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ABSTRACT
The efficient chemical conversion of carbon dioxide (CO,) to useful fuels remains an
unsolved and intriguing scientific problem. One promising approach that has emerged in the past
30 years is to leverage electrocatalysts in the conversion of CO; to commodity chemicals. If the
requisite electrons for this process are obtained from renewable sources (e.g., solar, wind,
hydroelectric, etc.), a carbon-neutral process may be envisioned. The feasibility of large-scale
systems that can facilitate electrocatalytic conversion depends on the development of active,
selective, and affordable catalysts. Many electrocatalysts have been developed that can mediate
these processes, including heterogeneous and homogenous transition-metal compounds. In the
latter group, several first-row transition metal catalysts have been reported with manganese, iron,
cobalt, nickel and copper metal centers. Recent work focused on Mn(I)-centered catalysts is
discussed here. Utilizing the extensively-investigated MnBr(2,2'-bipyridine)(CO); system as a
template, several modifications within the primary coordination sphere have recently been
reported, which include: 1) replacement of one pyridine in the 2,2'-bipyridine (bpy) backbone of

MnBr(bpy)(CO); with an N-heterocyclic carbene (NHC) moiety; 2) substitution of the axial



bromine ligand with other pseudo-halogen ligands, including CN and NCS; and 3) modulation of

the ligand m-acidity. The impact and efficacy of these modifications is reviewed.

INDEX WORDS: Carbon Dioxide, Carbon Monoxide, Electrocatalyst, N-Heterocyclic

Carbene, Manganese, Catalyst, Green Chemistry
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CHAPTER 1

INTRODUCTION

CURRENT ENERGY DEMAND AND FUTURE OUTLOOK

Energy consumption has significantly increased with the advancement of society; it is
projected to double by 2050 and triple by 2100. As a result, scientists have been presented with a
challenging goal that will impact generations to come: develop new, green technologies for the
storage of energy. Indeed, several carbon-neutral technologies are being explored to
accommodate future energy demands, including wind, nuclear, geothermal, solar, and
hydroelectric."* However, these solutions are subject to inconsistent input that is difficult to mate
with fluctuating demand. Nonetheless, these resources are plentiful and systems able to harness
and convert these renewable sources to energy are becoming more affordable.! Despite these
efforts, the combustion of fossil fuels remains a major source of present-day energy,’ leading to
an alarming increase in the amount of atmospheric CO,. Therefore, reducing the production of
CO, and/or converting it to useful materials would impact the global carbon balance.”

Carbon dioxide (CO,) is a fully oxidized form of carbon and a thermodynamically stable
molecule that is produced by both natural (respiration) and artificial processes, as highlighted
above.* ° Ideally, the CO, produced by artificial processes is balanced by plant consumption,
resulting in a constant atmospheric CO, concentration.® Unfortunately, industrial activities and
urban development have disrupted this balance; production outpaces fixation to a large degree. To

make matters worse, CO; also functions as a greenhouse gas. Specifically, it raises the atmospheric



temperature by efficiently absorbing incident solar radiation.” The impact of this effect is grievous,
contributing to polar ice cap reduction, rising sea levels, and increased precipitation.® Thus, robust
systems that chemically reduce CO; to lower the concentration of this principle greenhouse gas is
a major environmental objective for the 21* century. Note that, commercial interest also exists
due to the low material cost and abundance of CO,.

The transformation of CO, requires a large amount of energy because of its inherent
inertness. The electrochemical reduction of CO; is a potentially viable method for energy storage
by replacing C—O bonds with C—H and C—C bonding.” In this model CO, can be converted into
useful fuels and chemical feedstocks using an electrical bias. Since the requisite electricity may
be obtained from renewable sources, including solar, wind, nuclear, and hydroelectric energy, a

carbon-neutral process may be realized.” ® '

CO, +2H" +2¢”— CO + H,0 E'=-0.53V (EL1)
CO, +2H" +2¢ — HCO,H E'=-0.61 V (E1.2)
CO, +4H +4e — HCHO+H,0 E°=—0.53V (EL.3)
CO, + 6H' + 6e — CH;0H + H,0 E°=-0.38V (El.4)
CO,+8H +8 — CH,+2H,0 E°=-024V (EL5)

CO,+e — CO™ E’=-190V (EL.6)

Table 1.1: Thermodynamic Potentials for Various CO, Reduction Products (pH 7 in aqueous
solution vs NHE, 25 °C, 1 atmosphere gas pressure, and 1 M for the other solutes).

The reduction of CO; to “synthesis gas” (CO/H;) is more favorable when proton-coupled,

multi-electron steps are employed rather than single electron reductions, as thermodynamically



less stable molecules are formed (see Table 1.1, El.l-E1.6).5 AL12 Once CO; and H>0 have been
converted to CO and H,, the “syn gas” can be utilized in well-developed Fischer-Tropsch
technologies to make plastics, waxes and oils.’

The feasibility of large-scale systems that can facilitate the electrochemical reduction of
CO; to useful chemicals depends on the development of active, selective, and affordable
catalysts.'” Many electrocatalysts have been developed that can help promote these processes,
ranging from heterogeneous metals or alloys to homogenous transition-metal complexes..” ® '3
However, these two catalyst classes generally have different reaction mechanisms and require
distinct electrochemical cell designs and experimental protocols. The focus of this dissertation is
the synthesis and design of group-VII molecular catalysts that can be employed as electrocatalysts

for the reduction of CO; to carbon monoxide (CO). To this end, a literature summary of group-

VII electrocatalysts is presented.

GROUP VII-ELECTROCATALYSTS: THE fac-|[ReX(bpy-R)(CO);] FAMILY

The most commonly explored electrocatalysts for CO, reduction are based on transition-
metals. These metals often possess partially filled d-orbitals that facilitate CO, bonding,’ and a
myriad of accessible redox couples. Of known homogenous catalysts, the fac-ReCl(bpy)(CO);
(bpy = 2,2'-bipyridine) system reported by Hawecker, Lehn and Ziessel in 1984 (Figure 1.1) is
among the most efficient for CO, reduction to CO." The cyclic voltammetry (CV) of fac-
[ReCl(bpy)(CO)s] (fac = facial) displays two one-electron reductions spaced 390 mV apart; the
first appears at —1.34 V vs. saturated calomel electrode (SCE), while the second occurs at —1.73 V
vs. SCE." A Faradiac efficiency greater than 90% was reported, with excellent selectivity for CO,

reduction over the reduction of protons to Hy, even in the presence of water.'* These seminal results



led to further work on ReX(diim)(CO)s-type electrocatalysts (diim = diimine), including many
contributions by Meyer,"”"® Deronzier,'**' Abruiia,”> * Fujita,”*> Ishitani,”’” Wong,” and

Kubiak.'"*~*! Highlights of these studies are discussed in the following sections.

Br

_N,, | .co
= .N’R|e\co
CO

fac-[ReCl(bpy)(CO);]
Lehn, 1984

Figure 1.1: The fac-[ReCl(bpy)(CO)s] System'*

Meyer et al. investigated the electrochemical reduction of CO, using fac-ReCl(bpy)(CO);
and reported two reductions waves in acetonitrile (CH;CN).!” The first reduction was described
to be quasireversible, leading to electron loading in the n* molecular orbital of the bipyridine
ligand. The second reduction involves electron addition to Re center, which results in the loss of
chloride and forms anion, [Re(bpy)(CO)s] . When bulk electrolysis of ReCl(bpy)(CO); was run at
the first reduction potential (ca. —1.55 V vs SCE) in CH3CN saturated with CO,, CO and carbonate
(CO5™) were observed as the products. When the bulk electrolysis of either ReCl(bpy)(CO)s or
[Re(bpy)(CO)s], was run past the metal-based reduction (i.e., at second reduction potential, ca.
—1.8 V vs SCE), CO was found to be the primary product, with a small amount of tributylamine
N-(n-Bus) also formed.

Results from the electrochemical studies by Meyer and co-workers suggest that
ReCl(bpy)(CO); can reduce CO; by two different routes. The one-electron pathway can proceed

after the first reduction, resulting in a reductive disproportionation of CO; to yield CO and COs*".



The two-electron pathway can be accessed at the second reduction, where catalysis is observed to
be much faster. Meyer postulated that an oxide acceptor (i.e., a proton) was necessary for the two-
electron pathway, and previous work by Hadai and co-workers®* and Meyer and co-workers™ has
indicated that the amine [i.e., N-(n-Bus)] generated during electrocatalytic CO, reduction is a result
of the Hofmann degradation of the quaternary ammonium salt used as supporting electrolyte,
tetrabutylammonium hexafluorophosphate (TBAH).

In 1998, Wong et al. examined the effect of four weak Bronsted acids on the
electroreduction of CO, catalyzed by [ReCl(bpy)(CO)s(py)](OTf) (OTf = CF3;S0;3): HO,
methanol (MeOH), phenol (PhOH), and 2.2.2-trifluoroethanol (TFE).?® Previous discussed studies
on the electrocatalytic reduction of CO, have focused on the efficiency of the metal catalysts;
Wong’s study focused on the synergistic action of the metal catalysts with “co-catalysts”. The
addition of Brensted acids enhanced the rate of the catalytic process and improved the lifetime of
the catalyst. The efficiency of the reduction of CO, improved as the acidity of the Brensted acid
increased; the acids with lower pK,s (i.e., TFE and phenol, ca. 12.5 and 10, respectively) had the
greatest effect and required a lower concentration to achieve the maximum effect. Although the
acidity of water and methanol is comparable (i.e., the pK, for water and methanol is 15.7 and 16,
respectively), water was found to have a much lower efficiency in enhancing the catalytic current.
Wong postulated that in addition to serving as a proton source, water also functions as a relatively
strong Lewis base that may compete with CO; for the open binding site on rhenium.

In order to probe the mechanism, Kubiak and co-workers conducted a systematic study of
the electrochemical reduction of CO, catalyzed by five different ReCl(bpy-R)(CO); complexes,
where bpy-R was: 1) bpy; 2) 4,4'-dimethyl-bpy (dmbpy); 3) 4,4'-di-¢-butyl-bpy (bpy-t-Bu); 4) 4,4'-

dicarboxyl-bpy (bpy-COOH); and 5) 4,4'-dimethoxy-bpy (bpy-OMe) (Figure 1.2).%



Electrochemical studies of this series indicated that the reduction potentials of these complexes
were affected by the bpy ligand substituents. Specifically, the trend in ligand acidity (4-
carboxylpyridine pK, = 3.10, pyridine pK, = 5.17, 4-methylpyridine pK, = 5.94, 4-t-butylpyridine
pK, = 5.99, and 4-methoxypyridine pK, = 6.62), is reflected in the reduction potentials of these
substrates; i.e., the more acidic the ligand, the more negative the reduction potentials. However,
no trend was observed with regard to catalytic current enhancement under CO; at the second
reduction potential. Results of catalyst performance (in order of ligand acidity) was as follows: 1)
ReCl(bpy-COOH)(CO); (no current enhancement at —1.73 V vs SCE; 2) ReCl(bpy)(CO); (3.4x at
—1.73 V vs SCE); 3) ReCl(dmbpy)(CO); (ca. 3.4x at —1.77 V vs SCE); 4) ReCl(bpy-#-Bu)(CO);
(18.4x at —1.83 V vs SCE; 5) ReCl(bpy-COOH)(CO)s (no current enhancement at —1.86 V vs
SCE. As noted in their report, the catalytic activity for CO, reduction is not solely dependent on

the electrocatalyst reduction potential.
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Figure 1.2: ReCl(bpy-R)(CO); Complexes for Electrocatalytic CO, Reduction®’

When ReCl(bpy)(CO); and ReCl(bpy-z-Bu)(CO); were compared at the same reduction
potential (i.e., —1.83 V vs SCE), ReCl(bpy-#-Bu)(CO); showed more than 3.5% more catalytic

current enhancement than Lehn’s catalyst, ReCl(bpy)(CO);. When compared to the



ReCl(bpy)(CO); complex, IR-SEC studies show that the ReCl(bpy-#-Bu)(CO); complex forms a
stable Re(0) radical, and much less dimer is formed during electrolysis. It was proposed that this

may be the cause of the enhanced catalytic activity of ReCl(bpy-z-Bu)(CO)s.

MANGANESE: THE SWITCH TO A FIRST-ROW ALTERNATIVE

Our research has focused on the use of valence-isoelectronic manganese(I)-centered
electrocatalysts. Manganese is preferred to rhenium because of the lower material cost, as a result
of greater earth abundance (ca. 1 million times more abundant than rhenium),'® and positively-
shifted redox potentials; the latter yields a decreased overpotential for CO, reduction. Only five

first-row transition metals have been employed as metal centers in molecular catalysts for the

34-51 52-57 1 58-60 61-63
3

conversion of CO, to date: manganese, iron, nicke cobalt, and copper.®* These
catalysts generally yield CO as the major product of the reduction of CO,. The use of Ni- and Co-
centered electrocatalysts were reported in 1974, while Cu- and Fe-centered catalysts have been
studied since the 1990s.

The use of manganese as an electrocatalyst appeared more recently: Bourrez et al. reported
the use of MnBr(bpy)(CO); and MnBr(dmbpy)(CO); as efficient electrocatalysts for CO,
reduction catalyst in 2011 (Figure 1.3).** This pioneering study showed that these manganese
catalysts were capable of reducing CO,; at a significantly lower overpotential (ca. 0.4 V), with
selectivity and Faradaic efficiency (FEco ~85% during preparative electrolysis) comparable to the
ReCl(bpy)(CO);Cl system studied by Lehn.'* CVs of MnBr(bpy)(CO); and MnBr(dmbpy)(CO);
showed two one-electron reductions separated by ca. 300mV. It was also observed that the

inclusion of H,O was needed to produce a current enhancement. When a solution of

MnBr(bpy)(CO); in acetonitrile was saturated with CO,, no significant difference was detected for



either of the first two reduction peaks. However, the addition of 5% H,O induced a large increase
at the two electron reduction, verifying a Brensted acid was necessary for catalysis to occur. For
rhenium, Wong et al. noted that the addition of weak Brensted acids, such as water, helps to
stabilize the [Re—CO,] intermediate through protonation, which facilitates the cleavage of one of

the C—O bonds of CO,, releasing H,O and forming co.®

= Br H3C = Br
[__N.. | .co [ /N,,,MI .CO
= Co HsC co
fac-[MnBr(bpy)(CO),] fac{MnBr(dmbpy)(CO)3]
Bourrez, 2011 Bourrez, 2011

Figure 1.3: First Reported Mn(I)-Bipyridine Based CO, Electrocatalysts**

In 2013 Kubiak and co-workers reported a study of two new Mn(I) electrocatlaysts (Figure
1.4): MnBr(bpy-#-Bu)(CO); and Mn(bpy-#-Bu)(CO);(CH3CN)](OTf).>® The CV of MnBr(bpy-z-
Bu)(CO); in dry acetonitrile under argon was similar to the CV reported by Bourrez et al. for
MnBr(bpy)(CO);:** the first reduction wave appeared at —1.39 V vs SCE (—1.77 V vs Fc/Fc¢*) and
the second reduction appeared at —1.57 V vs SCE (—=1.95 V vs Fc/Fc"). The second reduction
formed the catalytically active anion, [Mn(bpy-z-Bu)(CO)s] . A significant oxidation wave was
observed at —0.30 V vs SCE (—0.68 V vs Fc/Fc"), which was assigned to the oxidative cleavage of
the Mn dimer, [Mn(bpy-z-Bu)(CO)s],, formed at the first reduction potential.

It has been hypothesized in their report that addition of a Brensted acid was necessary for

catalyst turnover due to the 300 mV anodic shift for the two electron reduction of MnBr(bpy-¢-



Bu)(CO); when compared to ReBr(bpy-#-Bu)(CO);. The necessity of Brensted acids suggests that
catalysis will not transpire unless protonation of the [Mn—CQO;] intermediate occurs. As mentioned
for rhenium systems, the addition of Brensted acids increases catalytic current and stabilizes the
[Re—CO;] intermediate through protonation. Unlike Mn systems, catalysis can still occur without
the addition of Brensted acids for Re; the necessary protons can be furnished from degradation of
the electrolyte (or solvent) since catalysis occurs at more negative potential. Three different weak
Brensted acids were examined in Kubiak’s report: H,O, MeOH, and TFE. Results from this study
show that the catalytic current increases as the acid strength increases. In the course of their study,
infrared spectroelectrochemistry (IR-SEC) and rotating disk electrochemistry were used as tools
to elucidate key intermediates in the mechanistic process of CO, reduction. It was verified that at
the potential of the first reduction, the manganese catalyst quickly dimerizes after the immediate
loss of bromide. Dimerization of MnBr(bpy)(CO); after the first reduction was observed by IR-
SEC in an earlier report by Hartl e al.%® Further reduction breaks apart the dimer to afford the
catalytically active species [Mn(bpy-z-Bu)(CO);] . The activity of these catalysts was comparable
to the corresponding Re(I) catalysts tested under similar experimental conditions. More
importantly, these catalysts demonstrated excellent selectivity for the reduction of CO, to CO; no

H, was detected during bulk electrolysis.
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Figure 1.4: Mn(I)-Bipyridine Based CO, Electrocatalysts®

In 2014 Bourrez et al. investigated the mechanism of CO, reduction using pulsed electron-
paramagnetic-resonance (EPR) spectroscopy and density functional theory (DFT) computations.™
A catalytic cycle where two equivalents of [Mn(bpy-R)(CO);](CH3CN) are reduced by two
electrons to form a Mn(0)-dimer, [Mn(bpy)(CO);], (Figure 1.5) was proposed. The Mn(0)-dimer,
coupled with a Brensted acid, can undergo a two-electon oxidative addition with CO; to form the
observed Mn(II)-hydroxycarbonyl low-spin intermediate. Finally, the Mn(Il)-complex was
further reduced (at the reduction potential of the electrocatalysis and production of CO occurs) in
the presence of a Bronsted acid to complete the catalytic cycle and regenerate the Mn(I) species,
[Mn(bpy-R)(CO);](CH3CN). Electrocatalytic experiments were also performed with >CO, and
gas chromatography mass spectrometry (GCMS) to verify that the production of CO comes

directly from CO, and not through catalyst decomposition.
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Figure 1.5: Proposed Mechanism of CO, Reduction Using Pulsed-EPR Spectroscopy and DFT

As discussed earlier, manganese catalysts can reduce CO, at lower over potentials than

Computations™

their rhenium analogs.***® However, Mn catalysts have also been shown to easily dimerize after

one—electron reduction. This dimerization occurs much slower for Re catalysts, and limits the
catalytic activity for Mn catalyst. To help eliminate this unwanted dimerization, two new Mn
catalysts were synthesized by Kubiak and co-workers in 2014 (Scheme 1.1): MnBr(mesbpy)(CO);

and [Mn(mesbpy)(CO)3;(MeCN)](OTf), where mesbpy = 6,6'-dimesityl-2,2'-bipyridine.

complex contained bulky mesityl groups in the 6,6'-positions on the bpy skeleton.*® The synthesis

11
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of the mesbpy ligand was achieved by treatment 6,6'-dibromo-2,2'-bipyridine with an 2,4,6-
trimethylphenylboronic  acid, sodium carbonate and a catalytic amount of
tetrakis(triphenylphosphine)palladium(0) (Suzuki coupling) to afford the desired ligand in 71%
yield (Scheme 1.1).°® The mesbpy ligand was then treated with bromopentacarbonylmanganese(I)
in refluxing diethylether to give MnBr(mesbpy)(CO);, in 69% yield.  Treatment of
MnBr(mesbpy)(CO); with silver trifluoromethanesulfonate in CH3CN gave the Mn(I)-cationic

complex, [Mn(mesbpy)(CO);(MeCN)](OTf), in 69% yield.

B(OH),
\/Br Na2CO3
Y PA(PPhy), MnBr(CO)s
— N MeOH Et,0
=g reflux 72 h reflux
71% 69 %
fac-[MnBr(mesbpy)(CO)3]
Kubiak, 2014
© (0]
F
©)
RS S
AgOTf o ‘ o F
» | W,
CH4CN P : co
reflux
69 %

fac-[Mn(mesbpy)(CO),;(MeCN)](OTf)
Kubiak, 2014

Scheme 1.1: Synthesis of MnBr(mesbpy)(CO); and [Mn(mesbpy)(CO);(MeCN)](OT£)*’
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The electrochemistry of MnBr(mesbpy)(CO); and [Mn(mesbpy)(CO)3(MeCN)](OTY)
showed no evidence of dimerization, confirming that the bulky mesbpy ligand provided enough
steric hindrance. When these complexes were studied electrochemically, unusual CVs were
observed. As discussed earlier, MnX(bpy-R)(CO); complexes show two one-electron reductions
which are separated by 200-300 mV, depending on the bpy substitution.* *® When
MnBr(mesbpy)(CO); and [Mn(mesbpy)(CO)3(MeCN)](OTf) were analyzed, a single, reversible
two-electron reduction wave was observed under N, at —1.6 V F¢/Fc'. This reduction generates
the anion, [Mn(mesbpy)(CO);] , at a potential more positive (ca. 300 mV) than found for typical
Mn bpy catalysts. IR-SEC of MnBr(mesbpy)(CO); under N, indicates that both a singly reduced
species [Mn(mesbpy)(CO);]° and the anionic complex [Mn(mesbpy)(CO);]” form at the same
potential. It was concluded that since a singly reduced species is observed during IR-SEC
experiments, the single, reversible two-electron reduction for MnBr(mesbpy)(CO); and
[Mn(mesbpy)(CO);(MeCN)](OTY) is the result of two one-electron reductions instead of a direct
two-electron reduction.

Kubiak and co-workers proposed a catalytic mechanism (Figure 1.6) for the reduction of
CO; wusing the MnBr(mesbpy)(CO)s;. First, reduction of MnBr(mesbpy)(CO); to
[Mn(mesbpy)(CO)s] is generated at —1.6 V Fc/Fc'. This anion can then bind with CO; in the
presence of a Bronsted acid to form Mn(I)(mesbpy)(CO);(CO,H). There is clear evidence that
this 18- intermediate can bind to CO»/H"; however, catalysis does not occur until the species
Mn(I)(mesbpy)(CO)3;(CO,H) is “over-reduced”. This 18¢ Mn(I)-CO,H intermediate is “over-
reduced” at —2.0 V Fc/Fc¢' to form a short-lived 19-e species which rapidly reacts with available
acid to eliminate water and form [Mn(mesbpy)(CO)4]°. Further reduction of the tetracarbonyl

species regenerates catalytically active species [Mn(mesbpy)(CO)s] .

13



(Scheme 1.2).%

generated at
ca.-1.6 Vvs. Fc*/Fc
e N, M-G?‘\\CO CO, + H®
“Mn:
co N/| ~co
CcO
catalyst turnover coordination
of substrate
®
co 1 Ox.,.OH
C o
N, | CO N | .co _1&e
“Mn OB, complex
N | co AM"Nco
CcO N
CO
e@
H20 loss of water
C] ca.-2.0 V vs. Fct/Fc
® O\ /OH_|
H \C
No,, | .CO CN A
“Mn = mesbpy
N | o 19-2 N
co complex

Figure 1.6: Proposed Catalytic Mechanism the Reduction of CO, Using the Complex
MnBr(mesbpy)(CO);>’

In 2015, Agarwal et al. utilized the addition of a phenolic group in the second coordination

sphere embedded on a bpy ligand to probe the effects of catalysis.** This strategy was similar to
that reported by Savéant and co-workers in 2012 whereby the addition of phenolic groups on iron
porphyrin catalysts modulated current enhancement at the potential of CO; reduction through
increased local proton concentration.’® >’ Synthesis of the key 6-(2-methoxyphenyl)-bpy
intermediate was achieved by treating 2,2'-bipyridine with 2-lithioanisole (prepared by treatment

of 2-bromoanisole with lithium metal), followed by rearomatization with potassium permanganate
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Conversion of the methoxy group to the phenol was accomplished by



demethylation with molten pyridinium hydrochloride to afford 6-(2-hydroxyphenyl)-bpy in 90%
yield. To form the Mn(I)-complexes, either 6-(2-methoxyphenyl)-bpy or 6-(2-hydroxyphenyl)-
bpy were treated with MnBr(CO)s and refluxed in methanol to give both desired products:

MnBr(MeOPh-bpy)(CO); in 82% yield and MnBr(HOPh-bpy)(CO); in 98% yield.

Li
MeO MeO C|@ HO
1. ®H
B 20 B 0 B
Hy X
N 3.KMnO, N _N
Z>N Et.0 Z >N 200 °C NN
S 45 % P 90 % \)I
MnBr(CO)s MnBr(CO)s
MeOH MeOH
82 % 98 %
/ /

fac-[MnBr(MeOPh-bpy)(CO);] fac-[MnBr(HOPh-bpy)(CO);]
Agarwal, 2015 Agarwal, 2015

Scheme 1.2: Introduction of an Ancillary Phenol on Mn(I)-bpy Based CO, Electrocatalysts**

Electrochemical analysis showed that MnBr(HOPh-bpy)(CO); reduces CO; at nearly the

same potential as unmodified MnBr(bpy)(CO); but showed seven times the catalytic current
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density. When MnBr(MeOPh-bpy)(CO); was analyzed, there was only a marginal difference in
the two electron reduction potentials and catalytic current density when compared to that of
MnBr(bpy)(CO);. These results suggest that the strategically placed phenolic proton was
responsible for the increased catalytic current. In addition, the phenolic moiety embedded on the
bpy framework was found to stabilize the Mn-CO, intermediate via hydrogen bonding between
the proton associated with the phenol (a Bronsted acid) and the oxygen atom of CO, (a Bronsted
base). Theoretical work also indicated that the increased catalytic activity could be attributed to
an intramolecular mechanism for proton-assisted dehydration of MnBr(HOPh-bpy)(CO);COOH.

In 2016, Sampson et al. coupled the use of bulky molecular catalysts, such as
MnBr(mesbpy)(CO); and [Mn(mesbpy)(CO);(MeCN)](OTf), with a Lewis acid, Mg(OTf),.*?
Although these catalysts bind to CO, at very low potentials, they showed little to no reactivity for
CO, reduction with weak Bronsted acids at —1.6 V Fc/Fc'. In fact, “over-reduction” of a Mn(I)-
COOH complex at —2.0V Fc/Fc' was required to achieve fast catalytic rates.”® An earlier study in
1991 conducted by Savéant and co-workers described the use of Mg”" cations, as well as other
Lewis acids, to increase the rate of CO, reduction and improve the stability of catalysis for iron
tetraphenylporphyrins.’> It was found that a Lewis acid could facilitate the breaking of one C—O
bond of a bound CO, ligand to afford CO. To that end, the rate of catalysis for
MnBr(mesbpy)(CO); and [Mn(mesbpy)(CO);(MeCN)](OTf) was increased by over 10-fold by
using Mg”" cations instead of TFE.

Several electrochemical experimental studies verified that the electrocatalysis with Mg*"
proceeded through a reductive disproportionation mechanism (Figure 1.7).  First, the active
catalyst [MnBr(mesbpy)(CO)s] is formed at —1.5V Fc/Fc', followed by binding with CO,. A

Mg®" cation then can coordinate with the CO, ligand where it aids in the weakening of a C—O bond
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of the bound CO; molecule; a second CO, molecule can then complete the breaking of the C—O
bond, which releases CO;” as a product and forms [Mn(mesbpy)(CO)4]. The cationic Mn(1)
tetracarbonyl complex is then reduced by two electrons to release CO and regenerates the active

catalytic complex.
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Figure 1.7: Proposed Catalytic Mechanism for CO, Reduction with Added Lewis Acid®



A molecular manganese catalyst immobilized on mesoporous TiO, was reported by Rosser
etal. in 2016.*° Tt has been previously reported that the maximum turnover number (TON) for the
MnX(bpy-R)(CO); class of compounds is 24 after 18 h,** and 36 after 6 h.** In this report, a novel
Mn(I) CO; reduction catalyst was equipped with a phosphonate functionality (MnP) that allowed
for anchoring and direct wiring between the Mn center (catalytic center) and the titanium oxide
surface.®® The authors chose a mesoporous TiO; electrode for these reasons: 1) long-term stability
and conductivity under reducing conditions;*’ 2) a three-dimensional morphology for high catalyst
loading and to facilitate close inter-molecular interactions;” and 3) transparency for
spectroelectrochemical characterization of catalytic intermediates.”

The TiO,[MnP catalyst was shown to efficiently reduce CO, to CO at —1.7V Fc/Fc'; after
2 h of bulk electrolysis, a high Faradaic efficiency for CO production was observed (FEco ~67%).
Trace H, was also produced (FEu, ~12%); however, no formate was detected during analysis.
Notably, the TiO,|MnP cathode reached an impressive TON of 112 after 2 h of bulk electrolysis,
far superior to other Mn(I) catalyst systems described previously. During the reduction process a
formed Mn—Mn dimer species was detected, the first reported formation of active catalytic dimers
on a surface. Rosser remarked that this finding may provide a strategy for retaining homogeneous
reaction mechanisms while also gaining the advantages of heterogeneous catalysis. Lastly, it was
demonstrated that the TiO,MnP cathode could be used for solar-driven CO, reduction when
assembled in a photoelectrochemcial (PEC) cell with a CdS-sensitized photoanode.
Immobilization of a catalyst on TiO; surface coupled with implementation of a PEC cell showcases
the advancement of moving molecular electrocatalytic CO; reduction towards a full artificial

photosynthetic system.
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To summarize, several key findings have been revealed since Bourrez et al. reported the
use of MnBr(bpy)(CO); and MnBr(dmbpy)(CO); as efficient electrocatalysts for CO, reduction in
2011. All of these catalysts offer improvements over their thenium counterparts, including a
decreased overpotential for CO, conversion and a decreased material cost. Most of the
manganese(I) complexes that have been reported for the electrochemical reduction of CO, employ
a bpy backbone, which limits structural and electronic modifications to a large degree. We believed
that replacing a pyridine ring in bpy with an N-heterocyclic carbene (NHC) would take advantage
of the versatility of NHCs. The next sections briefly describe NHCs and their use as ligands in

group VII-complexes.

N-HETEROCYCLIC CARBENES (NHCs)

NHCs are electron—rich nucleophillic ligands in which the reactive carbene center is
stabilized by both the o-electron—withdrawing and m-electron—donating character of adjacent
nitrogen atoms (Figure 1.8).”"" > Most NHCs exist as five-membered rings, but several “ring-
expanded” cores have also been reported, including six-membered (tetrahydropyrimidine), seven-
membered (diazepane) and eight-membered (diazocane) heterocyclic constructs.”>”” The isolation
of the NHCs has revolutionized organometallic chemistry, because: 1) most NHCs are based
around imidazolium salt precursors, which are synthetically easy to prepare and handle,”' 2) NHCs
have both strong 6-donor, and T-acceptor properties, which allow them to form strong bonds with
metal centers through o and & interaction;’®® 3) the strong binding of an electron—rich carbene to
the metal center helps the metal retain the NHC ligand during the course of the reaction, which
leads to a longer catalyst lifetime and consistent reactivity throughout the transformation,** 4) NHC

ligand frameworks can offer considerable steric protection to the metal associated to it in the
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complex, and 5) the electronic and steric nature of NHCs can be modulated through

functionalization of the backbone and the N-bound substituents.”!

Figure 1.8: Stabilization of NHC via n-Electron Donation From Adjacent Heteroatoms

N-HETEROCYCLIC CARBENES AND GROUP VII-METALS

The first Re(I)-tricarbonyl complex with a supporting NHC ligand was reported by
Herrmann ef al. in 1992.%° This report generated considerable interest in this field, with the
majority of reports published since 2010.%'"® Recent work has focused on the photophysical
properties of Re(I)-tricarbonyl complexes that are bound to diimine (diim) n-conjugated ligands,
such as bpy or 1,10-phenanthroline (phen), and how chemical variations of these systems can be
used to tune the photophysical properties of the complexes. Investigations where an NHC ligand
is based around a pyridyl-, or a pyrimidal-substitued imidazole, or a benzimidazole ring have
indicated that these types of ligands are able to tune MLCT transitions through their n* system.’®
102.103. 107 por example, these complexes have shown a blue-shifted emission when compared to
bpy and phen analogs which can be explained in a decreased overall conjugation from the bpy or
phen to the NHC ligand.'” In addition, it has been observed that in the case of tricarbonyl Re()
complexes the pyridyl-NHC ligands are photoactive upon irradiation whereas the pyrimdyl-NHC

ligand is photostabile.'®
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Several recent reviews focus on rhenium and NHCs as supporting ligands, further
illustrating the broad interest in this research area.''® ''*'?° Only two groups had investigated the

92113 a5 noted by Kiihn in a 2016 review

catalytic ability of rhenium-NHC complexes (Figure 1.9),
which was focused on cationic rhenium complexes ligated with NHCs.'”® In 2009, Berke and co-
workers disclosed a report where several new five-coordinated rhenium(I) hydride NHC
complexes of the type [Re(Br)(H)(NO)(PR3)(NHC)] were synthesized. These Re(I) complexes
were shown to be effective catalysts for both the dehydrocoupling of Me,NH-BH3 and for transfer
hydrogenation reactions of olefins, where Me,NH:-BH; was the hydrogen donor to produce
alkanes.”” In 2013, Liu and co-workers synthesized several Re(I) NHC carbonyl complexes and

tested the catalytic activity in the insertion reaction of terminal alkynes into 2-methylacetoacetates

to give substituted 5-oxo0-2-hexenoates.'"
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Figure 1.9: Catalytic Rhenium NHC Complexes’™ '

In late 2015, Delcamp and co-workers reported a series of Re(I) pyridyl NHC complexes
(NHC imidazole) that were examined in the photocatalytic reduction of CO,.'” Synthesis of the

ReBr(PyNHC-CH3)(CO); complex (Scheme 1.3) began with a copper—catalyzed coupling with
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imidazaole and 2-bromopyridine (Ullmann Coupling) to produce the desired imidazole-pyridine
heterocycle in 68% yield. Alkylation of the imidazole ring with methyl iodide, followed by salt
metathesis with sodium hexafluorophosphate gave rise to the imidazolium salt in 70% yield over
2 steps. Finally, the imidazolium salt was chelated with ReBr(CO)s in refluxing toluene with

trimethylamine to give the desired catlalyst ReBr(PyNHC-CHj3)(CO); albeit in a low, 6% yield.

©
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X | fac-ReBr(PyNHC-CH3)(CO);
Delcamp, 2016

Scheme 1.3: Synthesis of ReBr(PyNHC-CH3)(CO);'”

The synthesis of the arylated NHC catalysts began with a copper(I)-catalyzed coupling
with imidazole and the respective aryl bromide (Ullmann Coupling) to give the targeted N-arylated
imidazoles (Scheme 1.4). Heating the N-arylated imidazoles with 2-bromopyridine afforded the
arylated imidazolium salts which were chelated with ReCl(CO)s in refluxing toluene with
trimethylamine to give the targeted Re(I)-NHC complexes, namely: ReX(PyNHC-Ph)(CO)s,
ReX(PyNHC-PhOC¢H 3)(CO)s and ReX(PyNHC-PhCF3)(CO)s, where X = Cl or Br. Both the Re-

chloride and Re-bromide complexes could be accessed by a single reaction when using
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mismatched halides for the NHC-proligand and the metal source. These complexes could then be

purified via flash chromatography.
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Scheme 1.4: Synthesis of the Arylated Re(I)-NHC catalysts'”

The reported Re(I)-complexes were subsequently evaluated for their ability to reduce CO,
electrochemically. Under a N, atmosphere, the Re(I)-NHC complexes showed two irreversible
reductions and an irreversible oxidation. Switching the atmosphere to CO; lead to a catalytic
current enhancement at the first reduction wave with a larger current increase at the second
reduction wave. The current increases were similar for all the complexes with ReX(PyNHC-

PhCF;)(CO); showing the highest enhancement at each reduction wave. The Re(I)-NHC
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complexes were also examined in the photocatalytic reduction of CO; using a simulated solar
spectrum, and compared with the benchmark catalyst, ReBr(bpy)(CO);. All of the complexes
functioned as CO, reduction catalysts in the presence of the photosensitizer fac-Ir(ppy)s (ppy =
phenylpyridine) and the strong electron donor BIH (BIH = 1,3-dimethyl-2-phenyl-2,3-dihydro-
1 H-benzo[d]imidazole). The ReBr(PyNHC-PhCF;)(CO); complex performed much better than
the benchmark ReBr(bpy)(CO); complex in each set of reactions using a solar simulated spectrum.
In the presence of fac-Ir(ppy)s; and BIH, both ReBr(PyNHC-PhCF3)(CO); and ReBr(bpy)(CO);
produced good turnover numbers (55 TON and 33 TON, respectively). More importantly, the
ReBr(PyNHC-PhCF;)(CO); catalyst retained good turnover numbers (32 TON) with no
photosensitizer, while the ReBr(bpy)(CO); was less effective (14 TON). As discussed by
Delcamp, very few catalysts are capable of nonphotosensitized CO; catalytic reduction with visible
light, suggesting future possibilities for additional Group VII-NHC complexes in terms of
catalysis.

After reporting that an electron—withdrawing group improved photocatalysis and reduced
the overpotential, Delcamp and co-workers reported a follow-up study in 2016, where four
electron—deficient-substituted Re(I)-NHC complexes were synthesized and examined for their
efficiency to reduce CO, electrocatalytically.''! The synthesis of the electron—deficient Re(I)-NHC
complexes (Scheme 1.5) started with a copper(I)-catalyzed coupling of imidazole with the
appropriate  phenyl bromide to give 1-(4-cyanophenyl)-1H-imidazole and 1-(3,5-
bis(trifluoromethy)lphenyl)-1H-imidazole in 14% and 88% yields, respectively (Note: both 1-(4-
trifluoromethylphenyl)-1H-imidazole and 1-(4-nitrophenyl)-1H-imidazole are commercially
available). Heating the arylated-imidazoles with neat 2-bromopyridine afforded the arylated

imidazolium salts. It was noted that this procedure lowered the yields of the trifluoromethyl
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imidazolium salts (due to product sublimation), which was circumvented with the addition of a
solvent (DMF). Finally, deprotonation of the imidazolium salts with trimethylamine, followed by
an in situ chelation to ReCl(CO)s, gave the final products in varying yields: ReBr(PyNHC-
PhCF3)(CO);3 (56%), ReBr(PyNHC-PhNO,)(CO); (40%), ReBr(PyNHC-PhCN)(CO)3 (95%), and

ReBr(PyNHC-Ph(bis-CF3)(CO); (36%).
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Scheme 1.5: Synthesis of Electron-Deficient Arylated Re(I)-NHC Catalysts'"'

Cyclic voltammetry was performed under N, on all new arylated Re(I)-NHC systems and
compared to the benchmark bpy catalyst, ReBr(bpy)(CO)s;. The solution stable catalysts (i.e.,

ReBr(PyNHC-PhNO,)(CO); were found to decompose in solution before CV could be obtained)

25



all showed two reduction waves, and each was 300-350 mV more negative relative to
ReBr(bpy)(CO);. Although there are relatively small shifts in reduction potentials across the
electron—deficient arylated Re(I)-NHC series, CVs performed under CO, showed catalytic
enhancement which varied significantly based on NHC substitution. In addition, the difference in
overpotential where catalysis occurs is very similar for the Re(I)-NHC complexes when compared
to the ReBr(bpy)(CO); system. This result was because all of the Re(I)-NHC complexes showed
a large catalytic current increase at the first reduction potential, whereas ReBr(bpy)(CO); only
showed significant catalytic increase at the second potential. Of the new Re(I)-NHC catalysts,
ReBr(PyNHC-PhCF;)(CO); performed the best, and was selected for additional electrochemical
analyses.

The electrocatalytic performance of ReBr(PyNHC-PhCF;)(CO); was evaluated by CV and
bulk electrolysis using three Breonsted acids: PhOH, TFE, and H,O. With the addition of H,O,
both the rate of catalysis and catalytic current enhancement improved dramatically. Bulk
electrolysis of ReBr(PyNHC-PhCF;)(CO); revealed that catalysis with the addition of PhOH was
nonselective, and substantial H, was produced. It is important to note that when either TFE or
H,O were used as the Bronsted acid, CO was the major product and only trace amounts of H, was
formed. In addition, when H,O was used as the proton source during preparative electrolysis,
ReBr(PyNHC-PhCF3)(CO); showed a higher Faradaic efficiency for CO production (FEco~92%)

than did ReBr(bpy)(CO)3 (FEco ~61%).

CONCLUSIONS

With the discovery of the fac-ReCl(bpy)(CO); system reported by Lehn and co-workers in

1984, the field of electrochemical CO, reduction to CO using molecular catalysts has been the
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subject of much research. In 2011, Bourrez reported the use of valence-isoelectronic Mn(I)
species, i.e., MnBr(bpy)(CO)s, as an efficient electrocatalysts for CO, reduction catalyst. This
study showed that these manganese catalysts reduced CO, to CO at a significantly lower
overpotential while retaining a similar selectivity and Faradaic efficiency. The most investigated
manganese catalysts to date are of the type MnBr(bpy-R)(CO);, where bpy has been modified with
t-butyl, mestiyl, or phenolic moieties. We have focused on modifying the supporting bidentate
ligand with an N-heterocyclic carbene. NHC ligands provide a framework that can be modified
sterically and electronically easier and more effectively than bpy. Rationally designing NHC
ligands has the potential to enhance the catalytic activity and increase the stability of Mn(I)-catalyst
systems. The next four sections of this dissertation focus on the progress we have made towards

achieving these goals during the past four years.
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CHAPTER 2
MANGANESE(I)-NHC ELECTROCATALYSTS FOR THE REDUCTION OF CO, TO

CO

INTRODUCTION

In 2011 Bourrez and co-workers disclosed the first report where manganese was first used
as an electrocatalyst for the reduction of CO, to CO, i.e., fac-MnBr(bpy)(CO)s." Since the
publication of this seminal report, several studies have focused on modifications of the bipyridyl
backbone or replacement of the axial halogen in order to improve the electrocatalytic process. Our
research group has incorporated an N-heterocyclic carbene onto the supporting ligand. We
hypothesized several advantages to this approach, including; ease of synthetic manipulation (i.e.,
sterically and electronically) of the NHC vs bipyridine backbone, and stronger binding of the
electron—rich carbene to the metal center could potentially lead to a longer catalyst lifetime and
more consistent reactivity throughout the catalytic process. In 2014 we reported the replacement
of one pyridine ring in Bourrez’s fac-MnBr(bpy)(CO); catalyst with a NHC moiety to afford a fac-
[MnBr(N-C)(CO)s]-type catalyst (Figure 2.1).? This was the first report of a catalytic manganese
organometallic complex supported by a NHC ligand. A followup study was performed in 2015
where the effects of axial ligand substitution were explored to gain insight on the
photodecompostion and electrochemical activity of Mn(I)-NHC complexes.” Results from these

studies follow.
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Figure 2.1: Replacement of Pyridine with NHC to Afford MnBr(N-C)(CO);-Type Catalysts

RESULTS AND DISCUSSION

In our first study, N-methyl-N'-2-pyridylbenzimidazolium (L2.1) and N-Methyl-N'-2-
pyridylimidazolium (L2.2) were chosen as the model NHC-pyridyl ligands to replace bpy.
Proligand L2.1 and related proligands had been previously coordinated to rhenium(]) tricarbonyl
compounds for photochemical studies,”® however, neither L2.1 nor L2.2 have been reported in
similar manganese(I) complexes.” Synthesis of L2.1 (Scheme 2.1) and L2.2 (Scheme 2.2) began
with the N-arylation of either benzimidazole or imidazole with 2-bromopyridine.® The resulting 2-
pyridyl hetereocycles were then alkylated with methyl iodide, and the corresponding iodo salts
underwent salt metathesis with ammonium hexafluorophosphate to afford proligands [ N-methyl-
N'-2-pyridylbenzimidazolium] PFs and [N-methyl-N'-2-pyridylimidazolium] PFs , L2.1 and
L2.2 respectively.” The hexafluorophosphate salts were then chelated to MnBr(CO)s, in the
absence of light, using potassium carbonate in refluxing tetrahydrofuran® to give desired the Mn(I)

complexes L.1.1 and L1.2 in 4 steps with poor overall yields, 10% and 22%, respectively.
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To address the low yields and the compromised purity of 2.1 and 2.2, an improved synthetic
strategy was realized (Scheme 2.3). The N-arylation of benzimidazole or imidazole with 2-
bromopyridine and potassium carbonate were melted together, without solvent, to give the desired
products in high yield (>90%)." The purity of the final products after metal chelation was
improved by exploiting the solubility of the starting proligands L2.3 and L2.4. Using a
halogenated salt (which is H,O soluble) instead of a PF salt (which is insoluble in H,O, and has
increased organic solubility), allowed the removal of any unreacted ligand from the product
mixture merely by an aqueous wash. To this end, chelation of L2.3 and L.2.4 with MnBr(CO)s in
the absence of light using potassium #-butoxide in refluxing tetrahydrofuran, yielded the desired
compounds 2.1 and 2.2, free of impurity after an aqueous work-up. The synthesis of complexes
2.1 and 2.2 was reduced to three steps with improved overall yields of 83% and 85%, respectively.
When the iodo salts of L2.3 and L2.4 were used for chelation, a partial halogen exchange at the
metal center was observed during ligation. This exchange was previously reported for Re(I)-
tricarbonyl NHC compounds,’ and mitigated by employing the bromo salt, obtained from
methylation with MeBr. Compounds 2.1 and 2.2 were characterized by FTIR, "H NMR, and "*C
NMR (see S2.S1, pp 73-78). Single crystals of 2.1 were grown by slow diffusion and the structure

was verified by X-ray analysis (Figure 2.2).
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Scheme 2.3: An Improved Synthesis of Mn(I)-NHC Catalysts 2.1 and 2.2

Figure 2.2: X-Ray Structure of Mn(I)-NHC Complex 2.1

The cyclic voltammetry (CV) of 2.1 under Ar in wet CH3CN (5% H»0), shows two
irreversible redox processes at —1.35 V and —1.64 V vs. SCE (Figure 2.3). The reduction wave at
—1.64 V is attributed to a dimeric species formed during the first reduction [Mn(N-C)(CO);] 2, and
no other reductive processes were observed when the CV was expanded to —3.0 V vs. SCE (i.e.,
solvent reduction). When the CV for 2.1 was run under an atmosphere of CO,, the current doubles

(2%) at the first reduction wave, indicating catalytic current enhancement. Note, H,O or another
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weak Bronsted acid is needed for catalytic activity.' When the CV was recorded in dry CH3;CN,

there was no observed difference between Ar and CO, saturated electrolytes.
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Figure 2.3: CV of 2.1 under Ar (black trace) and CO; (red trace) in wet (5% H>O) CH3CN with
0.1 TBAP supporting electrolyte at 10 mV/s. Complex was loaded at a concentration of 1 mM,
and the pH adjusted to 3.7 (HCIOy4) in the case of Ar.

The CV of complex 2.2 (Figure 2.4) under Ar in wet CH3CN (5% H»0O) showed similar
redox behavior, although the two reductions are shifted cathodically (more negative) to —1.46 V
and —1.72 V vs SCE. Removal of the annulated benzene ring from complex 1.1 leads to an
increased electron density at the metal center which results in the cathodic shift presumably by
increasing bonding character and raising the LUMO energy.'' This change is evident when
comparing the symmetric CO frequencies for 2.1 (2015 cm™) and 2.2 (2012 cm™); increased
electron density at the metal center weakens the CO bond, thus reducing the frequency.'> When

the CV for 2.2 was run under an atmosphere of CO,, the current increases by 1.9x at the first
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reduction wave. Both catalysts 2.1 and 2.2 fall below the 2.7x reduction enhancement previously
found with Bourrez’s catalyst, MnBr(bpy)(CO)s." '* Electrocatalytic conversion of CO, to CO
was also verified by the reduction of 2.1 (—1.35 V) in the presence of °CO,. Analysis of the
headspace of the electrolysis cell after reduction indicated the presence of *CO, which was
confirmed by FTIR analysis. In addition, these catalysts were selective for the reduction of CO,

to CO; no H; production was observed at any point during electrolysis.
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Figure 2.4: CV of 2.2 under Ar (black trace) and CO; (red trace) in wet (5% H>O) CH3CN with
0.1 TBAP supporting electrolyte at 10 mV/s. Complex was loaded at a concentration of 1 mM,
and the pH adjusted to 3.7 (HCIOy4) in the case of Ar.
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Figure 2.5: 'H NMR of [MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.4) before
exposure to laboratory light (left) and after ca. 30 minutes of exposure to laboratory light (right).
Manganese-centered tricarbonyl catalysts are well-known to be sensitive to ultraviolet and
visible light.'** The mechanism of photodissociation for fac-Mn(X)(bpy)(CO); (X = halide) has
been described by Stufkens and co-workers in 1996.%° Upon irradiation, the fac-Mn(X)(bpy)(CO)s
complex releases a carbonyl ligand, as determined by flash photolysis and low temperature IR
spectroscopy.”’ The axial halogen of the CO dissociated product can then rearrange to fill the
equatorial void, and the resulting axial position can then be coordinated with a solvent molecule.?
In our laboratory, we observed a rapid color change (i.e., yellow to brown) in solution when our
Mn(I)-NHC complexes are exposed (ca. 30 min) to ambient laboratory light (Figure 2.5). The 'H
NMR spectrum of the exposed complex shows significant broadening (Figure 2.5), however, the
peaks retain the identical chemical shifts and integration as the non-exposed complex. In order to
address this shortcoming, we chose to explore the effect of substituting the axial bromine ligand

with other monoanionic ligands in the spectrochemical series.” The two ligands that were chosen
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were: isothiocyanate (-NCS), and cyanide (-CN). The synthesis of these compounds (Scheme
2.4) began with the N-arylation of benzimidazole or imidazole with 2-bromopyridine, as
previously described (Scheme 2.3). N-Alkylation with ethylbromide was chosen to increase the
solubility of the catalysts. Furthermore, ethylbromide (a liquid) was preferred to working with
methylbromide (a gas). Chelation of L2.5 and L2.6 with MnBr(CO)s yielded the desired Mn(I)-
NHC catalysts 2.3 and 2.4. Substitution of the axial bromide with isothiocyanate or cyanide was
achieved by refluxing complexes 2.3 and 2.4 in methanol with an excess (100 eq.) of either sodium
isothiocyanate or potassium cyanide to afford complexes 2.5-2.7.% %7 All new complexes were
characterized by FTIR, "H NMR, "> C NMR, and UV/vis (see S2.SI, pp 86-105). Single crystals of
each were grown by slow diffusion of hexanes into a solution of the complex dissolved in

dichloromethane and their structure were verified by X-ray analysis (Figures 2.6-2.8).
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Scheme 2.4: Ligand Substitution at Metal Center of [MnX(NHC-Py)(CO)s] Complexes
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Figure 2.8: X-Ray Structures of Mn(I)-Complex 2.7

The UV/Vis absorbance spectrum for the Et-Im-Pyr series indicates that the metal-to-

ligand charge transfer (MLCT) band was blue-shifted from 2.4 (-Br, 398 nm) to 2.6 (-NCS, 368
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nm) to 2.7 (-CN, 338 nm), while the m » * remained unchanged for the series, 266 nm (Figure
2.9). In the Et-BIm-Py series, 2.5 (-CN) exhibits a slightly red-shifted = - n* band at 275 nm,

while the MLCT band at 333 nm agrees well with 2.7 (338 nm).

MnBr(Et-Im-Py)(CO),
MnNCS(Et-Im-Py)}(CO),
MnCN(Et-Im-Py)(CO),
Max. Absorbance

Absorbance

250 300 350 400 450 500 550 600
Wavelength (A, nm)

Figure 2.9: UV/Vis Spectra For the Et-Im-Pyr Series (2.4, 2.6, 2.7)

To measure the relative rates of photodecompostion of the Et-Im-Pyr series, each
compound was irradiated with 350 nm or 420 nm light for known time intervals and monitored by
UV-vis spectrophotometry. The data for this experiment for each compound are shown in Figures

2.9-2.14.
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Figure 2.12: [MnNCS(Et-Im-Py)(CO)s] (2.6) Irradiated at 350 nm
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Figure 2.13: [MnNCS(Et-Im-Py)(CO)s] (2.6) Irradiated at 420 nm

51



3.0
Absorbance at 337.0 nm

2.5 1.5¢
1.0l
2.0/ 0-31
' 004 100 200 300

Absorbance at 450.0 nm

1.5¢
1.0r
100 200 300

0.5F

0.0 1 1 1 1 —— = S —

300 350 400 450 500 550 600
Figure 2.14: [MnCN(Et-Im-Py)(CO)s] (2.7) Irradiated at 350 nm
3.0

Absorbance at 342.0 nm

1.0}

2.0 0-51

' 0.05 100 200 300
s Absorbance at 450.0 nm

' 0.4}

0.0 ‘ 200 300
0.5:
0.0 ' —
400 450 500 550 600

300 350
Figure 2.15: [MnCN(Et-Im-Py)(CO)s] (2.7) Irradiated at 420 nm
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The Et-Im-Pyr series revealed a rational trend expected from analysis of the MLCT bands.
Irradiation with 350 nm light led to a faster decomposition of the NCS-ligand 2.6 (8%, Figure
2.12) and the CN-ligand 2.7 (23%, Figure 2.14) when compared to the Br-ligand 2.4 (Figure 2.10),
as the maximum absorbance of the MLCT band of the NCS- and CN-complexes move closer to
350 nm. Conversely, irradiation with 420 nm light led to a slower decomposition of the NCS-
ligand 2.6 (13%, Figure 2.13) and the CN-ligand 2.7 (423%, Figure 2.15) when compared to the
Br-ligand 2.4 (Figure 2.11), due to the decreased absorption at 420 nm. This trend agreed with
observations from a NMR experiment that indicated that the CN-substituted ligands were
significantly more photostable than the Br-substituted ligands upon exposure to ambient laboratory

light.
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Scheme 2.5: Synthesis of [Mn(Et-Im-Py)(CO);MeCN]" (2.8)

In most cases, an intermediate species formed that was found to absorb at 450 nm. Initially,
the decrease in the absorbance of the MLCT 1is approximately first order (i.e., near linear plot of
In([A]/[Ao]) vs total irradiation time). After approximately 40 seconds of irradiation the
absorbance at 450 nm begins to dissipate. Based on previous rhenium studies, it was hypothesized
that the intermediate at 450 nm may be [Mn(N-C)(CO);MeCN]", resulting from the ligand

exchange between the solvent and the axial bromide, while the final photoproduct may include
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loss of a CO ligand. To that end, [Mn(Et-Im-Py)(CO);MeCN]" was synthesized from the reaction
of [MnBr(Et-Im-Py)(CO)s] and silver hexafluorophosphate in acetonitrile to afford the desired
cationic complex 2.8 (Scheme 2.5). The UV/vis of [Mn(Et-Im-Py)(CO);MeCN]" shows a - m*
transition at 260 nm and a MLCT band at 355 nm (Figure 2.16), which is blue shifted from
[MnBr(Et-Im-Py)(CO);] (Figure 2.9, MLCT band at 398) by 43 nm. Because no significant
absorbance appears at 450 nm, [Mn(Et-Im-Py)(CO);sMeCN]" was eliminated as a possibility for

the observed intermediate.
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Figure 2.16: UV/vis of [Mn(Et-Im-Py)(CO);MeCN]" (2.8)

To further investigate the possibility of [Mn(Et-Im-Py)(CO)sMeCN]™ 2.8 as a
photoproduct, the FTIR spectrum of this complex was compared to the spectrum of [MnBr(Et-Im-
Py)(CO);] (2.4) before and after irradiation at 350 and 420 nm. The initial FTIR spectrum of

complex 2.4 (Figure 2.17, black trace) shows three CO stretches: a symmetric CO stretch at 2011
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cm™ and two asymmetric CO stretches at 1901 cm™ and 1861 cm™. When irradiated with either
350 nm or 420 nm light for 5 min, the resulting photodecomposition product retains the symmetric
CO stretch found in the starting complex 2.4 (Figure 2.16, yellow and red traces). We noted that
the asymmetric CO stretch no longer displays a shoulder stretch at 1861 cm™ which suggests the
dissociation of a CO ligand from catalyst 2.4 upon irradiation, regardless of wavelength.
Comparison of 2.4 with [Mn(Et-Im-Py)(CO)sMeCN]" (Figure 2.16, grey trace) eliminates this

species as a photoproduct since the observed transitions differ by ca. 20 cm™.
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Figure 2.17: Infrared spectra of [MnBr(Et-Im-Py)(CO);] (2.4, black) after five minutes of
irradiation with 350 nm (orange) or 420 nm (red) light. The infrared spectrum of [Mn(Et-Im-
Py)(CO);MeCN]" (gray) is shown for reference.

In a similar experiment, the photoproducts of complex [MnCN(Et-Im-Py)(CO);] 2.7 were

investigated. The initial FTIR spectrum of complex 2.7 (Figure 2.18, black trace) shows a CN

stretch at 2109 cm™, a symmetric CO stretch at 2011 cm™ and two asymmetric CO stretches at
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1905 cm™ and 1880 cm™. When the CN-complex 2.7 was irradiated with 420 nm light, the CN
stretch and all three CO stretches persisted after 5 min, although the asymmetric stretch at 1880
cm™ had significantly diminished (Figure 2.18, blue trace). Further irradiation for 20 min showed
almost complete loss of this asymmetric stretch suggesting that CO dissociation occurs much
slower for this compound when exposed to 420 nm light (Figure 2.18, green trace). FTIR analysis
also indicates that the CN stretch remains unaffected throughout the experiment, thus indicating

that the CN-ligand does not dissociate or rearrange during the course of irradiation
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Figure 2.18: Infrared spectra of MnCN(Et-Im-Py)(CO); (2.7, black) after five minutes (blue)
and twenty minutes (green) of irradiation with 420 nm light.

In order to measure the electrocatalytic efficacy of the new MnX-NHC catalysts, CVs of
compounds 2.4-2.7 were run under atmospheres of Ar and CO, in CH3CN containing 5% H,O

using tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. The CV for Mn(I)-
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catalyst 2.4 (Br-ligand) showed two reduction waves (Figure 2.19) under Ar, consistent with our
first report of [MnBr(N-C)(CO)s]-catalysts.” The first wave was reported at-1.53 V vs. SCE, which
corresponded to the two-electron reduction of afford anion [Mn(N-C)(CO);] . The second
reduction wave was at —1.82 V vs. SCE corresponding to the Mn—Mn dimer [Mn(N-C)(CO)s]s,
and the oxidation of the formed dimer species is observed at —0.25 V vs SCE. Under an
atmosphere of CO,, the catalyst 2.4 displayed a catalytic current enhancement that increased by

2.1x at the first reduction wave, the result of the catalytic conversion of CO, to CO.
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Figure 2.19: Cyclic voltammetry of 2.4 under Ar (black) and CO, (red) in MeCN with 5% H,O

and 0.1 M TBAP supporting electrolyte at 100 mV s™'. The complex was loaded at a concentration
of 1 mM, and the pH adjusted to 3.7 (HCIOy) for the Ar scan to match the proton content for CO,

The CVs for the remaining complexes were run in identical fashion, and the two-electron

reduction waves were observed as follows (Figure 2.20): —1.63 V vs SCE for 2.6 (NCS-ligand)
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and —1.96 V vs SCE for 2.7 (CN-ligand). Reductions of 2.6 and 2.7 were shifted cathodic
compared to 2.4 (Br-ligand), 100 mV and 430 mV respectively. MnCN(Et-BI-Py)(CO);, 2.5, was
reduced at -1.85 V vs. SCE which was shifted more positively by 110 mV when compared to 2.7,
MnCN(Et-Im-Py)(CO);. This shift for 2.5 vs 2.7 is not surprising; a similar shift was observed
when MnBr(BI-Py)(CO); 2.1 and 2.2 MnBr(Im-Py)(CO); 2.2 were compared; the removal of the
annulated benzene ring from the complex produced a cathodic shift of 100 mV.>  Current
enhancements at the two-electron reduction wave were lower for all other Mn(I)-compounds when
compared to catalyst 2.4, and are as follows: 2.6 (1.6%), 2.7 (1.4x), and 2.5 (1.2x). These limited

catalytic efficiencies have been attributed to poor dissociation of the axial psuedohalogen (NCS or

CN).
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Figure 2.20: Linear sweep voltammetry of complexes 2.4-2.7 under Ar in MeCN with 5% H,O
and 0.1 M TBAP supporting electrolyte at 100 mV s™'. The complex was loaded at a concentration
of 1 mM, and the pH adjusted to 3.7 (HCIO,).

58



Current enhancements at the two-electron reduction wave were lower for all other Mn(I)-
compounds when compared to catalyst MnBr(Et-Im-Py)(CO); 2.4, and are as follows:
MnNCS(Et-Im-Py)(CO); 2.6 (1.6x), MnCN(Et-Im-Py)(CO); 2.7 (1.4%), and MnCN(Et-BI-
Py)(CO); 2.5 (1.2x). Br-Im-substituted complex 2.4 showed the highest TOF (0.86 s™), as a result
of a 2.1x current enhancement under CO, compared to Ar, followed by: NCS-Im-substituted
complex 2.6 (0.50 s™), CN-Im-substituted complex 2.7 (0.38 s™), NCS-Im-substituted complex
2.5 (0.28 s™). These limited catalytic efficiencies and TOFs have been attributed to the poor
dissociation of the axial psuedohalogen (NCS or CN). Bulk electrolysis was performed on all
compounds and the average faradaic efficiencies (FEco) from these experiments are reported in
Table 1. Catalyst MnBr(Et-Im-Py)(CO); 2.4 displayed the highest Faradaic efficiency (FEco =
66.8%), and was found to have excellent selectivity for CO, over available protons; thus
precluding hydrogen production. In contrast, the NCS- and CN-catalysts were not selective for
CO; to CO reduction, as substantial H, production was observed for catalysts 2.5-2.7. As expected
from the selectivity issue, the Faradiac efficiencies for CO production were also compromised for

these catalysts as shown below.

Table 2.1. Turnover Frequencies (TOFs) and faradaic efficiencies (FEcos) for compounds 2.4-2.7
from cyclic voltammetry and bulk electrolysis experiments

Complex TOF Avg. FEco
MnBr(Et-Im-Py)(CO);, 2.4 0.86s 66.8%
MnNCS(Et-Im-Py)(CO)s, 2.6 0.50 8! 27.0%
MnCN(Et-Im-Py)(CO)s, 2.7 0.385s" 20.6%
MnCN(Et-BI-Py)(CO)s, 2.5 0.28 s 29.7%

In summary a new series of [MnX(N-C)(CO)s]-type CO, complexes were synthesized and

characterized. These are the first catalytic manganese(I) N-heterocyclic carbene complexes that
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have been reported.”* Catalytic CO production was observed for all compounds. However, when
X =CN or NCS, substantial H, production was observed. UV studies indicate that all compounds
undergo photodecomposition under 350 nm and 420 nm light, but CN-substituted complexes
decomposed more slowly under 420 nm light, with five times longer lifetimes. The data from
these studies indicate that Mn(I)-NHC based catalysts can be tuned by ligand substitution, either
by structural modifications of the NHC or axial ligand substitution. Future work in our laboratory
will explore how other substitutions can tune electron density around the Mn-center and perhaps
prevent photodecomposition, lower reduction potential and/or increase catalytic current

enhancement.

EXPERIMENTAL METHODS

General

All reagents were obtained from commercial suppliers and used as received unless otherwise
noted. All reactions were performed using standard Schlenk-line techniques under an atmosphere
of argon with minimal exposure to light. Tetrahydrofuran (THF) and methanol were dried and
distilled prior to use; THF from Na/benzophenone and methanol from CaH,. "H NMR and "*C
NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer or a Varian Unity
Inova 500 MHz spectrometer. Chemical shifts were referenced to the residual protio signal of the
deuterated solvent. FTIR spectra were recorded on a ThermoNicolet 6700 spectrophotometer
running OMNIC software. X-Ray diffraction data were collected on a Bruker SMART APEX II

system with graphite-monochromated Mo Ka radiation (A = 0.71073 "A)
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Electrochemical Testing

All electrochemical experiments and reactions were performed under rigorous air and moisture
free conditions with 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile as the
electrolyte unless otherwise noted. TBAP was synthesized by the dropwise addition concentrated
perchloric acid into an equimolar solution of tetrabutylammonium bromide in water. The
precipitated TBAP was collected, recrystallized three times from ethyl acetate/hexanes, and dried
under reduced pressure (<0.1 Torr) for several hours over P,Os. Acetonitrile (MeCN) was bubble
degassed and passed through two columns of activated alumina prior to use. Electrolyte solutions
were prepared by dissolving TBAP in acetonitrile and passing the solution through a column of
activated alumina in a fritted Schlenk filter directly into a Schlenk flask under an atmosphere of
nitrogen. Manganese complexes were always loaded at a concentration of 1 mM and handled under
red light at all times except during weighing. A 3 mm glassy carbon disk working electrode and a
Ag/AgCl reference electrode (BASi model # MF-2012 and MF-2052, respectively) and a platinum
mesh counter electrode were used in all electrochemical experiments except for bulk electrolysis
where a 3.5 cm? glassy carbon plate was employed as the working electrode. A 15 mL three-necked
round-bottom flask was used as the electrochemical cell and all electrodes were secured using
“mini” #7 Ace-thread adaptors from Ace-glass in all experiments except bulk electrolysis where a
25 mL three-necked round-bottom flask was employed. Electrochemical measurements were
performed on a CHI 760D electrochemical workstation (CH Instruments, Austin, TX). For all
electrochemical experiments, the electrolyte was bubbled with the desired gas (Ar or CO,) for 15
minutes. A scan of the electrolyte was performed to ensure a featureless background from 0 to
—2.0 V vs. SCE. After adding the desired complex, the electrolyte was bubbled for 5 more minutes

before collecting experimental data. Voltammograms were referenced to Fc'/Fc at the end of the
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experiment and then later reference to SCE by adding 380 mV.?® FTIR spectra of electrolysis cell
headspace were collected on a Nicolet 730 spectrometer running OMNIC software. Carbon
monoxide and hydrogen production was measured using an HP 5980 gas chromatograph (GC)
with a TCD analyzer and analog integrator. An Agilent CP7538 molecular sieve column was used
to separate CO and H; from CO; at a column head pressure of 12 psi, oven temperature of 70 °C,
injection temperature of 200 °C, and a detector temperature of 250 °C.

Synthesis

Preparation of [N-methyl-N’-2-pyridylbenzimidazolium] Br~ (L2.3).

i. Coupling benzimidazole and pyridine:

Under an atmosphere of argon, a flask was charged with benzimidazole (10.00 g, 84.6 mmol),
potassium carbonate (7.79 g, 56.4 mmol), and 2-bromopyridine (2.74 mL, 28.6 mmol). The
reaction mixture was stirred at 205 °C for 18 hours, then cooled to room temperature. The resulting
solution was diluted with water (200 mL) and extracted with DCM (3 x 200 mL). The combined
organic extracts were washed with saturated Na,CO3 (3 x 200 mL) and brine (200 mL) then dried
over anhydrous MgSQO, before filtration to remove the drying agent. Concentration under reduced
pressure using a rotary evaporator gave N,N'-2-pyridylbenzimidazolium as a light red oil (5.45 g,
96 %).

ii. Methylating benzimidazole:

Bromomethane (0.53 mL, 15.2 mmol) was collected at -78 °C and added to a sealed tube
containing N,N'-2-pyridylbenzimidazolium (1.70 g, 8.7 mmol) dissolved in 7 mL of CH3;CN. After
sealing the reaction flask under an argon atmosphere, the reaction mixture was stirred at reflux
overnight (11 h). The solution was then allowed to cool to room temperature before being

concentrated under reduced pressure using a rotary evaporator. Subsequent recrystallization from
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CH3;CN/Et;,0 gave [N-methyl-N'-2-pyridylbenzimidazolium] Br  as a white solid that was
collected by vacuum filtration (2.42 g, 96 %). '"H NMR (DMSO-dj, 20 °C): & 10.56 (1H, s), 8.78
(1H, d, J=4Hz), 8.48-8.46 (1H, m), 8.31-8.26 (1H, m), 8.15-8.13 (1H, m), 8.06 (1H, d, /= 8Hz),
7.81-7.75 (2H, m), 7.72-7.69 (1H, m), 4.20 (3H, s).

Preparation of MnBr(/N-methyl-/NV'-2-pyridylbenzimidazol-2-ylidine)(CO); (2.1).

MnBr(CO)s (1.15 g, 4.2 mmol) was suspended in 25 mL of THF and sparged with argon for 30
minutes. While stirring, potassium ¢-butoxide (0.20 g, 1.8 mmol) was added, then [ N-methyl-N'-
2-pyridylbenzimidazolium] Br™ (L2.3, 0.41 g, 1.4 mmol) was added slowly over one hour while
heating at 60 °C under argon. The reaction mixture was heated overnight (11 h) at 60 °C before
being allowed to cool to room temperature. THF was removed under reduced pressure using a
rotary evaporator, and the resulting residue was triturated with Et,0O (4 x 25 mL) before being
dissolved in DCM (100 mL). This solution was washed with water (100 mL) and brine (100 mL)
to remove unreacted proligand and other water soluble impurities. The organic extract was dried
over anhydrous MgSO, before filtration to remove the drying agent. Concentration under reduced
pressure using a rotary evaporator afforded the product as a yellow-orange powder (0.53 g, 88 %).
IR veo (ATR, em™): 2015 (s), 1927 (m, sh), 1897 (s). 'H NMR (DMSO- ds, 25 °C): $ 9.05 (1H, d,
J=10Hz), 8.53 (1H, d, J=10Hz), 8.45 (1H, d, /= 5Hz), 8.28-8.25 (1H, m), 7.95 (1H, d, J = 5Hz),
7.62-7.52 (3H, m), 4.33 (3H, s). °C NMR (DMSO-ds, 25 °C): § 225.24, 221.15, 217.38, 216.30,
154.40, 153.49, 142.00, 137.24, 130.71, 125.29, 125.20, 123.07, 113.72, 112.96, 112.36, 35.32.
In select cases, further trituration with EtOAc/hexanes and washing with Et,O was required to
remove trace impurities. Crystals suitable for single-crystal X-ray analysis were grown from the
slow diffusion of hexanes into a solution of 2.1 in DCM.

Preparation of [N-methyl-N’-2-pyridylimidazolium] ‘Br~ (L2.4).
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i. Coupling imidazole and pyridine:

Under an atmosphere of argon, a flask was charged with imidazole (5.76 g, 84.6 mmol), potassium
carbonate (7.79 g, 56.4 mmol), and 2-bromopyridine (2.74 mL, 28.6 mmol). The reaction mixture
was stirred at 190 °C for 18 hours, then allowed to cool to room temperature. The resulting solution
was diluted with water (200 mL) and extracted with DCM (3 x 200 mL). The combined organic
extracts were washed with saturated Na,CO; (3 x 200 mL) and brine (200 mL), dried over
anhydrous MgSQ,, and filtered to remove the drying agent. Concentration under reduced pressure
using a rotary evaporator gave N,N'-2-pyridylimidazolium as a light yellow solid (3.80 g, 92%).
ii. Methylating imidazole:

See procedure for L2.3. Starting material: bromomethane (0.91 mL, 16.5 mmol) and N,N'-2-
pyridylimidazolium (2.17 g, 15.0 mmol). Yield: 3.50 g, 97 %. "H NMR (DMSO-ds, 20 °C): § 10.08
(1H, s), 8.64 (1H, d, J = 8Hz), 8.51 (1H, s), 8.23-8.19 (1H, m), 8.03 (1H, d, J = 8Hz), 7.98 (1H,
s), 7.65-7.62 (1H, m), 3.97 (3H, s).

Preparation of MnBr(/N-methyl-/N'-2-pyridylimidazol-2-ylidine)(CO)3 (2.2).

MnBr(CO)s (0.48 g, 1.8 mmol) was suspended in 25 mL of THF and sparged with argon for 30
minutes. While stirring, potassium #-butoxide (0.20 g, 1.8 mmol) was added, then [N-methyl-N'-
2-pyridylimidazolium] Br  (L2.4, 0.34 g, 1.4 mmol) was added slowly over one hour while
heating at 60 °C under argon. The reaction mixture was heated overnight (11 h) at 60 °C before
being allowed to cool to room temperature. THF was removed under reduced pressure using a
rotary evaporator, and the resulting residue was triturated with Et,O (4 x 25 mL) before being
dissolved in DCM (100 mL). This solution was washed with water (100 mL) and brine (100 mL)
to remove unreacted ligand and other water soluble impurities. The organic extract was dried over

anhydrous MgSO, before filtration to remove the drying agent. Concentration under reduced
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pressure using a rotary evaporator to afford the product as a yellow-orange powder (0.32 g, 60 %).
IR vco (ATR, em™): 2012 (s), 1906 (br). '"H NMR (DMSO-dj, 25 °C): & 8.92 (1H, d, J = 5Hz),
8.46 (1H, s), 8.23-8.21 (1H, m), 8.14 (1H, d, /= 10Hz), 7.72 (1H, s), 7.49-7.46 (1H, m), 4.05 (3H,
s). C NMR (DMSO-ds, 25 °C): §225.93,221.73,217.64,201.78, 153.79, 152.96, 141.67, 127.09,
123.33,117.37,112.57, 38.06. Further trituration with EtOAc/hexanes and washing with Et,O was
often required to remove additional impurities.

Preparation of [MnBr(/NV-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO)s] (2.4).

MnBr(CO)s (0.48 g, 1.8 mmol) and [N-ethyl-N'-2-pyridylimidazolium] Br (L2.6) (0.36 g, 1.4
mmol) were suspended in 25 mL of THF and sparged with argon for 30 minutes. Potassium ¢-
butoxide (0.20 g, 1.8 mmol) was added to the reaction mixture, with stirring, which was then
heated to 60 °C under argon for 15 hours. After cooling to room temperature, the solvent was
removed under reduced pressure using a rotary evaporator. The resulting solid residue as triturated
with Et,O before being dissolved in DCM and washed with water (100 mL) and brine (100 mL)
to remove water-soluble impurities. The combined organic extracts were dried over anhydrous
MgSOy, filtered to remove the drying agent, and concentrated to afford the desired product as an
orange-yellow powder (0.46 g, 83%). IR (ATR, cm™ ") veo: 2011 (s), 1901 (s), 1862 (sh). '"H NMR
(DMSO- dg, 20 °C): 8 8.92-8.91 (1H, m), 8.48 (1H, d, /=4 Hz), 8.21-8.13 (2H, m), 7.79 (1H, d,
J =4 Hz), 7.49-7.45 (1H, m), 4.42 (2H, q, J = 8 Hz), 1.52 (3H, t, J = 8 Hz). °C NMR (DMSO-
ds, 25 °C): 0 225.39, 221.34, 217.10, 200.24, 153.26, 152.36, 141.17, 125.07, 122.80, 117.19,
112.04, 45.53, 16.29.

Preparation of [MnNCS(/N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO)s] (2.6).
[MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.4) (0.50 g, 1.3 mmol) and NaSCN

(10.29 g, 127.0 mmol) were suspended in 100 mL of MeOH and stirred at 60 °C under argon for
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15 hours. After cooling to room temperature, the reaction mixture was diluted with H,O (50 mL)
and extracted with DCM (3 x 50 mL). The combined organic extracts were washed with H,O (100
mL) and brine (100 mL) then dried over anhydrous MgSO, followed by filtration to remove the
drying agent. Concentration under reduced pressure using a rotary evaporator gave the desired
product as a light yellow solid, which was further purified via recrystallization with acetone—Et,O
(0.37 g, 78%). IR (ATR, cm—1) vco: 2014 (s), 1902 (s); ven: 2109 (m). "H NMR (DMSO-ds, 20
°C): 6 8.89-8.87 (1H, m), 8.55 (1H, d, /=4 Hz), 8.32-8.20 (2H, m), 7.87 (1H, d, /=4 Hz), 7.57—
7.53 (1H, m), 4.43 (2H, q, /=8 Hz), 1.51 (3H, t, J= 8 Hz). ?C NMR (DMSO-dy, 25 °C): & 223.53,
217.81, 214.99, 197.04, 153.29, 152.28, 141.96, 138.16, 125.46, 123.60, 117.74, 112.36, 45.74,
16.61.

Preparation of [MnCN(/V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.7).
[MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.4) (0.90 g, 2.3 mmol) and KCN (14.87
g, 228.3 mmol) were suspended in 100 mL of MeOH and stirred at 60 under argon for 15 hours.
After cooling to room temperature, the reaction mixture was diluted with H,O (50 mL) and
extracted with DCM (3 x 50 mL). The combined organic extracts were washed with H,O (100 mL)
and brine (100 mL) then dried over anhydrous MgSO, before filtration to remove the drying agent.
Concentration under reduced pressure using a rotary evaporator gave the desired product as an off-
white solid (0.66 g, 85%). IR (ATR, cm—1) vco: 2009 (s), 1905 (s), 1882 (sh); ven: 2109 (w). 'H
NMR (DMSO- ds, 20 °C): 0 8.77-8.76 (1H, m), 8.51 (1H, s), 8.24-8.14 (2H, m), 7.81 (1H, s),
7.48-7.45 (1H, m), 4.34 (1H, q, J= 8 Hz), 1.50 (3H, t, /= 8 Hz). °C NMR (DMSO- ds, 25 °C): &
22417, 218.19, 214.64, 199.52, 153.07, 151.95, 146.28, 141.01, 125.46, 122.85, 117.42, 112.19,
45.51, 16.05.

Preparation of [MnBr(/NV-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO)s] (2.3).
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See procedure for 2.4. Starting materials: [MnBr(CO)s] (0.48 g, 1.8 mmol), [N-ethyl-N'-2
pyridylbenzimidazolium] Br~ (0.43 g, 1.4 mmol) and potassium #-butoxide (0.20 g, 1.8 mmol).
Yield: 0.52 g, 83%. IR (ATR, cm—1) vco: 2012 (s), 1913 (s), 1875 (sh). '"H NMR (DMSO- dj, 20
°C): 6 9.06-9.04 (1H, m), 8.52 (1H, d, /= 8 Hz), 8.44 (1H, d, J = 8 Hz), 8.27-8.23 (1H, m), 7.99
(1H, d, J= 8 Hz), 7.61-7.51 (3H, m), 4.83 (2H, q, J = 8 Hz), 1.60 (3H, t, J = 8 Hz). °C NMR
(DMSO- dg, 25 °C): & 224.59, 220.76, 216.83, 214.92, 153.91, 152.91, 141.52, 135.55, 130.41,
124.90, 124.75, 122.59, 113.25, 112.69, 111.62, 43.06, 14.85.

Preparation of [MnCN(/V-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO)s] (2.5).

See procedure for 2.7. Starting materials: 2.3 (0.48 g, 1.1 mmol) and KCN (7.05 g, 108.3 mmol).
Yield: 0.30 g, 71%. IR (ATR, cm ') vco: 2018 (s), 1919 (s), 1891 (sh); ven: 2112 (m). '"H NMR
(DMSO-dg, 20 °C): 6 8.90-8.88 (1H, m), 8.54 (1H, d, /=8 Hz), 8.44 (1H, d, /= 8 Hz), 8.28-8.24
(1H, m), 7.99 (1H, d, J= 8 Hz), 7.62-7.50 (3H, m), 4.74 (2H, q, /=8 Hz), 1.57 (3H, t, /= 8 Hz).
C NMR (DMSO- ds, 25 °C): § 223.33, 217.86, 214.54, 214.15, 153.62, 152.52, 145.68, 141.30,
135.68, 130.48, 124.92, 124.68, 122.59, 113.34, 112.68, 111.49, 42.99, 14.57.

Preparation of [Mn(/V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);MeCN](PFs) (2.8).

AgPF¢ (0.13 g, 0.51 mmol) was dissolved in 5 mL of CH3CN and the added to a solution of
[MnBr(N-ethyl-N'-2 pyridylimidazol-2-ylidine)(CO)s] (2.4) (0.20 g, 0.51 mmol) which was
dissolved in 20 mL of CH3CN. The mixture was stirred at room temperature for 1 h before filtration
through Celite to remove the silver bromide precipitate. Concentration of the filtrate under reduced
pressure using a rotary evaporator afforded the product as a yellow solid (0.25 g, 97%). IR (ATR,
cm ) veo: 2032 (s), 1916 (s). 'H NMR (CD;CN, 20 °C): § 8.85 (1H, d, J= 4 Hz), 8.20-8.16 (1H,
m), 8.00 (1H, s), 7.83 (1H, d, J = 8 Hz), 7.50-7.46 (2H, m), 4.49-4.44 (2H, m), 1.59-1.55 (3H,

m).
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S2.1.1 '"H NMR of [N-methyl-N'-2-pyridylbenzimidazolium]"

S2. SUPPORTING INFORMATION
S2.1 SELECTED SPECTRA

Temperature: 20 °C
Solvent: DMSO-djg
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Note: The peak at 3.33 ppm is assigned to water and the peak at 2.49 ppm to dimethyl sulfoxide.



$2.1.2 "H NMR of [N-methyl-N"-2-pyridylimidazolium] ‘Br~ (L2.4)

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at 3.35 ppm is assigned water, the peak at 2.49 ppm to dimethyl sulfoxide, and the
peak at roughly 2.0 ppm to residual acetone.
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$2.1.3 'H NMR of MnBr(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (2.1)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at roughly 5.7 ppm is assigned to residual dichloromethane, the peak at 3.32 ppm
to water, and the peak at 2.51 ppm to dimethyl sulfoxide.
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$2.1.4 *C NMR of MnBr(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (2.1)

Temperature: 25 °C
Solvent: DMSO-dj
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S2.1.5 FTIR of MnBr(/N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (2.1)

Method: ATR
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$2.1.6 '"H NMR of MnBr(N-methyl-N'-2-pyridylimidazol-2-ylidine)(CO); (2.2)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at 3.32 ppm is assigned to water, the peak at 2.51ppm to dimethyl sulfoxide, and
the peak at 2.09 ppm to acetone.

76



$2.1.7 *C NMR of MnBr(N-methyl-N'-2-pyridylimidazol-2-ylidine)(CO); (2.2)

Temperature: 25 °C
Solvent: DMSO-dj
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$2.1.8 FTIR of MnBr(N-methyl-N'-2-pyridylimidazol-2-ylidine)(CO); (2.2)

Method: ATR
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S2.1.9 Cyclic voltammetry of (2.1) (First scan)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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S2.1.10 Scan Rate Dependence of the First Peak Current of (2.1)
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S2.1.11 Cyclic voltammetry of (2.1) (Second scan)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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S2.1.12 Cyclic voltammetry of (2.2) (First scan)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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S2.1.13 Scan Rate Dependence of the First Peak Current of (2.2)
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S2.1.14 Cyclic voltammetry of (2.2) (Second scan)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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$2.1.15 FTIR from “CO, labeling

Atmosphere: 13C02

Catalyst Concentration: 1 mM
Solvent: CH3CN, 5 % H,0
Electrolyte: 0.1 M TBAP
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$2.1.16 2.4 "H NMR of [MnBr(V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.4)

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at roughly 5.7 ppm is assigned to residual dichloromethane, the peak at 3.33 ppm
to water, and the peak at 2.50 ppm to dimethyl sulfoxide.
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$2.1.17 *C NMR of [MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO)3] (2.4)

Temperature: 25 °C
Solvent: DMSO-djg
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Note: The peak at 39.52 ppm is assigned to dimethyl sulfoxide.
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$2.1.19 FTIR of [MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO)] (2.4)

Method: ATR
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S2.1.20 UV-Vis of [MnBr(/V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.4)
Temperature: 298K

Concentration: 125uM
Solvent: MeCN
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$2.1.21 "H NMR of [MnNCS(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO)3] (2.6)

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at 3.33 ppm is assigned to water and the peak at 2.50 ppm to dimethyl
sulfoxide.
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$2.1.22 '*C NMR of [MnNCS(V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.6)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at 39.52 ppm is assigned to dimethyl sulfoxide.
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S2.1.23 FTIR of [MnNCS(NV-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.6)

Method: ATR
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S2.1.24 UV-Vis of [MnNCS(/V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.6)
Temperature: 298K

Concentration: 125uM
Solvent: MeCN
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$2.1.25 '"H NMR of [MnCN(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.7)

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at 3.33 ppm is assigned to water and the peak at 2.50 ppm to dimethyl sulfoxide.
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$2.1.26 '*C NMR of [MnCN(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.7)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at 39.52 ppm is assigned to dimethyl sulfoxide.
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$2.1.27 FTIR of [MnCN(V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.7)

Method: ATR
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S2.1.28 UV-Vis of [MnCN(/V-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);] (2.7)
Temperature: 298K

Concentration: 125uM
Solvent: MeCN
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$2.1.29 '"H NMR of [MnBr(N-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.3)

Temperature: 20 °C
Solvent: DMSO-dj

1.62
1.60
1.58

VA
i

3.34

T T
10.0 95 2.0 85 8.0 75 7.0 65 69 55
1 (ppm)

Note: The peak at roughly 5.7 ppm is assigned to residual dichloromethane, the peak at 3.34 ppm
to water, and the peak at 2.50 ppm to dimethyl sulfoxide.
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$2.1.30 '*C NMR of [MnBr(N-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.3)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at 39.52 ppm is assigned to dimethyl sulfoxide.
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$2.1.31 FTIR of [MnBr(N-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.3)

Method: ATR
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S2.1.32 UV-Vis of [MnBr(/NV-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.3)
Temperature: 298K

Concentration: 125uM
Solvent: MeCN
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$2.1.33 '"H NMR of [MnCN(N-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.5)

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at roughly 5.7 ppm is assigned to residual dichloromethane, the peak at 3.34 ppm
to water, the peak at 2.50 ppm to dimethyl sulfoxide, and the peak at roughly 2.1 ppm to acetone.
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$2.1.34 '*C NMR of [MnCN(V-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.5)

Temperature: 25 °C
Solvent: DMSO-dj
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Note: The peak at 39.52 ppm is assigned to dimethyl sulfoxide.
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$2.1.35 FTIR of [MnCN(V-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.5)

Method: ATR
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S2.1.36 UV-Vis of [MnCN(/V-ethyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);] (2.5)
Temperature: 298K

Concentration: 125uM
Solvent: MeCN
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$2.1.37 "H NMR of [Mn(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);MeCN](PFs) (2.8)

Temperature: 20 °C

Solvent: MeCN-ds
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$2.1.38 FTIR of [Mn(N-ethyl-N'-2-pyridylimidazol-2-ylidine)(CO);MeCN](PFs) (2.8)

Method: ATR
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$2.1.39 UV-Vis of [Mn(N-ethyl-N"-2-pyridylimidazol-2-ylidine)(CO);MeCN](PFs) (2.8)

Temperature: 298K
Concentration: 200uM
Solvent: MeCN
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S2.1.40 Cyclic voltammetry of (2.4)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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Atmosphere: Argon (black), CO, (red)
Catalyst Concentration: 1 mM
Solvent: CH3CN (5 % H»0)
Electrolyte: 0.1 M TBAP

Scanrate: 100 mV/s
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S2.1.41 Cyclic voltammetry of (2.6)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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Atmosphere: Argon (black), CO, (red)
Catalyst Concentration: 1 mM
Solvent: CH3CN (5 % H»0)
Electrolyte: 0.1 M TBAP

Scanrate: 100 mV/s
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S2.1.42 Cyclic voltammetry of (2.7)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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Atmosphere: Argon (black), CO, (red)
Catalyst Concentration: 1 mM
Solvent: CH3CN (5 % H»0)
Electrolyte: 0.1 M TBAP

Scanrate: 100 mV/s

Current Density (A cm™2)
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S2.1.43 Cyclic voltammetry of (2.5)

Atmosphere: Argon

Catalyst Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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Atmosphere: Argon (black), CO, (red)
Catalyst Concentration: 1 mM
Solvent: CH3CN (5 % H»0)
Electrolyte: 0.1 M TBAP

Scanrate: 100 mV/s

Current Density (A cm™2)
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CHAPTER 3

Re(I) NHC COMPLEXES FOR ELECTROCATALYTIC CONVERSION OF CO,'

! Stanton III, C. J.; Machan, C. W.; Vandezande, J. E.; Jin, T.; Majetich, G. F.; Schaefer III, H.
F.; Kubiak, C. P.; Li, G.; Agarwal, J., Re(I) NHC Complexes for Electrocatalytic Conversion of
COa. Inorganic Chemistry 2016, 55 (6), 3136-3144.
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ABSTRACT

The modular construction of ligands around an N-heterocyclic carbene building block
represents a flexible synthetic strategy for tuning the electronic properties of metal complexes.
Herein, methylbenzimidazolium-pyridine and methylbenzimidazolium-pyrimidine proligands are
constructed in high yield using recently established transition-metal-free techniques. Subsequent
chelation to ReCI(CO)s furnishes ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); and
ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO);. These Re(I) NHC complexes are
shown to be capable of mediating the two-electron conversion of CO, following one-electron
reduction; the Faradaic efficiency for CO formation is observed to be >60% with minor H, and
HCO,H production. Data from cyclic voltammetry is presented and compared to well-studied
ReCl(2,2"-bipyridine)(CO); and MnBr(2,2"-bipyridine)(CO); systems. Results from density
functional theory computations, infrared spectroelectrochemistry, and chemical reductions are also

discussed.

INTRODUCTION

Rhenium(I)—tricarbonyl complexes bearing ligands with an N-heterocyclic carbene (NHC)
moiety were first reported in 1992." Since then, tens of articles have appeared in the literature,
with the majority published in the last five years, underscoring the rapid growth of this subfield.”
2> Recent work has focused primarily on the photophysical properties of Re(I) NHC complexes,
specifically on modifications of the NHC-containing ligand to modulate absorption and emission
quantum yields.”® These investigations parallel the well-studied functionalization of 2.2'-
bipyridine (bpy) in ReCl(bpy)(CO)s, research that dates back to the 1970s.””*® By comparison,

few studies have examined Re(I) NHC compounds for catalysis, as noted in a 2013 review by
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Herrmann and Kiihn.”’ In 2014, we investigated the first use of Mn(I) NHC complexes for the
electrocatalytic reduction of CO, to CO.*® The success of these compounds for mediating CO,
conversion engenders questions regarding the efficacy and electrochemical response of valence-
1soelectronic Re(I) species, especially given the well-established application of ReCl(bpy)(CO);

3136 and the photocatalytic reduction of CO,.*”** Indeed, Delcamp and

for both the electrocatalytic
co-workers very recently reported successful photocatalytic CO, conversion using Re—pyridyl—
NHC complexes.”

In the present research, two Re(I) NHC compounds are examined: ReCl(N-methyl-N'-2-
pyridylbenzimidazol-2-ylidine)(CO); (3.1) and ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-
ylidine)(CO); (3.2). In either case, the bidendate, redox-active ligand is constructed from an aryl
halide (either halopyridine or halopyrimidine), benzimidazole, and a haloalkane. This modular
synthesis permits myriad routes for customization, e.g., benzimidazole may be exchanged for
imidazole or halopyrazine for halopyrimidine. Moreover, the requisite transformations are
transition-metal free and proceed in high yield.’*®* These compelling qualities are in contrast to
a majority of bpy syntheses.***

Further comparison with bpy highlights additional advantages for employing NHC-
containing ligands: (i) they allow for the possibility of m-backbonding via the low-lying empty p

orbital on the carbene carbon,49’ 50

which assists in stabilizing low-valent metals, and (i1) the atoms
adjacent to the coordinating carbene can be substituted, such as with sulfur or oxygen using
benzothiazole or benzoxazole.* >"** Cyclic (alkyl)(amino)carbenes (CAACs), where a carbon

atom is adjacent to the carbene carbon, may also be employed.” >* Taken together, NHC-

containing ligands provide an accommodating framework for steric and electronic tuning” > that
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has already been exploited to modulate the photophysical properties of Re(I) NHC compounds and
may permit the rational construction of CO, conversion catalysts.

Here we demonstrate that both 3.1 and 3.2 are capable of mediating the conversion of CO,
to both CO and HCO,H under an applied voltage. Cyclic voltammetry data is presented and the
results compared to model compounds—ReCl(bpy)(CO); and MnBr(bpy)(CO); >'—in order to
understand the nature of the voltammetric responses. Results from density functional theory
computations, infrared spectroelectrochemistry, and chemical reductions are also employed in this

regard.

RESULTS AND DISCUSSION
SYNTHESIS

Compounds 3.1 and 3.2 were constructed from ReCl(CO)s and the appropriate proligand,
namely, [N-methyl-N'-2-pyridylbenzimidazolium]~ PFs-  (L3.1) or [N-methyl-N'-2-
pyrimidylbenzimidazolium]" PF¢ (L3.2); see Figure 3.1. To our knowledge 3.2 has not been
reported, but Chan et al.,”* Li et al.,'® and Casson et al. (butyl variant)'* prepared 1 for
photophysical examination. The former two groups utilized silver oxide to deprotonate the
proligand and form the requisite carbene, reporting yields of 61%* and 23%,'° respectively.
Alternatively, Casson et al. utilized potassium carbonate in refluxing toluene to achieve an 87%
yield for the chelation step,'* and we observed an 89% yield using the same procedure. A lower

yield was seen for 2 (43%).
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Scheme 3.1: Synthetic scheme for [N-methyl-N'-2-pyridylbenzimidazolium] PFs (L3.1, Y = C—
H) and [N-methyl-N'-2-pyrimidylbenzimidazolium] PFs~ (L3.2, Y = N) with metalation
procedure.

In two of the three reports listed above, L.3.1 was synthesized via Ullman-type coupling
using copper,”®® while Casson et al. utilized a transition-metal-free transformation with refluxing
DMSO and potassium hydroxide.®" * Aligned with our previous work,’” * the synthesis of L3.1
and L2 involved the transition-metal-free and solvent-free procedure reported by Hermann and
Kiihn,* which is “green” and amenable to scale-up.

Complexes 3.1 and 3.2 were characterized with 'H NMR, BcH NMR, UV-vis, and
FTIR spectroscopies (see S3.SI, pp 151-156). Single crystals suitable for X-ray analysis were
grown from the vapor diffusion of hexanes into a solution of 3.1 or 3.2 dissolved in DCM. The
resolved X-ray structures (Figure 3.1) indicate that the NHC-aryl ligands coordinate to the Re(I)
center within the equatorial plane via imine-type N atoms and carbene-type C atoms, with bite

angles of 74.0° and 74.5° for 3.2 and 3.2, respectively. In each structure, the three carbonyl

ligands exist in a facial arrangement, as expected.
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Figure 3.1: X-ray crystal structures of ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO);
(3.1, left) and ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2, right) with
ellipsoids set at the 50% probability level.

The absorbance spectra for 3.1 and 3.2 (see Figure 3.2) include two predominant
transitions: a 1 — ©* band below 300 nm and a lower energy band at 350 nm that was previously
assigned as an admixture of metal-to-ligand charge transfer (MLCT) and ligand-to-ligand charge
transfer (LLCT) excitations.'* ' Extinction coefficients for the MLCT/LLCT band were
measured to be 5430 and 6390 L mol™' cm™ for 3.1 and 3.2, respectively. Emission spectra
maxima (Figure 3.2, inset) for 3.1 and 3.2 differ by 55 nm (Anax = 505 and 560 nm, respectively).
The red-shifted emission for 3.2 is consistent with the relative electron deficiency of the
pyrimidyl unit.'® -6

Using density functional theory (see Theoretical Methods), we find that the LUMO
energy of 3.2 is 6.8 kcal mol™' lower than 3.1. This energy decrease is aligned with chemical
intuition regarding the electronegativity of the substituted nitrogen and may partially explain the
red-shifted emission. It also suggests that the reduction potentials for 3.2 will occur at more

positive potentials than 3.1.° Léwdin population analyses indicate that for both 3.1 and 3.2 the

HOMOs are comprised of the Re d orbitals (~40%), with contributions from the ClI p orbitals
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(~14%) and orbitals localized on the carbonyl ligands (~28%). Conversely, the LUMOs are

largely centered on the redox-active, NHC-aryl ligand (>80%).

35 505 |
0.8 Fry 560 ]
@ 25 1
9
0.6 £ 150 1]

o
Ul
]

Absorbance

©
»

350 450 550 650 750 7

o
N

0.0

500 600 700
Wavelength (nm)

300 400

Figure 3.2: UV-vis absorption and emission (inset) spectra of 3.1 (blue) and 3.2 (green) recorded
at 50 uM in CH3CN
ELECTROCHEMISTRY

Cyclic voltammetry results for 3.1 and 3.2 are presented in Figure 3.3.A and 3.3.B,
respectively, along with data obtained for the reference compounds ReCl(bpy)(CO); (Figure
3.3.C) and MnBr(bpy)(CO)s (Figure 3.3.D). All scans were recorded under argon saturation in dry
acetonitrile with 0.1 M tetrabutylammonium perchlorate (TBAP) supporting electrolyte.
Compounds were loaded at a concentration of 1 mM, and the scan rate was varied from 50 to 2000
mV s "indicated by color: 50 (red), 100 (orange), 250 (green), 500 (blue), 1000 (purple), and 2000
mV s~ (gray). Each figure also includes an inset, recorded at 1000 mV s, of the voltammetric
response when the switching potential is set before the second reduction. A listing of the first and

second reduction potentials for the aforementioned species is shown in Table 3.1.
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Figure 3.3.A: CV of (ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1)
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Figure 3.3.B: CV of ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO)s (3.2)

124



le-3

Current Density (A cm™2)

-2.0 -1.5 -1.0 -0.5

-2.5 -2.0 -1.5 -1.0 -0.5
Potential (V vs. Fc/Fc ™)

Figure 3.3.C: CV of ReCl(bpy)(CO);
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Figure 3.3.D: CV of MnBr(bpy)(CO);
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Table 3.1: Comparison of First and Second Potentials (vs Fc/Fc") Measured in This Work®

Complex First Reduction Second Reduction
3.1 —2.06 —2.44
3.2 -1.92 —2.32
ReCl(bpy)(CO); -1.77 —2.04
MnBr(bpy)(CO); —1.63 —1.84

“Recorded under Ar at 100 mV s in dry MeCN with 0.1 M tetrabutylammonium perchlorate
(TBAP) supporting electrolyte
®2,2"-bipyridine
‘Original Reports

For the parent compound, ReCl(bpy)(CO); (Figure 3.3.C), sweeping to negative potentials
at 100 mV s yields two one-electron-reduction waves with peak currents at —1.77 and —2.04 V

vs Fc/Fc'. The first reduction is ligand based,>" ** ¢’

with the added electron residing on bpy,
furnishing [ReCl(bpy)(CO);]". This process is quasireversible; the corresponding oxidation
appears at —1.70 V vs Fc/Fc". Adding an additional electron leads to dissociation of the axial
chloride to give [Re(bpy)(CO);]".>* At faster scan rates, two additional waves appear on the return
scan: a prominent feature at ca. —1.6 V vs Fc/Fc' and a slight feature at ca. —0.5 V vs Fc/Fc'. The
inset scan indicates that neither of these two waves are present when the switching potential is set
before the second reduction, indicating that they are related to the formation of [Re(bpy)(CO);] .
Indeed, the process at ca. —1.6 V vs Fc/Fc" may be ascribed to one-electron oxidation of
[Re(bpy)(CO);] to the neutral radical, [Re(bpy)(CO);]". A minimal quantity of the neutral radical
undergoes dimerization to form [Re(bpy)(CO)s]2;* ¢ the slight feature at ca. —0.5 V vs Fc/Fc”
corresponds to oxidation of this dimer.

Compound 3.1 (Figure 3.3.A) displays comparable voltammetric features to

ReCl(bpy)(CO); on the negative sweep: at 100 mV s~ two waves appear at —2.06 and —2.44 V vs

Fc/Fc', a 300 and 400 mV shift to more negative voltages, respectively, compared to the parent
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compound. Unlike ReCl(bpy)(CO)s, the first reduction wave for 3.1 is not quasireversible, even
up to 2000 mV s'. This behavior resembles that observed for MnBr(bpy)(CO); (Figure 3.3.D),
where the first reduction is metal based and leads to the rapid dissociation of bromide.” Indeed,
our computations predict that after one-electron reduction the Re—Cl bond in 3.1 has a bond
dissociation energy (BDE) of —2.0 kcal mol™, akin to the —1.4 kcal mol”" BDE for the Mn—Br
bond in [MnBr(bpy)(CO)s]™". These values are substantially lower than the 13.1 kcal mol™' BDE
for the Re—ClI bond in [ReCl(bpy)(CO);]".

A consequence of preferred metal-based reduction versus ligand-based reduction is the
increased proclivity for the five-coordinate neutral radical, e.g., [M(k*-L)(CO);]’, to dimerize. This
tendency yields a much larger current density for dimer oxidation in both 3.1 (at —0.36 V vs Fc/Fc")
and MnBr(bpy)(CO); (at —0.58 V vs Fc/Fc") compared to ReCl(bpy)(CO); (at ca. —0.5 V vs
Fc/Fc"). Similar to ReCl(bpy)(CO);, 3.1 displays a new oxidative feature around —1.6 V vs Fc/Fc"
at faster scan rates; again, the inset plot confirms that this wave corresponds to the oxidation of
species formed at the second electron reduction.

For complex 3.2 (Figure 3.3.B) the two one-electron-reduction waves appear at —1.92 and
—2.32 V vs Fc/Fc'. At fast scan rates, the pattern in peak current densities for these waves, the first
larger than the second, is closest to the current response observed for MnBr(bpy)(CO)s, where
intermediary dimer formation is the likely cause of current attenuation at the second reduction. For
3.2, slow Re—Cl bond dissociation in the singly reduced species is more likely the limiting
component. Two observations support this assertion: (i) the peak current of the second reduction
is only diminished at fast scan rates (at 100 mV s the current densities are roughly equal), and
(11) adding tetrabutylammonium chloride causes the peak current of the second reduction wave to

decrease, even at 100 mV s~ (see S3.SI, pp 161-162). For 3.1, current attenuation is not observed
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since the computed Re—CI BDE is lower for the singly reduced species (—2.0 for 3.1 vs 3.0 kcal
mol ™" for 3.2). Indeed, for related Re—bpy systems, installation of electron-withdrawing groups on
bpy (—CF3) slows the rate of chloride loss;’' the relative electron deficiency of the pyrimidyl unit
in 3.2 may impart the same effect. On the return sweep, three oxidation waves appear at fast scan
rates: ca. —0.2, ca. —0.7 V, and ca. —1.5 V vs Fc/Fc'. The inset plot indicates that only the feature
at ca. —0.7 persists when the switching potential is set before the second reduction.

As noted in the Introduction, ReCl(bpy)(CO)s is capable of mediating both photocatalytic
and electrocatalytic CO, conversion, that is, the conversion of CO, at the potential of the first and
second reduction, respectively. Given the promise of recent work in employing silicon substrates

for photoelectrocatalysis,*” ">

we were interested in the ability of 3.1 and 3.2 to convert CO, at
the first reduction potential. To that end, we examined the voltammetric response under argon and

CO; saturation with added Bronsted acid (0.5 M PhOH). These results are displayed in Figures

3.4.A and 3.4.B.
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Figure 3.4.A: CV of ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1) Ar and CO,
saturation in MeCN (0.5 M PhOH) at 100 mV s with 0.1 M tetrabutylammonium perchlorate
(TBAP) supporting electrolyte.
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Figure 3.4.B: CV of ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2) under Ar
and CO, saturation in MeCN (0.5 M PhOH) at 100 mV s with 0.1 M tetrabutylammonium
perchlorate (TBAP) supporting electrolyte.
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For both species, the addition of phenol under argon shifts the first reduction potential to
more positive voltages: +70 mV for 3.1 and +90 mV for 3.2 (compare orange and black traces).
This behavior suggests the interaction of protons with the one-electron-reduced metal center,’®
indicating that there is not strict selectivity for CO, (vide infra). After purging with CO, to
saturation, both compounds exhibit a catalytic response. The ratio of the peak current between the
catalyzed (ic.) and the uncatalyzed (ip) processes is 2.3 times for 3.1 and 1.7 times for 3.2, noting
that the turnover frequency is higher for 3.1, but ca. 250 mV more electromotive force is required.

On the preparative scale, 3.1 and 3.2 display at least 60% Faradaic efficiency for CO
production at ca. —2.2 V vs Fc/Fc' (see Table 3.2), which is just negative of the first reduction
potentials. Some H; production (26% and 17%, respectively) is observed along with HCO;H,
which is consistent with the interaction of protons with the reduced metal center.”®”’ Note that
H, is also detected as a product for some Mn(I) NHC catalysts. Supplemental infrared
spectroelectrochemical experiments suggest that H,O is a coproduct of CO generation (see S3.SI,
pp 159-160; also see ref ’*). No significant amounts of other liquid or gaseous products were

observed by GC or NMR.

Table 3.2: Results from Controlled Potential Electrolyses at ca. —2.2 V vs Fc/Fc¢" with Product
Analysis

Complex Coulombs FEqu; FEco FEncozn
ReCl(bpy)(CO); 33C 0% 99% 0%
3.1 32C 26% 60% 2%
3.2 34C 17% 62% 4%

Compounds were loaded at a concentration of approximately 1 mM in a ~45 mL solution of
MeCN with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢) supporting electrolyte
and 0.5 M phenol. FE is the Faradaic efficiency. CO and H, were quantified by GC; formic acid
with "H NMR (see Experimental Methods).
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INFRARED SPECTROELECTROCHEMISTRY

To further characterize the structures of 3.1 and 3.2 under electrochemical conditions,
infrared spectra were collected at controlled potentials (see Figure 3.5.A and 3.5.B) using
established infrared spectroelectrochemistry techniques.”” * These results are discussed in the
following paragraphs. Note that “BI-Py” and “BI-Pyrm” are used as abbreviations for the NHC-
aryl ligands in compounds 3.1 and 3.2, respectively.

For complex 3.1 (Figure 3.5.A), three infrared transitions appear in the carbonyl region at
the resting potential (black spectrum): 2020, 1923, and 1894 cm'. These bands are within
10 cm™" of the same transitions in ReCl(bpy)(CO);** and are consistent with a facial tricarbonyl
arrangement. Adjusting the applied potential to the first reduction (ca. —2.06 V vs Fc/Fc', red
spectrum) initially yields two sets of carbonyl stretching frequencies: 2007, 1905, and 1879 cm™,
which are assigned to [Re(BI-Py)(CO)s],, and 1985, 1942, 1888, and 1849 cm ', which are
assigned®™ to [Re(BI-Py)(CO);],. After holding this potential, the bands ascribed to [Re(BI-
Py)(CO);]" diminish as this species is converted to the Re—Re dimer product (green spectrum).
Note that supplanting the applied potential with 1.1 equiv of a chemical reductant (KCs) yields
sharp infrared transitions corresponding to [Re(BI-Py)(CO)s], (see S3.SI, pp 157). Finally, at the
potential of the second reduction (ca. —2.44 V vs Fc/Fc', blue spectrum), the bands assigned to the
dimer disappear concomitant with the appearance of transitions at 1905 and 1803 cm ™' for [Re(BI-

Py)(CO);] . This anionic species is also obtained with chemical reduction (see S3.SI, pp 157).
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Figure 3.5.A: Infrared spectra of ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1)
at controlled potentials under N, in dry MeCN with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) supporting electrolyte. The x axis is energy (cm '), and the y axis
is absorbance.

The spectra for complex 3.2 are shown in Figure 3.6.B. At resting potential (black
spectrum), three carbonyl stretching frequencies appear at 2022, 1926, and 1899 cm ™. These bands
are within 5 cm™' of the same transitions for 1 but shifted to higher energies, which is aligned with
the decrease in electron density on the metal center as a result of a more n-acidic NHC-aryl ligand.

At the potential of the first reduction (ca. —1.92 V vs Fc/Fc', red spectrum), one set of bands

appears (2002, 1898, and 1865 cm™"), which are assigned to [Re(BI-Pyrm)(CO);]". For complexes
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3.1 and 3.2 we assign the one-electron-reduced species (red spectra) to the neutral, five-coordinate
radical rather than the radical anion containing chloride, [ReCI(BI-Pyrm)(CO);] . This assignment
is based on the low BDE for the Re—Cl bond in the reduced complexes, the irreversibility seen by
CV under Faradaic conditions, and the observed CO, reduction activity at the first potential, which
requires Cl loss. Using 1.1 equiv of chemical reductant instead of an applied potential furnishes
no infrared transitions consistent with a dimer product (see S3.SI, pp 158). Adjusting the potential
to the second reduction (ca. —0.32 V vs Fc/Fc ", blue spectrum) yields transitions (1993, 1887, 1861

cm ') that are ascribed to [Re(BI-Pyrm)(CO);] .

0.0V
2022 ReCl(BI-Pyrm)(CO),
k 1926 1899
1.92V
[Re(BI-Pyrm)(CO),]°
k jw
232V
[Re(BI-Pyrm)(CO),1~
1861
1993 1887
2050 2000 1950 1900 1850 1800 1750

Figure 3.5.B: Infrared spectra of ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO);
(3.2) at controlled potentials under N, in dry MeCN with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) supporting electrolyte. The x axis is energy (cm '), and the y axis
is absorbance.
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CONCLUSIONS

The iterative optimization of Re(I) electrocatalysts for CO, conversion requires the
development of ligands that are highly amenable to synthetic modification. As a proof-of-concept,
two alkyl-NHC-aryl motifs based on benzimidazole coupled to either pyridine or pyrimidine were
utilized as bidentate ligands within Re(I)-tricarbonyl complexes: ReCl(N-methyl-N'-2-
pyridylbenzimidazol-2-ylidine)(CO); (1) and ReCIl(N-methyl-N'-2-pyrimidylbenzimidazol-2-
ylidine)(CO); (2). The increased m-acidity of the pyrimidyl unit in 2 compared to the pyridyl
moiety in 1 yields a lower LUMO energy, inducing a red-shifted emission (+55 nm) and
modulating the first and second reduction potentials to more positive voltages (by 140 and 120
mV, respectively).

The cyclic voltammogram of 3.1 shows similar features to ReCl(bpy)(CO)s; when scanning
to negative potentials, namely, two sharp one-electron-reduction waves spaced by hundreds of
millivolts. Comparable features to MnBr(bpy)(CO)s are observed on the return sweep, including
a substantial current density for dimer oxidation. For complex 3.2, scanning to negative potentials
yields two irreversible one-electron reduction waves, the first displaying a significantly higher
current density than the second, which resembles the response of MnBr(bpy)(CO)s, although no
metal-metal dimer formation is observed. On the preparative scale, compounds 3.1 and 3.2 are
capable of mediating CO; reduction to CO after loading only one electron (Faradaic efficiency >
60%). Minor H; (ca. 20%) and HCO,H (<5%) production is also observed. Future work will

consider ligand modifications to tune the product specificity.
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EXPERIMENTAL METHODS

General

All reagents were obtained from commercial suppliers and used as received unless otherwise
noted. Reactions were performed using standard Schlenk-line techniques under an atmosphere of
argon. All synthetic manipulations were performed under red light to minimize
photodecomposition. Toluene was dried prior to use by distilling it from Na/benzophenone. 'H
NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer, and °C NMR
spectra were recorded on an Agilent DD2 600 MHz spectrometer. NMR chemical shifts were
referenced to the residual protio signal of the deuterated solvent. FTIR spectra were recorded on a

ThermoNicolet 6700 spectrophotometer running OMNIC software.

Cyclic Voltammetry

Cyclic voltammetry experiments were performed using a CH Instruments 601E potentiostat
(Austin, TX) and recorded in a three-neck, single-compartment cell with Ace #7 joints. A 3 mm
diameter glassy carbon disc (BASi) was utilized as the working electrode. The counter electrode
was a platinum wire, and the reference electrode was a silver/silver chloride (Ag/AgCl) electrode
separated from solution by a Teflon tip. The supporting electrolyte was composed of MeCN and
0.1 M tetrabutylammonium perchlorate (TBAP). Preparation of the electrolyte was as follows.
First, HPLC-grade MeCN was dried over activated 4 A sieves for 48 h and then stored under argon.
TBAP was synthesized from the dropwise addition of perchloric acid into an equimolar amount of
tetrabutylammonium bromide in water, then recrystallized three times from ethyl acetate/hexanes
before drying under vacuum. After loading the TBAP into dry MeCN, the solution was passed

over activated neutral alumina under argon. The electrolyte was purged with either Ar or CO,
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before CVs were recorded and stirred between successive experiments. Voltammetry was
referenced to an internal ferrocene standard (Fc/Fc'), and compounds were loaded at a

concentration of 1 mM.

Bulk Electrolysis

Bulk electrolyses were performed in a custom-threaded glass jar from Chemglass fitted with a
custom PEEK (polyether ether ketone) top. The top contained ports for venting, the counter
electrode (Pt wire) via a fritted glass insert, the working electrode (graphite rod), pseudoreference
electrode (Ag/AgCl behind CoralPor), and a septum for sampling the headspace. The system was
sealed with a combination of o-rings, Teflon tape, and electrical tape and tested for airtightness
before each run. For an individual run the jar was charged with a known amount of catalyst, known
amount of PhOH (0.5 M), stir bar, and an electrolyte solution (0.1 M TBAPF¢/MeCN) before being
sparged to saturation with CO,. To prevent polymerization of PhOH on the counter electrode, 0.1
M Fc was added to the electrolyte solution as a sacrificial oxidant. After a run was completed, the
headspace was sampled via airtight syringe and characterized by GC; Faradaic efficiencies were
determined using a calibration curve. A turnover for this system is based on two electron
equivalents being passed for every catalyst molecule in solution; for every mole of catalyst two
electrons are passed to achieve one turnover. Formic acid was detected by 'H NMR. Specifically,
5 mL of the reactant solution was removed after electrolysis and combined with 1 mL of D,O
before adding DCM to yield a biphasic solution (total volume approximately 25 mL) that was
examined with "H NMR (400 MHz Varian; 128 scans). Formic acid standards were established by

preparing MeCN solutions (5 mL; 0.1 M TBAPF¢) with known concentrations, followed by the
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aforementioned workup. A linear fit of integrated formic acid resonances was used to determine

the concentration in unknown samples.

Synthesis

Preparation of [V-Methyl-N’-2-pyridylbenzimidazolium]" PFs (L3.1).

Under an atmosphere of argon, a flask was charged with benzimidazole (10.00 g, 84.6 mmol),
potassium carbonate (7.79 g, 56.4 mmol), and 2-bromopyridine (2.74 mL, 28.6 mmol). The
reaction mixture was stirred at 200 °C for 18 h and then allowed to cool to room temperature. The
resulting solution was diluted with water (200 mL) and extracted with DCM (3 % 200 mL). The
combined organic extracts were washed with saturated Na,CO; (3 x 200 mL) and brine (200 mL)
and then dried over anhydrous MgSO, before filtration to remove the drying agent. Concentration
under reduced pressure using a rotary evaporator gave N,N'-2-pyridylbenzimidazole as a light red
oil (5.45 g, 96%). This intermediate (2.70 g, 13.8 mmol) was then dissolved in 100 mL of CH3CN
under an argon atmosphere. lodomethane (0.95 mL, 15.2 mmol) was added, and the reaction
mixture was stirred at reflux overnight (11 h). After cooling to room temperature, the mixture was
concentrated under reduced pressure using a rotary evaporator to afford a yellow solid. Subsequent
recrystallization from CH3CN/Et,0 gave a white solid, [N-methyl, N'-2-pyridylbenzimidazolium]"
I', that was collected by vacuum filtration (4.30 g, 92%). Finally, the 1odo salt (1.00 g, 3.0 mmol)
was dissolved in 50 mL of water and stirred for 5 min before adding ammonium
hexafluorophosphate (0.58 g, 3.6 mmol). The reaction mixture was stirred at room temperature for
30 min (a precipitate forms immediately). The desired product, [N-methyl-N'-2-
pyridylbenzimidazolium]™ PFs, was collected as a white precipitate via vacuum filtration and

dried in vacuo (1.05 g, 99%). 'H NMR (DMSO-de, 20 °C): 5 10.47 (1H, s), 8.79 (1H, d, J= 4 Hz),
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8.49-8.47 (1H, m), 8.30-8.28 (1H, m), 8.16-8.14 (1H, m), 8.03 (1H, d, /= 8 Hz), 7.82-7.77 (2H,
m), 7.74-7.71 (1H, m), 4.20 (3H, s).

Preparation of [V-Methyl-N’-2-pyrimidylbenzimidazolium]" PF¢ (L3.2).

Under an atmosphere of argon, a flask was charged with benzimidazole (5.00 g, 42.3 mmol),
potassium carbonate (3.90 g, 28.2 mmol), and 2-chloropyrimidine (1.62 g, 14.1 mmol). The
reaction mixture was stirred at 200 °C for 18 h and then allowed to cool to room temperature. The
resulting solution was diluted with water (200 mL) and extracted with DCM (3 % 200 mL). The
combined organic extracts were washed with saturated Na,CO; (3 x 200 mL) and brine (200 mL)
and then dried over anhydrous MgSO, before filtration to remove the drying agent. Concentration
under reduced pressure using a rotary evaporator gave N,N'-2-pyrimidylbenzimidazole as an off-
white solid (2.00 g, 72%). This intermediate (1.00 g, 5.1 mmol) was then dissolved in 50 mL of
CH3CN under an argon atmosphere. lodomethane (1.59 mL, 25.5 mmol) was added, and the
reaction mixture was stirred at reflux overnight (11 h). After cooling to room temperature, the
mixture was concentrated under reduced pressure using a rotary evaporator. Subsequent
recrystallization from CH;CN/Et;0 gave a pale-yellow solid, [N-methyl,N'-2-
pyrimidylbenzimidazolium]" I, that was collected by vacuum filtration (1.60 g, 93%). Finally, the
1odo salt (1.50 g, 4.4 mmol) was dissolved in 100 mL of a 1:1 H;O/MeOH solution and stirred for
5 min before adding ammonium hexafluorophosphate (0.87 g, 5.3 mmol). The reaction mixture
was stirred at room temperature for 30 min (a precipitate forms immediately). The desired product,
[N-methyl-N'-2-pyrimidylbenzimidazolium]™ PFs, was collected as a white precipitate via
vacuum filtration and dried in vacuo (1.35 g, 85%). '"H NMR (DMSO-de, 20 °C): § 10.72 (1H, s),
9.15 (2H, d, /=4 Hz), 8.85-8.83 (1H, m), 8.15-8.13 (1H, m), 7.86-7.78 (3H, m), 4.24 (3H, s).

Preparation of ReCl(/V-methyl-/V'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).
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[N-methyl-N'-2-pyridylbenzimidazolium]" PFs (0.40 g, 1.1 mmol), ReCI(CO)s (0.51 g, 1.4 mmol)
and potassium carbonate (0.47 g, 3.4 mmol) were suspended in 25 mL of toluene and sparged with
argon for 30 min. The reaction mixture was then heated to reflux under argon for 24 h. After
cooling to room temperature, Et;O (50 mL), hexanes (50 mL), and water (25 mL) were added
before stirring for 30 min to afford a pale yellow precipitate, the product, which was isolated by
vacuum filtration, washed with Et,O (3 x 25 mL), and dried in vacuo (0.52 g, 89%). IR vco (ATR,
cm'): 2014 (s), 1883 (s). '"H NMR (DMSO-ds, 20 °C): § 8.97 (1H, d, J =4 Hz), 8.64 (1H, d, J =
8 Hz), 8.48-8.46 (1H, m), 8.38-8.34 (1H, m), 7.95-7.92 (1H, m), 7.65-7.54 (3H, m), 4.20 (3H,
s). C NMR (DMSO-ds, 25 °C): 8 201.46, 198.78, 197.88, 188.74, 153.92, 153.22, 142.60, 135.32,
130.32, 125.44, 125.41, 123.71, 113.98, 113.10, 112.74, 34.95.

Preparation of ReCl(/N-methyl-/NV'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2).
[N-methyl-N'-2-pyrimidylbenzimidazolium]™ PFs~ (0.40 g, 1.1 mmol), ReCl(CO)s (0.51 g, 1.4
mmol), and potassium carbonate (0.47 g, 3.4 mmol) were suspended in 25 mL of toluene and
sparged with argon for 30 min. The reaction mixture was then heated to reflux under argon for 24
h. After cooling to room temperature, Et;O (50 mL), hexanes (50 mL), and water (25 mL) were
added before stirring for 30 min to afford a yellow precipitate, which was isolated by vacuum
filtration and washed with Et;0O (3 x 25 mL). Subsequent purification with column
chromatography (silica gel, DCM:acetone, gradient 0-10%) and recrystallization from
acetone/Et,O afforded the product as a bright yellow solid (0.25 g, 43%). IR vco (ATR, cm™):
2014 (s), 1879 (s). "H NMR (DMSO-ds, 20 °C): & 9.30-9.28 (1H, m), 9.23-9.22 (1H, m), 8.64—
8.61 (1H, m), 7.93-7.91 (1H, m), 7.66-7.62 (3H, m), 4.20 (3H, s). °C NMR (DMSO-ds, 25 °C):

0 199.58, 198.44, 197.18, 188.11, 162.85, 161.11, 159.14, 135.26, 130.71, 125.90, 125.67, 120.03,
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THEORETICAL METHODS

Density functional theory (DFT) computations were executed with Orca 3.0.3,** and the B3LYP
functional was utilized for all computations.**” The Los Alamos LANLOS basis set was used
describe all “heavy” atoms, including Mn and Re (LANLOS8F) along with Br and Cl
(LANLOSD).®™ These basis sets include an effective core potential to describe electrons close to
the nucleus.®” Conversely, the “light” atoms (H, C, N, and O) were described with the def2-
TZVP basis set.”® All computations included implicit solvent using the Conductor Like
Screening Model (COSMO)®! with the default values for acetonitrile (€ = 36.6). Optimized
structures were confirmed with vibrational analysis, and Lowdin population analysis’* was

employed to understand the nature of the optimized molecular orbitals.
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S3. SUPPORTING INFORMATION
$3.1 SELECTED SPECTRA
$3.1.1 "H NMR of [N-methyl-N"-2-pyridylbenzimidazolium]" PFs~ (L3.1).

Temperature: 20 °C
Solvent: DMSO-djg
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Note: The peak at 3.34 ppm is assigned to water, and the peak at 2.50 ppm to dimethyl sulfoxide.
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$3.1.2 'H NMR of [N-methyl-N"-2-pyrimidylbenzimidazolium]* PF¢ (L3.2).

Temperature: 20 °C
Solvent: DMSO-dj
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$3.1.3 'H NMR of ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Temperature: 20 °C
Solvent: DMSO-djg
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Note: The peak at 3.33 ppm is assigned to water, and the peak at 2.50 ppm to dimethyl sulfoxide.

151



$3.1.4 *C NMR of ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Temperature: 25 °C
Solvent: DMSO-dj
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S3.1.5 FTIR of ReCl(/N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Method: ATR
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$3.1.6 "H NMR of ReCI(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2).

Temperature: 20 °C
Solvent: DMSO-dj

o
«
<
OODOVMMAN N
OOANNNNN
DO OO O TOMON
=\ =— ©Q®Q©ooo
‘ 00 00 00 00 O —000O0
| nuwu s <
@
]
(]
T T T T T T T T T T T T T T
9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 78 76 7.4 7.2
1 (ppm)
OO MMANN
OONNNNNN o
OO QBB ©©
00 00 0O 00 O
Iy
|
M A \. \

6.0 55
1 (ppm)

Note: The peak at 3.33 ppm is assigned to water, the peak at 2.50 ppm to dimethyl sulfoxide, and
the peak at roughly 2.1 ppm to acetone.

154



$3.1.7 *C NMR of ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.1).

Temperature: 25 °C
Solvent: DMSO-djg
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S3.1.8 FTIR of ReCl(/N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.1).

Method: ATR
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S3.2 DATA FROM CHEMICAL REDUCTION

$3.2.1 ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Atmosphere: Argon
Solvent: THF

0.12 T T 1 I

0.10

0.08

1947

0.06

I
1989

Absorbance
1913

0.04

0.00 “‘j/\\‘)

2017

- 1.1 eq KCq
- 2.5 eq KCq

1809

1900 1850

Energy (cm™!)

2050 2000 1950

Note: A 3 mM aliquot of 18-crown-6 was added for the 2.5 eq trial.
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$3.2.2 ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2).

Atmosphere: Argon
Solvent: THF

0.08 T T T T T

- 1.1 eq KCq
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Note: A 3 mM aliquot of 18-crown-6 was added for the 2.5 eq trial.
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S3.3 DATA FROM CONTROLLED-POTENTIAL INFRARED
SPECTROELECTROCHEMISTRY

$3.3.1 ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Atmosphere: CO,

Solvent: CH3CN with 0.5 M PhOH
Electrolyte: 0.1 M TBAPF;
Sample Concentration: 3.4 mmol

0-5 1 1 I I I

= Resting
= ca.-2.2Vvs. Fc/Fc™ (10 min.)

0.4

0.3

0.2}
O.lM—-}
0.0 .

-0.1} -

Absorbance

—0.2} -

—0.3} -

2000 1900 1800 1700 1600
Energy (cm™1)

Note: Spectra are solvent subtracted such that negative absorbance indicates species consumption.
PhOH (1654 and 1587 cm™); PhO (1587 cm™); and H,O (1654 cm™). Assignments from Inorg.
Chem. 2015, 54, 8849-8853.
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$3.3.2 ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2).

Atmosphere: CO,

Solvent: CH3CN with 0.5 M PhOH
Electrolyte: 0.1 M TBAPFg
Sample Concentration: 2.5 mmol

0.20 . T T T T

= Resting
= ca.-2.2Vvs. Fc/Fc™ (10 min.)

0.15

0.10

0.05

Absorbance

0.00

—0.05

—0.10

2000 1900 1800 1700 1600
Energy (cm™1)

Note: Spectra are solvent subtracted such that negative absorbance indicates species consumption.
PhOH (1654 and 1587 cm™); PhO (1587 cm™); and H,O (1654 cm™). Assignments from Inorg.
Chem. 2015, 54, 8849-8853.
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S3.4 DATA FROM TITRATIONS WITH TETRABUTYLAMMONIUM CHLORIDE
(TBACI)

$3.4.1 ReCl(N-methyl-N'-2-pyridylbenzimidazol-2-ylidine)(CO); (3.1).

Atmosphere: Ar

Solvent: CH;CN

Electrolyte: 0.1 M TBAPFs
Sample Concentration: 0.5 mmol

21e_4 I I I I

Current Density (A cm™2)

= 0 mM, 100 mV/s
5 mM, 100 mV/s
-6 = 50 mM, 100 mV/s

-2.5 -2.0 -1.5 -1.0 -0.5
Potential (V vs. Fc/Fc™)
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$3.4.2 ReCl(N-methyl-N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (3.2).

Atmosphere: Ar

Solvent: CH;CN

Electrolyte: 0.1 M TBAPF
Sample Concentration: 0.5 mmol
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CHAPTER 4
MANGANESE(I)-NHC ELECTROCATALYSTS: INCREASING ® ACIDITY LOWERS

THE REDUCTION POTENTIAL AND INCREASES THE TOURNOVER FREQUNCY

FOR CO; REDUCTION?

? Stanton III, C. J.; Vandezande, J. E.; Majetich, G. F.; Schaefer III, H. F.; Agarwal, J., Mn-NHC

Electrocatalysts: Increasing m Acidity Lowers the Reduction Potential and Increases the

Turnover Frequency for CO, Reduction. /norganic Chemistry 2016, 55 (19), 9509-9512.
Reprinted here with permission of the publisher.
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ABSTRACT

A new manganese(I) N-heterocyclic carbene electrocatalyst containing a benzimidazole
pyrimidine-based ligand is reported for the two-electron conversion of CO,. The increased ©
acidity of pyrimidine shifts the two-electron reduction to —1.77 V vs Fc/Fc¢”, 70 mV more positive
than that for MnBr(2,2'-bipyridine)(CO)s; increased catalytic current enhancement is also
observed (5.2x vs 2.1x). Theoretical analyses suggest that this heightened activity may follow

from the preference for a reduction-first dehydroxylation mechanism.

INTRODUCTION

Manganese and rhenium tricarbonyl complexes containing NHC-aryl ligands (NHC = N-
heterocyclic carbene) have recently emerged as capable catalysts for mediating the two-electron
reduction of CO,.'"” These compounds hold promise because the redox-active, NHC-aryl
backbone may be built modularly, permitting iterative optimization. For example, NHC precursors
(e.g., imidazole) may be combined with a myriad of commercially available heteroaryl
compounds® to tune the electronic structure of the final complex. One strategy that has been
employed by our group” * is to increase the m acidity of the NHC-aryl ligand in order to reduce
the catalyst overpotential. In principle, this may be achieved by (i) extending the © framework of
the NHC, such as through benzoannulation," ” (ii) utilizing m-acidic heteroaryl moieties (e.g.,
azines),**? or, (iii) employing electron-withdrawing groups.” > '° Indeed, the latter approach has
been used to tune related iron porphyrin systems.'' "
From the standpoint of rational design, the merit in adjusting the w acidity follows from the

electronic structure of group-VII NHC compounds. Specifically, for Re-NHC electrocatalysts, the

composition of the lowest unoccupied molecular orbital (LUMO) is largely comprised of the
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lowest-lying ©* molecular orbital of the redox-active ligand—over 80%.* Lowering the energy of
the LUMO directly affects the reduction potential because less electromotive force is required to
move the Fermi level of the electrode above this unoccupied state.'* As such, modulating the
energy of the m* orbitals within the NHC—aryl framework translates into a change in the
overpotential.

Previously, we reported two manganese(l) electrocatalysts with NHC-aryl ligands
constructed from pyridine and either imidazole or benzimidazole; a decrease in the overpotential
of 110 mV was realized after benzoannulation.' Aligned with our recent work with rhenium,*
pyrimidine is utilized in this research. Note that, compared to pyridine, the ©* molecular orbital
energies of pyrimidine are reduced as a result of nitrogen-atom substitution because nitrogen is
more electronegative and possesses lower-energy valence orbitals.® '> This effect, relative to
benzene, is illustrated in Figure 4.1. We report here that, compared to a benzimidazole—pyridine
based catalyst, MnBr(N-ethyl-N'-2-pyridylbenzimidazol-2-ylidene)(CO); (4.1),” the pyrimidine
analogue, MnBr(N-ethyl-N'-2-pyrimidylbenzimidazol-2-ylidene)(CO); (4.2), displays a 160 mV

lower overpotential and a ca. 3% greater catalytic current enhancement (vide infra).
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Figure 4.1: Select Molecular Orbitals (Ordered by Energy) For the Listed Compounds From
B3LYP/def2-TZVP Computations.
RESULTS AND DISCUSSION

Compound 4.2 was constructed from MnBr(CO)s and  N-ethyl-N'-2-
pyrimidylbenzimidazol-2-ylidene (37% yield) and verified with 'H and *C NMR and Fourier-
transform infrared spectroscopies (see S4.SI, pp 182-185). Single crystals suitable for X-ray
analysis were grown from the slow diffusion of hexanes into a solution of 2 in dichloromethane
(Figure 4.2). The resolved structure shows one axial and two equatorial carbonyl ligands,
consistent with the expected facial arrangement. Using theory (BP86/def2-TZVP), we predict that
the LUMO energy of complex 4.2 lies 4.2 kcal mol™' lower than that of 4.1, aligned with the

aforementioned discussion.
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Figure 4.2: X-ray Crystal Structure of 4.2 with Ellipsoids Set at the 50% Probability Level.

Cyclic voltammograms of Mn(I)-complexes 4.1 and 4.2 recorded under argon in dry
acetonitrile (MeCN) with 0.1 M tetrabutylammonium perchlorate (TBAP) supporting electrolyte
are shown in figures 4.3 (complex 4.1) and 4.4 (complex 4.2). At 100 mV s, 4.1 displays a single
reduction wave at —1.93 V vs Fc/Fc¢™ (Fc = ferrocene) (Figure 4.3). This feature was previously
assigned as a two-electron process that furnishes an anion lacking the axial bromide, [Mn(Et-BI-
Py)(CO);]".! To confirm that two electrons are passed at this potential, we recorded additional
voltammograms using a rotating-disk electrode (100—2500 rpm) and a microelectrode (»= 6.5 um);
see figure 4.5. The number of electrons (n) and diffusion coefficient (D) were calculated via the
simultaneous solution of the Levich equation and the equation for limiting current (i) at a
microelectrode.'® '® The values for #n and D were determined to be 2.04 and 1.09 x 10~ cm? sfl,

respectively confirming a two-electron process.
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Figure 4.3: CV of 4.1 in MeCN with 0.1 M TBAP Supporting Electrolyte and Recorded Under
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Figure 4.4: CV of 4.2 in MeCN with 0.1 M TBAP supporting electrolyte and recorded under Ar
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Figure 4.5: Rotating-disk voltammogram for 4.1 recorded at 10 mV s under argon in dry MeCN
with 0.1 M TBAP supporting electrolyte. Inset: Cyclic voltammogram recorded at 50 mV s~ with
a microelectrode (» = 6.5 um).

On the return sweep, two oxidative waves appear: one at —1.59 V vs Fc/Fc', which we
assign to the one-electron oxidation of [Mn(Et-BI-Py)(CO);] to [Mn(Et-BI-Py)(CO);]", and
another at —0.49 V vs Fc/Fc', which we ascribe to the oxidation of [Mn(Et-BI-Py)(CO);3]5, a small
quantity of which forms due to the dimerization of [Mn(Et-BI-Py)(CO);]". Both of the present
assignments were assisted by consideration of prior analysis.'” '®

Complex 4.2 displays two reduction features that appear at —1.77 and —2.08 V vs Fc/Fc"
while scanning at 100 mV s~ (Figure 4.4). Aligned with the increased m acidity of pyrimidine, the
first reduction wave for 4.2 is shifted positively by 160 mV relative to 4.1 and is 70 mV more
positive than the second electron reduction for MnBr(bpy)(CO);, where bpy = 2,2'-bipyridine.

Similar to 4.1, the first reduction is a two-electron feature (D = 2.06 x 10°° cm? s™'). We ascribe

the second wave to the reduction of a limited quantity of dimer that forms at the first reduction.'
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Two oxidative waves appear on the return sweep at —1.50 and —0.39 V vs Fc/Fc'. These features
are assigned as the same processes for 4.1: one-electron oxidation of [Mn(Et-BI-Pyrm)(CO);] and
[Mn(Et-BI-Pyrm)(CO)s],, respectively.

Under CO,; saturation with added Brensted acid (5% H,0), 4.1 exhibits a 1.7x current
enhancement at the potential of the first reduction relative to argon saturation (Figure 4.6).
Compound 4.2 (Figure 4.8) displays a 5.2x enhancement under the same conditions, which is triple
that of 1 and over double that observed for MnBr(bpy)(CO); (2.1%; see S4.SI, pp 186). Using a

published expression for the turnover frequency (TOF),'”

we estimated TOF values for 1, 2, and
MnBr(bpy)(CO); as 4.5, 42.0, and 0.9 s, respectively, noting the peak shape of the

voltammograms in Figures 4.7 and 4.8.
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Q
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U .
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—-1.2} - CO, | |
-2.0 -1.5 -1.0 -0.5

Potential (V vs. Fc/Fct)
Figure 4.6: CV of 4.1 recorded at 100 mV s under argon (black) and CO; (red) in wet (5% H,0)

MeCN. In the case of argon, added water was pH-adjusted to 3.7 with perchloric acid to match the
pH under CO,. Compound was loaded at a concentration of 1 mM.
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On the preparative scale (Table 4.1), we find that MnBr(bpy)(CO)s displays a 73%
Faradaic efficiency (FE) for CO production after passing 35 C (TON = 4) at ca. —1.75 V versus
Ag/AgCl; compound 4.2 yielded an efficiency of 72%. In our laboratory, 4.1 utilized little charge
beyond 20 C (FEco = 48%), but MnBr(bpy)(CO); and 4.2 were capable of mediating catalysis
beyond four turnovers with a diminishing rate of electron consumption. The quantification of H,
was precluded by our choice of IR as a detection source, but H, formation could account for some

of the Faradaic current. No additional carbon products were observed by NMR.

Table 4.1. Summary of Voltammetry and Electrolysis Data®

Complex E, (V) icat/Tp FEco 0(©)
4.1" -1.93 1.7 48% 20
42 -1.77 5.2 72% 35
MnBr(bpy)(CO);"" —1.84* 2.1 73% 35

“Potentials referenced to Fc/Fc'; see the text for voltammetry conditions. CO production was
determined by analyzing a 1 mL aliquot of the headspace after electrolysis with a long-path IR cell
and then comparing it to a linear calibration curve of IR absorbances; a two-electron conversion is
assumed for Faradaic efficiency calculations. Electrolyses were conducted at ca. —1.75 V vs
Ag/AgCl.

To begin understanding the increased TOF observed for 4.2 relative to 4.1, putative
intermediates for both species were examined with theory. Prior theoretical work has established
that, for MnBr(bpy)(CO);, heterolytic C-O bond fission in a Mn(bpy)(CO);COOH
hydroxycarbonyl intermediate is the rate-determining step for CO product formation.” *'** Bond
cleavage may occur in Mn(bpy)(CO);COOH or in the singly reduced analogue
[Mn(bpy)(CO);COOH]" provided that a sufficiently negative potential is applied. Importantly, the

activation energy for dehydroxylation is lower in the singly reduced intermediate.” '
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With regard to 1 and 2, relevant intermediates for the aforementioned transformations are
shown in Scheme 4.1 and include a “protonation-first” pathway (4.1-COOH to [4.1-CO]" or 4.2-
COOH to [4.2-CO]") and a “reduction-first” pathway ([4.1-COOH]" to [4.1-CO]’ or [4.2-
COOH]" to [4.2-COJ). Lam et al. previously suggested that increasing the & acidity of bipyridine
with nitrogen embedding, i.e., using bipyrimidine (bpyrm), yields a hydroxycarbonyl intermediate
with a significantly diminished reduction potential. As a result, the faster, reduction-first pathway

through [Mn(bpyrm)(CO);COOH]", may be favored, yielding an increased TOF.’

OSC __OH
N +
4.1-COOH (Y = C-H) @E)N! .Co +H
4.2-COOH (Y = N) ynr ‘n‘co o
L
CO
|+e'
\
OSC/ on @ @ ]
oo 7N, | co TN, | co  mrcor
' o Mn e ,Mn\ [4.2-CO]
2N ~co >N | Yo
CO cO
+e

yco |°

+ N
+H @E)“"MI ,\\CO [41'00] °
I n i
-H,0 Y“SN” ‘ ~co [4.2-C0l
'\?
CO

Scheme 4.1: Proposed Intermediates for C—O Bond Fission. See References 9, 21, 22
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With theory, we predict that the reduction potential for 4.2-COOH is shifted 260 mV
positive relative to 4.2-COOH. Furthermore, for 4.1 and 4.2, the diabatic bond dissociation
energies (BDEs)® for Mn—C(O)-OH separation are predicted to lower dramatically for the
reduction-first pathway relative to the protonation-first mechanism: 71.3 and 72.4 kcal mol™ for
4.1-COOH and 4.2-COOH vs 29.8 and 36.9 kcal mol™ for [4.1-COOH] "~ and [4.1-COOH] .

Under experimental conditions, the ability for 4.1 or 4.2 to convert CO, via the faster
reduction first pathway depends on the reduction potential of the hydroxycarbonyl intermediate
relative to the two-electron-reduction potential of the starting species. Given that the change in £,
1s +160 mV (from 4.1 to 4.2) and the predicted shift for 4.1-COOH to 4.2-COOH is +260 mV,
[4.2-COOH]" should form faster than [4.1-COOH]" in solution. Taken together with our
experimental observations, we tentatively suggest that 4.2 proceeds predominantly through the
reduction-first pathway, while the rate of conversion for 4.1 is limited by the higher C—O BDE in
the protonation first mechanism. Additional analyses, such as microkinetic simulations, are needed

to bolster this postulation®" ** but are beyond the scope of this Communication.

CONCLUSIONS

In this research, we examined variation of the ligand & acidity as a tool for modulating the
electronic properties of CO,-reduction catalysts with NHC-based ligands. A new manganese(I)
catalyst, 4.2, is described that contains a NHC-aryl ligand built from benzimidazole and
pyrimidine. This species possesses a lower LUMO energy relative to the previously reported
pyridine analogue, shifting the two-electron reduction potential positive by 160 mV. Compared to
MnBr(2,2'-bipyridine)(CO)s, the reduction potential is 70 mV more positive, and over double the

catalytic current enhancement is observed (5.2% vs 2.1x); nearly equal Faradaic efficiencies were
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recorded on the preparative scale. Predicted reduction potentials for putative hydroxycarbonyl
intermediates using theory suggest a 260 mV positive shift for pyrimidine, 100 mV more positive
than the change in E,,. The improved current enhancement is tentatively suggested to result from
the ability of the new pyrimidine catalyst to better access a reduction-first dihydroxylation

pathway.

EXPERIMENTAL METHODS

General

All reagents were obtained from commercial suppliers and used as received unless otherwise
noted. Reactions were performed using standard Schlenk-line techniques under an atmosphere of
argon with minimal exposure to laboratory light. '"H NMR spectra were recorded on a Varian
Mercury Plus 400 MHz spectrometer and °C NMR spectra were recorded on an Agilent DD2 600
MHz spectrometer. NMR chemical shifts were referenced to the residual protio signal of the
deuterated solvent. FTIR spectra were recorded on a Thermo Nicolet iS10 spectrophotometer using

either a silicon ATR crystal or a 2.4-meter multi-pass gas cell.

Voltammetry

All voltammetry was performed with a CH Instruments 601E potentiostat (Austin, TX). Cyclic
voltammetry measurements were recorded in a three-neck, single-compartment glass cell with Ace
#7 joints. A 3 mm diameter glassy carbon electrode (BASi) was utilized as the working electrode.
A 13 um glassy carbon electrode (BASi) was employed for microelectrode experiments. For all
measurements, the counter electrode was a platinum wire and the reference electrode was a

silver/silver chloride (Ag/AgCl) electrode separated from solution by a Teflon tip. The supporting
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electrolyte was composed of 0.1 M tetrabutylammonium perchlorate (TBAP) dissolved in dry
MeCN." The electrolyte was purged with either Ar or CO, before data were recorded. Cyclic
voltammetry measurements were referenced to an internal ferrocene standard (Fc/Fc'), and
compounds were loaded at a concentration of 1 mM. Rotating disk experiments were conducted
with a 3 mm diameter glassy carbon electrode (Pine) in an 100 mL three-necked with
approximately 80 mL of electrolyte. For these experiments, compounds were loaded at a

concentration of 2 mM.

Preparative-Scale Electrolyses
Preparative-scale electrolyses were conducted in a custom glass H-cell (approx. 80 mL) with Ace

#7 and GL14 joints (Adams & Chittenden, see below).

A glassy carbon rod (6 mm diameter, Alfa Aesar) was used as the working electrode. The counter
electrode was a platinum wire and the reference electrode was a silver/silver chloride (Ag/AgCl)

electrode separated from solution by a Teflon tip. The supporting electrolyte was composed of

175



0.1M tetrabutylammonium perchlorate (TBAP) dissolved in MeCN with 5 % H»O. All electrolyses
were performed with vigorous stirring. At the completion of a run, 1 mL of headspace was sampled
with a gas-tight syringe (Hamilton), diluted with CO2, then injected into an evacuated 100 mL
long-path (2.4 m) infrared gas cell (Pike). Faradaic efficiencies for CO formation were
subsequently calculated from a linear fit (R* = 0.995) of infrared absorbances from known CO

volumes (see below).

0.035 . : : , . . .
® @ 05uLCO
0.030} ® @ 1.0uLCO| |
) O O 1.5uLCO
® @ 2.0uLCO
0.025} ® @ 25uLCo|
® @ 3.0uLCO
S @ @ 3.5uLCO
S 0.020F © @ 4.0uLCO| ]
-e O Q
§0.015— .0°. o 00.00.. |
< 08 ® ® 35
o. o $ Q
Q
0.010f .. m" 2911 ¢ b & JOR 4. PPPP P 00 2
0 005 ® ®
2200 2180 2160 2140 2120 2100 2080
Energy (cm™)
Synthesis

Preparation of [V-ethyl-V’-2-pyrimidylbenzimidazolium]" Br™ (L4.2).
1. Coupling Benzimidazole and 2-Chloropyrimidine:
Under an atmosphere of argon, a ask was charged with benzimidazole (5.00 g, 42.3 mmol),

potassium carbonate (3.90 g, 28.2 mmol), and 2-chloropyrimidine (1.62 g, 14.1 mmol). The
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reaction mixture was stirred at 160 °C for 18 hours, then allowed to cool to room temperature. The
resulting solution was diluted with DCM (200 mL) and washed with H,O (200 mL). The aqueous
layer was then extracted with additional DCM (2 x 100 mL), and the combined organic extracts
were washed with 10% NaOH until benzimidazole did not appear by TLC (3 x 100 mL). The
organic extract was then washed with brine (200 mL) and dried over anhydrous MgSO4, before
filtration to remove the drying agent. Concentration under reduced pressure using a rotary
evaporator gave N,N'-2-pyrimidylbenzimidazole as an off-white solid (2.00 g, 72%).

ii. Ethylating N,N'-2-pyrimidylbenzimidazolium:

The N,N'-2-pyrimidylbenzimidazole (1.50 g, 7.6 mmol) intermediate was dissolved in 40.0 mL of
CH3CN under an argon atmosphere. Bromoethane (5.70 mL, 76.5 mmol) was added and the
reaction was stirred at 100 °C in a sealed tube for 48 h. After cooling to room temperature, the
mixture was concentrated under reduced pressure using a rotary evaporator to afford an off-white
solid. Subsequent recrystallization from CH3;CN/Et,O gave an off-white solid, [N-ethyl-N'-2-
pyrimidylbenzimidazolium]" Br-, that was collected by vacuum filtration (2.10 g, 90%). '"H NMR
(DMSO-dg, 20 °C): 6 10.73 (1H, s), 9.16 (2H, d, J=4Hz), 8.87-8.84 (1H, m), 8.26-8.23 (1H, m),
7.85-7.80 (3H, m), 4.73 (2H, q, J=8Hz), 1.60 (3H, t, J=8Hz).

Preparation of MnBr(/NV-ethyl- N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (4.2).
MnBr(CO)s (0.56 g, 2.1 mmol) and [N-ethyl- N’-2-pyrimidylbenzimidazolium] Br~ (0.50 g, 1.6
mmol) were suspended in 25 mL of THF and sparged with argon for 30 minutes. Potassium #-
butoxide (0.23 g, 2.1 mmol) was added to the stirring mixture, which was then heated at 60 °C
under argon for 15 h. After cooling to room temperature, THF was removed under reduced
pressure using a rotary evaporator. The resulting solid residue was triturated with Et,O to remove

unreacted MnBr(CO)s. Afterwards, the crude product was purified by column chromatography
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(silica gel; gradient, 100% DCM to 95% DCM/5% acetone) and recrystallization (acetone/Et,O)
to afford the product as a bright yellow-orange solid (0.27 g, 37%). IR vco (ATR, cm™): 2017,
1930, 1889. "H NMR (DMSO-ds, 20 °C): & 9.37-9.35 (1H, m), 9.12-9.10 (1H, m), 8.58 (1H, d, J
=4Hz), 7.98 (1H, d, J = 4Hz), 7.62-7.57 (3H, m), 4.81(2H, q, J = 8Hz), 1.61 (3H, t, J = 8Hz). °C
NMR (DMSO-dg, 25 °C): 6 225.18, 220.59, 217.08, 214.62, 163.66, 160.65, 158.99, 135.98,

131.15, 125.84, 125.50, 119.55, 114.46, 111.92, 43.35, 15.38.
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S4. SUPPORTING INFORMATION
S4.1 SELECTED SPECTRA
S4.1.1 "H NMR of [V-ethyl-N'-2-pyrimidylbenzimidazolium]* Br™ (L4.2).

Temperature: 20 °C
Solvent: DMSO-djg
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Note: The peak at 3.35 ppm is assigned to water, and the peak at 2.50 ppm to dimethyl sulfoxide.

182



S4.1.2 "H NMR of MnBr(N-ethyl- N’-2-pyrimidylbenzimidazol-2-ylidine)(CO); (4.2).

Temperature: 20 °C
Solvent: DMSO-dj
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Note: The peak at 3.33 ppm is assigned to water, and the peak at 2.50 ppm to dimethyl sulfoxide.
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S$4.1.3 *C NMR of MnBr(V-ethyl- N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (4.2).

Temperature: 25 °C
Solvent: DMSO-dj
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S4.1.4 FTIR of MnBr(/V-ethyl- N'-2-pyrimidylbenzimidazol-2-ylidine)(CO); (4.2).

Method: ATR (Silicon Crystal)
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S4.2 CYCLIC VOLTAMMETRY
S4.2.1 MnBr(2,2'-bipyridine)(CO);
Solvent: CH;3CN with 5% H20

Electrolyte: 0.1 M TBAP
Sample Concentration: 1 mM
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CHAPTER 5
ELECTROCATALYTIC REDUCTION OF CARBON DIOXIDE BY Mn(CN)(2, 2'-

BIPYRIDINE)(CO);: CN COORDINATION ALTERS MECHANISM®

3 Machan, C. W.; Stanton III, C. J.; Vandezande, J. E.; Majetich, G. F.; Schaefer III, H. F.;
Kubiak, C. P.; Agarwal, J., Electrocatalytic Reduction of Carbon Dioxide by Mn(CN)(2,2'-
bipyridine)(CO);: CN Coordination Alters Mechanism. /norganic Chemistry 2015, 54 (17),
8849-8856.

Reprinted here with permission of the publisher.
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ABSTRACT

MnBr(2,2"-bipyridine)(CO); is an efficient and selective electrocatalyst for the conversion of CO,
to CO. Herein, substitution of the axial bromide for a pseudohalogen (CN) is investigated, yielding
Mn(CN)(2,2'-bipyridine)(CO);. This replacement shifts the first and second reductions to more
negative potentials (—1.94 and —2.51 V vs Fc/Fc', respectively), but imparts quasi-reversibility at
the first feature. The two-electron, two-proton reduction of CO, to CO and H,O is observed at the
potential of the first reduction. Data from IR spectroelectrochemistry, cyclic voltammetry, and
controlled potential electrolysis indicate that this behavior arises from the disproportionation of
two one-electron-reduced species to generate the catalytically active species. Computations using

density functional theory are also presented in support of this new mechanism.

INTRODUCTION

In 2010, ~33.5 x 10° t of carbon dioxide (CO,) were emitted from fossil fuel combustion

and cement manufacture globally,' up 8.8 x 10° t from the end of the previous decade. This
elevated level of anthropogenic CO, emission continues to effect climate change,”* underscoring
the need for CO, recovery prior to atmospheric release and the development of utilization
technology that harnesses CO, as a raw material.* To realize the latter objective, new processes
must be identified for large-scale conversion that require minimal energy input along with cheap
and abundant reagents. In this context, the electrocatalytic conversion of CO; to carbon monoxide
(CO) using renewable energy and water is an intriguing solution.” Coupling this conversion with
industrial Fischer—Tropsch chemistry could represent an efficient energy cycle that connects an

abundant combustion byproduct to the generation of liquid fuels.
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Prior research has established that a variety of materials are capable of binding and

2

reducing CO, under an applied voltage, including metal electrodes,®'? surface-modified

1316 and homogeneous transition-metal catalysts.™ '"* This investigation is concerned

electrodes,
with the latter: the use of soluble molecular electrocatalysts to shuttle redox equivalents from an
electrode surface to CO; to effect selective reduction with minimal overpotential. Specifically, our
interest is in manganese(l) tricarbonyl compounds, which have been shown to be effective
mediators for the two-electron, two-proton reduction of CO; to CO in nonaqueous media with

added Bronsted acids.”>® Notably, these species display high Faradaic efficiencies for CO—

usually 85% to 100%—at relatively low overpotentials (~500 mV).?2*2%-%*3% (Compared to the

standard potential, Ecoyco,cmwo =—0.650 V vs NHE)34 In recent work, manganese(I) catalysts
have also been utilized to mediate photochemical CO, reduction to formate.>> ¢

The most widely investigated manganese catalyst is MnBr(bpy)(CO); where bpy = 2,2'-
bipyridine. Some variation of the supporting bidentate ligand has been reported, including the
extension of bpy with zers-butyl,?® mesityl,”’ and phenol moieties.’"*” Additionally, bpy has been
replaced with an N-heterocyclic carbene (NHC)-pyridine framework®®** along with functionalized
1,4-diazobutadienes.” ** In any case, the proposed active species is a doubly reduced anion that
possesses a vacant axial site for CO, coordination: [Mn(k’-L)(CO)s]” (Scheme 1, intermediate c).
Theoretical®™® and experimental®® * investigations of the mechanism suggest that one-electron
reduction of the metal center causes the axial ligand, usually a bromide ion, to dissociate.
Subsequently, the neutral radical monomer dimerizes to give [Mn(k>-L)(CO);], (intermediate b).
The metal-metal bond within this species cleaves after loading two additional electrons, yielding

two monomers of the anionic, five-coordinate active species (intermediate ¢). Subsequent CO,

coordination is rapid and irreversible. The resulting oxoanion is readily protonated, furnishing a
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Mn—-COOH intermediate (intermediate d). The desired product (CO) is liberated from a proposed
tetracarbonyl species, [Mn(k’-L)(CO)s]” (intermediate e), after carbon—oxygen bond cleavage

within the hydroxycarbonyl moiety,*® yielding a vacant site for the next cycle.

?O
OCun.,, I W @
Br oc™ \L> _ ]
L., ‘ ~CO +e +e ( Lo e .CO
L/'Yln\co L., WCO L/ | \CO
Co CL/'Y'”\CO Co ¢
a CO
+ COZ
b +H*
Ho. O
CO \c//
LI/ \\\CO + H+ LI/ o
<L/ ”\Co “H,0 <L/ n\Co
CO CO
e d

Scheme 5.1: Summary of the Proposed Mechanism for Mn(i>-L)(CO); Electroctalysts, where -
L is a Bidentate Ligand Such as 2,2'-bipyridine

A requisite component of the catalytic process described is the availability of a
coordination site to allow for CO; binding; bromide initially dissociates to yield the necessary
vacancy, while liberation of the CO product in cycles thereafter allows for additional turnover.
Bromide may also be substituted by other, labile ligands such as formate, and the same mechanism
persists.*” When bromine is replaced with a pseudohalogen such as NCS or CN, however, the
Faradaic efficiency for CO production is diminished, concomitant with the formation of H, for
NHC-pyridine based compounds.” The mechanism in this case is unclear: must the tricarbonyl

core be retained for efficient catalysis, requiring dissociation of the pseudohalogen or may CO
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dissociate to provide a site for CO, coordination? Here, we explore the mechanism of CO,
reduction using Mn(CN)(bpy)(CO)s. Cyclic voltammetry, IR spectroelectrochemistry (IR-SEC),
and computations are provided to support a disproportionation mechanism whereby the interaction
of two one-electron-reduced complexes yields the catalytically active species: a two-electron-

reduced complex lacking the axial CN ligand.

RESULTS AND DISCUSSION
Synthesis and Characterization

A genuine sample of Mn(CN)(bpy)(CO); (5.1) was prepared via metathesis,” using
MnBr(bpy)(CO); and excess KCN. After workup, 5.1 was obtained in 93% yield and fully
characterized using UV—vis, NMR, and FT-IR spectroscopies (see S5.SI, pp 215-218). Crystals
suitable for single-crystal X-ray analysis were obtained from the slow diffusion of pentanes into a
solution of 1 dissolved in tetrahydrofuran (Figure 1). The crystal structure confirms the expected

octahedral geometry and facial arrangement of the tricarbonyl core.

Figure 5.1: Molecular structure of Mn(CN)(bpy)(CO)s (5.1) obtained from X-ray diffraction (Z'
= 2) with ellipsoids set at the 50% probability level. THF and H,O molecules have been omitted
for clarity.
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Relative to the parent compound MnBr(bpy)(CO);, the UV—vis spectrum of 1 displays a
blue-shifted metal-to-ligand charge transfer (MLCT) band (377 nm vs 416 nm*®), which is aligned
with the strong-field nature of CN~ compared to Br. Density functional theory (DFT)
computations predict a 5 kcal mol™ increase in the highest occupied molecular orbital-lowest
unoccupied molecular orbital gap energy as a result of cyanide substitution, which is consistent
with the observed shift in MLCT band origin. The *C NMR spectrum of 1 shows two resonances
in the carbonyl region—one at 213 ppm and another at 221 ppm—indicating a vibrationally
averaged C structure. These features are assigned to the sole axial carbonyl ligand and two
equatorial carbonyl ligands, respectively. The carbon atom of cyanide resonates at 149 ppm.

Not surprisingly, the >C NMR spectrum of MnBr(bpy)(CO); closely matches that of 1;
corresponding resonances agree to within 1 ppm with the exception of a new peak for CN and a
dramatic (8 ppm) upfield shift for the peak corresponding to C14 within the axial carbonyl (Figure
5.1). Traditional bonding concepts fail to explain this disparity: an upfield shift generally indicates
increased shielding from additional electron density around the nucleus, but substituting a =-
donating ligand (Br; M « L) for a m-accepting ligand (CN; M — L) should decrease back bonding
to C14 as a result of a reduced charge on the Mn center. Indeed, natural bond orbital (NBO)*"
computations suggest diminished electron density on C14 as a result of substitution, including
reduced occupation of the C14-0O1 o* and 7* orbitals. Mayer bond analysis* also indicates an
increased C14-01 bond order. However, the computed >C NMR chemical shifts for 1 correctly
predict the upfield shift of C14 relative to the same atom in MnBr(bpy)(CO)s. This suggests that
another effect may be involved, such as shielding due to ring currents within the CN = orbitals,*’
but further investigation is required to develop an adequate understanding of the underlying

electronic structure.
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Cyclic Voltammetry

The cyclic voltammetry of 5.1 is presented in Figures 5.2A and 5.2B. Scans were recorded
under argon (Ar) in dry acetonitrile (MeCN) with 0.1 M tetrabutylammonium perchlorate (TBAP)
supporting electrolyte at scan rates ranging from 10 to 2000 mV s'. Scanning to negative
potentials at 100 mV sfl, the first redox feature is observed at —1.94 V vs F¢/Fc¢© (E1p=-191V
vs Fc/Fc"). This is a one-electron, quasi-reversible process with peak-to-peak separation (AE,) of
60 mV. At more negative potentials, a second, irreversible feature is observed at —2.51 V vs Fc/Fc"
(Figure 5.2B). Both processes are diffusion-limited, as indicated by a linearly dependent
relationship between the peak current and square root of the scan rate (see S5.SI, pp 219). The
return scan from the second redox wave shows two new oxidative processes: one at —1.51 V vs
Fc/Fc™ and another at —0.61 V vs Fc/Fc'. As shown in the plot of Figure 5.2A, these irreversible
oxidations are absent if the switching potential is before the second reduction.
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Figure 5.2A: CV of Mn(CN)(bpy)(CO); (5.1, 1 mM) under Ar in dry MeCN with 0.1 M TBAP
supporting electrolyte. The switching potential was set to —2.2 V vs Fc/Fc'.
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Figure 5.2B: CV of Mn(CN)(bpy)(CO); (5.1, 1 mM) under Ar in dry MeCN with 0.1 M TBAP
supporting electrolyte. The switching potential was set to —2.8 V vs Fc/Fc'.

We ascribe the first reduction process at —1.94 V vs Fc/Fc' to a ligand-based reduction
(Figure 5.3, species D); NBO computations indicate that 90% of the added charge resides on atoms
within the bpy framework. Aligned with the reversibility observed in Figure 5.2A, the optimized
structure of [Mn(CN)(bpy)(CO);]" does not favor dissociation—the bond dissociation energies
(BDE) for the axial CO and CN ligands are considerable at 31 and 23 kcal mol™, respectively.

This stands in contrast to the behavior of [MnBr(bpy)(CO);]", which is observed to liberate

~38-40
Br.
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Figure 5.3: CV of Mn(CN)(bpy)(CO)s (5.1, 1 mM) under Ar in dry MeCN with 0.1 M TBAP
supporting electrolyte at 100 mV s™'. See text for descriptions of the redox features.

The second reduction wave at —2.51 V vs Fc/Fc' (Figure 5.3, species E) is also ligand-
based. Here, NBO computations suggest that 89% of the added charge is localized to bpy. In the
optimized structure of [Mn(CN)(bpy)(CO);]*, the axial CO BDE remains significant (22 kcal mol”
1, but CN coordination is considerably weaker at 4 kcal mol™'. Under experimental conditions,
CN loss is nearly certain, which is supported by the observed irreversibility. Even increasing the
scan rate to 2000 mV s~ does not impart quasi-reversibility, indicating that the chemical change
is very rapid on this time scale.

The oxidative processes at —0.61 V (Figure 5.3, species A) and —1.51 V vs Fc/Fc¢' (Figure
5.3, species B) may be assigned on the basis of previous literature reports. We designate process
A as the oxidation of [Mn(bpy)(CO)s],. Previously, the oxidation of several Mn—Mn dimers were

observed in this region of the voltammogram: [Mn(4,4'-tert-butyl-bpy)(CO)s], at —0.68 V vs
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Fc/Fe',*® [Mn(N-methyl-N'-2-pyridylimidazol-2-ylidine)(CO)s], at —0.63 V vs Fc/Fc¢',*and
[Mn(bpy)(CO)s], at —0.60 V vs Fc/Fc™.? (Values reported vs the saturated calomel electrode
(SCE) and vs 10 mM Ag/Ag" were converted to vs Fc/Fc' by adding —0.380* and —0.087* V,
respectively.) Presumably, axial CO loss in 5.1 could also yield the requisite vacancy for Mn—Mn
bonding, but we eliminate this possibility on the grounds that (i) the computed BDE for the axial
CO is roughly 5 times that of CN, (ii) optimization of [Mn(CN)(bpy)(CO),],> fails due to
dissociation, and (iii) the addition of tetrabutylammonium cyanide (TBACN) to the electrolyte
solution completely suppresses this feature (see S5.SI, pp 220).

The remaining feature at —1.51 V vs Fc/Fc” (Figure 5.3, species B) is ascribed to the
oxidation of [Mn(bpy)(CO);]. Bourrez et al previously recorded the oxidation of
[Mn(bpy)(CO)s]” at —1.48 V vs Fc/Fc¢', which was assigned based on UV—vis spectroscopy.”
Moreover, a similar wave appears in the CV of MnBr(4,4'-t-butyl-bpy)(CO); at ca. =1.6 V vs
Fc/Fc" following two-electron reduction.”® In these reports, where Br is available, the peak current
for the oxidation of [Mn(i*-L)(CO);] is less than the peak current for oxidizing available Mn—Mn
dimer. Here we observe the opposite pattern in peak current, suggesting that [Mn(bpy)(CO);]" is
captured by free CN™ before Mn—Mn bonding can occur, which is supported by the addition of
TBACN as previously described. No evidence for an acetonitrile bound complex was observed
(vide infra); in solution, CN is likely to outcompete MeCN for available coordination sites.

To gauge the ability for 5.1 to mediate CO, reduction, additional voltammograms were
recorded under a CO, atmosphere in the presence of a Bronsted acid, either water (Figure 5.4) or
phenol (Figure 5.5). With 5% added water, a slight current enhancement (1.2x) occurs at the peak
current of the first reduction wave (ca. —1.94 V vs Fc/Fc¢") under CO; (red). At the potential of the

second reduction (ca. —2.51 V vs Fc/Fc'), a significant current enhancement (5.7x) is observed.
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We assign the majority of this enhancement to the catalytic reduction of CO, by a
[Mn(bpy)(CO)s] active species, but caution that some reduction of water by glassy carbon is
observed in control experiments at this very negative potential. The oxidation of [Mn(bpy)(CO);]

at ca. —1.51 V vs Fc/Fc' is absent from the return wave under CO,, suggesting that this species is

consumed.
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Figure 5.4 CV of Mn(CN)(bpy)(CO); (5.1, 1 mM) under Ar (black) or CO, (red) in MeCN (5%
H,0) with 0.1 M TBAP supporting electrolyte at 100 mV s™'. In the case of Ar, added water was
pH adjusted to 3.7 to match the pH under CO,.

When phenol is substituted for water as the Bronsted acid in solution (Figure 5.5), the
voltammetry window shrinks (see S5.SI, pp 224),% allowing only for the current enhancement at

the first reduction to be probed. Note that in the absence of phenol no current enhancement is

observed; the scan under CO; (red) matches that under Ar (black). As phenol is titrated into the
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electrolyte solution, current enhancement appears at the potential of the first reduction, from a 4.6%

enhancement using 0.5 M phenol to a 7.2x enhancement using 1.5 M phenol. This superior activity

when using phenol relative to water is aligned with previous reports of manganese catalysts.

Phenol is employed as a Bronsted acid in the remainder of this work.
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(PhOH) and 0.1 M TBAP supporting electrolyte at 100 mV s™'. A scan under Ar with no phenol

(black) is shown for reference.

Infared Spectroelectrochemistry

IR-SEC allows for the direct interrogation of electrochemical reactions as a function of

time and potential using IR spectroscopy.’” ** In an effort to understand the behavior of 1 in the

region of the first reduction—the lowest potential where catalytic current enhancement is

observed—we recorded the IR spectrum at the resting potential and at the potential of the first
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reduction under an atmosphere of N, (Figure 5.6). At the resting potential (black), four IR bands
are observed at 2115 (CN), 2029 (CO), 1942 (CO), and 1928 cm™' (CO). The computed IR
spectrum of 5.1, scaled by 0.978 61 to account for the anharmonicity of the potential energy
surface, qualitatively agrees with the observed transitions: the C—N stretch is predicted to appear
at 2152 cm ™', while the lone symmetric and two asymmetric stretches of the tricarbonyl group are

predicted to appear at 2033, 1939, and 1930 cm™', respectively.
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Figure 5.6: Infrared spectra of Mn(CN)(bpy)(CO)s (5.1) at controlled potentials under an
atmosphere of Ny. 5.1 (6.2 mM) was added to dry MeCN with 0.1 M TBAPF¢ supporting
electrolyte.
When the potential of the IR-SEC cell is stepwise shifted from resting to that of the first

reduction (red; ca. —1.94 V vs Fc/Fc"), five new bands appear at lower frequencies concomitant

with the disappearance of the original spectrum. This red shift is expected: additional electron
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density should partially occupy the ©* orbitals of the CN and CO ligands, reducing their stretching
frequencies. Curiously, the observed CO transitions (1911, 1837, and 1811 cm™") align best with
the predicted frequencies for [Mn(bpy)(CO)s] , a two-electron-reduced compound. The low-
intensity band at 2007 cm' matches the computed symmetric CO stretch of
[Mn(CN)(bpy)(CO)3]™ (2010 cm™), suggesting that the one-electron-reduced species is a minor
product. The two remaining CO stretches for this compound (1909 and 1895 cm™) are predicted
to have lower intensities than the symmetric stretch and would be concealed by the broad band at
1911 cm™'. These data would suggest the possible disproportionation of two one-electron-reduced
species, [Mn(CN)(bpy)(CO);] ", formed at the potential of the first reduction.

To support this hypothesis we supplanted the applied voltage with a chemical reductant,
CoCp*,, which possesses a redox potential of —1.91 V vs Fc/F¢™.** Indeed, the same shift and
spectral pattern is observed as before (Figure 5.7). The intensities of the new bands in the CO
stretching region (1911, 1837, and 1811 cm™") continue to rise after 1 equiv of CoCp*, is added,
supporting the formation of a two-electron product. Furthermore, the UV—vis spectrum of the
product after adding 2.1 equiv of CoCp*, shows new transitions at 352 and 559 nm (see S5.SI, pp
220), which agrees with previous assignments for [Mn(bpy)(CO);]".>> The presence of an
intermediary compound—such as [Mn(bpy)(CO);]’, which could form from the slow dissociation
of CN after one-electron reduction—is not observed. Spectra collected following the addition of
substoichiometric equivalents of CoCp*;, (i.e., from 0 — 1 equiv) indicate only two compounds
are present: the starting species Mn(CN)(bpy)(CO); and the two-electon-reduced species

[Mn(bpy)(CO)s] .
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Figure 5.7: Infrared spectra of Mn(CN)(bpy)(CO)s (5.1) with added chemical reductant under an
atmosphere of Ny. 5.1 (3 mM) was added to dry MeCN 1 (3 mM) was added to dry MeCN and
titrated with CoCp*; (black — purple; 0 — 2.1 equiv). Also see SI ppXX for comparison with
computational predictions.

In the cyclic voltammetry discussed above, Figure 5.2.A shows no oxidative features for
[Mn(bpy)(CO)3;]” (—1.51 V vs Fc/Fc") if the switching potential is before the second reduction,
which is not aligned with a disproportionation mechanism unless the timescale is too short for
appreciable formation of a two-electron species. To probe this, we electrolyzed 5.1 at the potential
of the first reduction, then swept oxidatively to 0.0 V. After holding the voltage at —1.94 V vs
Fc/Fc' for 120 s we observed a new peak consistent with the oxidation of [Mn(bpy)(CO)s]” (see
S5.S1, pp 222), consistent with a disproportionation reaction. From these data, we propose the
mechanism shown in Scheme 2. Density functional theory computations predict the overall free

energy (AG) of disproportionation to be —1 kcal mol ™, though this near-equilibrium process should

be driven by the loss of CN and the continuously applied potential. Under catalytic conditions, the
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thermodynamically favorable interaction of [Mn(bpy)(CO);] with CO; in the presence of a

Brensted acid®® should further accelerate disproportionation.
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Scheme 5.2: Proposed Disproportionation Mechanism Following One-Electron-Reduction, and
Subsequent CO, Conversion to CO

Controlled Potential Electrolysis

To understand the behavior of 5.1 under catalytic conditions, controlled potential electrolyses
were performed both at the preparative scale in an IR-SEC cell and at the bulk scale with
headspace analysis. To begin, the IR spectrum of 5.1 was recorded in MeCN with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) and 0.5 M phenol in an IR-SEC cell. The
expected transitions for the starting compound (1) were observed: [2119 (CN), 2031 (CO), 1943
(CO), and 1930 cm™' (CO)], see Figure 5.8.A. After sparging with CO, for 10 s, the potential of
the IR-SEC cell was then set to the first reduction (ca. —1.9 V vs Fc/Fc"), and sequential IR
spectra were recorded roughly every minute for 5 min. Over time, the sharp bands assigned to
phenol (1607 and 1596 cm™) decrease in intensity—note that all spectra were solvent-subtracted
such that the depletion of PhOH is reflected as negative absorbance values—and two broad

bands appear at 1654 and 1587 cm . We assign the latter transition to phenoxide (PhO") from
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control experiments using NaOPh (see S5.SI, pp 226), while the band at 1654 cm™ is assigned to

water that is produced during the conversion of CO, + 2H" +2e — CO + H,0. In the C-O

stretching region only bands assigned to 1 are evident throughout the experiment, indicating that

available [Mn(bpy)(CO);] 1is rapidly consumed.
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Figure 5.8: Infrared spectra of Mn(CN)(bpy)(CO); (5.1, 7.9 mM) at ca. —1.9 V vs Fc/Fc” (A) then
ca. —2.1 V vs Fc/Fc™ (B) under an atmosphere of CO, in MeCN with 0.1 M TBAPF, supporting
electrolyte and 0.5 M phenol. Scans were recorded roughly every minute (black — orange).

The potential of the IR-SEC cell was then increased to ca. —2.1 V vs Fc/Fc', and

additional scans were recorded (Figure 5.8.B). The continued consumption of phenol is

evidenced by the decrease in intensity at 1607 and 1596 cm ™' along with an increase in intensity

at 1587 cm . Infrared transitions corresponding to the active species, [Mn(bpy)(CO)s]", (1909
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and 1805 cm ') begin to appear, since the rate of reduction of 1 should be faster at this potential
and the available substrate diminishes over the time scale of the experiment.

Further analysis was performed at the bulk scale in a 70 mL custom reaction vessel with a
graphite working electrode, platinum counter electrode, and Ag/AgCl pseudoreference electrode.
These results are listed in Table 1. Across three trials at ca. —2.2 V vs Fc/Fc', analysis of the
headspace with gas chromatography shows the presence of between 160 and 180 umol of CO from

~40 pmol of 5.1, yielding an average Faradaic efficiency of 98% [average turnover number (TON)

= 4]. Some H; is observed in each trial, but the average Faradaic efficiency is 1%, indicating

excellent selectivity for CO, over available protons.

Table 5.1: Results from Three Controlled Potential Electrolyses at ca. —2.2 V vs Fc/Fc¢™ with
Analysis of the Headspace Using Gas Chromatography”

Trial Charge Passed mol CO" mol sz
1 3.40C 1.70x 107" (96%) 2.65% 10°° (2%)
2 320C 1.60x 107 (97%) 2.47% 107 (1%)
3 3.40C 1.79% 107" (102%) 2.19% 107 (1%)

*Compound 5.1 was loaded at a concentration of ~0.9 mM in a 45 mL solution of dry MeCN with
0.1 M TBAPFg supporting electrolyte and 0.5 M phenol
®Faradaic efficiencies shown in parentheses
Conclusions

Literature reports of Mn(I) electrocatalysts have grown to encompass many derivatives of
MnBr(k*-L)(CO)s, where k°-L can be functionalized or nonfunctionalized 2,2'-bipyridine, 1,4-
diazobutadiene, or a pyridine-NHC construct. In this report, we have examined the replacement of
Br for CN, yielding Mn(CN)(2,2'-bipyridine)(CO)s. This substitution maintains the Cy symmetric,

octahedral structure of the parent compound, but has a significant effect on the voltammetric

response. Specifically, the first and second reduction potentials are shifted negative to —1.94 and
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—2.51 V vs Fc/Fc', respectively. The strong-field nature of CN imparts quasi-reversibility at the
first feature, limiting the formation of [Mn(bpy)(CO)s],. Indeed, the addition of
tetrabutylammonium cyanide is found to completely surpress Mn—Mn bonding. At the second-
reduction potential, CN dissociates to yield the catalytically active species [Mn(bpy)(CO);] .
From theoretical computations, chemical reductions, and IR SEC, we find that
[Mn(bpy)(CO);] may also be generated via the disproportionation of two one-electron-reduced
compounds, allowing for the two-electron, two-proton reduction of CO, to CO and H,O to
nominally occur at the potential of the first reduction, —1.94 V vs Fc/Fc'. Controlled potential
electrolyses (three trials) performed at the potential of the first reduction (ca. —2.2 V vs Fc/Fc")
with 0.5 M phenol yields average Faradaic efficiences of FEco = 98% and FEy; = 1% over four
turnovers, demonstrating the excellent selectivity of Mn(CN)(2,2'-bipyridine)(CO); for reducing
CO; over available protons, and further supporting the disproportionation mechanism. Future work
will examine how the blue-shifted absorbance of this CN-substituted compound affects its lifetime

under visible-light conditions.

EXPERIMENTAL METHODS

General

All reagents were obtained from commercial suppliers and used as received unless otherwise
noted. Reactions were performed using standard Schlenk-line techniques under an atmosphere of
argon. Methanol was dried prior to use by distilling it from CaH,. "H NMR spectra were recorded
on a Varian Mercury Plus 400 MHz spectrometer, and ?C NMR spectra were recorded on an
Agilent DD2 600 MHz spectrometer. NMR chemical shifts were referenced to the residual protio

signal of the deuterated solvent. Fourier transform infrared (FTIR) spectra were recorded on a
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ThermoNicolet 6700 spectrophotometer running OMNIC software. Absorption spectra were
recorded on a CARY 300 Bio UV—vis spectrophotometer with a quartz cuvette (1 cm path length).

MnBr(2,2'-bipyridine)(CO); was prepared according to standard methods.*

Electrochemistry

Electrochemical experiments were performed using either a CH Instruments 601E or BAS Epsilon
potentiostat. For all experiments, a single compartment cell was employed. A 3 mm diameter
glassy carbon (GC) electrode (BASi or CH Instruments) was utilized as the working electrode
(WE). The counter electrode (CE) was a platinum (Pt) wire, and the reference electrode (RE) was
a silver/silver chloride (Ag/AgCl) electrode separated from solution by a Vycor or Teflon tip.
Experiments were run with and without an added internal reference of ferrocene. Electrolyte
solutions were composed of dry MeCN, containing 1 mM of catalyst and 0.1 M TBAPF¢ or 0.1 M
TBAP supporting electrolyte, unless otherwise noted. The electrolyte was purged with Ar, Ny, or
CO; before cyclic voltammograms were recorded and stirred between successive experiments. All
voltammetry was referenced to an internal ferrocene standard, except for bulk electrolysis

experiments where a pseudo-RE Ag/AgCl reference was employed.

Infrared Spectroelectrochemistry

The reader is referred to previous literature on IR-SEC from our laboratory for the cell design and
setup.®” * A Pine Instrument Company model AFCBP1 bipotentiostat was employed for all
measurements. During potential sweeps, thin layer bulk electrolysis was monitored by Fourier-
transform reflectance IR off the electrode surface. All experiments were conducted in 0.1 M

TBAPF¢/MeCN solutions and prepared with the catalyst under a nitrogen atmosphere. The IR-
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SEC cells include GC, Ag, and Pt electrodes for the WE, RE, and CE, respectively. As such, all
potentials are referenced to a pseudo-RE, Ag/Ag" (silver wire; roughly +200 mV from the Fc/Fc"

couple).

Controlled Potential Electrolysis

Trials were performed using a custom flask from Chemglass affixed with a custom PEEK lid with
ports for three electrodes, purging, and sampling. A graphite WE, platinum CE, and Ag/AgCl
pseudo-RE were employed. The system was sealed and tested for air-tightness before each run. In
a typical trial, the flask was charged with a known amount of catalyst, 0.5 M phenol, stir bar, and
electrolyte (0.1 M TBAPFs in MeCN) before being sparged to saturation with CO,. To prevent the
polymerization of PhOH on the counter electrode, 0.1 M Fc was added to the electrolyte solution
as a sacrificial oxidant. After a completed run, the headspace was sampled via airtight syringe and
characterized with gas chromatography. Each turnover for this system is based on two electron

equivalents being passed for every catalyst molecule in solution.

Synthesis

Preparation of Mn(CN)(2,2'-Bipyridine)(CO); (5.1).

MnBr(2,2'-Bipyridine)(CO); (1.75 g, 4.7 mmol) and KCN (15.17g, 233.0 mmol) were suspended
in 100 mL of MeOH and stirred at 60 °C under argon for 15 h. After it cooled to room temperature,
the reaction mixture was diluted with H,O (100 mL) and extracted with dichloromethane (3 x 100
mL). The combined organic extracts were washed with H,O (100 mL) and brine (100 mL) and
then dried over anhydrous MgSQO, before filtration to remove the drying agent. Concentration

under reduced pressure using a rotary evaporator gave the desired product as a light yellow solid
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(1.40 g, 93%). IR (ATR, cm ") veo: 2022 (s), 1909 (s), 1887 (sh); ven: 2108 (m). 'H NMR (DMSO-
dg), 20 °C: §9.06 (2H, d, J=4 Hz), 8.69 (2H, d, J = 8 Hz), 8.28-8.23 (2H, m), 7.75-7.72 (2H, m).

C NMR (DMSO-ds, 25 °C): 8 221.07, 213.13, 154.66, 153.28, 149.29, 139.14, 127.09, 123.42.

THEORECTICAL METHODS

Computations were performed with DFT using the B3LYP functional®~' as implemented
in Orca 3.0.1.>* Optimized geometric parameters and harmonic vibrational frequencies were
obtained with the inclusion of an implicit solvent model using the conductor like screening model
(COSMO)* with the default values for acetonitrile (€ = 36.6). The def2-TZVP basis set™* was used
to describe all “light” atoms. Mn and Br were described with the LANLO8(f)*> and LANL2DZ>®
>7 basis sets, respectively, and their corresponding effective core potentials. Vibrational analysis
was used to confirm the nature of the stationary points as true minima. All structures were
computed with tight convergence criteria (RMS force < 1 x 107 Hartree/bohr), and vibrational
frequencies were scaled by 0.978 61 to account for the anharmonicity of the potential energy
surface.

Natural bond orbital computations were performed with NBO5.*' NMR computations were

d>® > with the origin placed at the center of electronic charge

performed using the IGLO metho
and orbitals localized using Pipek—-Mezey approach.®® Previous studies indicate DET-IGLO
computations using this localization adequately describe the nuclei within ligands bound to

transition metals.®” ®* Chemical shifts were first computed relative to DMSO, then converted

relative to tetramethylsilane by adding 39.5 ppm.®
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S5. SUPPORTING INFORMATION
S5.1 SELECTED SPECTRA
$5.1.1 "H NMR of Mn(CN)(2,2'-Bipyridine)(CO); (5.1)

Temperature: 20 °C
Solvent: DMSO-djg
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Note: The peak at 5.76 ppm is assigned to dichloromethane, the peak at 3.34 ppm is assigned to
water, and the peak at 2.50 ppm to dimethyl sulfoxide.
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$5.1.2 *C NMR of Mn(CN)(2,2'-Bipyridine)(CO); (5.1)

Temperature: 25 °C
Solvent: DMSO-dj
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$5.1.3 FTIR of Mn(CN)(2,2'-Bipyridine)(CO); (5.1)

Method: ATR
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$5.1.4 UV-Vis of Mn(CN)(2,2"-Bipyridine)(CO); (5.1)

Solvent: MeCN
Temperature: 298 K

Trial: 1 Fit at 373.0 nm; ¢ = 2848.5 L mol™* cm™!
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S5.2 MISCELLANEOUS DATA

S5.2.1 Scan Rate Dependence Data for Mn(CN)(2,2’-Bipyridine)(CO); (5.1)

Atmosphere: Argon

Sample Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
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S5.2.2 Cyclic Voltammetry with added TBACN

Atmosphere: Argon

Sample Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
Scan Rate: 100 mV s™

Current Density (A cm™2)

== 0 mM TBACN
== 2 mM TBACN

-2.5 -2.0 -1.5 -1.0 -0.5
Potential (V vs. Fc/Fc™)
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S5.2.3 Chemical Reductions (CoCp*2) with UV-Vis Recording

Atmosphere: Argon
Sample Concentration: 3 mM
Solvent: CH;CN

Absorbance

OO ] ] ] ]
300 400 500 600 700 800

Wavelength (nm)

Note: UV-Vis spectrum recorded during titration with CoCp*, (black — purple; 0 — 2.1 eq.)
CaF, windows were employed with a 0.1 mm pathlength.
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S5.2.4 Electrolysis at the First Reduction Followed by an Oxidative Sweep

Atmosphere: Argon

Sample Concentration: 3 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
Scan Rate: 100 mV s™

3-01e_4 1 1 1 1 1 1 I
— (s
— 120s
~ 2.5} — 180s| |
|
£
O 20} .
<
>
g 1.5} .
(O]
a
£ 10} T |
3
0.5} |
0.0

-20 -18 -16 -14 -12 -10 -08 -06 -04
Potential (V vs. Fc/Fct)

222



S5.2.5 Comparison of Observed and Predicted CO Stretching Frequencies

Black Diamonds: Mn(CN)(bpy)(CO); (2033, 1939, 1930 cm™)
Green Diamonds: [Mn(CN)(bpy)(CO)s] (2010, 1909, 1895 cm™)
Red Diamonds: [Mn(bpy)(CO)s] (1878, 1789, 1772 cm™)
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Note: Infrared spectra of Mn(CN)(bpy)(CO); (6.2 mM) at controlled potentials under an
atmosphere of N, with dry MeCN and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢)
supporting electrolyte.
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S5.2.6 Voltammetry Window with Phenol

Atmosphere: Argon
Solvent: CH;CN
Electrolyte: 0.1 M TBAP
Scan Rate: 100 mV s™!
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S5.2.7 Voltammetry Window with Phenol and Complex 5.1

Atmosphere: Argon

Sample Concentration: 1 mM
Solvent: CH;CN

Electrolyte: 0.1 M TBAP
Scan Rate: 100 mV s™
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S5.2.8 Infrared Spectrum of HOPh and NaOPh

Atmosphere: Nitrogen
Solvent: CH;CN
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CHAPTER 6

CONCLUSIONS AND FUTURE OUTLOOK

Lehn’s pioneering work with fac-ReCl(bpy)(CO);, laid the groundwork for
electrochemical CO, reduction with molecular catalysts centered around group VII-metals. For
thirty years, catalysts derived from ReCl(bpy)(CO); have been extensively explored, and several
studies have shown that the performance of these catalysts can be improved by structural
modification of the supporting ligand around the metal center. In an effort to find a cheaper, more
abundant metal that could mediate the electrochemical reduction of CO,, Bourrez et al. explored
valence isoelectronic manganese compounds. In 2011, they identified MnBr(bpy)(CO); was
identified as an efficient and selective electrocatalyst for CO, reduction. Initial studies showed
that manganese catalysts were capable of reducing CO, to CO at a significantly lower overpotential
while retaining a similar selectivity and Faradaic efficiency when compared to rhenium analogs.
In addition, manganese catalysts were shown to be quite selective for CO, reduction over proton
reduction, even in presence of a variety of acids. Several improvements to the MnBr(bpy)(CO);
have been discussed in Chapter 1, with the bulk of the reported catalysts having a bipyridyl
supporting ligand around the manganese center.

Our group has focused on the design and synthesis of novel redox-active ligands that
contain N-heterocyclic carbenes (NHCs). We have established an efficient, green, and modular
construction of these ligands based around a benzimidazole or imidazole core. In 2014, we

reported the use of NHC-aryl frameworks to support Mn(I) carbonyl systems for electrocatalytic
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conversion of CO; to CO. These compounds demonstrated comparable turnover frequency to
MnBr(bpy)(CO);, where bpy = 2,2"-bipyridine. Increasing the m-acidity of the NHC-aryl ligand
(i.e., moving from imidazole to benzimidazole) reduced the overpotential by 110 mV. Our group’s
synthetic approach allows for a facile and straightforward tuning of steric and electronic properties
for Mn(I) catalyst systems. In 2015, a new series of [MnX(N-C)(CO)s]-type CO, complexes were
synthesized and characterized. Catalytic CO production was observed for all compounds.
However, when X = CN or NCS, substantial H, production was also observed. UV studies indicate
that all compounds undergo photodecomposition under 350 nm and 420 nm light, but CN-
substituted complexes decomposed more slowly under 420 nm light, with five times longer
lifetimes. The data from these studies indicate that Mn(I)-NHC based catalysts can be tuned by
ligand substitution, either by structural modifications of the NHC or axial ligand substitution.
The success of these compounds motivated us to examine valence-isoelectronic Re(I)-
NHC systems. There, benzimidazole was either mated to pyridine, or pyrimidine, in order to
investigate a systematic increase in m-acidity. Both compounds were capable of mediating the
two-electron conversion of CO, following a one-electron reduction; for the pyrimidyl system, a
140 mV and 120 mV decrease in overpotential were observed at the first and second reduction
potentials, respectively. The Faradaic efficiency for CO formation was >60%, with minor H, and
HCO,H production. Recently, the benzimidazole-pyrimidine based ligand has been coupled to a
Mn(I) tricarbonyl system. As a result of this modification, 70 mV and 160 mV decreases in
overpotential were observed when compared to MnBr(bpy)(CO); and our original Mn(I) NHC-
pyridyl catalyst, respectively. In addition, this NHC-pyrimidyl catalyst showed over double the
catalytic current enhancement (5.2x vs 2.1x) when compared to Bourrez’s catalyst,

MnBr(bpy)(CO)s.
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Future improvements for our Mn(I)-NHC catalysts may be realized by the addition of either
non-innocent functional groups (i.e., phenol) or additional electron—deficient N-aryl groups (i.e.,
PhCF3) in the second coordination sphere. By incorporating a phenolic group on our Mn(I)-NHC
catalysts, we should observe increased current enhancement at the potential of CO; reduction, as
shown by Savéant, Agarwal and Franco. In order to efficiently build these ligands, our laboratory
has developed a general and high yielding N-arylation method for our benzimidazole based ligands
utilizing non-symmetric diaryliodonium salts. To that end, we have recently assembled electron—
deficient Mn(I)-NHC complexes which are currently being explored for both electrocatalytic and
photocatalytic reduction of CO,.

To date, our most succesful Mn(I)-NHC catalyst systems are based around a benzimidazole
core. We should be able to incorporate other NHC cores in our catalysts, including benzoxazole,
benzothiazole or a cyclic(alkyl)(amino)carbene cores. It can also be envisioned that our Mn(I)-
NHC catalyst systems can be coupled to a TiO; (or other oxide) surface, as reported by Rosser.
As our Mn(I)-NHC catalyst systems have already been shown to outperform MnBr(bpy)(CO)s, the
proposed TiO,|Mn(I)-NHC-P cathode should also be a viable (and improved) catalyst system. In
addition, further ligand modifications can be made to the TiO,Mn(I)-NHC-P cathode, perhaps
increasing the photo stability of the Mn(I) system or minimizing Mn-Mn dimer formation, thus

bringing molecular electrocatalytic CO; reduction closer to a full artificial photosynthetic system.
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