mn‘ o— n‘ Mn
oc” L tco -Br o l 0O MeCN ¢’ lgco -2 Hz ¢’ &o oc” | ~co
OH o_ CO
3 3d

“1/2 H,
Reduction 1 Reduction 2 Reduction 3

Scheme 2. Proposed mechanism of activation of 3 for entrance into a catalytic cycle for the production
of CO and formate.

Additionally, the ligand itself can act as a proton source for catalysis, explaining the observation
of formate production in the absence of added proton source [44]. In the presence of an external
proton source, the products of catalysis for the complex were also found to be variable depending
upon the proton source acidity [45]. While added water resulted in highly selective CO formation
(90%), increasing acidity of the added proton source was found to increase the ratio of formate to
CO. By changing the proton source from water to phenol, the CO and formate FE were changed from
90% and 4% to 15% and 39%, respectively, with the intermediate-acidity 3,3,3-trifluoroethanol (TFE)
giving intermediate values of 48% and 36%, respectively. Efficiency for hydrogen production increases
concomitantly with increasing efficiency for formate production, suggesting water as the best proton
source for obtaining single-product selectivity as well as the highest overall efficiency.

Despite intriguing mechanistic insights and good FE for CO production under optimized
conditions, 3 still lacks optimal catalyst stability. Bulk electrolysis of 3 shows an appreciable decrease in
current, likely due to catalyst deactivation, within an hour of initiating electrolysis at —1.8 V vs. SCE in
dry MeCN/tetrabutylammonium hexafluorophosphate (TBA PFg) solution [44]. Furthermore, data for
turnovers in excess of 28 for any given CO,R product have not been reported for the catalyst [45].
While this work presents an interesting contrast to other Mn(bpy-R)-based systems, there is still further
work to be done in examining routes to stable complexes that employ this framework.
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3.2. NNN and tpy-Based Pincers

Another direct descendant of the Mn(bpy-R)(CO)3X family is the Mn(tpy) pincer. Extending the
classic bpy structure to contain a third binding site yields 2,2":6",2"'-terpyridine (tpy), which has been
shown to be a good ligand for CO,R catalysts of both Mn and Re. Building on an original report by
Chardon-Noblat in 2014 [46], Machan and Kubiak studied CO,R activity of two such catalysts in 2016,
namely Mn(Kz—tpy)(CO)gBr (4) and Mn(K3—tpy)(CO)2Br (5) (Figure 2) [47].

Figure 2. Structures of Mn(KZ—tpy)(CO)gBr (4) and Mn(K3—tpy)(CO)2Br (5) [46,47].

Using CV, complex 4 shows reductive features at —1.56 V and —1.77 V vs. F¢/Fc* and irreversible
oxidation features on the return sweep at —=1.57 V and —0.99 V vs. Fc/Fc*. Faster scan rates revealed an
additional feature at —1.63 V vs. Fc/Fc*. The CV response of 5 was remarkably similar, with irreversible
reduction features at —1.56 V and —1.75 V and irreversible oxidation features at —1.57 V and —0.95 V vs.
Fc/Fc*. Fast scan rates again revealed an additional irreversible feature at —1.69 V vs. Fc/Fc*. For each
complex, the second irreversible reductions (-1.77 V for 4 and —1.75 V for 5) and second irreversible
oxidations (1-0.99 V; 2-0.95 V vs. Fc/Fc*) were attributed to the reduction and oxidation (respectively)
of a dimerized species (4b) presumably via 4a, as shown in Scheme 3, using evidence from chemical
reduction experiments and IR spectroelectrochemistry (SEC). From a scan rate analysis, the formation
of this dimer was concluded to occur on a similar timescale to that of the CV experiment, a much
slower timescale than that observed for catalysts with simple bidentate bpy ligands. Therefore, both 4
and 5 were found to access the same dimerized intermediate and active catalyst state 4c as shown for 4
in Scheme 3. The authors conclude that the bidentate pre-catalyst 4 therefore can perform CO,R using
a k3 pincer-type coordination mode.

e N
| -
® » | Neor ™S N
+e r, -CO N—Mn—N_ 2 -

l\ NBr’\\ l\ NBr'N\ e e = (';o +e |\ r;] N
/N—lMIn—c ~N—NMn-C (I:o ZN—Mn—N_ ~
oc’co oc’ ¢o PN MNP oc’ co

PN
4 4a z 4b 4c
NS
(. J

Scheme 3. Proposed mechanism for the reductive activation of 4.

The dimerization, along with an observed first order in CO,, suggest a large number of similarities
between the mechanism of CO,R for these complexes and that of the original Mn(bpy-R)(CO)sX
catalysts [47]. However, the notably slower dimerization of this system allows for competing pathways
between dimer formation and CO; binding, enabling access to lower overpotentials. The success
of the catalysts was further evidenced through 129% FE for CO for 4 (value exceeds 100% due to
loss of a CO equivalent from pre-catalyst) and 93% FE for CO for 5. However, these values were
reflective of bulk electrolyses conducted through only the first 4.1 turnovers of the catalyst. Thereafter,
catalyst degradation was observed, lowering overall FE and again pointing to stability issues with
the catalyst.
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In addition to group VII metals, terpy pincers of Ru have also been reported for CO;R catalysis
and have even been shown to produce C2 products when cooled to —20 °C [21,51]. Narayanan et al.
also reported an additional NNN-type pincer complex of Ni for CO, reduction with aldimine binding
rather than additional pyridyl side wings [52].

3.3. PNP Pincers

In a larger departure from the classical bpy-based catalysts, Rao et al. reported a CO;R catalyst with
an Mn center with PNP coordination to a pincer ligand (6, Figure 3) [48]. This catalyst produces both
CO and carbonate, and interestingly is inhibited by H,O addition, a clear contrast between this catalyst
and its Mn(bpy)(CO)3Br predecessor. While few mechanistic insights were offered, the catalyst CVs
reveal similar overpotential requirements to Mn(bpy)(CO)3Br, with a catalytic onset of approximately
—2.0 V vs. Fc/Fc*. Similarly, the catalyst yielded excellent FE for CO in the absence of water (96% over
125 min). Despite unknowns, this system operates via a clearly different mechanism other than
previous Mn-based CO,R examples. Catalyst 6 highlights the potentially significant contributions of
pincer frameworks to the field in discovering alternate routes to CO, reduction.

Figure 3. Structure of the PNP Mn pincer catalyst 6 [48].

A wide variety of other CO,R catalysts containing PNP pincer frameworks have been reported
with a large range of metal centers and ligands [28,31,33], including the only known successful Rh
COzR electrocatalyst [53].

3.4. CNC Pincers

Pincers incorporating metal-carbon bonds from N-heterocyclic carbenes (NHCs) have generated
interest due to the strong sigma donation available from NHCs, opening the possibility for increased
electron density on the metal center and thus increased reactivity for CO, reduction. In 2018,
the following two CNC manganese catalysts using NHC frameworks to promote CO,R were
reported: 7 [MnCNCMe(CO)3]Br and 8 [MnCNCPB(CO);]Br (Figure 4) [49]. The activity of these
catalysts diverges substantially from the proposed mechanisms of the benchmark Mn(bpy-R)(CO)3X,
resulting in protonless operation and production of carbonate, CO32~ [50], as shown in Scheme 4.
The molecular structure of 7 from X-ray crystallography indicated the expected octahedral coordination
and outer-sphere bromide. A geometric distortion of the pyridine ring was also observed, suggesting a
delocalized molecular orbital and the ligand acting as an electron reservoir.

>
,G\l/O

R oc’ly
R = Methyl (7)
R = Benzyl (8)

Figure 4. Structures of complexes 7 (IMnCNCMe(CO)3]Br) and 8 ((MnCNCB"(CO);]Br).
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CV experiments demonstrated activity under an atmosphere of CO, both with and without a
proton source present. Current densities up to 16 mA/cm? are obtained in the absence of protons.
Compared to activity under inert atmosphere, 8 [MnCNCM¢(CO)3]Br and 7 [MnCNCB"(CO);3]Br
displayed 18- and 21-fold current increases under CO,, respectively. Turnover was shown to occur
with 1le” per manganese center, based on results from the combined techniques of diffusion ordered
spectroscopy (DOSY) and normal pulse voltammetry (NPV) as described by Donadt et al. [54].

Initial controlled potential electrolysis experiments at —2.3 V vs. Fc¢/Fc* determined an FE of
87% + 3% and 86% + 4%, respectively, for the methyl- and benzyl-substituted complexes and further
product analysis by derivatization and GC-MS-EI found carbonate to be the second product of the
protonless reaction with the above 95% current efficiencies. Further CV experiments determined a
second order in CO; by using the resulting currents from varying CO, concentrations as relative
rates and a half-order in catalyst by varying catalyst concentration. The latter determination was
the first example of the Burés normalized timescale method [50] being used to determine the order
in catalyst from voltammetry data. The proposed mechanism (Scheme 4) begins with the reduction
of two equivalents of the metal complex 7 followed by the loss of two CO each to form a square
planar Mn species 7a. One equivalent of CO; is then bound between two manganese centers to form
7b before a second CO; inserts into the complex to arrive at 7c. A final rearrangement produces a
bimetallic carbonate complex 7d, which then releases the carbonate and regenerates the square planar
Mn species 7a.
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N \oc 1 '\ g
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Scheme 4. Proposed mechanism of [MnCNCMe(CO);]Br, adapted from [50] with permission.

Other CNC ligand frameworks have been investigated for CO, reduction. A Re analogue,
[ReCNCPB™(CO)3]Cl, was synthesized and investigated but, unlike other Re analogues, showed little
catalytic response to CO, [55]. This behavior is unlike previous studied group VII catalysts, as discussed
above. Density Functional Theory (DFT) calculations showed that between the reduced forms (7a for
Mn) of the two complexes, the Mn complex demonstrates increased metalloradical character (66%)
while the Re has a much lower radical character on the metal (38%), suggesting that the reduced Re
complex may not be sufficiently nucleophilic for CO, reduction [50]. A second explanation for this
observation would be that the CO ligands are too strongly bound to allow coordination of a new
CO; ligand. Calculations also showed that the Mn complex has unique access to a square planar
intermediate with a single bound CO that is not accessible to the Re complex, possibly due to differences
in orbital populations upon reduction.
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Group X metals, however, have shown some precedence for successful CO;R by CNC pincer
complexes having square planar or pseudo-square planar geometries [33,56-58]. While many
early examples based on Pd exhibit low efficiencies for CO, reduction, instead favoring hydrogen
evolution [56-58], progress has been made with current PACNC pincer complexes exceeding FE of 50%
for CO [59].

4. Conclusions

The use of pincer-type ligands for Mn-based CO,R electrocatalysts presents a promising future
direction for CO,R catalysis. Current vignettes of CO,R have been reported with CNC, NNN,
and PNP ligand frameworks, along with an interesting report of ONN intermediate pincer binding.
These complexes incorporate the relatively abundant and low-cost Mn in place of expensive and rare
noble metals while frequently exhibiting high catalytic rates and good selectivity for CO,R under
optimized conditions. The use of pincer-type ligands enables novel mechanistic pathways that diverge
from those of the oft-discussed Mn(bpy)(CO);X catalysts whose performance serves as a benchmark
for other Mn-based catalysts.

Despite these advances and promising preliminary results, there is still much work to be performed
to achieve improved overpotentials and catalyst stability. Many of the catalysts discussed herein are
sensitive to water or oxygen or do not have extensive data reported regarding their long-term stability.
While FE for the reported bulk electrolysis experiments shows excellent CO, conversion, these values
are indicative of short timescales on the order of single hours and catalyst turnovers lying only in the
double digits. Future work will likely focus on identifying the limits of catalyst stability and improve
this metric to make the catalysts more industrially relevant.
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