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ABSTRACT: A series of manganese complexes were synthesized with a variety of ligands and ligand substituents. These com-
plexes were then studied using ultraviolet-visible spectroscopy, cyclic voltammetry, density functional theory calculations, and bulk
electrolysis. The UV-Vis, cyclic voltammetry, and calculation data show that the bipyridine n level is modulated by the incorpora-
tion of different substituents on the bipyridine, and through this interaction moderates the observed catalytic activity of the complex
toward CO, reduction. The calculations were correlated to the experimental UV-Vis data and cyclic voltammetry data to demon-
strate the relationship between these data, and a Hammett plot showed a good correlation between the substituent identity and the
MLCT wavelength from UV-Vis (R2 = 0.96). When aliphatic substituents were placed on the 4,4’ — positions of the bipyridine, the
location of the bpy n was not significantly altered. However, when more electron withdrawing substituents were placed on the 4,4’
— positions the bpy n level was altered more significantly. This alteration in the bpy n level had a profound effect on the rate of
CO production determined from bulk electrolysis. While complexes whose bpy 7 level were similar or more blue-shifted compared
to the parent manganese complex did not display significantly altered efficiencies or rates for the conversion of CO, to CO, those
species whose bpy m' energies were significantly red-shifted compared to the parent manganese complex displayed far poorer ca-
talysis. This is postulated to be a combination of two factors. First, the singly reduced complex’s ability to lose the axial bromide
ligand is diminished when electron withdrawing groups are placed on the bpy ligand due to increasing gap between the bpy n and
the Mn-Br o'. Second, the decreased electron density of the HOMO of the doubly reduced complex with electron withdrawing

groups makes the binding of a

molecule of CO, less

energetically favorable.

INTRODUCTION

The use of fossil fuels as an energy source continues to in-
crease the global levels of carbon dioxide (CO,) in our envi-
ronment."” This continuing emission of CO, has highlighted
the importance of determining ways in which CO, can be re-
moved from the environment and utilized.”* One attractive
way to accomplish this is the electrochemical reduction of
CO,, which has been studied extensively through the use of
metal electrodes,sf10 surface-modified electrodes,”*15 as well
as soluble transition-metal catalysts.'®** Reduction of CO, to
CO is attractive since this provides a route to renewable syn
gas generation.23

This study is focused on a series of manganese-based soluble
transition-metal complexes as catalysts for CO, reduction.
These catalysts contain low-valent metal centers and are of the
type fac-[MnX-(N-N)(CO);], where X = halogen (or pseudo-
halogen), and N-N = a bipyridine (bpy) ligand, either modified
or unmodified.***” These catalysts are interesting from the
perspective of precise tunability in addition to having high
faradaic efficiency for carbon monoxide production over the
competing hydrogen evolution reaction (HER). Indeed, there
have been several reports of modification to the ligand frame-
work with the objectives of gaining insight into the mecha-
nism by which these catalysts operate and increasing the rate
or efficiency of CO production.zg*31 While there has been a
substituent effect study done on the rhenium analog by Clark
ef. al.,” there are differences between the Mn and Re Sys-

tems,” and to date there has not been a systematic study of the
modification of the bipyridine ligand in these manganese sys-
tems to determine the effects on catalysis from such substitu-
tions.

It has been shown that alteration of the ligand framework can
modulate the catalysis of these prototypical manganese com-
plexes.”’35 From a detailed understanding of the mechanism
of the reduction of CO, on these catalysts, it can be seen that
these ligand alterations may have a significant impact on sev-
eral steps in the catalytic cycle. It is generally agreed that this
catalytic cycle begins with an initial one-electron reduction
into the bipyridine 7 orbital (Figure 1).36 This reduction in-
duces the dissociation of the axial halogen (or pseudohalogen)
ligand, which opens up an axial coordination site. A second,
one-electron reduction of this species produces an anionic
manganese complex to which a molecule of CO, is able to
add. Further reduction and protonation steps complete the
catalytic cycle by regenerating the active manganese species
and produce a molecule of CO.

We synthesized a variety of fac-[MnX-(N-N)(CO);], complex-
es having a range of bipyridine substitutions as well as the
complexes having 1,10-phenanthroline, bipyridine, or bipyra-
zine as the (N-N) ligand to study the effects varying substitu-
tion on the bipyridine. It is noted that it has already been
shown that incorporation of bulky ligands on the bipyridine
has impeded a nonproductive off-cycle dimerization step, and
in addition a study on a variety of substituents has been con-



ducted using the rhenium analog of this system. It has also
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Figure 1. Catalytic Cycle for [Mn(bpy)(CO);Br] — catalyzed CO, reduction. SER = single electron reduction.

the 6-position of the bipyridine ring introduces a hydrogen
bonding interaction that facilitates the kinetics of the catalyt-
ic cycle.m’31 Additionally, important recent work has utilized
a pendant Lewis base approach as a way to shift the catalysis
towards a protonation-first pathway as opposed to a reduc-
tion-first pathway invoked at higher overpotentials.37 Both
the use of pendant hydrogen bond donors as well as pendant
Lewis basic groups have proven to be fruitful ways to aug-
ment these catalysts. However, beyond these specific inter-
actions, general substituent trends for the Mn-system have
not been analyzed.

RESULTS AND DISCUSSION

Complexes were synthesized in one step from manganese
pentacarbonyl bromide and the requisite bipyridine ligand.
The desired complex was filtered, washed, and character-
ized. Figure 1 shows the scope of the manganese complexes
that were synthesized for the study.

Table 1. MLCT transition wavelengths, LUMO levels, and
first peak potentials for the manganese complexes studied.
Peak potentials are reported vs. a Ag/Ag” (ACN) reference.

Complex MLCT Maximum LUMO 1st Peak Potential
4,4'5,5" - tetraMe 405 nm -51.5 kcal/mol -1.76 V
4,4’ - diOMe 404 nm -55.2 kcal/mol -1.65V
4,4’ - ditBu 412 nm -55.4 kcal/mol -1.73V
4,4’ - diEt 412 nm -55.6 kcal/mol -1.74V
4,4 - diMe 412 nm -56.4 kcal/mol -1.67V
1,10 - Phen 413 nm -57.5 kcal/mol -151V
Bpy 416 nm -60.4 kcal/mol -1.66 V
4,4’ -diBn 417 nm -58.8 kcal/mol -1.74V
4,4 - diPh 427 nm -58.8 kcal/mol -1.53V
Bpm 430 nm -80.7 kcal/mol -1.22V
4,4 - diCO,H 459 nm -79.6 kcal/mol -1.40V
Bpz 470 nm -74.7 kcal/mol -1.23V

Ultraviolet-visible (UV-Vis) spectra were taken for each
complex to determine the energy of the metal to ligand
charge transfer band (MLCT), a measure of the relative posi-
tion of the bpy 7 orbital. Cyclic voltammograms with scan
rate dependence were then performed to determine the first
and second reduction potentials of the complexes. They

showed two characteristic reduction waves and a characteris-
tic oxidation wave. The two reduction waves have been at-
tributed as an initial single electron reduction to arrive at the
neutral, pentacoordinate Mn species and a subsequent single
electron reduction to arrive at the anionic Mn species which
has been suggested to be the active catalytic intermediate.
The re-oxidation wave which typically occurs at approxi-
mately -0.3 V (vs. Ag/Ag") has been suggested to be oxida-
tion of a dimeric manganese species. Nicholson and Shain
diagnostic tests revealed that the dimer oxidation associated
with these catalysts followed an EC mechanism, consistent
with a one-electron oxidation of the dimer followed by
cleavage of the Mn-Mn bond. Furthermore, the 1% and 2™
reduction waves exhibited irreversibility in most cases, sug-
gesting slow charge transfer kinetics compared to a subse-
quent chemical step (see SI for details).
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Figure 2. Scope of manganese complexes used in this study



Density function theory calculations (DFT) were performed
to estimate the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy
levels and to correlate these energy levels to the MLCT en-
ergies as well as first reduction peak potentials from cyclic
voltammetry. Table 1 shows the MLCT maxima wave-
lengths, reduction peak potentials, and calculated LUMO
levels for each of the tested complexes.

As shown from the UV-Vis data in Table 1, there is clearly
an effect on the bpy 7" level as a result of the varying substi-
tution on the bpy ligand. Compared to the parent complex,
when aryl substituents are placed on the bpy such as 4,4’ —

diPh complex, the effect is to red-shift the MLCT, as ex-
pected due to the extension of the © system which lowers the
T energy level. In contrast, the 4,4 — diCO,H complex,
which is electron deficient due to the electron withdrawing
nature of the carboxylic acid substituents displays a signifi-
cantly red-shifted MLCT absorption level, from 416 nm for
the parent manganese complex to 459 nm. Complexes with
aliphatic substituents on the bpy such as diMe, diEt, and
dirBu display similar MLCT energies to the parent manga-
nese complex. The MLCT energy of the 4,4’ — diOMe com-
plex is slightly blueshifted (404 nm) compared to the parent
complex or the aliphatic substituted bpy complexes.

(a) 480 (b)
' ' ' R? = 0.90 ~12f R2=085 |
*Bpz <U’) Bpme Bpz
460 4,4'- diCOH® > -1.3¢
E <
: g -1.4 1  44-diCOHe
_:_3 440 >
= — 5}
% 04,4’ - diPh '% 4,4'- diPh
= 4,4 - diBi )
: 420 + K 4"4,_"“';‘ % 1.6} 44~ dioe
o " ®---4,4 - ditBu o 4,4’ - diMe
5‘ 44~ dite o \ #TetraMe =< 17f
400 44’- dioMe ,g_’ 18 ot aigy OTetraMe
5 -1.8}
380 L . L : -1.9 : L L L
-90 -80 -70 -60 -50 -90 -80 =70 -60 -50
ELUMO (kcal/mol) ELUMO (kcal/mol)
(©) (d)
-50
460 4,4’ - diCO,He 4,4’ - ditBu
-55 | 4.4 - diOMe, /‘,M’-diEl
£450 4,4’-diMe’,
£ %‘ 60}
c
S 40t %
D e -65 |
S 430 R*=096 { =
= 4,4 - diPhe g
5 3 -70 +
420 + N
= 4,4 ditBu w
= : -75
410
4,4’ - diOMe -80 | 4,4 -diCO,He |
400 1 1 1 1 1 I 1 '
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 1] 0.2 0.4

o
p

p

Figure 3. (a) MLCT transition wavelength vs. calculated LUMO energy. (b) First reduction peak potential vs. calculated LUMO
level. (c) MLCT transition wavelength vs. para-substituted Hammett parameter (c,). (d) Calculated LUMO energy vs. G,,.

The first peak potentials from cyclic voltammetry as well as
the calculation data also reflect these variable bpy T ener-
gies. The data show that there are not significant differences
between the aliphatic substituents or the electron-donating
methoxy substituents, as seen in the UV-Vis. Additionally,
the 1* reduction peak potential and LUMO level for the 4,4’
— diCO,H substituted bipyridine is dramatically red-shifted,
and further demonstrates the propensity of this substituent to
withdraw electron density from the bpy. These trends are
highlighted in Figure 3, in which the relationship between
MLCT wavelength vs. LUMO level is shown (Figure 3a) as
well as the relationship between the first reduction peak po-
tential vs. LUMO level (Figure 3b). In both cases there is a
clear linear relationship between the two variables, supported
by the R? values. Furthermore, we observed a strong correla-
tion of the MLCT wavelength and the para-substituted
Hammett parameter (Figure 3c) as well as the calculated
LUMO energy and the para-substituted Hammett parameter
(Figure 3d).”

Bulk electrolyses for each of the complexes were then per-
formed to gain insight into how the electronics summarized
above affect the efficiency and rate of CO, reduction (Table
2). Notably, the remaining efficiency for each complex was
accounted for by hydrogen production; there was no detected
formate for the electrolyses. Complexes with aliphatic sub-
stituents behaved similarly and did not have dramatically
different efficiencies of CO, reduction. There was a trend
within these catalysts toward higher efficiencies when the
4,4’ substituents became increasingly bulkier. This is in
agreement with Kubiak’s work suggesting that increasing the
steric bulk at the 4,4’ position of the bipyridine precludes the
off-cycle dimerization step and increases catalytic efficien-

cy.29 We acknowledge that there have been reports which
emphasize that the formation of a Mn-Mn metal bonded
dimeric intermediate is the catalytically important species
undergoing CO, addition and reduction.” Our data, however,
are in agreement with the conclusions of Kubiak’s work and
indicate that increasing steric bulk increases the efficiency of



the catalysis, presumably due to the bulky substituents im-
peding the dimerization pathway. Interestingly, complexes
with significant electron deficiency as evidenced by their
red-shifted MLCT bands, anodically shifted first reduction
peak potentials, and lower calculated LUMO levels were
almost completely catalytically inactive for CO, reduction.
Complexes which typified this category were the 4,4” — di-
CO,H, Mn-bpz, and Mn-bpm species, which have low cur-
rents, indicating slow charge transfer kinetics, and were
nearly completely ineffective for CO, reduction. There did
not seem to be any significant advantage to appending elec-
tron-donating substituents, as the 4,4” — diOMe complex was
similar to the parent complex’s aliphatic derivatives.

In addition to determining the faradaic efficiencies and the
CO production rates, we elected to use the catalytic power
efficiency parameter we recently introduced as a measure of
how active each catalyst is towards the reduction of C0O,*
This parameter incorporates the faradaic efficiency, the rate
of product formation, and the overpotential needed to con-
duct the reaction as a single, mechanism independent, meas-
ure of electrocatalytic efficiency. By accounting for all three
of these parameters an overall measure of catalytic ability is
represented and therefore catalysts which have different effi-
ciencies, rates, and overpotentials for product formation may
be compared through the use of one dimensionless parame-
ter.

Table 2. Faradaic efficiencies, CO formation rates, and cata-
lytic efficiency parameters for each of the complexes tested.
The Bpm and Bpz complexes are omitted from this table
because they did not produce any CO.

Complex FEco (%)  CO Production Rate Catalytic Efficiency
4,4'55'- tetraMe %8 0.19 pmol/min. 020
4,4'- diOMe 35 0.38 pmol/min. 0.45
4,4'- ditBu 79 0.24 pmol/min. 027
4,4' - diEt 296 0.51 pmol/min. 059
4,4'- diMe 2.0 0.29 pmol/min. 038
1,10 - Phen 178 0.17 pmol/min. 0.16
4,4'- diBn 500 0.18 pmol/min. 022
4,4'- diPh 14.0 0.06 pmol/min. 0.09
4,4 - diCOH 19.4 0.04 pmol/min. 0.05

The catalytic power efficiency parameter was calculated
according to the previous report, and contained information
relating to each catalyst’s faradaic efficiency for CO produc-
tion, its CO production rate, and its overpotential for CO
formation. These data are contained in the following equa-
tion:
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Here, the current term (numerator and denominator) is the

average partial current for the particular catalyst (f_“") divid-
ed by the average partial current for the substrate which dis-
played the largest average partial current density. This nor-
malizes the series of complexes, making the term unity for
the species which has the largest average partial current den-
sity for CO production. This term therefore accounts for the
faradaic efficiency and the rate of CO production. Thus, the
potential term accounts for the overpotential. Here, the nu-

'

merator term (E,;, ) is equal to the negative of the overpo-
tential (assuming the overpotential is a positive value) refer-
enced to an arbitrarily negative potential (2.5 V chosen

here). The denominator is equal to the redox potential (as-
suming the redox potential is a negative value for CO, to CO
conversion) referenced to the same arbitrary negative poten-
tial as the numerator. Thus, if a complex had zero overpoten-
tial and also had the largest partial current density for CO in
the series of complexes tested, its catalytic power efficiency
would be 1; the further a catalyst deviates from ideal pa-
rameters (i.e. larger overpotential, slower CO production
rate, or lower efficiency), the more its catalytic power effi-
ciency tends towards 0.
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Figure 4. UV-Vis spectra of 4,4’ — diCO,H under protonated
and unprotonated conditions. Results from bulk electrolysis
show that the carboxylate complex catalyzed CO; reduction
~3x faster than the protonated complex.

As further evidence, we became interested in using the 4,4° —
diCO,H complex to demonstrate that shifting the energetics
of the 7t orbital affects catalysis. Specifically, we envisioned
a simple deprotonation of this complex would blue shift its
MLCT, as the carboxylic acid functionality is far more elec-
tron withdrawing than the corresponding carboxylate. This
idea was realized by showing the blueshifting of the MLCT
by 42 nm (6.27 kcal/mol difference) under basic compared to
acidic conditions (Figure 4a) and a corresponding 3-fold
increase in CO production rate under the basic vs. acidic
conditions (Figure 4b). Under the same conditions for the
parent complex there was no measurable difference in the
CO production rate. These data exemplify how modulation
of the bpy 7 level dramatically affects the resulting CO,
reduction capabilities of these catalysts.

With these data in hand, we hypothesize the qualitative mo-

lecular orbital picture shown in Figure 5 to rationalize our
observations. In this scheme, a non-degenerate, filled set of

metal d-rt orbitals is energetically lower than an empty bpy
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Figure 5. A schematic diagram of the effect of appending
electron withdrawing groups to the bipyridine as it relates to
lowering the bpy n level. EWG = electron withdrawing
group.

metal d-6 orbitals. An initial reduction step puts one elec-
tron in the bpy " orbital, which we suggest must undergo a
charge transfer to the metal d-o” orbital corresponding to the
Mn-Br bond to induce loss of the axial bromide and generate
the active Mn catalyst for CO, reduction. A similar mecha-
nism was suggestd by Vicek for the electrochemically in-
duced loss of CO from [Cr(bpy)(CO),].*' In the case of non-
biasing substituents or electron-donating substituents, facile
charge transfer from the bpy ©" to the Mn-Br ¢~ should be
possible due to the similar energies of these two orbitals.
However, when electron-withdrawing substituents are placed
on the bipyridine, they lower the bpy n level increasing the
energy difference between the bpy 7 to the Mn-Br o levels,
thereby decreasing the feasibility of the charge transfer. This
model is supported by DFT calculations which show that
compared to the parent complex, the gap between the bpy T
and the Mn-Br o for the 4,4’ — diCO,H complex is greater
than 10 kcal/mol.

Related to the LUMO energy level modifications affecting
the charge transfer to the Mn-Br o are the energy level mod-
ifications to the HOMO energy level of the doubly reduced
complex. The HOMO of the doubly reduced complex is
what is responsible for effective binding to a molecule of
CO,. Therefore, attaching substituents that withdraw electron
density from the metal center, and thus the HOMO for bind-
ing CO,, would be expected to reduce the catalyst’s ability to
bind CO, and catalyze CO, reduction. The variability in the
HOMO energy level of the doubly reduced state was exam-
ined through DFT calculations (SI). The HOMO levels for
the electron deficient complexes, such as the 4,4” — diCO,H
complex or the Bpz complex are significantly more negative
than the electron neutral or electron rich complexes. We
suggest that this difference is likely to have an effect on the
rate of catalysis of these complexes, as the HOMO of the
doubly reduced complex is responsible for binding a mole-
cule of CO..

A note about the 1,10 - Phen complex is necessary. This
complex displays similar UV-Vis, CV, and calculation data
to the parent bipyridine-manganese complex. It would there-
fore be expected to behave similarly in an electrolysis exper-
iment when held at the same potential. However, this species
is significantly less effective at transforming CO, into CO.

This may be a result of the inability of the 1,10 — phenan-
throline ligand to rotate about the biaryl bond. Rotation
about this bond is likely to provide better overlap between
the bpy 7" and the Mn-Br o orbitals, facilitating the requi-
site internal charge transfer. Thus, inhibiting this rotation
could account for the disparity between the 1,10 — Phen
complex and the traditional bipyridine-based catalysts.

CONCLUSION

A series of electronically and sterically differentiated man-
ganese complexes were synthesized. Their electronic proper-
ties were studied using UV-Vis spectrophotometry, cyclic
voltammetry, and DFT calculations. Catalytic ability to re-
duce CO, was then studied using a series of electrolysis ex-
periments, and the efficiencies and rates of CO production
were compared to the electronic property measurements
taken prior. Electronically deficient species were not able to
act as catalysts for the conversion of CO, to CO, while spe-
cies with unbiasing or electron-donating substituents on the
bipyridine were effective catalysts for CO, reduction, with
catalytic efficiency generally increasing as the steric bulk of
the substituents increased. The inability of CO, reduction
using electron-deficient complexes is hypothesized to be due
to the combination of two factors. First, loss of the axial
bromide is slower for electron deficient complexes due to the
difficulty of the internal charge transfer step. Second, less
electron density in the HOMO of the doubly reduced state of
electron deficient complexes makes it more difficult to bind
a molecule of CO,. These are supported by a series of DFT
calculations showing the lowering of the LUMO level for the
bromide-precursor complexes as well as the HOMO energy
level on the doubly reduced complex is significantly higher
for electron neutral or rich complexes compared to the elec-
tron deficient complexes. Further studies will be performed
to explain the relatively poor efficiency of the Phen complex
to reduce CO,, given all of its similarities to species which
reduce CO, more effectively.

EXPERIMENTAL SECTION

General Procedure. Synthetic reactions were conducted using
standard Schlenk-line techniques under an atmosphere of argon. For
all electrochemical experiments, the electrolyte was bubbled with
the desired gas (Argon or CO,) for 15 minutes prior to taking a
background scan to ensure a featureless background from 0 to -2.8
vs Ag/Ag’. After adding the desired complex, the electrolyte was
bubbled for an additional 5 minutes prior to data collection. Com-
plexes were loaded at a concentration of 1 mM for both CV and
bulk electrolysis. Ferrocene was added as an internal reference. The
total colume of electrolyte used for these experiments was 10 mL
for CV and 25 mL for bulk electrolysis. Bulk electrolyses were
operated for ~4 hours, and the headspace was analyzed by GC ap-
proximately every 20 minutes. The proton concentration was kept
consisten for argon and CO; trials by using pH-adjusted water with
HCLO; in the case of argon and neutral water in the case of CO,.

Materials. All reagents (reagent grade) were obtained from
commercial suppliers and used without further purification unless
otherwise noted. Anhydrous acetonitrile (MeCN), and dichloro-
methane (CH>Cl,) were purchased from Sigma-Aldrich (Sure/Seal).
Tetrabutylammonium Hexafluorophosphate (TBAPFs, Sigma-
Aldrich) was dried under vacuum overnight prior to use. Manganese
pentacarbonyl bromide (Strem), 2,2’-bipyridine (bpy, Sigma-
Aldrich), 2,2°-bipyrimidine (bpm, TGI), 2,2’-bipyrazine (bpz, Sig-
ma-Aldrich) and 1,10-phenanthroline (phen, Sigma-Aldrich) were
used as received. Manganese complexes were carefully handled
with minimal light exposure. [Mn(bpy)(CO);Br],
[Mn(phen)(CO);Br], [Mn(bpm)(CO);Br], [Mn(4,4°-



diCO,H)(CO);Br], [Mn(4,4’-diMe)(CO);Br], and [Mn(4,4’-
ditBu)(CO);Br] were synthesized according to a published meth-

ods.4247 Electrolytes were prepared by dissolving TBAPFs in an-
hydrous MeCN or DMF (for the study of Mn(bpz)(CO)3Br) in a
Schlenk flask. The electrolyte was stored under an inert atmosphere
and purged immediately prior to use. A 3 mm glassy carbon disk
electrode (BASi MF-2012) were used in all electrochemical exper-
iments. Potentials are referred to an Ag/AgNO; (10mM) electrode
(BASi MW-1085) in 0.IM TBAP/MeCN. Silver wire pseudo-
reference electrode was used in 0.1M TBAP/DMF and the potential
was further converted to Ag/Ag” by ferrocene/ferrocenium internal
standard. A platinum mesh (~1 sz) attached to a platinum wire
was used as the counter electrode in all electrochemical measure-
ments. A 15 mL three-neck round-bottom flask was used as the
electrochemical cell for CV and a 70 mL four-neck homemade
jacketed flask was used for bulk electrolysis. The working electrode
and reference electrodes were secured using “mini” Ace-threaded
adaptors from Ace-glass (No. 7 and No. 8, respectively). The coun-
ter electrode was threaded through a septum, which was then fitted
on to one neck of the cell.

Instrumentation. Electrochemical measurements were per-
formed on a Model CHI 760D electrochemical workstation (CH
Instruments, Austin, TX). Nuclear magnetic resonance (NMR) spec-
tra were recorded on a Bruker AVANCE spectrometer (500 MHz
for 'H nuclei and 125 MHz for "°C nuclei). Chemical shifts are
reported in parts per million (ppm) downfield of tetramethylsilane
and are referenced to the solvent residual peak. Infrared spectra for
solid samples were recorded on a Nicolet Model 6700 FT-IR spec-
trometer equipped with a single-refection diamond ATR attachment.
UV-vis spectra were monitored using a Cary 60 UV-vis spectropho-
tometer (Agilent Technologies). CO production was analyzed using
a 60 °C isothermal method over 5 min on a HP 6890 Gas Chro-
matograph and TCD with a Molsieve SA PLOT capillary column
(Agilent) running He as the flow gas. H, was sampled with an SRI
8610C Gas Chromatograph and TCD with a Molsieve column
(HAYESEP D) and Ar flow gas. A 7-min isotherm at 80 °C was
employed.

Computational Methodology. Geometry optimization and fre-
quency calculations of the ground state, one electron reduced, and
doubly reduced complexes were performed using Gaussian 16 on
density functional theory (DFT) with M06 functional level of theory
with 6-311G** basis set. In addition, LANL2DZ basis set as applied
on the manganese metal center to describe inner electrons with
effective core potentials. Excited state (S; and T;) geometry and
frequency calculations were carried out using time-dependent DFT
(TD-DFT) on the gas- phase optimized ground state geometry with
B3LYP functional level. All frequency calculations carried out on
stationary points yielded zero imaginary frequencies. HOMO and
LUMO energy levels were extracted from the calculations.

Preparation of Mn(bpz)(CO);Br. A slurry of Mn(CO)sBr (0.16
g, 0.58 mmol) and 2,2’-bipyrazine (0.09 g, 0.57 mmol) in MeOH
(15 mL) was refluxed at 65 OC for 3 h in the dark. After cooling
down to 0 °C the mixture was filtered and washed with chilled
MeOH. After reprecipitation from CH,Cl,/ diethyl ether the dark
red powder was obtained to afford 0.16 g (75% yield). UV-vis data
in MeCN (Amax, nm): 470. IR (ATR-IR, cm’l): 2036 (s), 1927 (w).
'H NMR (500 MHz, DMSO-de)  10.01 (s, 2H), 9.36 (d, 2H), 8.92
(d, 2H). “C{'H} NMR (126 MHz, DMSO-de) & 222.22, 218.59,
148.99, 147.89, 146.90, 144.55.

Preparation of Mn(4,4-diPh)(CO);Br. A mixture of
Mn(CO)sBr (0.20 g, 0.73 mmol) and 4,4’-diphenyl-2,2’-bipyridine
(0.234 g, 0.76 mmol) in diethyl ether (40 mL) was refluxed for 3 h
in the dark. The reaction mixture was filtered and the filtrate which
was washed several times with cold diethyl ether was dried in vacuo
to afford 0.21 g (54% yield). UV-vis data in MeCN (Amax, nm): 427.
IR (ATR-IR, cm™): 2022 (m), 1925 (m), 1892 (s). '"H NMR (500
MHz, DMSO-ds) 6 9.19 (d, 4H), 8.09 (m, 6H), 7.64 (m, 6H) .
BC{'H} NMR (126 MHz, DMSO-ds) 8 156.33, 154.12, 150.60,
135.95, 130.95, 129.79, 128.09, 124.50, 121.38.

Preparation of Mn(4,4’-diBn)(CO);Br. A mixture of
Mn(CO)sBr (0.20 g, 0.73 mmol) and 4,4’-dibenzyl-2,2’-bipyridine
(0.255 g, 0.76 mmol) in diethyl ether (40 mL) was refluxed for 3 h
in the dark. The reaction mixture was filtered and the filtrate which
was washed several times with cold diethyl ether was dried in vacuo
to afford 0.25 g (62% yield). UV-vis data in MeCN (Amax, nm): 417.
IR (ATR-IR, cm™"): 2018 (s), 1905 (s). '"H NMR (500 MHz, DMSO-
ds) 8 9.04 (d, 2H), 8.61 (s, 2H), 7.53 (d, 2H), 7.37 (m, 10H), 4.18 (s,
4H). "C{'H} NMR (126 MHz, DMSO-ds) & 155.53, 154.43,
153.80, 139.12, 129.39, 129.31, 129.13, 127.41, 127.26, 123.86.

Preparation of Mn(4,4’-diOMe)(CO);Br. A mixture of
Mn(CO)sBr (0.20 g, 0.73 mmol) and 4,4’-dimethoxy-2,2’-
bipyridine (0.164 g, 0.76 mmol) in diethyl ether (40 mL) was re-
fluxed for 3 h in the dark. The reaction mixture was filtered and the
filtrate which was washed several times with cold diethyl ether was
dried in vacuo to afford 0.23 g (73% yield). UV-vis data in MeCN
(Amax, nm): 404. IR (ATR-IR, cm’™): 2023 (m), 1900 (s). 'H NMR
(500 MHz, DMSO-ds) 6 8.92 (d, 2H), 8.26 (s, 2H), 7.31 (d, 2H),
4.04 (s, 6H). "C{'H} NMR (126 MHz, DMSO-d¢) & 168.12,
157.09, 154.58, 110.37, 57.08.

Preparation of Mn(4,4’-diEt)(CO);Br. A mixture of
Mn(CO)sBr (0.20 g, 0.73 mmol) and 4,4’-diethyl-2,2’-bipyridine
(0.161 g, 0.76 mmol) in diethyl ether (40 mL) was refluxed for 3 h
in the dark. The reaction mixture was filtered and the filtrate which
was washed several times with cold diethyl ether was dried in vacuo
to afford 0.22 g (71% yield). UV-vis data in MeCN (Amax, nm): 412.
IR (ATR-IR, cm’™): 2015 (s), 1901 (s). '"H NMR (500 MHz, DMSO-
ds) 6 9.02 (d, 2H), 8.57 (s, 2H), 7.59 (d, 2H), 2.84 (q, 4H), 1.31 (t,
6H). “C{'H} NMR (126 MHz, DMSO-d¢) & 156.85, 155.36,
153.41, 126.57, 123.20, 28.05, 14.59.

Preparation of Mn(4,4’,5,5’-tetraMe)(CO);Br. A mixture of
Mn(CO)sBr (0.20 g, 0.73 mmol) and 4,4°,5,5’-tetramethyl-2,2’-
bipyridine (0.161 g, 0.76 mmol) in diethyl ether (40 mL) was re-
fluxed for 3 h in the dark. The reaction mixture was filtered and the
filtrate which was washed several times with cold diethyl ether was
dried in vacuo to afford 0.21 g (66% yield). UV-vis data in MeCN
(Amax, nm): 405. IR (ATR-IR, cm’™"): 2018 (s), 1898 (s), 1931 (sh).
'H NMR (500 MHz, DMSO-dq) & 8.83 (s, 2H), 8.41 (s, 2H), 2.45 (s,
6H), 2.38 (s, 6H). "C{'H} NMR (126 MHz, DMSO-d) 5 152.39,
150.20, 136.19, 123.67, 19.44, 16.54.
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