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ABSTRACT: With the goal of improving previously reported
Mn bipyridine electrocatalysts in terms of increased activity
and reduced overpotential, a bulky bipyridine ligand, 6,6’
dimesityl-2,2"-bipyridine (mesbpy), was utilized to eliminate
dimerization in the catalytic cycle. Synthesis, electrocatalytic
properties, X-ray diffraction (XRD) studies, and infrared
spectroelectrochemistry (IR-SEC) of Mn(mesbpy)(CO),Br
and [Mn(mesbpy)(CO);(MeCN)](OTf) are reported. Unlike
previously reported Mn bipyridine catalysts, these Mn
complexes exhibit a single, two-electron reduction wave
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under nitrogen, with no evidence of dimerization. The anionic complex, [Mn(mesbpy)(CO);]7, is formed at 300 mV more
positive potential than the corresponding state is formed in typical Mn bipyridine catalysts. IR-SEC experiments and chemical
reductions with KCjg provide insights into the species leading up to the anionic state, specifically that both the singly reduced and
doubly reduced Mn complexes form at the same potential. When formed, the anionic complex binds CO, with HY, but catalytic
activity does not occur until a ~400 mV more negative potential is present. The Mn complexes show high activity and Faradaic
efficiency for CO, reduction to CO with the addition of weak Bronsted acids. IR-SEC experiments under CO,/H" indicate that
reduction of a Mn(I)—CO,H catalytic intermediate may be the cause of this unusual “over-reduction” required to initiate

catalysis.

B INTRODUCTION

The catalytic reduction of carbon dioxide (CO,) is a
profoundly challenging problem that is of interest not only as
a means of counteracting unsustainable emissions of CO, but
also as a method for the development of renewable fuels and
commodity chemicals." Production of renewable liquid fuels
through CO, reduction would circumvent declining supplies of
fossil fuels and provide a fuel source capable of incorporation
into existing infrastructure. Artificial photosynthetic systems are
currently being developed that couple CO, reduction and water
oxidation and are driven by solar energy.” When solar energy is
harnessed, these systems will provide a route to carbon neutral
energy. In order for large-scale photosynthetic devices to be
practical, catalysts that favor proton-coupled CO, reduction
over proton (H') reduction must be optimized.> Although
direct production of liquid fuels is ideal, ™ there are numerous
homogeneous catalysts that efficiently reduce CO, to carbon
monoxide (CO)."* This reduction pathway is useful for
generating syngas (CO + H,), which can be utilized in existing
Fischer—Tropsch technologies to produce a wide variety of
fuels and fuel precursors.” CO is also a valuable reagent in
methanol synthesis® and in hydroformylation.”
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Of the systems that electrochemically reduce CO, to CO,
fac-Re(bpy-R)(CO);X complexes (bpy-R = 4,4’-disubstituted-
2,2'-bipyridine; X = halogen or solvent molecule with
counteranion) are superior to most others in terms of rates,
selectivities, and lifetimes.****®' Many studies have been
performed to gain a detailed mechanistic understanding of
these Re catalysts,8 including electrochemical studies,*®"* X-
ray crystallographic studies,*"'° stopped-flow spectroscopy
studies,"”"" X-ray absorption spectroscopy (XAS) studies,">
and theory.">"? Since Re is one of the least abundant metals in
the Earth’s crust,'* we recently extended our CO, reduction
studies to complexes based on Re’s abundant first row
counterpart, Mn.'* When considering a system for eventual
scale-up and industrial use, Mn is much more appealing than Re
because of cost and environmental ramifications.

The fac-Mn(bpy-R)(CO);X complexes, first reported by
Bourrez et al. in 2011 to be active catalysts,"® have been shown
to be viable alternatives to the aforementioned Re system as
long as they are in the presence of weak Brensted acids
(namely, H,0, methanol (MeOH), and 2,2,2-trifluoroethanol
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(TFE)). (Since all of the Mn and Re complexes discussed in
this study are fac, this label will henceforth be omitted.)
Specifically, Mn(bpy-R)(CO);X complexes are comparable in
activity at similar conditions but offer the advantage of
considerably lower overpotentials than the corresponding Re
catalysts.">'® Mn(bpy-Bu)(CO);X maintains high activity in
the presence of high concentrations of Bronsted acid (greater
than 6000 equiv) while showing 100% Faradaic efficiency for
the formation of CO. One distinct difference between these Mn
catalysts and their Re counterparts is the tendency for
dimerization after the first reduction.'>'® In the electro-
chemistry of Mn(bpy-R)(CO);X, two irreversible, one-electron
reductions are observed, separated by 200—300 mV. A large
oxidation peak occurs at more positive potentials after scanning
through the first reduction. This indicates that a Mn—Mn dimer
forms after rapid, irreversible loss of X. The two sequential one-
electron reductions of typical Mn(bpy-R)(CO);X complexes
are summarized in eqs 1 and 2:

[Mn'(bpy-R)(CO),X]" + ¢~

1
- E[Mn"(bpy—R)(CO)s]z +X
where X = Br, n = 0 or X = MeCN, n = +1;

S Ma"(bpy-R)(CO),J, + ¢ = [Mn(bpy-R)(CO),T"

)

In contrast, for Re(bpy-R)(CO);X, the first one-electron
reduction is reversible and loss of X is usually not observed
until the second reduction. This tendency for dimerization is
thought to contribute to an overpotential for two-electron
reduction, as well as to limiting the activity of these Mn
catalysts."

In the studies described here, we sought to eliminate this
dimerization pathway (eq 1) for the Mn(bpy-R)(CO);X
catalysts and study the effects this has on catalytic overpotential
and activity. We use a bulky bipyridine ligand, 6,6’-dimesityl-
2,2'-bipyridine (mesbpy), to synthesize Mn(mesbpy)(CO),X.
The mesbpy ligand was previously synthesized by Schmittel et
al. and studied in regard to its Cu(I) coordination.'” We have
previously utilized a similar bulky ligand, 6,6’-(2,4,6-triisopro-
pylphenyl)-2,2’-bipyridine (tripbpy), to enforce tetrahedral
geometries in late first row transition metal chlorides,*® as
well as to isolate intermediates leading up to the catalytically
active state in Re(bpy-R)(CO);X complexes.'® We report the
synthesis, electrochemistry, infrared spectroelectrochemistry
(IR-SEC), and X-ray crystallography of Mn(mesbpy)(CO);Br
(1) and [Mn(mesbpy)(CO);(MeCN)]J(OTf) (2, MeCN =
acetonitrile, OTf = trifluoromethanesulfonate). In the cyclic
voltammograms (CVs), these complexes exhibit a single,
reversible, two-electron reduction wave, with no evidence for
dimerization. This behavior is distinctly different from the
electrochemistry of typical Mn(bpy-R)(CO);X complexes,
where two irreversible one-electron reductions are observed.
For 1 and 2, the usual second reduction has been shifted
positive by ~300 mV and incorporated into a two-electron
couple near the potential of the typical first reduction. A
notable finding in this work is that complexes 1 and 2 show
high activity for CO, reduction to CO but at ~400 mV more
negative than the two-electron redox couple that generates the
anionic, CO,-binding state, [Mn(mesbpy)(CO);]~ (4). IR-
SEC experiments under CO, and H" indicate that reduction of
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a Mn(I)-CO,H catalytic intermediate may be the source of
this “over-reduction” process required to initiate catalysis. By
“over-reduction,” we mean that while 1 or 2 can be reduced by
two electrons to form 4 and that while 4 shows clear evidence
for binding and reducing CO,/H?, catalysis is not initiated until
a third electron is introduced at approximately —2.0 V vs Fc*/
Fc. The studies and findings reported here provide new
mechanistic and synthetic insights for improving catalysts in the
future, with the ultimate goal of attaining a catalytic system
capable of implementation on a large scale.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Synthesis of 6,6'-
dimesityl-2,2-bipyridine (mesbpy) was performed by the
Suzuki coupling of 6,6’-dibromo-2,2’-bi1pyridine with mesityl-
boronic acid, as previously reported.'” Syntheses of Mn-
(mesbpy)(CO);Br (1) and [Mn(mesbpy)(CO);(MeCN)]-
(OTf) (2) were performed analogous to previously reported
procedures for Mn(bpy-R)(CO),X species.'>'**° Complexes 1
and 2 were characterized by NMR, FTIR, and elemental
analysis. Complex 1 was also characterized by X-ray
crystallography. Singly reduced [Mn(mesbpy)(CO);]° (3)
and doubly reduced [Mn(mesbpy)(CO),;][K(18-crown-6)]
(4) were prepared by reduction of 1 in tetrahydrofuran
(THF) by potassium-intercalated graphite (KCq) (1.3 and 2.3
equiv, respectively), and anion 4 was characterized by NMR,
FTIR, and X-ray crystallography. Paramagnetic 3 was
characterized by IR spectroscopy; however, further character-
ization was not possible because of air sensitivity and short
lifetime in solution.

Electrochemistry under N,. Electrochemical experiments
were performed to determine how the bulky bipyridine ligand
affects the electrocatalytic properties of Mn(bpy-R)(CO),X
complexes. The cyclic voltammograms of 1 (Figures S1 and S2
in Supporting Information) and 2 (Figure 1) in dry MeCN
with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) as the supporting electrolyte under an atmosphere
of nitrogen (N,) are distinctively different from previously
reported electrochemistry of Mn(bpy)(CO),X, Mn(dmbpy)-
(CO);X (dmbpy = 4,4'-dimethyl-2,2’-bipyridine) and Mn-
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Figure 1. Cyclic voltammogram of 0.7 mM [Mn(mesbpy)-
(CO);(MeCN)](OT£) (2) in MeCN with 0.1 M TBAPF, as the
supporting electrolyte under an atmosphere of N,, showing one
reversible, two-electron reduction of the complex. Scan rate is 100
mV/s. Working electrode is glassy carbon (3 mm diameter), counter
electrode is a platinum wire, and pseudo-reference is a Ag/AgCl wire
with ferrocene (Fc) added as an internal reference.
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(bpy-"Bu)(CO);X.">' The CV of 2 consists of one reversible
reduction wave at —1.55 V vs Fc'/Fc. Peak-to-peak separation
of this reversible couple is 39 mV, compared to a peak-to-peak
separation of 68 mV for Fc*/Fc in the same CV. This redox
couple is best described as either an EEC or ECE mechanism,
where two one-electron reductions occur combined with loss of
a MeCN ligand. The second of the two one-electron reductions
occurs either at the same or at a lower potential than the first
reduction.”’ This overall two-electron reduction leads to the
anionic state, [Mn(mesbpy)(CO);]” (4), as evidenced by
chemical reductions and IR-SEC experiments (vide infra). For
2 in MeCN, digital simulations best support an EEC
mechanism (Figure S7), where two one-electron reductions
occur followed by loss of a MeCN ligand. Additionally, CVs of
2 feature an additional reduction at —2.25 V vs Fc*/Fc (Figure
S9), likely corresponding to a bpy ligand-based reduction.

The corresponding two-electron reduction in CVs of 1
(peak-to-peak separation of 79 mV) is slightly less reversible
than in CVs of 2 because of loss of Br™ to form the anionic
state (Figures S1 and S2). The difference in peak-to-peak
separation between 1 and 2 is likely due to the Br~ ligand
causing a larger change of the total charge of the complex upon
dissociation, as well as the difference in binding affinity of
MeCN versus Br™. The scan rate dependence of the peak-to-
peak separation in CVs of 1 and 2 is shown in Figure S6. IR-
SEC experiments best support an ECE mechanism for complex
1 (vide infra), where loss of Br~ occurs directly after the first
one-electron reduction.

Typically, CVs of Mn(bpy-R)(CO);X complexes exhibit two
irreversible, one-electron reduction waves separated by 200—
300 mV (depending on bpy substitution).'">'® The first
reduction of Mn(bpy)(CO);Br (1.6 V vs Fc'/Fc)' is near
the same potential as that of the reversible, two-electron
couples of complexes 1 and 2 (—1.55 V vs Fc'/Fc).
Incorporation of the bulky mesbpy ligand shifts the typical
one-electron second reduction positive by ~300 mV so that
this reduction is now merged with the first reduction as an
overall two-electron couple. This represents a 300 mV decrease
in the potential required to form the anionic state. For
comparison, CVs of complex 1 and of Mn(bpy)(CO),Br, under
identical conditions, are overlaid in Figure 2.

The electrochemistry of Mn(bpy-R)(CO);X complexes
typically show a large oxidation wave at approximately —0.63
V vs Fc'/Fc after scanning through the first one-electron
reduction (Figure 2).!9'® Lack of this oxidation peak and
complete reversibility of the two-electron couple in the CVs of
1 and 2 suggests that dimerization has been completely
eliminated by the bulky mesbpy ligand. Experiments with
slower scan rates also show no evidence for dimerization
(Figures S2 and S3). Complexes 1 and 2 are freely diffusing in
solugizon according to Randles—Sevcik analysis (Figures S4 and
SS).

Infrared Spectroelectrochemistry (IR-SEC) under N,.
IR-SEC of complex 1 under N, was performed to observe
changes in accumulating species as the potential is scanned
cathodically (Figure 3). At its resting state, 1 has three
characteristic vg stretches for facially coordinated tricarbonyl
complexes at 2023, 1936, and 1913 cm™'. When voltage is
applied at the potential of the two-electron reduction seen in
CVs (approximately —1.6 V vs Fc*/Fc), we see growth of v¢q
stretches at 1973, 1883, 1866, and 1808 cm ™', decay of vco
stretches at 2023 and 1936 cm™, and a shift of the v stretch
at 1913 cm™ to slightly lower energy.
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Figure 2. Comparison of the cyclic voltammograms of Mn(mesbpy)-
(CO);Br (1) and Mn(bpy)(CO);Br under identical conditions (1
mM complex). Each experiment is performed in MeCN with 0.1 M
TBAPF as the supporting electrolyte, under an atmosphere of N,, at a
scan rate of 100 mV/s, with a glassy carbon working electrode (3 mm
diameter), with a platinum wire counter electrode, with a Ag/AgCl
wire pseudo-reference, and with Fc added as an internal reference.
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Figure 3. IR-SEC of 3 mM 1 in MeCN with 0.1 M TBAPF electrolyte
under an atmosphere of N,. The resting species (black, 1) has three
Vo stretches at 2023, 1936, and 1913 cm™. Upon initial reduction at
approximately —1.6 V (red), singly reduced species 3 (1973, 1883,
1866 cm™) and doubly reduced species 4 (1909 and 1808 cm™)
form. When the voltage of the cell is held at approximately —1.6 V for
more than 1 min, all species are converted to 4 (blue).

The vco stretches at 1973, 1883, and 1866 cm™ are
indicative of a singly reduced Mn complex, assigned as
[Mn(mesbpy)(CO);]° (3). A shift of the high-energy vcq
stretch from 2023 to 1973 cm™' (~50 cm™' shift to lower
energy) is observed between 1 and this singly reduced complex.
This shift is very similar to the shift observed in five-coordinate
[Re(bpy-R)(CO);]° complexes, with no bound X,*¢ and agrees
well with our chemical reductions with KCg (vide infra). The
Vco stretches at 1909 and 1808 cm™ in the IR-SEC are
indicative of a doubly reduced [Mn(mesbpy)(CO);]~ species
(4), which binds CO, in electrocatalysis studies (vide infra). A
shift of the high-energy v¢q stretch from 2021 to 1917 cm™
(~100 cm™" shift to lower energy) is observed between 1 and
4. The vg stretches of this species match well with those for
the anionic [Mn(mesbpy)(CO);]™ complex produced by the
chemical reduction of 1 with KCq (1917 and 1815 cm™, vide
infra) and also match well with previously reported anionic
[Mn(bpy-R)(CO);]~ complexes.'>*?

dx.doi.org/10.1021/ja501252f | J. Am. Chem. Soc. 2014, 136, 5460—5471



Journal of the American Chemical Society

Both species 3 and 4 grow in at the same potential, and there
is very small accumulation of the v stretches corresponding
to singly reduced 3. When voltage is held at approximately —1.6
V vs Fc'/Fc for more than 1 min, all singly reduced species is
converted to doubly reduced species, 4. Because a singly
reduced species is observed in these IR-SEC experiments, we
believe that the reversible couple seen in CVs is the result of
two one-electron reductions that occur at the same potential
instead of a direct two-electron reduction. Chemical reduction
experiments (vide infra) and computer simulations (Figure S7)
also support two one-electron reductions. These observations
in IR-SEC are consistent with an ECE mechanism for 1, where
a single-electron reduction and loss of Br™ occurs followed by a
second one-electron reduction resulting in the formation of
complex 4.

Chemical Reductions. In addition to IR-SEC studies
providing insights into the species leading up to the catalytically
active state, complexes 3 and 4 can be prepared via chemical
reduction with KCg. Reduction of 1 with ~1 equiv of KCy in
THF produces singly reduced 3. For this one-electron
reduction from 1 to 3, the high-energy v stretch shifts by
~44 cm™ to lower energy (2021 to 1984 cm™"). This shift is
very similar to the shift observed in the IR-SEC of Re(bpy-
R)(CO);X complexes, where the high energy v stretch shifts
~40 cm™' lower in energy to form the neutral five-coordinate
Re(0)bpy(0) species with no bound X.*® Likewise, the average
of the two low-energy vcq stretches shifts by ~36 cm™ to
lower energy. Because of the similar IR features between this
complex and our singly reduced Mn complex, we are assigning
our singly reduced species as [Mn(mesbpy)(CO),]° (3) with
no bound Br™ or solvent molecule. This one-electron reduction
is in agreement with one-electron reductions of other Mn
complexes, where loss of halide occurs rapidly,'® except that the
mesbpy ligand inhibits dimerization at the sixth coordination
position. DFT-calculated v stretches of 3 agree very well with
the experimental vcq stretches (see Supporting Information).
Complex 3 has a relatively short lifetime in THF solution.
Although we were able to obtain an IR spectrum of 3, this
complex disproportionates into various species, including a
Mn(I) complex and complex 4, over the course of hours.
Unreduced 1 and doubly reduced 4 are much more stable than
singly reduced 3, giving rise to a net two-electron reduction in
CVs of 1 and 2.

Additionally, the two-electron reductions in CVs of 1 and 2
in THF solution show much larger peak-to-peak separations
than the corresponding reductions in MeCN solution (Figure
S8). Specifically, a peak-to-peak separation of ~300 mV is
observed for this reduction in the CV of 2 in THF. This peak-
to-peak separation further supports the assignment of complex
3 as five-coordinate [Mn(mesbpy)(CO);]°. In MeCN, species
3 is likely very unstable, as evidenced by the peak-to-peak
separations in CVs of 1 and 2 in MeCN (39 and 79 mV,
respectively). However, in THF solution, this species is stable
long enough to obtain spectroscopic analysis.

Reduction of 1 with >2 equiv of KCg in THF produces anion
4 and results in a shift of the high-energy v/ stretch from 2021
to 1917 cm™ (~100 cm™ shift to lower energy). Additionally,
the average of the two low-energy vcq stretches of 3 shifts to
the low-energy broad vco stretch of 4, a ~72 cm™" shift to
lower energy, from ~1887 to 1815 cm™. These v stretches
match those observed in our IR-SEC studies (1909 and 1808
cm™") and are indicative of a doubly reduced [Mn(mesbpy)-
(CO);]™ complex (4). The v¢q stretches for 4 match well with
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previously reported anionic [Mn(bpy-R)(CO);]” com-
plexes;'>** however, these v stretches are shifted to lower
energy when compared to [Re(bpy-R)(CO),]~ complexes.“’loal
Bond length alternation in the bpy ring in the crystal structure
of 4 (vide infra) and DFT calculations (see Supporting
Information) indicate that significant electron density resides
on the bpy ring, although the low-energy v stretches indicate
that M—CO back bonding is notably increased in these Mn
anions compared to the analogous Re anions. The FTIR
spectra of 1, 3, and 4 are shown in Figure 4.
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[0]
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Figure 4. FTIR spectra of Mn(mesbpy)(CO);Br (black, 1),
[Mn(mesbpy)(CO),]° (red, 3), and [Mn(mesbpy)(CO),][K(18-
crown-6)] (blue, 4) in THF, showing high correlation to species
observed in IR-SEC studies.

X-ray Crystallography. We have had success growing
crystals of the parent and anionic species of both Re(bpy-
R)(CO);X and Mn(bpy-R)(CO);X complexes.*'**!% X-ray
quality crystals of complex 1 were grown by vapor diffusion of
pentane into a THF solution of the complex (Figure S).
Complex 1 crystallized in the space group C,/c with eight
independent molecules in the unit cell. Attempts to crystallize
singly reduced 3 were not successful, as this species is not long-
lived in solution. Specifically, any attempts at growing crystals
of 3 resulted in a mixture of crystals of a Mn(I) complex and
complex 4. DFT calculations on 3 show a five-coordinate,
unsaturated monomer with a HOMO delocalized across the
bpy ligand and the Mn center (Figure $30). Reduction of 1 by
>2 equiv of KCq in the presence of 18-crown-6 results in loss of
bromide, forming the anionic complex 4. 18-Crown-6 was
added during reduction to inhibit potassium coordination to
the carbonyl ligands of 4. The crystal structure of 4 was
obtained from the vapor diffusion of pentane into a THF
solution of the complex (Figure 6). Complex 4 is a five-
coordinate, unsaturated anion with a [K*(18-crown-6)]
countercation. In this structure, the [K'(18-crown-6)(THF)]
fragment has positional disorder over two positions (Figure 6
and Figure S10); however, the Mn anion fragment, the
pertinent fragment for this study, is modeled without disorder.
The geometry of anion 4 is square pyramidal (slightly skewed
from a perfect square pyramid) with 73 = 0 (75 = 0 for a perfect
square pyramid and 75 = 1 for a perfect trigonal bipyramid).**
X-ray diffraction structures of most other Re and Mn bipyridine
anions are between square pyramidal and trigonal bipyrami-
dal.*19415 gpecifically, [Re(bpy-Bu)(CO);][K(18-crown-6)]
and [Mn(bpy-Bu)(CO);][K(18-crown-6)] are five coordinate
and have a 75 = 0.46 and 75 = 0.53, respectiv<ely.4f’15 The bulky
mesbpy ligand on 4 seems to prevent the carbonyls from

dx.doi.org/10.1021/ja501252f | J. Am. Chem. Soc. 2014, 136, 5460—5471
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Figure S. Molecular structure of Mn(mesbpy)(CO);Br (1), with
hydrogen atoms omitted for clarity. Ellipsoids are set at the 50%
probability level. Platon’s SQUEEZE was used to remove a disordered
THEF solvent molecule from the asymmetric unit in the crystal
structure. Relevant distances (A) and bond angles (deg) are the
following: Mnl—Brl, 2.5298(6); Mnl—N1, 2.090(2); Mnl1—-N2,
2.084(2); Mnl1-C1, 1.795(3); Mnl1-—C2, 1.809(3); Mnl-C3,
1.816(3); C1-01, 1.147(3); C2—02, 1.150(3); C3—03, 1.142(3);
N1-C4, 1.351(3); C4—CS, 1.393(4); C5—Cé6, 1.379(4); C6—C7,
1.380(4); C7—C8, 1.378(3); N1—-C8, 1.366(3); C8—C9, 1.473(4);
N2—-C9, 1.364(3); C9—Cl10, 1.387(4); C10—C11, 1.375(4); Cl1—
C12, 1.378(4); C12—C13, 1.387(4); N2—C13, 1.358(3); Brl—Mnl—
N1, 84.90(6); Brl—Mn1-N2, 86.16(6); Br1-Mn1—C1, 176.71(9);
Br1-Mn1-C2, 88.06(8); Br1—Mn1—C3, 87.54(8); N1—-Mnl1—N2,
79.35(8); N1-Mn1—Cl, 97.63(10); N1-Mn1—C2, 172.96(10); N1—
Mnl1-C3, 99.25(10); N2—Mnl1-C1, 96.35(10); N2—Mnl1-C2,
100.28(10); N2—Mn1—C3, 173.64(10); C1-Mnl1—C2, 89.39(12);
C1-Mn1-C3, 89.98(12); C2—Mn1—C3, 80.34(11).

Figure 6. Molecular structure of [Mn(mesbpy)(CO),][K(18-crown-
6)(THF)] (4), with hydrogen atoms omitted for clarity. The
countercation, [K*(18-crown-6)], and THF solvent molecules are
shown as partially transparent in order to emphasize the [Mn-
(mesbpy)(CO);]™~ anion. The [K*(18-crown-6)(THF)] fragment has
positional disorder over two positions (Figure S10). Ellipsoids are set
at the 50% probability level. Relevant distances (A) and bond angles
(deg) are the following: Mnl—N1, 2.005(4); Mn1—C1, 1.770(9);
Mnl—C2, 1.783(6); C1-01, 1.162(10); C2—02, 1.178(7); N1—C3,
1.386(7); N1—C7, 1.389(6); C3—C4, 1.355(8); C4—CS5, 1.417(8);
C5—C6, 1.367(8); C6—C7, 1.399(7); C7—C7’, 1.424(10); N1—
Mnl-N1’, 79.7(2); C1—-Mn1—N1, 104.6(2); C1-Mn1-C2, 91.4(3);
N1-Mnl-C2, 99.7(2); N1-Mnl1—-C2’, 163.7(2); C2—Mn1-C2/,
76.2(3).

rearranging toward trigonal bipyramidal, resulting in an almost
ideal square pyramid. The X-ray crystal structure of 4 is nearly
identical to that of its DFT-calculated structure (Figure S31).
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X-ray crystallography of 1 and 4 provides insight into the
amount of electron density stored on the noninnocent bpy
ligand. In the crystal structure of 4, bond length alternation and
the short inter-ring C,,—C,, bond in the bpy ligand are
indicative of significant electron density on this noninnocent
ligand (Figure 6).>° The inter-ring C,,—C,, bond shortens
from 1.473 A in the crystal structure of 1 to 1.424 A in 4. This
inter-ring C,,—C,, bond of 4 agrees well with previously
reported crystal structures of [Mn(bpy-Bu)(CO);]” and
[Mn(bpy)(CO);]~ (1413 and 1418 A, respectively).ls’23
Our recent XAS and computational studies on similar
[Re(bpy-R)(CO);]~ complexes have determined that these
anions possess formally Re(0)bpy(1—) ground states.'> The
crystal structure of 4 shows high similarity to that of many
[Re(bpy-R)(CO);]~ complexes. Recent DFT calculations by
Scarborough et al.*® and Hartl et al.> have characterized the
[Mn(bpy)(CO);]™ anion as a singlet diradical Mn(I)bpy(2—)
complex with significant 7-donation of the electron density
from a bpy(2—) dianion to a Mn(I) ion. Scarborough et al.
explains that this z-donation results in a crystal structure with
C,,—C,, distances that resemble a bpy(1—) radical anion,
which would imply a Mn(0) center. Both this computational
and our experimental analyses are consist with a significant
amount of electron density on the bpy-R ligand. In contrast to
the aforementioned calculations, the increased Mn—CO back
bonding observed by IR spectroscopy could indicate that less
electron density lies on the bpy ligand in 4 and other [Mn(bpy-
R)(CO),]™ anions compared to similar Re anions (which have
Re(0)bpy(1—) formal ground states). The noninnocence of the
bpy ligand helps explain the high selectivity of M(bpy-
R)(CO);X (M = Mn or Re) catalysts for the reduction of
CO, in the presence of significant concentrations of H', where
electron density on the bpy ligand favors transferring two
electronic charges to CO, through both ¢ and # interactions.'”

Electrocatalysis. The electrocatalytic properties of 1 and 2
were studied in a custom-made, single-compartment, airtight
cell with a glassy carbon working electrode, Pt wire counter
electrode, and a Ag/AgCl wire pseudo reference electrode
separated from the main compartment by a Vycor tip. The
electrochemical solution was sparged with CO, until gas
saturation (~0.28 M).”” CVs of complexes 1 and 2 did not
change under CO, in dry MeCN (Figure 7, Figures S11—S13).
However, addition of weak Bronsted acid (H,O, MeOH, or
TFE) to 2 resulted in an increase in current at approximately
—2.0 V vs Fc'/Fc, ie, ~400 mV after the two-electron
reduction that generates anionic species 4 (Figure 7, Figures
S11—S14). This current increase corresponds to the electro-
catalytic reduction of CO, to CO, as verified by controlled
potential electrolysis (CPE) (vide infra). No current increase
was observed in the CV of 2 under N, with added weak acid,
indicating that the current increase is not due to proton
reduction (Figure 7, Figure S13). Higher concentrations of
weak Bronsted acid in CO, reduction electrocatalysis experi-
ments resulted in increased current densities, before reaching a
peak current density and leveling off or dropping with addition
of more H* (Figure 8, Figure S12, and Figure $14 for MeOH,
H,0, and TFE, respectively). Addition of weak acid to 1
resulted in very similar trends in CVs (Figure S11).

For a reversible electron-transfer reaction followed by a fast
catalytic reaction (ERC, scheme), the peak catalytic current
(i) is given by eq 3.°°
n...FA[cat] (Dk_,[Q))"/*

lcat = cat

©)
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Figure 7. Cyclic voltammograms (CVs) showing catalytic current for 1
mM [Mn(mesbpy)(CO);(MeCN)](OTf) (2) under CO, with added
MeOH (red). This current increase is due solely to the electrocatalytic
reduction of CO, to CO. Under N, with added MeOH, no current
increase is observed (blue), which is similar to the CV under CO, with
no added MeOH (black). CVs were taken in 0.1 M TBAPF,/MeCN
with a scan rate of 100 mV/s, a glassy carbon working electrode (3
mm diameter), a platinum wire counter electrode, and a Ag/AgCl wire
pseudo-reference with ferrocene (Fc) added as an internal reference.
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Figure 8. Linear scan voltammograms showing the electrocatalytic
reduction of CO, to CO by 1 mM [Mn(mesbpy)(CO);(MeCN)]-
(OTf) (2) in 0.1 M TBAPFs/MeCN with addition of MeOH. The
solution is under an atmosphere of, and saturated with (~0.28 M),
CO,. Voltammograms are taken at a scan rate of 100 mV/s.

The derivation of eq 3 assumes that pseudo-first-order kinetics
apply; ie, the reaction is first order in catalyst and that the
concentrations of the substrates Q are large in comparison to
the concentration of catalyst. In eq 3, n, is the number of
electrons required for the catalytic reaction (n., = 2 for the
reduction of CO, to CO), F is Faraday’s constant, A is the
surface area of the electrode, [cat] is the catalyst concentration,
D is the diffusion constant of the catalytically active species, k.,
is the rate constant of the catalytic reaction, and [Q] is the
substrate concentrations. Plotting i.,, versus the square root of
[CO,] shows a linear relationship, indicating that the catalytic
reaction is first order in [CO,] (Figure S21). Additionally, plots
of i, versus [H*] show second-order dependence on [H*] at
low [H'] (Figure S22). At high [H'], i, reaches a limiting
value independent of [H*] (Figures $22—S24), which is typical
of saturation kinetics expected for catalytic reactions.””
Electrocatalytic reactions are also first order in [cat], as
evidenced by plotting i vs [cat] (Figures S25 and S26). The
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initial catalytic current plateaus are relatively scan rate
independent for all CVs with added H,0, MeOH, and TFE
(Figures S17, S18, and S20). In summary, at high [H*], the
electrocatalytic reduction of CO, is first order in catalyst, first
order in CO,, independent of acid concentration, and at steady
state conditions.

Equation 4 describes the peak current of a complex with a
reversible electron transfer and with no following reaction.*

F /2
i, = 0.4463n, 2PA[cat](—) v/2pt/?

RT (4)
In eq 4, R is the universal gas constant, T is temperature, n, is
the number of electrons in the reversible, noncatalytic reaction,
and v is scan rate (0.1 V/s). Dividing eq 3 by eq 4 allows for
the determination of i.,/i, and allows further calculation of the
catalytic rate constant (kcat) and the turnover frequency (TOF),

as shown in eq S.
3 20 \?
FUl’lp ( ] (lc_at]
RT iP ()

In this equation, A cancels out because the same electrode was
used for the experiments under CO, and N,. D also cancels out
because we are assuming that the diffusion constant of the
catalytically active species does not change significantly under
CO, or N,.

Using eqs 3—5, we can calculate peak i.,/i, and TOF values
for catalyst 2 with added H,0, MeOH, or TFE. For these
calculations, i, is determined as the peak current under N, with
an amount of weak Bronsted acid corresponding to peak i,
conditions. Addition of H,O (pK, = 31.4 in DMSO)* to a 1
mM solution of 2 under CO, resulted in a peak i.,./i, = 20 (4.8
mA/cm” peak current density) and TOF = 700 s~ at 3.5 M
H,0. Addition of MeOH or TEE (pK, of 29.0°*' and 23.5,**
respectively, in DMSO) leads to higher peak current densities
under CO,. (Note: Literature values for pK, values of H,O,
MeOH, and TFE in MeCN are not reported; however, these
values can be estimated accordingly from pK, values in
DMSO.) Specifically, addition of MeOH resulted in a peak
e/ iy = 30 (7.6 mA/cm? peak current density) and TOF =
2000 s™' at 3.2 M MeOH. Addition of TFE resulted in a peak
icat/ iy = SO (13 mA/cm?* peak current density) and a TOF =
5000 s™! at 1.4 M TFE. Calculated icat/ i, and TOF values for 2
and previously reported Mn(bpy- Bu)(CO)3Br are listed in
Table 1. Catalyst 2 is more active than the most active Mn bpy
catalyst previously reported, Mn(bpy-Bu)(CO);Br, under
MeOH and TFE. However, 2 is slightly less active than
Mn(bpy-Bu)(CO);Br under H,O. Particularly, under identical
conditions with 1.4 M TFE, catalyst 2 is ~1.2 times more active
than Mn(bpy-Bu)(CO)Br.

A notable feature of the catalytic CVs of 1 and 2 is the
pronounced deviation from a steady state “S-shaped” wave
(Figure 7, Figure S13). The peak maximum at approximately
—2.2 V vs Fc'/Fc and especially the peak in the return
oxidation (approximately —2.1 V vs Fc*/Fc) are quite unusual
and deserve comment. These unusual characteristics likely arise
from multiple factors. The main factor contributing to this odd
current response is an overlapping bpy-based reduction at
approximately —2.3 V vs Fc*/Fc (Figures S9, S1S, S19). At a
scan rate of 100 mV/s, this additional reduction feature cannot
be distinguished from the catalytic current response (Figures 7,
S13, S15, and S19). However, at higher scan rates, this

0.4463

ncat

TOF = k., [Q] =

dx.doi.org/10.1021/ja501252f | J. Am. Chem. Soc. 2014, 136, 5460—5471



Journal of the American Chemical Society

Table 1. Comparison of Peak i.,/i, and TOF Values for
Both [Mn(mesbpy)(CO);(MeCN) ] (OTf) (2) and
[Mn(bpy-Bu)(CO);Br in MeCN (1 mM each catalyst)®

[Mn(mesbpy)
(CO),(MeCN)J(OTH) (2) Mn(bpy-Bu)(CO);Br

Bronsted [acid]® TOF [acid]? TOF

acid ™) /it (7Y ™) /it 6T
H,O 3.5 20 700 3.1 25 1100
MeOH 3.2 30 2000 5.8 26 1100
TEFE 1.4 S50 5000 14 42 3000

“Solutions are saturated with (approximately 0.19—0.28 M) and under
an atmosphere of CO, with added weak Bronsted acids. Data are taken
from voltammograms at a scan rate of 100 mV/s. [CO,] is
approximately 0.28 M in dry MeCN, 0.26 M in 3.5 M H,0, 027 M
in 32 M MeOH, and 0.27 M in 1.4 M TEE.** *[Acid] at highest i,/i,
for 2. ‘i ,/ i, values are calculated at equal [acid]. d[Acid] at highest
i/, for Mn(bpy-"Bu)(CO);Br. “Values taken from ref 18.

reduction feature becomes apparent (Figures S15, S16, S19).
The catalytic current plateaus, directly before the bpy-based
reduction (Figures S15—S20), are fairly scan rate independent.
The scan rate dependences of the catalytic current plateaus are
shown in Figures S17, S18, and S20 (for added H,0, MeOH,
and TFE, respectively).

Additionally, diffusional characteristics (peaks) in catalytic
CVs under slow scan rates can be ascribed to side
phenomena.””® These side phenomena are generally side
reactions that are generated by the catalytic reaction but that
compete with this catalytic reaction.> The fact that the catalytic
wave occurs at a potential beyond the formally Mn(I/-I)
prewave, where no electrochemical process is observed in the
absence of CO,/H", indicates that this catalytic wave involves
the reduction of a species that does not exist without CO,/H".
In view of the formally Mn(I/—I) prewave dependence of CO,
concentration (vide infra), this species is likely the hydrox-
ycarbonyl complex Mn(mesbpy)(CO);(CO,H) (vide infra).
This 18-e” complex appears to be stable until it is reduced by a
third e~ in a likely bpy-based reduction. This reduction
presumably labilizes the CO,H™ group to form CO and ~OH,
the latter of which rapidly reacts with H in solution. This has
the effect of raising the pH in the reaction diffusion layer. The
subsequent reduction of a Mn(I) complex and reaction with
CO,/H" to form another Mn—CO,H species further raises the
local pH and depletes CO,. In addition, since the source of the
H" is a weak acid, the conjugate base RO™ should be capable of
binding a second equivalent of CO, to give the alkyl carbonate
ROCO,", further depleting the CO, concentration. These side
reactions compete with catalysis for the same substrates and
have the effect of decreasing overall rates of catalysis. Lastly, if
catalysis can occur only upon bpy-based reduction of
Mn(mesbpy)(CO),(CO,H), then this reduction process
should show diffusional characteristics, as should the return
oxidation of the radical anion. These side reactions along with
the overlapping bpy-based reduction at approximately —2.3 V
vs Fc*/Fc are likely the origins of the unusual catalytic wave
shape. A more detailed relation between the -catalytic
mechanism and appearance of the catalytic wave in this system
is beyond the scope of this article and will be the subject of
ongoing investigation.

CPE was performed on 2 at —2.2 V vs Fc*/Fc to measure the
efficiency at which CO is produced and to gain insights into the
lifetime of the catalyst. Gas chromatography indicates that no
hydrogen is formed during these experiments, and catalyst 2
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operates with a Faradaic efficiency of 98 + 6% for the formation
of CO from CO,, measured for the first ~4 turnovers of the
catalyst (first ~70 min of catalysis, based on total catalyst
concentration in cell) (Figure 9). These CPE experiments were

s 124
=) Current efficiency = 98 + 6%
x
o 104
Q
o
£
o 81
o
€
§ y=1.89x — 4.82x10°
S 49 R®=0.98917
B [
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CO produced (moles x 107°)

Figure 9. Production of CO from CO, by 0.5 mM [Mn(mesbpy)-
(CO);(MeCN)](OTf) (2) during controlled potential electrolysis at
—2.2 V vs Fc'/Fc with 0.3 M TFE. The slope of ~2 represents a
Faradaic efficiency of 98 + 6%. After a steady state current was
reached, bulk electrolysis of this solution showed no significant current
degradation over the course of several hours.

performed with 0.5 mM 2 and 0.3 M TFE with a carbon rod
working electrode (surface area of 7.4 cm?). Although Faradaic
efficiency was only recorded for the first 70 min of catalysis, the
lifetime of catalyst 2 is much great than this, as evidenced by
the CPE trace in Figure S27. The catalyst sustained current
densities of approximately 3.5 mA/cm* during the first hour of
electrolysis (Figure S$27), corresponding to TOF = 480 s~ (see
Supporting Information). This calculated TOF is significantly
higher than the TOF calculated for Mn(bpy-Bu)(CO),Br
during CPE with 1.4 M TFE (270 s71)."> Current density
fluctuated between 3.4 and 2.9 mA/cm? over the next ~6 h and
gradually declined throughout the remainder of the experiment
(total time of CPE was ~2S h). Faradaic efficiencies for CO
production gradually dropped after the first few hours of
electrolysis; however, no hydrogen production was observed
throughout the entire experiment.

CPE under N, with 0.3 M TFE was performed in order to
prove that the observed CO did not result from degradation of
catalyst 2 (Figure S27). The results of this CPE show that only
a minuscule amount of CO (Faradaic efficiency of ~2%) and
no H, was observed over the course of ~24 h. Therefore,
within error, all observed CO in our CPE experiment under
CO, resulted from the reduction of CO, rather than
degradation of the catalyst. After ~1.1S X 107" moles of
electrons were consumed, 5.87 X 10~ moles of CO were
produced for CPE under CO, and only 1.87 X 10~° moles of
CO were produced for CPE under N,. Additionally, this
experiment proves that the catalyst is extremely stable under
the conditions of this CPE experiment over the course of ~24
h.

CO, Binding. In addition to catalytic current enhancement,
CVs of 2 under CO, with added Bronsted acid show loss of
reversibility at the two-electron reduction (Figure 7) and a shift
of the reduction wave to more positive potentials (Figure 10,
Table 2). Both of these characteristics are indicative of CO,
binding to the Mn catalyst.** Gagne et al. and Fujita et al. have
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Figure 10. Cyclic voltammograms (CVs) of 1 mM [Mn(mesbpy)-
(CO);(MeCN)](OTf) (2) showing evidence for CO, binding with
0.8 M MeOH. As the [CO,] increases from approximately 0 to 0.28
M, the cathodic peak potential of the two-electron reduction shifts to
more positive potentials. In these CVs, the reverse oxidation scans are
not shown in order to more clearly show the shift of the cathodic peak.
CVs are taken at a scan rate of 100 mV/s.

Table 2. Cathodic Peak Potentials (E) in CVs? of
[Mn(mesbpy)(CO);(MeCN)](OTf) (2)” under Various
[CO,] and 0.8 M MeOH

[CO,]¢ (M) E (V vs Bc'/Fc)
0.00 —1.576
0.01 —1.571
0.03 —1.565
0.05 —1.561
0.16 —1.550
0.26 —1.546

“CVs were taken in 0.1 M TBAPF;/MeCN with a scan rate of 100
mV/s, a glassy carbon working electrode (3 mm diameter), a platinum
wire counter electrode, and a Ag/AgCl wire pseudo-reference with
ferrocene (Fc) added as an internal reference. [2] = 1 mM. °[CO,] in
MeOH taken from ref 22.

utilized eq 6 to calculate substrate binding constants (KQ) for
various copper, cobalt, and nickel macrocycles.>*

RT

E=E°+(
nF

In{1 + [CO,]K

Jint1 + 0,1k} »
This equation describes an E;C_,, mechanism, where electron
transfer and forward and backward reactions are sufficiently
rapid and K is relatively large. For complex 2, we see no
change in the two-electron reduction between CVs under N, or
under CO, (without added H*), indicating that CO, binding
occurs only with the addition of an external proton source
(Figure 10, Figure S29). CVs in Figure 10 and Figure S29 do
not show the reversal potentials in order to more clearly show
the shift of the cathodic peak. CVs show the same behavior
whether the cathodic scan is reversed before or after the
potential of the catalytic wave (see Figure 7). In CVs of 2, we
see irreversible behavior under CO,/H"; i.e., only the cathodic
component of the voltammograms was observed. This feature
is likely due to a Mn(I)—CO,H species forming as a result of a
two-electron oxidative addition of CO,/H" to the Mn center of
4. This Mn(I)—CO,H species appears to be stable at these
potentials once it is formed, which explains the irreversible
behavior observed in CVs. Because of these characteristics, our
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CVs are a limiting case of an ExC,, scheme, where electron
transfer and forward reactions are sufficiently rapid but the
reverse reaction is slow. Although eq 6 applies to reversible
kinetics, this analysis is sufficient to estimate a binding constant
for CO,/H". The observed shift in potential (AE) of the
cathodic peak is not a linear function of In[CO,], consistent
with a binding constant (Kcoy,) of <100 M™' (Figure
$28).3* An average Koy, = 46 + 10 M™" was calculated for
2 using eq 6.

Infrared Spectroelectrochemistry (IR-SEC) under CO,/
H*. We utilized IR-SEC with added CO, and MeOH in order
to elucidate why catalysis occurs at a potential ~400 mV more
negative than the potential at which the two-electron reduced,
anionic CO,-binding state is formed. The results of this IR-SEC
experiment on complex 1 with 0.14 M CO, (half-saturated)
and ~80 mM MeOH are shown in Figure 11. At approximately

i } \ J . ca.—1.4V
A /\_/\ 18V
| A M\Qﬁ —21V
ca.-21V

| after ~30 sec.

T T T T T T
2050 2000 1950 1900 1850 1800
Energy (cm™)

Absorbance

Figure 11. IR-SEC of 3 mM 1 in MeCN with 0.1 M TBAPF;
electrolyte, ~0.14 M CO, (half-saturation), and ~80 mM MeOH. At
approximately —1.4 V (black), 1 is the only species in solution (v =
2023, 1936, and 1913 cm™). At the potential of the two-electron
reduction (red), 1 fully converts into two new species, a Mn(I)—
CO,H tricarbonyl complex and anion 4. The Mn(I)—CO,H complex
persists until the potential of catalysis (green), and this species fully
disappears upon holding the cell at this potential (blue).

—1.4 V, complex 1 is the only species in solution with v¢q
stretches at 2023, 1936, and 1904 cm™. Upon reaching the
potential of the two-electron reduction seen in CVs
(approximately —1.6 V), we see complete conversion of
complex 1 to two new species that, based on the v/ spectrum,
must be a Mn(I) complex and anion 4. Specifically, we see
growth of v¢q stretches at 2006, 1907, and 1806 cm™L. Since
the vco band at 1907 cm™ has a much greater intensity than
either of the other bands, we believe two v stretches
contribute to this line shape. The v stretches at 1907 and
1806 cm ™! match anion 4. The other v stretches at 2006 and
1907 cm™! are consistent with a Mn(I) tricarbonyl complex,
likely a fac-Mn(I) tricarbonyl species. Upon reaching the
potential of catalysis (approximately —2.1 V), the v stretches
corresponding to this Mn(I) tricarbonyl species disappear, and
the only species that persists is anion 4. The vcq stretches of
this Mn(T) tricarbonyl species (2006 and 1907 cm™") agree well
with previously reported fac-Mn tricarbonyl complexes with
bound ester groups and chelating diphosphine ligands,36 as well
as with previously reported fac-Re(bpy-R)(CO);(CO,H)
complexes.'*” Bourrez et al. recently reported the character-
ization of a mer-Mn(II)(dmbpy)(CO),(CO,H) intermediate in
the electrocatalytic CO, reduction studies of a [Mn(0)-
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(dmbpy)(CO);], dimer.*® A mer-Mn(I) tricarbonyl species
would likely have at least one v g stretch higher in energy than
complex 1.%° Therefore, we are assigning the Mn(1) tricarbonyl
species formed under two-electron reduction conditions in the
presence of CO,/H" as fac- Mn(mesbpy)(CO);(CO,H).
Complexes of this type usually have a weak vgco stretch
between 1700 and 1500 cm™, but this stretch was not observed
in our experiments likely because of the small accumulation of
this Mn—CO,H complex or because of overlapping vy bends
from added MeOH in this region. In addition to these IR-SEC
experiments, reacting chemically reduced anion 4 with CO,,
followed by the addition of a small concentration of MeOH,
results in a color change of the solution from dark blue to
yellow-orange. This color change is consistent with the
formation of a Mn(I) complex. Experiments are ongoing in
our laboratory to independently synthesize, isolate, and fully
characterize this Mn(I)—CO,H species.

Since a Mn(I)-CO,H species appears to be observed
between the potentials of approximately —1.6 and —2.1 V, we
have concluded that this species is responsible for the unusual
“over-reduction” required to initiate catalysis. Again, by “over-
reduction”, we mean that while 1 or 2 can be reduced by two
electrons to form 4 and while 4 shows clear evidence for
binding and reducing CO,/HY, catalysis is not initiated until a
third electron is introduced at approximately —2.0 V vs Fc*/Fc.
Other possible intermediates that might have contributed to the
high added potential could either be a formally Mn(I) or
Mn(0) tetracarbonyl species. We see no evidence for the
characteristic ¢ pattern for tetracarbonyl species in our IR-
SEC spectra, which further supports the identification of a
Mn(I)-CO,H species. We propose a simplified catalytic
mechanism in Figure 12 that is consistent with all of our
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Figure 12. Proposed catalytic mechanism of [Mn(mesbpy)(CO);]~
(4) with CO, and H*, showing how reduction of a Mn(I)-CO,H
species can determine the overpotential for catalysis.

experimental observations. Here, after 1 is reduced to 4 at —1.6
V vs Fc'/Fc, anion 4 binds CO, with H' forming the
hydroxycarbonyl complex, Mn(I)(mesbpy)(CO);(CO,H).
This 18- Mn(I)—CO,H species is reduced at —2.0 V vs
Fc'/Fc, likely through a bpy-based reduction, which is the
source of the additional potential required for catalysis. After
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being reduced, this species is a formally 19-e™ species, and thus,
decomposition to CO and OHT, the latter of which rapidly
reacts with H', is believed to be extremely fast. This
presumption is also supported by not observing any species
other than anion 4 and the Mn—CO,H species at the potential
of catalysis in our IR-SEC experiments. Further reduction
regenerates the catalytically active state 4. This proposed
mechanism is very similar to the mechanism of [Re(bpy-
R)(CO);]~ complexes, reported recently by our group.'"'*"
For these Re complexes, CO, and H" bind rapidly to Re, and
the resulting Re(I)~CO,H complex must be reduced to
continue the catalytic cycle.

B CONCLUSIONS

We have described earth-abundant metal catalyst precursors
Mn(mesbpy)(CO);Br (1) and [Mn(mesbpy)(CO);(MeCN)]-
(OTf) (2), which show increased catalytic activity for the
reduction of CO, to CO when compared to previously
reported Mn(bpy-R)(CO),X complexes. In the electrochemis-
try of complexes 1 and 2, we see no evidence for dimerization,
indicating that the bulky mesbpy ligand possesses sufficient
steric hindrance to eliminate dimerization at the Mn center.
Eliminating dimerization results in atypical electrochemistry
compared to standard Mn(bpy-R)(CO);X complexes. Typi-
cally, CVs of Mn bpy complexes show two one-electron
reductions separated by ~300 mV. For complexes 1 and 2, a
single, reversible two-electron reduction wave is observed under
N, at approximately —1.6 V vs Fc"/Fc. This two-electron
reduction generates the anionic state, [Mn(mesbpy)(CO);]~
(4), at a potential of 300 mV more positive than in typical Mn
bpy catalysts. We have characterized both complexes 1 and 4 by
X-ray crystallography. IR-SEC of 1 under N, shows that both a
singly reduced complex [Mn(mesbpy)(CO);]° (3) and anionic
complex 4 form at the same potential. Since a singly reduced
species is observed in IR-SEC experiments, we believe that the
two-electron reversible reduction seen in CVs of 1 and 2 is the
result of two one-electron reductions rather than a direct two-
electron reduction. This conclusion is consistent with chemical
reductions with KCg and with DFT results.

Although anion 4 is generated at —1.6 V vs Fc'/Fc, catalysis
does not occur until ~400 mV more negative, at approximately
—2.0 V vs Fc'/Fc. CVs of 1 and 2 under CO, with added
Bronsted acid show loss of reversibility at the two-electron
reduction and a shift of this reduction wave to more positive
potentials, indicative of CO, binding with H" to complex 4. IR-
SEC experiments under CO, with added Brensted acid indicate
that reduction of a Mn(I)—CO,H intermediate in the catalytic
cycle may determine the unusual overpotential. A TOF of 5000
e (W i, = 50) was calculated for catalyst 2 with 1.4 M TFE. A
Faradaic efficiency of 98 + 6% was observed for the formation
of CO from CO, with 0.3 M TFE, with no observable
production of H,. At these activities, complexes 1 and 2 are
more active than the best previously reported Mn bpy catalyst,
Mn(bpy-Bu)(CO),Br. Although no decrease in catalytic
overpotential was observed from previously reported Mn(bpy)-
(CO);X, many synthetic strategies can be utilized to move the
catalytic potential to a similar potential as substrate binding,
including placing local proton sources or local hydrogen
bonding interactions in the vicinity of the Mn center. The
findings reported in this study provide new mechanistic and
synthetic insights for improving catalysts in the future, with the
ultimate goal of attaining a catalytic system capable of
implementation on a large scale.
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B EXPERIMENTAL SECTION

General Considerations. NMR spectra were recorded on a
Varian 300 MHz spectrometer at 298 K, and data were manipulated
using Bruker TopSpin software. 'H chemical shifts are reported
relative to TMS (6 = 0) and referenced against solvent residual peaks.
Infrared spectra were collected on a Thermo Scientific Nicolet 6700 or
a Bruker Equinox 55 spectrometer. Microanalyses were performed by
Midwest Microlab, LLC (Indianapolis, IN) for C, H, and N. Solvents
were sparged with argon, dried on a custom dry solvent system over
alumina columns, and stored over molecular sieves before use.
Manipulations of Mn complexes were covered from light. Potassium
graphite (KCg) was prepared according to literature methods and
stored at —30 °C under dry nitrogen in a glovebox.** Tetrabuty-
lammonium hexafluorophosphate (TBAPF, Aldrich, 98%) was twice
recrystallized from methanol (MeOH) and dried under a vacuum at 90
°C overnight before use. 18-Crown-6 (Sigma Aldrich, 99%) was
recrystallized from acetonitrile (MeCN) and dried under a vacuum at
90 °C overnight before use. Other reagents were used as received:
6,6'-dibromo-2,2'-bipyridine (TCI America, >95%), 2,4,6-
trimethylphenylboronic acid (Frontier Scientific), sodium bicarbonate
(Na,CO;, Macron Chemicals), tetrakis(triphenylphosphine)-
palladium(0) (Pd(PPhs),, Alfa Aesar, 99.8%), manganese pentacar-
bonyl bromide (Mn(CO):Br, Alfa Aesar, 98%), and silver trifluor-
omethanesulfonate (AgOTf, Oakwood Products, 99%).

Synthesis of 6,6'-Dimesityl-2,2’-bipyridine (mesbpy). Thls
ligand was synthesized in an analogous fashion to a previous report.!
To a toluene (250 mL) solution of 6,6’-dibromo-2,2'-bipyridine (4.00
g, 12.7 mmol), an excess of 2,4,6-trimethylphenylboronic acid (5.44 g,
33.1 mmol) suspended in 30 mL of MeOH was added. A 60 mL
sample of 2 M Na,CO; and Pd(PPh;), (2.3% mol cat.) were added to
the reaction flask, and the mixture was refluxed for 72 h in air. After
the mixture was cooled, the layers were separated. The organic layer
was washed with brine (3 X 100 mL), and the aqueous layer was
washed with chloroform (3 X 100 mL). The organic fractions were
combined and dried under rotary evaporation. The resulting crude
solid was dissolved in a minimal amount of hot chloroform and
filtered. Methanol was added until a white precipitate crashed out from
the filtrate. The white precipitate was filtered and dried overnight
under vacuum at 80 °C. The yield of pure product was 3.56 g (71%).
All characterization results matched those of previous reports'’ and
were consistent with the structure of the ligand.

Synthesis of Mn(mesbpy)(CO);Br (1). Mn(CO)Br (200 mg,
0.73 mmol) was added to SO mL of diethyl ether (Et,O) in ambient
air. The mesbpy (280 mg, 0.71 mmol) was added to the mixture and
heated to reflux. The solution turned orange within 30 min, and the
product precipitated out of solution. The mixture was cooled to room
temperature, and the precipitate was filtered off and cleaned with Et,O.
The orange solid was dried overnight under vacuum. The yield of
Mn(mesbpy)(CO);Br was 308 mg (69%). X-ray quality crystals were
grown from the vapor diffusion of pentane into a THF solution of the
complex (Table 3). '"H NMR (CD;CN): § = 2.08 (s, 12H, CH,), 2.34
(s, 6H, CH,), 7.02 (s, 4H, phenyl H), 7.41 (d, 2H, S,5' H, ] = 7 Hz),
8.14 (t, 2H, 44’ H, ] = 7 Hz), 841 (d, 2H, 33’ H, J = 8 Hz). IR
(THF) wvco: 2021, 1940, 1906 cm™'. Anal. Calcd for 1,
Cy HysBrMnN,O5: C, 60.90; H, 4.62; N, 4.58. Found: C, 60.58; H,
458; N, 4.53.

Synthesis of [Mn(mesbpy)(CO);(MeCN)](OTf) (2). Complex 1
(500 mg, 0.82 mmol) was added to 80 mL of MeCN in a Schlenk flask
in a nitrogen-filled, dry glovebox. AgOTf (233 mg, 0.90 mmol) was
suspended in 20 mL of MeCN, and this solution was added in the
flask. The reaction flask was brought out of the box, covered with foil
(to avoid exposure to light), and heated to reflux overnight under a
stream of N,. The reaction mixture was yellow/orange during reflux
and had a black/brown solid at the bottom. After 18 h of reflux, the
heat was removed, and the black/brown solid was removed by vacuum
filtration. The filtrate was dried by rotary evaporation, yielding yellow/
orange powder. The product was purified by flash chromatography
with a Teledyne CombiFlash Rf by passing the mixture through a basic
alumina column with MeCN as the eluent. The fractions were
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Table 3. Crystallographic Data for Mn(mesbpy)(CO),Br (1)
and [Mn(mesbpy)(CO);][K(18-crown-6)] (4)

Mn(mesbpy) [Mn(mesbpy)(CO);]
(CO),Br (1) [K(18-crown-6)] (4)

empirical formula C;3H3,BrMnN,O5 5 C4HgKMnN,O,,

formula weight 647.45 907.01

temperature (K) 100(2) 100(2)

wavelength (A) 0.71073 1.54178

space group C,/c (No. 15) Cmca (No. 64)

a(A) 35.078(5) 21.4105(15)

b (A) 8.2392(11) 13.7151(8)

c (A) 22.640(3) 31.255(2)

a (deg) 90.00 90.00

B (deg) 115.873(9) 90.00

7 (deg) 90.00 90.00

volume (A3) 5887.3(15) 9177.9(10)

V4 8 8

density, caled 1.461 1.313

(Mg/m?)

u (mm™) 1.844 3.630

R 0.0363 0.0873

R, 0.0855 0.1724

combined, and the solvent was removed by rotary evaporation,
yielding a bright yellow-orange solid. The final yield of pure product
was 405 mg (69%). '"H NMR (CD,CN): § = 2.05 (s, 12H, CH,), 2.19
(s, 6H, CH,), 2.35 (s, 3H, bound MeCN), 7.06 (s, 4H, phenyl H),
7.55 (d, 2H, 5,5' H, ] = 8 Hz), 8.27 (t, 2H, 4,4’ H, ] = 8 Hz), 8.50 (d,
2H, 3,3’ H, ] = 8 Hz). IR (THF) vc: 2038, 1956, 1926 cm™. Anal.
Calcd for 2, C3,H;,F;MnN;O,S: C, 56.59; H, 4.33; N, 5.82. Found: C,
56.52; H, 424; N, 5.93.

Chemical Reductions of Mn(mesbpy)(CO);Br. Solutions of
Mn(mesbpy)(CO);Br (1—10 mM) were prepared in THF in a
nitrogen-filled, dry glovebox and cooled to —35 °C. For one-electron
reductions, KCg (1.3 equiv) was added to the solution, and the
solution was allowed to warm to room temperature over 30 min. The
solution was filtered over silica to remove any over-reduced, charged
complex. Filtration afforded a dark red solution of the neutral Mn(0)
complex [Mn(mesbpy)(CO);]° (3). For two-electron reductions, 18-
crown-6 (2.5 equiv) and KCg (2.3 equiv) were added to the solution,
and the solution was allowed to warm to room temperature over 30
min. The solution was filtered, affording a dark blue solution of the
anion, [Mn(mesbpy)(CO);][K(18-crown-6)] (4). NMR samples
were prepared by repeating the described chemical reductions in
THF-d,.

Characterization of Complex 3. The instability of this complex did
not allow for isolation as a solid. Additionally, 3 was not long-lasting in
solution, and any attempts to isolate this species for characterization
beyond IR spectroscopy (i.e., XRD) were unsuccessful. IR (THF) v
1984, 1894, 1880 cm™'.

Characterization of Complex 4. X-ray quality crystals were grown
from the vapor diffusion of pentane into a THF solution of the
complex (Table 3). '"H NMR (THF-dg): 6 = 2.16 (s, 12H, CHj,), 2.32
(s, 6H, CHjy), 3.57 (br s, 24H, K[18-crown-6]), 7.02 (s, 4H, phenyl
H), 7.31 (d,2H, 5,5’ H, J = 7 Hz), 7.93 (t, 2H, 4,4’ H, ] = 8 Hz), 8.33
(d, 2H, 3,3’ H, ] = 8 Hz). IR (THF) vco: 1917, 1815 cm™.

Electrochemistry. Electrochemical experiments were performed
using a BASi Epsilon potentiostat. A single-compartment cell was used
for all cyclic voltammetry experiments with a glassy carbon working
electrode (3 mm in diameter from BASi), a Pt wire counter electrode,
and a Ag/AgCl pseudo-reference. Ferrocene (Fc) was added as an
internal reference. All electrochemical experiments were performed
with 0.1 M TBAPE, as the supporting electrolyte. Electrochemical
cells were shielded from light during experiments. All solutions were
purged with N, or CO, before CVs were taken. “Bone dry” CO, run
through a Drierite column was used for all electrochemistry
experiments. Mn complex concentrations ranged from 0.5 to 5.0
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mM, and experiments with CO, were performed at gas saturation
(~0.28 M) in MeCN. For experiments with varying [CO,], a solution
of saturated CO, in MeCN was diluted to afford the appropriate
[CO,]. All potentials were referenced vs Fc/Fc*.

Bulk Electrolysis. Bulk electrolysis experiments (at approximately
—2.2 V vs Fc'/Fc) were carried out in a 60 mL single-compartment
cell with a custom Teflon top designed in our laboratory. The setup
included a carbon rod working electrode (7.4 cm?® surface area), a Pt
wire counter electrode separated from the solution by a porous glass
frit, and an Ag/AgCl pseudo-reference separated from the solution by
a Vycor tip. A BASi Epsilon potentiostat was used to apply potential
and record current. The bulk reductions were carried out in MeCN
with various amounts of added Bronsted acid and 0.1 M TBAPF. Bulk
electrolysis solutions were purged with CO, for 10 min prior to
electrolysis. Solutions were constantly stirred and shielded from light
throughout bulk electrolysis experiments. Gas analysis for bulk
electrolysis experiments were performed using 1 mL sample injections
on a Hewlett-Packard 7890A series gas chromatograph with two
molsieve columns (30 m X 0.53 mm id. X 25 ym film). The 1 mL
injection was split between two columns, one with N, as the carrier gas
and one with He carrier gas, in order to quantify both CO and H,
simultaneously in each run. Gas chromatography calibration curves
were made by sampling known volumes of CO and H, gas.

Infrared Spectroelectrochemistry (IR-SEC). The design of the
IR spectroelectrochemical cell used for these studies has been reported
previously by our group.*' This cell was used for these experiments
with one modification. Here, a cell with a 4.5 mm glassy carbon disk
working electrode was used in place of the polished platinum working
electrode. This modification ensures that IR-SEC conditions mimic
those of CVs as closely as possible and ensures that CO, reduction on
the Pt working electrode is eliminated. A more detailed design of this
cell will be published in a future manuscript. All spectroelectrochem-
ical experiments were carried out in a 0.1 M TBAPF, solution in
MeCN, and all solutions were prepared under an atmosphere of dry
nitrogen in a glovebox. Blank MeCN solutions with 0.1 M TBAPF
were used for the FTIR solvent subtractions. For experiments under
CO,, a solution of catalyst in TBAPF¢/MeCN was saturated with CO,
(~0.28 M) and diluted in half by an N,-sparged solution of TBAPF/
MeCN, affording a solution of ~0.14 M CO,. A Pine Instrument
Company model AFCBP1 bipotentiostat or a Gamry Reference 600
series three-electrode potentiostat was used to affect and monitor thin
layer bulk electrolysis.

X-ray Crystallography. The single crystal X-ray diffraction studies
were carried out on a Bruker Kappa APEX-II CCD diffractometer
equipped with Mo Ka radiation (4 = 0.71073 A) or a Bruker Kappa
APEX CCD diffractometer equipped with Cu Ka radiation (4 = 1.541
84 A). The crystals were mounted on a Cryoloop with Paratone oil,
and data were collected under a nitrogen gas stream at 100(2) K using
@ and @ scans. Data were integrated using the Bruker SAINT software
program and scaled using the software program. Solution by direct
methods (SHELXS) produced a complete phasing model consistent
with the proposed structure. All non-hydrogen atoms were refined
anisotropically by full-matrix least squares (SHELXL-97).*> All
hydrogen atoms were placed using a riding model. Their positions
were constrained relative to their parent atom using the appropriate
HFIX command in SHELXL-97. Crystallographic data and structure
refinement parameters are summarized in Table 3.

Density Function Theory (DFT) Calculations. DFT calculations
were performed with the Amsterdam density functional (ADF)
program suite (version 2012.01).** The triple-{ Slater-type orbital
TZ2P basis set was utilized without frozen cores for all atoms.
Relativistic effects were included via the zeroth-order regular
approximation (ZORA).** The BP86 functional and the local density
approximation (LDA) of Vosko, Wilk, and Nusair (VWN)* were
coupled with the generalized gradient agproximation (GGA)
corrections described by Becke*® and Perdew*” for electron exchange
and correlation, respectively. Frequency calculations were performed
to verify that the optimized geometries were at minima. Geometry
optimized xyz coordinates and a sample input file are included in the
Supporting Information.
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