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ABSTRACT: Using a new technique, which combines
pulse radiolysis with nanosecond time-resolved infrared
(TRIR) spectroscopy in the condensed phase, we have
conducted a detailed kinetic and mechanistic investigation
of the formation of a Mn-based CO, reduction electro-
catalyst, [Mn(‘Bu,-bpy)(CO);], (‘Bu,-bpy = 4,4'-Bu,-
2,2'-bipyridine), in acetonitrile. The use of TRIR allowed,
for the first time, direct observation of all the intermediates
involved in this process. Addition of excess ["Bu,N]-
[HCO,] to an acetonitrile solution of fac-MnBr(‘Bu,-
bpy)(CO); results in its quantitative conversion to the
Mn—formate complex, fac-Mn(OCHO)(‘Bu,-bpy)(CO),,
which is a precatalyst for the electrocatalytic reduction of
CO,. Formation of the catalyst is initiated by one-electron
reduction of the Mn—formate precatalyst, which produces
the bpy ligand-based radical. This radical undergoes
extremely rapid (¢ = 77 ns) formate dissociation
accompanied by a free valence shift to yield the five-
coordinate Mn-based radical, Mn®(‘Bu,-bpy)(CO);. TRIR
data also provide evidence that the Mn-centered radical
does not bind acetonitrile prior to its dimerization. This
reaction occurs with a characteristically high radical—
radical recombination rate (2ky,, = (1.3 £ 0.1) X 10° M™*
s'), generating the catalytically active Mn—Mn bound
dimer.

ecent work' has shown that the manganese complexes, fac-

MnBr(R,-bpy)(CO); (1; Ry-bpy = 4,4'-R,-2,2’-bipyridine;
R = H, Me, or ‘Bu), which are analogues of a well-established
family of rhenium catalysts,” can act as precatalysts for the
efficient and selective electrocatalytic reduction of CO, to CO in
acetonitrile (CH;CN) in the presence of Bronsted acids. The
Mn-based catalysts are of considerable interest because they
contain an earth-abundant first-row transition metal and facilitate
CO, reduction at ~0.3 V lower overpotential than their Re
counterparts, while exhibiting a similar catalytic activity
(particularly for R = ‘Bu).'® The proposed mechanism'*® begins
with formation of the active catalytic species 4 and S from the
precatalyst 1 as shown in eqs 1—4 (see Chart S1 for chemical
structures).

Once formed, species 4 and $ engage in the catalytic cycle by
two pathways: (i) a two-electron pathway in which § is the
catalytically active species that reacts with CO,," and (ii) a one-
electron pathway in which the Mn—Mn bound dimer 4 is reactive
toward CO, and HY, forming a Mn(II) hydroxycarbonyl
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intermediate, mer-[Mn(Me,-bpy)(CO);(C(O)OH)]* that was
identified by pulsed EPR.'® A very recent paper also describes
the use of 1 (R = H) as a precatalyst for the reduction of CO, to
formic acid in a photocatalytic system that makes use of
[Ru(Me,-bpy);]** as a visible light-absorbing photosensitizer
and 1-benzyl-1,4-dihydronicotinamide (BNAH) as a sacrificial
electron donor. In that case, formation of dimer 4 was initially
observed, followed by its decay upon further irradiation into an as
yet unidentified “Mn species” that is presumed to be the active
catalyst.

MnBr(R,-bpy)(CO);(1) + e~

— [MnBr(R,-bpy* ) (CO),] (2) €))

2 — Mn®(R,-bpy)(CO);(3) + Br~ (2)
3+ 3 23 (CO), (R -bpy)Mn-Mn(R ,-bpy) (CO), (4)

3)

4 +2¢7 = 2[Mn(R,-bpy)(CO), 17 (5) @)

Clearly, there is still much to learn about the mechanism of
CO, reduction catalysis with Mn complexes, and gaining this
knowledge is of critical importance in terms of developing a new
generation of low-cost catalysts that are suitable for practical
applications. The techniques applied so far have revealed
important information, but they have not allowed some of the
intermediate species to be observed, e.g, 2, 3, and any CO,
adducts other than the hydroxycarbonyl species measured at low
temperature by EPR.'* We have begun to address these issues by
making use of pulse radiolysis combined with nanosecond-TRIR
detection, focusing initially on the one-electron reduction of a
new Mn—formate complex, fac-Mn(OCHO)(‘Bu,-bpy)(CO);
(6), and its subsequent conversion to the dinuclear catalyst 4
(egs 9, 10, and 3). Cyclic voltammetry measurements have
shown that 6 is indeed an effective precatalyst for electrocatalytic
CO, reduction, behaving identically to 1 (see Figure S3).

Pulse radiolysis utilizes a short, high-energy electron pulse for
the rapid production of radical ions.” The subsequent reactions
of these species are typically monitored by transient absorption
(TA) spectroscopy in the UV /vis/near-IR regions. However, the
often-broad absorption bands can make the identification of
reactive intermediates challenging. To overcome this limitation,
researchers have turned to TRIR detection, which takes
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advantage of the structural specificity of mid-IR spectroscopy.
However, until we recently developed a nanosecond TRIR
detection capability for condensed-phase pulse radiolysis,” this
had been restricted to a handful of gas-phase studies on the
microsecond time scale’” and an FTIR-based approach with
~30 s time resolution.” Laser flash photolysis combined with
TRIR detection is a well-established alternative approach for the
investigation of transient intermediates.® However, it is not
applicable to the chemistry under investigation here due to the
extreme photosensitivity of 1 that results in CO ligand loss and/
or light-induced isomerization.”

Pulse radiolysis of CH;CN results in the formation of solvated
electrons, e,”, solvent radicals,"CH,CN, and protons (eq $)."
Since e, is a strong reducin§ agent, rapid one-electron reduction
of a dissolved solute ensues. " In the presence of formate anion,
it has been shown that the oxidizing side product, *CH,CN can
be scavenged via hydrogen atom transfer, resulting in the
production of a second reducing equivalent, CO,*”, as shown in
eq 6."" In principle, this should result in a net doubling of the
yield of the one-electron reduced (OER) solute (eq 7). Further
details of these processes are provided in the SL

CH,CN w e, *CH,CN, H* (5)
*CH,CN + HCO,” — *CH,CN + CO,"" ©)
2 solute + e,, CO,*” — 2solute”” + CO, (7)

Since it is essential to eliminate *CH,CN from the reaction
mixture, all of our pulse radiolysis measurements were performed
in the presence of 50 mM formate. IR and NMR spectroscopy
revealed that under these conditions, the bromide ligand of 1 is
quantitatively displaced by formate in the time of mixing, to
generate the formate complex 6 (eq 8, see SI for IR and NMR
spectra). Previous IR spectroelectrochemical (SEC) measure-
ments on 1 (and its chloride analogue) have shown that one-
electron reduction results in dimer 4 as the only observed
product.u”12 It was assumed that the OER species, 2, is unstable,
rapidly losing Br~ (or CI7), followed by the resulting radicals
dimerizing within the time scale of the electrochemical
experiment. In this work, we are investigating the analogous
conversion of 6 to 4 (egs 9, 10, and 3). Since 7 and 3 have never
been experimentally observed, we used density functional theory
(DFT)" to calculate the (CO) IR spectra of all the Mn species
ineqs 9, 10, and 3 (6, 7, 3 and 4; R = ‘Bu), together with another
possible intermediate that may result from the reaction of 3 with
CH,CN, ie, the ligand-localized radical, fac-Mn(‘Bu,-bpy*~)-
(CO);(CH4CN) (8). These DFT-calculated spectra will provide
a useful comparison with the pulse radiolysis-TRIR spectra and
are shown in Figure 1, with the band positions listed in Table S1.

MnBr('Bu,-bpy)(CO),(1) + HCO,~
2, Mn(OCHO)(‘Bu,-bpy)(CO);(6)

(8)
6 + ¢~ 55 [Mn(OCHO)(‘Bu,bpy")(COLI (7) (o)
7 2 Mn*(‘Bu,-bpy)(CO);(3) + HCO,” (10)

In Figure 1, we see that the initial OER product, 7, should
exhibit an ~25 cm™ red-shift of its (CO) bands relative to 6.
Like 6, 7 is a Mn(I) species, but it is negatively charged with the
extra electron residing largely in the 7* orbitals of the bpy ligand.
Due to orbital overlap, this results in additional electron density
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Figure 1. DFT-calculated IR spectra (9 cm™' Gaussian fwhm) of species
3—4 (R = 'Bu) and 6—8, calculated with a conductor polarizable
continuum model for CH;CN.

on the Mn center and increased 7 back-bonding into the 7*(CO)
antibonding orbitals, resulting in a weakening of the CO bonds.
The five-coordinate radical 3 has three (CO) bands that are
shifted further to the red relative to those of 7, since 3 is a Mn(0)
species with the unpaired electron residing mainly on the metal
center. The calculated IR spectrum of the skewed cis isomer'* of
4 is in good agreement with experiment.'” The solvent-bound,
ligand-localized radical 8 will have v(CO) IR bands that are very
close to those of 6, since it is a neutral Mn(I) species. The
locations of the unpaired electrons in 7, 3 and 8 can be seen in
their calculated singly occupied molecular orbitals (SOMO’s) in
Figure S1.

TRIR spectra at three selected time delays after pulse radiolysis
of a solution of 6 in CH;CN are shown in Figure 2. All(CO) IR
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Figure 2. IR spectrum of a 1.5 mM solution of 6 in CH;CN contajnin§
50 mM ["Bu,N][HCO,] (bottom) and TRIR spectra recorded 40 ns,"
300 ns, and 1.5 ms after pulse radiolysis of this argon-purged solution
(top). The black, red, and blue spectra correspond to completion of the
reactions in egs 9, 10, and 3, respectively.

band positions of the observed transient species are listed in
Table S1. At 40 ns (black spectrum, shown in more detail in
Figure S4), bleaching of the ©(CO) bands of 6 is observed,
together with two new transient bands at 2004 and 1892 cm™.."®
The lower frequency band is broad and likely an overlap of two
bands. These transient bands decay exponentially (7 & 60 ns, see
Figure S8) to reveal a new pair of v(CO) bands at 1955 and 1853
cm™' (red spectrum). Again, the lower frequency band is broad
and likely results from the overlap of two bands. Finally, these
two 1(CO) bands disappear through second-order kinetics on
the millisecond time scale (Figure 3) to yield four new v(CO)
bands at 1973, 1927, 1880, and 1849 cm™" (blue spectrum),
which correspond to the dimer 4."

Although the 1927 cm ™" band of 4 in the TRIR spectrum at 1.5
ms is obscured by the broad bleach bands in this region, it is
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Figure 3. TRIR kinetic traces recorded after pulse radiolysis of an argon-
purged 1.5 mM solution of 6 in CH;CN containing 50 mM
["Bu,N][HCO,] at 1956 cm™ (red) and 1972 cm™ (blue).

evident from the way it diminishes the bleach intensity at this
frequency compared to the other time delays. Note that the
gradually increasing bleach intensity between the successive
TRIR spectra is explained by the ~40 ns response time of the
TRIR apparatus (black to red spectra, see also Figure S8) and the
reduction of a second equivalent of 6, presumably by CO,*~ (red
to blue spectra, eqs 6 and 7 and Figure S7).

The 2004 and 1892 cm™ bands observed immediately after
pulse radiolysis were confirmed to be due to a Mn carbonyl
species by a control experiment in the absence of 6, in which no
significant transient signals were observed. We can confidently
assign these bands to the OER species, 7, by comparison with the
DFT-calculated spectrum of 7 (Figure 1 and Table S1) and a
pulse radiolysis experiment on the related fac-ReBr(‘Bu,-
bpy)(CO); complex 9 (Figure SS). The next transient observed
(v(CO) at 1955 and 1853 cm™') is assigned as a neutral radical
species resulting from formate dissociation from 7. The positions
of the ¥(CO) bands of this radical provide useful information
about the Mn coordination environment. They are an average of
44 cm™" lower in frequency than those of 7 and are a close match
to the DFT-calculated IR bands of the metal-based radical 3. In
contrast, the calculated bands of the solvent-bound ligand-
localized radical 8 lie at much higher frequencies (Figure 1 and
Table S1), which indicates that the species generated upon
formate dissociation from 7 exists as the five-coordinate metal-
based radical 3, with no binding of a solvent molecule occurring
at the vacant coordination site. This conclusion agrees with
previous IR-SEC observations on the Re analogue, Re*(‘Bu,-
bpy)(CO),,"¢ that was shown to exist as a five-coordinate radical
in CH;CN. Interestingly, previous data on related [Re(a-
diimine)(CO);L]*" and [Re(a-diimine)(CO);], complexes
have indicated that in coordinating solvents, such as CH;CN,
the neutral radical generated after dissociation of L from the OER
species or by homolysis of the Re—Re bond exists as a six-
coordinate solvent complex with the unpaired electron being
shifted from the metal to the a-diimine ligand.17 Thus, the two
‘Bu substituents on the bpy ligand in 3 must have sufficient
electron donating ability to destabilize such a complex and favor
the five-coordinate metal-based radical, as was previously
suggested for the Re analogue.16 Although we should expect
the radical—radical reaction between CO,*~ and 3 to form a CO,
adduct, i.e., fac-[Mn("Bu,-bpy)(CO),;(CO,)]~ (11) in the pulse
radiolysis experiments, it can be shown that this reaction does not
significantly interfere with the dimerization of 3 via reaction 3
(see SI).

To more accurately measure the rate of formate dissociation
from 7, we have performed a complementary pulse radiolysis
experiment with vis/near-IR TA detection, since the TA
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apparatus has a much faster response time than the TRIR
system (~1.5 vs ~40 ns). TA spectra measured after pulse
radiolysis are shown in Figure 4. Immediately after the electron
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Figure 4. TA spectra recorded after pulse radiolysis of a 3.0 mM solution
of 6 in argon-purged CH;CN containing S0 mM ["Bu,N][HCO,].

pulse, TA bands are observed at 520 and 790 nm. These are
assigned to 7, based on a comparison with the known spectrum'®
of fac-[ReCl(bpy*~)(CO);]” and our TD-DFT calculated
spectrum of 7 (Figure S9). With time, these bands are replaced
by an intense absorption at 780 nm and a weaker band at ~500
nm. These are assigned to 3, again based on a comparison with
the TD-DFT calculated spectrum of 3 (Figure S9). Exponential
fits of kinetic traces at different wavelengths yielded a rate
constant for formate dissociation from 7 of kg = 1.3 X 107 57!
(Figure S11).

The time scale for formate dissociation from 7 (7 = 77 ns) is
significantly shorter than that of bromide dissociation from the
Re—Br analogue, fac-[ReBr(‘Bu,-bpy*~)(CO);]~ (10) by at
least 7 orders of magnitude (see Figure SS). The short lifetime of
7 parallels previous observations by IR-SEC on 1, in which 2 and
3 could not be observed upon one-electron reduction of 1 to
generate dimer 4, due to the instability and short lifetime of
2.'"'2 The labilization of the halide ligand in reduced [MX(a-
diimine®*~)(CO);]~ complexes (M = Mn or Re) results from an
overlap of the partially filled a-diimine z* orbital with the
6*(M—X) antibonding orbital."” Presumably, a similar effect is
occurring in the reduced Mn—formate complex 7, with charge
leakage into the Mn center being more efficient than in the OER
Re—Br complex 10 due to better matching of the Mn 3d orbitals
with the a-diimine 7* orbital. >

The magnitude of the rate constant for dimerization of 3 to 4
(kginy €q 3) provides further insight into the nature of the Mn
coordination environment in 3. To determine kg, we took
advantage of the well-separated (CO) IR bands of 6, 3, and 4
and measured the TRIR decay kinetics of 3 as a function of its
initial concentration; the latter was modulated through changing
the per pulse radiation dose (see Figures S12 and S13 and
discussion). From these experiments, the dimerization rate
constant was determined to be 2kg,, = (1.3 £0.1) X 10° M~ ' 57",
This value is some orders of magnitude greater than typical
dimerization rate constants observed for solvent-coordinated
metal complexes with ligand-localized radicals; for instance, 2k =
40 M™' 57! has been reported for dimerization of Re(Me,-
bpy*~)(CO);(THF) in THE.'7? Although the kg, value that we
have determined for the Mn-based radical is somewhat below the
diffusion-controlled limit of ~10'° M~ s7L, this deviation can be
explained by the below unity steric factor. Indeed, only a fraction
of radical—radical encounters can result in dimerization due to
the screening of the Mn-centered free valence by the surrounding
ligands. We thus take the high kg, value as evidence that the Mn-
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centered radical does not bind CH;CN prior to its dimerization
and is best formulated as fac-Mn*(‘Bu,-bpy)(CO);.

In conclusion, we have used the newly developed technique of
condensed-phase pulse radiolysis combined with TRIR spec-
troscopy, together with conventional TA detection, to examine
the mechanistic details of the formation of a Mn-based CO,
reduction electrocatalyst, [Mn(‘Bu,-bpy)(CO);],, upon one-
electron reduction of a new precatalyst, fac-Mn(OCHO)(‘Bu,-
bpy)(CO); in CH;CN. This precatalyst is generated by
dissolution of the previously investigatedlb precatalyst, fac-
MnBr(‘Bu,-bpy)(CO), in CH,CN in the presence of excess
formate, which is used for scavenging the radiolytically generated
solvent radical. The use of TRIR detection allowed, for the first
time, the direct observation and identification of all the
intermediates in the catalyst formation process. The reduced
precatalyst is a bpy ligand-based radical, which undergoes rapid
(z = 77 ns) formate dissociation to yield a five-coordinate Mn-
based radical, fac-Mn*("Bu,-bpy)(CO);. The Mn-based radicals
dimerize with a characteristically high radical—radical recombi-
nation rate (2kgy, = (1.3 £0.1) X 10’ M~ s7"), providing further
evidence that they exist as five-coordinate species in CH;CN.
Future work will focus on the next stage of the catalytic cycle that
involves the reduction of the Mn—Mn dimer and its subsequent
reactions with CO,, in the presence and absence of Brensted
acids. Since these processes could involve the formation of
formate-like adducts, it may become necessary to replace formate
by a potentially less interfering solvent radical scavenger for these
studies (details in SI).

It is clear that the combination of pulse radiolysis and TRIR
spectroscopy is a powerful and useful technique for the rapid
production, identification, and kinetic monitoring of short-lived
intermediates that are involved in redox catalysis. We believe this
method will play an increasing role in unraveling the mechanisms
of such processes, thus contributing to the development of new
generations of catalysts.
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