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ABSTRACT: MnBr(N-ethyl-N'-2-pyridylimidazol-2-ylidine) (CO); reduces CO, to CO in 0 o
the absence of strong acids. Herein, we employ density functional theory and domain based _ _* / || + H0
local pair natural orbital coupled cluster theory to perform the first mapping of the catalytic e \/
pathway for this catalyst and various derivatives. The benzimidazole-containing derivative o Br -
proceeds along the same pathway as its parent complex, but with an increased barrier to H* | & >IN

. . i . Ny A——N
reduction. The phenolated complex shows barrierless CO, addition to the activated catalyst v
and facile C—O bond cleavage. All species exhibit a novel pyridine dissociation upon one- oc | co
electron reduction of the tetracarbonyl species, but the active tricarbonyl catalysts can be co

regenerated with a small barrier. This novel step in the pathway presents a further
consideration in the design of catalysts and provides insight into the potential degradation

pathways of this catalyst.

B INTRODUCTION

Carbon dioxide (CO,) is a persistent greenhouse gas and major
contributor to anthropogenic climate change.' Significant
research and development have been dedicated to capturing
CO,, with particular interest focused on enhancing the capture
of CO, from coal plant emissions, as coal plants account for
76% of all global CO, power plant emissions."”” The process of
carbon capture could be made economically viable if the
captured CO, was converted into a valuable product, as
opposed to being sequestered.’ However, CO, is relatively inert
due to its highly oxidized nature, making it particularly difficult
to efficiently transform.” Recent advances in catalyst design
coupled with the falling cost of clean energy has made the use
of CO, more attractive as a feedstock for commodity chemical
production.”® Particular interest has focused on converting
CO, to CO as a step in the process of generating
petrochemicals.”*

Many homogeneous CO,-reducing catalysts have been
reported,”™” but they tend to suffer from a combination of
high cost, low efficiency, low turnover frequency, and short
lifetimes.” The well characterized ReCl(bpy)(CO), (bpy = 2,2'-
bipyridine) electrocatalyst reduces CO, with excellent
selectivity for CO production over hydrogen formation.'”"!
As an alternative to expensive catalysts containing precious
metals (e.g, Re, Pt, and Pd), inexpensive transition-metal
catalysts, many including 3d transition metals, have been
proposed.® Recent research by Bourrez et al.” showed that the
electrocatalyst MnBr(bpy)(CO),, an analogue of ReCl(bpy)-
(CO),, reduces CO, in MeCN at —1.70 V vs SCE. Relative to
its Re analogue, this is a 0.4 V reduction in the overpotential
(the excess potential above the theoretical minimum that is
necessary to drive the reaction).

Various modifications to the MnBr(bpy)(CO); catalyst have
been suggested in an effort to increase the catalytic activity and
reduce the overpotential. Bulky peripheral groups on the
bipyridine have been used to inhibit dimerization, with fert-
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butyl groups in the 4- and 4’-positions'* and mesityl groups in
the 6- and 6'-positions'” increasing the catalytic activity. Zeng
et al. substituted isopropyldiazabutadiene for the bipyridine
ligand,'* shifting the initial reduction 0.3 V less negative in
comparison to the original MnBr(bpy)(CO); catalyst, but the
catalytic activity is shifted 0.1 V more negative. Many other
substitutions have been suggested with varying success: (1)
wholesale substitution of bipyridine with phenanthroline'® or
mesityldiazabutadiene,16 (2) substitution of the axial bromine
for CN and NCS,'”'® or (3) inclusion of Lewis acidic
manganese atoms.~ Several groups””*' have added a pendant
phenol in order to allow for intramolecular proton donation
that lowers the transition state of the rate-limiting step and
increases the turnover frequency. Still others have substituted
an N-heterocyclic carbene (NHC) for one of the pyridines,
which maintains selectivity while lowering the necessary
overpotential.'”**

This research endeavors to examine the catalytic pathways of
MnBr(N-C)(CO); catalysts (N-C = N-ethyl-N’-2-pyridylimi-
dazol-2-ylidine, N-ethyl-N’-2-pyridylbenzimidazol-2-ylidine, 6-
(2-hydroxyphenol)-N-ethyl-N’-2-pyridylimidazol-2-ylidine)
(Figure 1). An understanding of the mechanism and potential
degradation pathways of a catalyst is exceedingly important in
guiding future catalyst design.”'”** Various attempts have been
made to elucidate the reduction pathways for the analogous
MnBr(bpy)(CO);,** the corresponding Re catalyst,”*° and the
phenol-containing MnBr(6-(2-hydroxyphenol)-2,2'-
bipyridine)(CO);.>° The pathways of these catalysts are similar,
with a few important differences. The pathways begin with a
two-electron reduction of the catalyst, liberating the coordi-
nated halide. Next, CO, binds to the metal; this process is
exergonic for Re(bpy)(CO), while for the Mn analogue the
binding is slightly endergonic. This species can only be reduced
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Figure 1. Mn(N-C)(CO)j; catalysts studied herein.
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Figure 2. Proposed catalytic cycle of MnBr(N-C)(CO); catalyst. This mirrors the catalytic cycle of MnBr(bpy)(CO); with the addition of

intermediate [8].

at highly negative potentials (computed to be —1.87 and —2.03
V vs SCE for Re(CO,)(bpy)(CO);~ and Mn(CO,)(bpy)-
(CO);7);”” thus, protonation of this species is typically the
preferred route. There are then two possible pathways, a
reduction-first pathway and a protonation-first pathway. If
electronegative groups are added to the ligands of the
catalyst™”” or a significantly negative potential is applied,”**>*”
the reduction-first pathway is preferred. The use of strong acids
and nearbg methoxy groups can encourage the protonation-first
pathway.” If an exceedingly weak acid such as water is used for
the protonation, the catalytic activity is significantly lowered.'”
However, catalytic activity has been shown using H,O in the
absence of a hard acid,** necessitating an alternative, such as
using CO, to remove the OH™.”*® Furthermore, if a pendant
phenol is added near the active site, intramolecular proton
donation can also be used for proton-mediated C—O bond
cleavage, reducing the activation energy barrier.”*! If the CO
remains bound to the catalyst after formation, a further
reduction releases it, regenerating the bare catalyst.

The uniqueness of the NHC moiety notwithstanding, the
MnBr(N-C)(CO)j; catalysts are presumed to follow pathways
similar to those of their MnBr(bpy)(CO); counterpart. This
paper endeavors to examine these catalytic pathways, elucidate
the differences between the imidazole and benzimidazole
reduction profiles, explore degradation pathways, and examine
the effects of a pendant phenol on the catalytic cycle.

B METHODS

Computational Methods. Initial computations were performed
with density functional theory (DFT) as implemented in Orca 3.0.3.>"
These computations employed B3LYP,>*~>* the LANLO8(f) ECP and
basis set>™* for Mn (subsuming 10 electrons), and the 6-31+
+G*#373% agis set for all other atoms. The conductor-like screening
model (COSMO)* was used to implicitly model acetonitrile (¢ =
36.6). RIJCOSX" along with the assigned auxiliary basis sets was used
to accelerate the Fock build step in all computations.
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To refine the barrier heights, single-point electronic energies were
determined using DLPNO-CCSD(T).*' These computations em-
ployed the cc-pVTZ* basis set, the LANLO8(f) ECP and basis set for
Mn, the cc-pVTZ-JKFIT auxiliary basis set,” and COSMO for
acetonitrile. Since DLPNO-CCSD(T) was only implemented in Orca
3.0.3 for an RHF reference, only the closed-shell species were studied
by this method, precluding the study of one-electron reductions and
open-shell reactions. The rate-limiting C—O heterolytic bond cleavage
in the reaction Mn(COOH)(bpy)(CO), + CO, — n(bpy)(CO)," +
CO;H™ is composed of closed-shell species and thus amenable to
treatment by DLPNO-CCSD(T). The Gibbs free energy was then
determined with the DLPNO-CCSD(T)/cc-pVTZ/LANLOS(f)/
COSMO(acetonitrile) electronic energies and B3LYP/6-31++G**/
LANLO8(f)/COSMO((acetonitrile) harmonic vibrational frequencies,
employing the rigid rotor and harmonic oscillator approximations for
the entropic contributions. To check for multireference character, and
thus the applicability of single reference methods, MP2 natural orbitals
were computed using RI-MP2 and the LANLOS(f) and cc-pVTZ basis
sets.

To ensure that transition states connected reactants and products,
intrinsic reaction coordinate (IRC) computations were performed
using GAMESS (2013).** All GAMESS computations employed
B3LYP/6-31++G**/LANLO8(f) as in the previous geometry
optimizations but lack the implicit solvent model due to the inability
of GAMESS to optimize with it. Transition states for the IRCs were
reoptimized in GAMESS, featuring minimal changes in the geometry.
All Mayer bond order computations were computed using ORCA
3.0.3.*" All natural population analysis (NPA) computations were
performed using NBO 6.0."

B RESULTS AND DISCUSSION

Initial Reduction. The catalytic cycles (Figure 2) for the
imidazole (Im) and benzimidazole (BI) complexes are
presumed to be similar to those for the MnBr(bpy)(CO),
and ReCl(bpy)(CO); complexes,”** with a few unique
differences. The bipyridine catalyst has two experimentally
determined one-electron-reduction potentials at —1.63 and
—1.84 V vs Fc/Fc* in MeCN.® Meanwhile, the imidazole and
benzimidazole ligands have concerted two-electron reductions
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Table 1. Properties of Imidazole (Im)- and Benzimidazole
(BI)-Containing Catalysts (CO Stretches in cm™)“

charge CO stretch
C Mn bond order v, 78 v,
Im 0.228 —0.590 0.62 1987 1896 1879
BI 0.264 —0.588 1.20 1989 1901 1882
A 0.036 0.002 0.58 2 S 3

“The natural population analysis (NPA) charges show increased
accepting ability of the carbene carbon bonded to the Mn along with a
decrease in electron density on the Mn. The Mayer bond orders show
increased Mn—C back-bonding between the metal and benzimidazole.
The increase in computed stretching frequencies indicates a decrease
in the electron density on the Mn. These all lead to an observed
increase in the reduction potential.

Table 2. CO, vs H' Binding for Imidazole (Im)-,
Benzimidazole (BI)-, and Phenol-imidazole (P-Im)-
Containing Catalysts (See Figure 3), Referenced to the
Energy of the Reactants, AG (kcal mol™")“

Im BI P-Im
(a) CO, Binding
TS 10.6 10.0 barrierless
final 3.1 8.0 —4.2
(b) H' Binding
TS 30.5 342 9.0
final 164 22.6 —11.5

“The transition state and final energy are referenced to the starting
energy of the reactants at infinite separation. CO, binding is strongly
preferred, even with the addition of a pendant phenol.

which occur at —1.91 and —2.01 V vs Fc/Fc?, a shift of 0.10,
which compares favorably to our theoretically computed shift of
0.12 V."” The change from two separate one-electron
reductions to a concerted two-electron reduction is indicative
of new processes appearing. After one-electron reduction, the
Br~ dissociates on the catalysts and the carbonyl ligands
rearrange to form a pseudo-trigonal-bipyramidal shape around
the Mn. This new arrangement results in a lowering of the
energy of the singly occupied d,_; orbital, allowing facile
reduction of the catalyst.

The less negative shift in the reduction potential from
imidazole to benzimidazole may be attributed to an increase in
the back-bonding of the benzimidazole complex relative to the
imidazole, leading to a decrease in electron density on the
Mn.”* Indeed, NPA calculations (Table 1) of the catalyst
(species 1) show decreased electron density on the
benzimidazole carbon coordinated to the Mn relative to the
coordinating carbon on imidazole. The increase in 7 acidity is
also evident in the increased Mn—C back-bonding, as illustrated
by the increase in bond order (Table 1). The decrease in

Table 3. First Protonation of Carboxylato [4] — [5] (see
Figure 2) for Imidazole (Im)-, Benzimidazole (BI)-, and
Phenol-imidazole (P-Im)-Containing Catalysts, Referenced
to the Reactants, AG (kcal mol™")“

™M BI P-Im (inter) P-Im (intra) P-Im (phenol)

22.8 25.2 32.0 0.9 31.1
“This is a barrierless or nearly barrierless process for all paths. The
phenol may be used to protonate the carboxylato (P-Im (intra)), but
the phenol itself must be regenerated (P-Im (phenol)), resulting in the
same net increase in energy.

electron density of the carbon bonded to the Mn may be
attributed to the formation of a Clar sextet* in the benzenoid
ring of benzimidazole, which disrupts aromatic delocalization in
the five-membered imidazolic moiety. This leaves less electron
density on the carbene carbon and allows for a concomitant
increase in back-bonding from the Mn, thus decreasing the
electron density on the Mn atom and its surrounding ligands.
This increase in back-bonding is not enough to make up for the
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Figure 3. Proton vs CO, binding pathways. CO, is strongly preferred over H, but the addition of a pendant phenol lowers the barrier for both
(Table 2). Step [2] — [3] is an intramolecular proton donation and thus happens much more readily than protonation from the water in solution.
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(a) TS 1

(b) TS 2

(¢) TS 3

Figure 4. C—O bond cleavage steps [S] — [7] (TS 1 and TS 2) and [5] — [6] (TS 3) (see Figure 2 and Table 4).

Table 4. C—O Bond Cleavage Step ([5S] — [7] and [5] —
[6]), Referenced to the Energy of the Reactants, AG (kcal
mol™!)“

Im BI P-Im

(a) Method 1
TS 1 319 33.7 35.0
2 23.2 24.4 21.5
3 8.7
final 1 and 2 —4.0 =29 -33
3 1.0

(b) Method 2
TS 1 30.4 29.3 30.4
2 220 20.5 22.6
3 7.0
final 1and 2 0.1 0.5 14
3 =53

“Method 1 uses the B3LYP energies, while method 2 employs
DLPNO-CCSD(T) electronic energy corrections (see Methods for
details). The bond cleavage can be mediated by either CO, (TS 1 and
2) or the pendant phenol (TS 3); see Figure 4. The intramolecular
proton donation provided by the pendant phenol significantly lowers
the barrier to C—O bond cleavage.

‘\,/
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(b) Overlap between filled carboxylate 7*-
orbital and empty attacking CO, 7*-orbital.

(a) HOMO-1 orbital

Figure S. Depection of orbital overlaps involved in TS 2 (see Figure
4b). The donation from the 7* orbital of the carboxylate into the 7*
orbital of the attacking CO, stabilizes TS 2 and makes it lower in
energy than TS 1, where no such interaction can occur.

decrease in electron delocalization into the carbene p orbital, as
shown by natural population analysis (NPA) computations in
Table 1. Theoretical and experimental”” CO stretching
frequencies also agree (Table 1), showing higher stretching
frequencies with benzimidazole, indicating less electron
donation from the Mn to the carbonyl 7* orbitals.

Proton vs CO, Binding. Once the active catalyst has been
generated by two-electron reduction and Br™ dissociation of the
starting compound, there is an open coordination site for CO,
binding (Figure 3). Previous Mn- and Re-based CO, reducing
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Table 5. Thermal Entropy Contributions (—TAS kcal mol ™)
to the Gibbs Free Energy Barrier for the C—O Bond
Cleavage ([S] — [7] and [S] — [6]; See Figure 4),
Referenced to the Thermal Entropy Contributions of the
Reactants”

TS Im BI P-Im

vibrational 1 =51 —4.6 =51
2 -2.3 -3.3 -1.7

3 —-1.9

rotational 1 3.7 3.7 3.7
2 3.7 3.7 3.7

3 0.0

translational 1 11.0 11.0 11.0
2 11.0 11.0 11.1

3 0.0

“Transition states TS 1 and TS 2 both have large entropic penalties
due to the loss of rotational and translational freedom arising from the
binding of a CO, from solution. TS 3 has no such barrier due to the
use of intramolecular proton donation.

catalysts have shown a marked selectivity for CO, reduction to
CO in comparison to proton reduction to H,.”** In
MnBr(bpy)(CO); complexes this has previously been
attributed to a substantially higher barrier for proton
coordination relative to CO, coordination.”* Previous proto-
nation mechanisms had a hard Lewis acid such as K" stabilizing
the weak acid transition state.”* If a softer electrolyte were to be
used as a supporting electrolyte, such as tetrabutylammonium
perchlorate (TBAP), the protonation pathway would become
highly unfavorable. For Mn(N-C)(CO),”, protonation with
H,0 has a significantly higher barrier than CO, binding (Table
2), due to the high pK, of H,O in acetonitrile (computed pK,
30.7 in acetonitrile””). The nature of the resulting products was
confirmed to be the charged species MnH(N-C)(CO); and
OH™ by examination of the Léwdin charges of the products
resulting from the IRC and relaxed surface scans. If stronger
Bronsted acids are used, such as phenol and HCI, the
protonation of the active complex will be more favorable,
making hydrogen a competing product. When a pendant
phenol is attached to the active catalyst (P-Im), CO, binding
becomes barrierless due to hydrogen bonding from the alcohol.
However, protonation is also significantly easier due to the
lower pK, and the intramolecular pathway, potentially leading
to a competitive reduction of H* to H,.

First Protonation. After the CO, has bound to the Mn in
the previous step, the resulting carboxylate must be protonated.
Previous studies with weak acids and K* have shown this stezp
to proceed with a small barrier for the bipyridine analogue.”
With water, in the absence of a supporting electrolyte, the
process becomes significantly uphill due to the high pK, of
water in acetonitrile (Table 3). This reaction is an uphill

DOI: 10.1021/acs.organomet.7b00743
Organometallics 2018, 37, 337—-342


http://dx.doi.org/10.1021/acs.organomet.7b00743

Organometallics

o o - o

OC— n
N (; ]
= )\CO/\ N/@ N
= N MnZ N— N §
l ~co OC/‘ co
o

co
[9]

co
[2]

Figure 6. Regeneration of active catalyst by two-electron reduction and CO removal. The pyridine spontaneously unbinds from the Mn upon one-
electron reduction but rebinds upon removal of the CO.

Table 6. Barrier to Liberation of CO in Step [8] — [9], lower than the lowest barrier for the intermolecular pathways.
Referenced to the Energy of the Reactants, AG (kcal The intermolecular pathways show large translational and
mol ')? rotational entropy penalties for the transition states (Table $),

whereas the intramolecular pathway does not show such

M Bl Pm penalties, accounting for much of the decrease in barrier height
TS 56 79 1.3 for the intramolecular pathway.
final —37 —37 19 Regeneration. Once the OH™ is removed, species [7] can
“No DLPNO-CCSD(T) correction is included, as open-shell DLPNO be reduced, causing the pyridine ligand to spontaneously
is not implemented in ORCA 3.0.3. unbind from the Mn, forming [8] (see Figure 6). This
significant rearrangement hinders accurate computational
process with no excess barrier, as demonstrated by potential determination of the reduction potential, as the relaxation
energy scans in the Supporting Information. The inclusion of a inhibits determination of the Gibbs free energy difference due
pendant phenol increases the barrier to protonation with water, to the reduction. To ensure that dispersion effects would not
as it weakens the hydrogen bond between the phenol and the prevent this unbinding, exploratory B3LYP-D3/def2-svp
carboxylate. The pendant phenol can be used for the computations were performed on these species, and the same
protonation of the carboxylate, in a nearly isoenergetic process spontaneous unbinding of the pyridine upon reduction was
(0.9 keal mol™"). The exact nature of the proton transfer from observed. The subsequent barrier to CO removal and ligand
the pendant phenol is difficult to determine at this level of recombination (forming species [9]) is small (Table 6),
theory due to the low barrier. However, once this phenol has indicating that species [8] is only a transient species in
been used to protonate the carboxylate, the phenol must be solution. Species [9] can then be reduced again to re-form the
reprotonated in a similarly barrierless process. active catalyst, species [2].
C-0 Bond Cleavage. The C—O bond cleavage of the
carboxylate group has previously been shown to be the rate- B CONCLUSION

limiting step in CO, reduction with MnBr(bpy)(CO)s.

Previous mechanisms have shown that this bond breaking is We have elucidated the reduction pathway of CO, to CO on

induced by proton donation from a Brensted acid. However, MnBr(N-C)(CO); for three N-heterocyclic carbene containing
H,0 is too weak of an acid (computed pK, = 30.7 in MeCN) N—C ligands. Our results are generally consistent with previous
to be used as a proton source (especially in the absence of any experimental work on MnBr(N-C)(CO); catalysts and expand
stabilizing cations) and thus an alternative mechanism is on previous nggilies on CO, reduction with Mn(I) tricarbonyl
necessary to explain the observed catalytic activity. Agarwal et compounds.”™"" These results reveal avenues for future
al.”® proposed a mechanism for the ReCl(bpy)(CO); analogue modifications of CO,-reducing catalysts to improve the
whereby the readily available CO, in solution aids in the turnover frequency and turnover number. In particular, since
removal of the OH, generating bicarbonate. This bicarbonate CO, binding is strongly preferred over H' binding, even with
will be a long-lived species and solution and may be a source of the inclusion of a pendant phenol, stronger acids could safely
further protons; CO, will only be regenerated under be used without significantly increasing H, production. The use
significantly acidic conditions. of CO, for removal of the OH™ is shown to allow reduction of

Removal of OH™ by CO, can proceed via two pathways. TS CO, in the absence of hard-acid electrolytes, with H,O as the
1 illustrates a side-on attack of the carboxylate, transferring the only proton source. Furthermore, the inclusion of a pendant
OH™ moiety and producing HCO;~ and CO (Figure 4a). The phenol near the active site was shown to dramatically decrease
imidazole (Im), benzimidazole (BI), and imidazole with the barriers to the C—O bond cleavage step of the catalytic
pendant phenol (P-Im) all show reaction barriers of greater pathway and is predicted to yield an increased turnover
than 30 kcal mol™ (Table 4). Alternatively, TS 2 illustrates an frequency. When the tetracarbonyl species is reduced,
approach of CO, from above (Figure 4b), with the occupied 7* dissociation of the pyridine moiety is observed, potentially
orbital of the carboxylate donating into the unoccupied 7* leading to a catalyst degradation pathway. Investigation and
orbital of the CO, (Figure 5). Due to this increased electronic prevention of this dissociation remains an avenue of further
stabilization, TS 2 has a 21 kcal mol™! barrier that is 9 kcal study in order to improve the turnover number.
mol™! lower than TS 1.

As an alternative to the intermolecular pathways, intra- B ASSOCIATED CONTENT
molecular proton transfer from a pendant phenol in P-Im is
possible (Figure 4c). Such a mechanism avoids the loss of © Supporting Information
rotational and translational entropy upon association of CO,, The Supporting Information is available free of charge on the

thus leading to a lower energy barrier. As shown in Table 4, this ACS Publications website at DOIL: 10.1021/acs.organo-
pathway has an energy barrier of 7.0 kcal mol™, 15 kcal mol™ met.7b00743.
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