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Summary

Research efforts covered with this thesis focus on the design of metal-free hydride donors
(NADH analogs) for possible application in CO2 reduction (electro)catalysis.

Chapter 1 consists of a brief introduction on importance of the CO2 reduction and
highlights homogeneous electrocatalysis as one of the methods to produce carbon-
neutral fuels. An overview on several classes of metal-based electrocatalysts for CO2
reduction is given to highlight the importance of considering mechanistic aspects in
improving the catalyst performance.

In Chapter 2, the hydride donor ability of several classes of metal-free hydride
donors is described with thermodynamic (hydricity) and kinetic (nucleophilicty)
parameters. Different experimental and computational methods used to obtain these
parameters are discussed in more detail. The hydricity and nucleophilicity values are
tabulated and discussed in terms of structure-property relationships. Based on the
presented data, benzimidazole-based hydrides have been identified as promising
candidates due to their favorable thermodynamic and kinetic properties that rival those of
precious metal hydrides. This work provides insights on structural and electronic features
that contribute to hydride donor ability of metal-free hydrides, relevance to catalysis and
contemporary limitations for replacing metal-based catalysts.

In Chapter 3, benzimidazole-based hydride donors have been tested for chemical
reduction of CO2. The selective reduction to formate is achieved in the absence of
enzymes or activators. Contrary to boron- and silicon-based hydrides, the oxidized
benzimidazolium form is quantitatively recovered upon the reduction, establishing the

recyclability of benzimidazole hydrides. Furthermore, the active hydride form is

XViii



electrochemically regenerated in quantitative yield. This work serves as a proof of concept
for selective CO2 reduction using metal-free renewable hydride donors.

In Chapter 4, electrochemical regeneration of two classes of organic hydrides
(acridines and benzimidazoles) from their oxidized forms has been explored. While the
previous efforts have been hindered by the rapid dimerization of organic radicals (first-
electron products), we utilized proton-coupled electron transfer (PCET) to achieve
quantitative electrochemical regeneration. It is found that PCET can determine the
mechanism for the electrochemical conversions. However, the required applied potential
remains consistent regardless of the mechanism of the conversion. This work gives
mechanistic insights for the application of organic hydrides in electro- and photocatalytic
processes.

In Chapter 5, a summary is presented with the key findings from the mechanistic
studies deliberated in this thesis. Remaining challenges that prevent application of NADH
analogs in catalytic application will be discussed along with the future outlook on possible

ways how to overcome these obstacles.
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Chapter 1. Introduction

1.1 Why CO2 Reduction?

Modern civilization relies heavily on the energy obtained from carbon-rich fossil fuels,
such as coal, oil and natural gas. In addition to the fact that fossil fuels will be inevitably
depleted in near future, their mass consumption induces a high production of greenhouse
gasses (particularly COy) that are being emitted in the atmosphere (Figure 1a).?6 The
atmospheric CO2 concentration has increased up to 400 ppm,?” (Figure 1b), which
exceeds the amount of CO; that is naturally recycled by photoautotrophic organisms.?8
The increased anthropogenic CO2 emission has been associated with the ‘climate
change’ phenomenon that include the trends of increasing temperature, rising sea-level,
shifts in floral blooming, and greater instances of extreme weather events (Figure 1c and
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Figure 1. Relationship between global climate change and increasing emissions of COo:

a) concentration of greenhouse gases vs. time; b) anthropogenic CO2 emission vs. time;
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c) surface temperature changes vs. time; d) sea-level changes vs. time. Adapted from

IPCC AR5 (2014).

However, atmospheric carbon dioxide can be utilized as a feedstock for renewable
source of energy, which would address both growing energy demands and alarming
concern about its increased emission. Specifically, the chemical reduction of carbon
dioxide leads to the formation of carbon-neutral fuels where the energy is stored in
chemical bonds.?® A myriad of CO; reduction reaction (CO2RR) products can serve as
fuels, such as Cs-compounds (formate, carbon monoxide, formaldehyde, methanol) or
Co, Cs3 or higher-order compounds (oxalate, ethane, ethanol, propanol, etc.). The more
desired ones are those that have higher energy content, usually evidenced by more C-H
bonds and those that can be stored and transported more easily (such as liquid fuels).3°
Out of these, methanol appears to be the desired candidate that compromises relative
synthetic ease, high energy density with three energy-carrying C-H bonds (~22 MJ/KkQ),
low toxicity, and straightforward handling."

Conversion of carbon dioxide to any type of fuel can be achieved using various
methods: thermal hydrogenation, electrochemical, photochemical and enzymatic
methods.3?-35 While all methods have their advantages and drawbacks, the focus of this
thesis is on electrochemical CO2RR. Furthermore, electrochemical CO2RR can be
coupled to a renewable source of energy (i.e. solar energy) to give continuous, cost-
effective replacement of fossil fuels.3® During (photo)electrochemical CO2RR processes,
multiple electron and proton transfers take place. Stepwise single-electron transfers are
usually undesired since they produce high-energy radical intermediates, as represented

with very negative reduction potential for one electron reduction of CO: to the radical



anion CO2~ (Table 1).3” These open-shell intermediates can be bypassed through a
sequence of proton-coupled electron transfers, which is reflected by significantly less
negative potentials (Table 1). However, channeling multiple electron and proton
equivalents toward one specific product is challenging and comes with a high kinetic
cost.®® In addition, it is difficult to circumvent the hydrogen evolution reaction (HER), which
occurs at a similar thermodynamic potential as CO> reduction products (Table 1). Thus,
electrochemical CO2RR require a catalyst to perform the conversion on a reasonable
timescale by navigating electrons and protons toward a single product and avoiding the

undesirable HER.

Table 1. Standard potentials of several CO> reductions in aqueous solutions at 1.0 atm

and 25 °C.
electrochemical half-reaction E° (V vs. SHE)
CO,(g)+e” — COy~ -1.92
CO, (g) + 2e~+ 2H* - CO (g) + H,O (1) -0.11
CO, (g) + 2e™ + 2H* - HCOOH () -0.25
CO; (g) +4e™ + 4H* - CH,O (I) + HO (1) -0.07
CO, (g) + 6e™ + 6H* —» CH30H (I) + H,O (1) +0.02
CO, (g) +8e™ + 8H* - CHy (g) + 2H,0 (1) +0.17
2C0; (g) + 2e~ + 2H* - H,C,04 (aq) -0.50
2C0, (g) + 12e™ + 12H* - C,H,4 (G) + 4H,0 (1) +0.06
2H* +2e” - H,(g) 0.00

Over the past few decades, there have been tremendous scientific efforts and

many reports on homogenous and heterogenous electrocatalysts that perform CO2RR to



produce various different products.3*#' Both classes of catalysts exhibit different
advantages (Table 2),% but for this work, only homogeneous systems will be discussed.
While the most of the industrial, large-scale catalysis is heterogeneous due to their cost
effectiveness, the apparent advantages of using homogenous molecular catalysts include
the availability of advanced experimental and computational techniques for their
syntheses and characterization, and the tunability of the active sites to achieve the
selective and efficient conversion.®® In addition, lessons learned from the studies on
homogenous catalysts can be implemented in design of heterogenous catalysts. When
evaluating the CO2RR catalyst’s performance, there are several properties considered:
activity, energy efficiency, robustness and selectivity. An ideal catalyst should be selective
toward a single product, operate efficiently at low overpotentials and exhibit long-term
stability. However, it is often difficult to compare different catalysts’ performances due to
variations in experimental setups. The following session outlines the current state of the

homogenous CO2RR electrocatalysis field.

Table 2. Comparison of main properties of homogeneous vs. heterogenous catalysts.3°

Property Homogeneous Heterogeneous
Active site majority of atoms only surface atoms
Mechanism defined poorly defined
Selectivity tunable/high not tunable

Durability poor fair

Reaction conditions

mild often elevated
(temperature, pressure)




1.2 Previous Efforts on Homogenous CO2RR Electrocatalysts

The area of homogenous CO2ZRR electrocatalysis has been flourishing from its beginning
in 1980s, which resulted in reports of numerous molecular catalysts.3%-40. 4243 The field
has been dominated by studies on organometallic catalysts. Originally, the research was
focused on complexes with late transition metals such as Ru, Re and Ir, while more
recently there are more reports emerging on earth-abundant complexes such as Mn, Fe
and Co. The majority of reported electrocatalysts generate 2e~ reduced products, CO and
formate. In general, the catalyst serves as a multiple-electron carrier between the
electrode and CO., which enables catalysis to occur at the reduction potential of the
catalyst rather than the potential for direct CO2 reduction. Upon reduction of the catalyst,
the low valent metal center binds either CO2 to form a metallo-carboxylate, carbon
monoxide-route, or a proton to form a hydride, formate-route (Scheme 1). It is not always
clear whether the metal-center will have more tendency towards CO2-binding or proton-
binding, and often both products are observed, albeit in different yields. In addition,
production of hydrogen is a very common side reaction when CO2RR electrocatalysts
are employed in the presence of proton source because it is more thermodynamically
favored over two-electron CO> reductions (Table 3).444% Since the product distribution
primarily depends on the reaction mechanism and experimental conditions,*® the
mechanistic aspects of a few selected metal-complexes will be discussed in more detail;

an exhaustive list of molecular electrocatalysts can be found elsewhere.?°



Scheme 1. Schematic representation of the generalized CO2RR catalysis with metal-
based electrocatalysts. The scheme depicts possible pathways that lead to the formation

of most observed reduction products (carbon monoxide, hydrogen and formate).

M an-1

+CO, +H*
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Table 3. Standard reduction potentials in acetonitrile relevant for CO2RR with metal-

based electrocatalysts.

reduction reaction E° (V vs. Fc*/Fc?)  E°(V vs. SCE)
CO, (g) / HCO,™ (s) -0.77 -0.39
CO,(g)/ CO(9) -0.12 +0.26
2H*/ H; (9) -0.03 +0.35

1.2a Ruthenium — Polypyridyl Complexes

Polypyridyl complexes are one of the most often reported classes of molecular catalysts
for photo- and electrocatalytical CO2RR for several reasons.*® First, the easy synthesis
and fairly approachable electronic and steric tunability have enabled development of a
series of electrocatalysts. Second, polypyridyl ligands are redox active and their reduction

often occurs at less negative potentials than for metals enabling multi-electron



transformations. Lastly, the ligand can tune both the geometry and electronic structure of
the metal centers, that are analogous to catalytic sites in enzymes.

The polypyridyl complexes of ruthenium have been extensively studied in
electrocatalytic CO2RR. First introduced by Tanaka, the [Ru(bpy)2(CO)CI]* complex (bpy
— 2,2’-bipyridine) showed catalytic activity at -1.50 V vs. SCE potential in water/DMF
mixture. The product distribution was found to depend on the pH (Figure 2).'-47-48 Slightly
acidic conditions (pH = 6) favored production of CO and H»2, while more formate was
produced under basic conditions (pH = 9.5). The insights about the mechanism of the
electrochemical transformation were obtained from the cyclic voltammetry of the complex
in the presence and absence of CO2 and product distribution. The voltammetric profile of
the complex in the absence of CO: displays a reversible reduction peak at -1.24 V vs.
SCE and an irreversible reduction peak at -1.48 V vs. SCE (Figure 2a). These two peaks
were assigned to the reduction of two bpy-ligands according to DFT calculations.*® The
loss of reversibility at second electron reduction is explained by the reductive
dehalogenation which results in the formation of five-coordinate species [Ru(bpy)2(CO)]°

(Figure 2b).
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Figure 2. Electrochemical reduction with Ru-bpy complexes: a) cyclic voltammograms of
[Ru(bpy)2(CO)CI]* in DMF under nitrogen (solid) and CO. (dashed); adapted with
permission from ref. 1. Copyright 1987 American Chemical Society. b) mechanism

proposed by Tanaka et al., see ref. 1; c) mechanism proposed by Meyer et al., see ref. 2.

Upon the formation of the neutral [Ru(bpy)2(CO)]°, there is a nucleophilic attack of
the metal center to CO- to yield the metallocarboxyallato complex. Once this complex is
protonated, it yields the critical selectivity-determining intermediate
[Ru(bpy)2(CO)(COOH)]*. In acidic condition, this intermediate undergoes additional
protonation to initiate H2O release and yield [Ru(bpy)2(CO)2]. Upon two-electron
reduction, CO is being released which recovers the active catalyst [Ru(bpy)2(CO)]°. Under
basic conditions, [Ru(bpy)2(CO)(COOH)]* reacts with a proton and two electrons to
produce formate and recover the active [Ru(bpy)2(CO)]°. It is interesting to note that
authors propose that the process does not generate the hydride species during the

conversion.



The study on electrocatalytic activity of [Ru(bpy)2(CO)H]" in acetonitrile by Meyer
et al. revealed an alternative, hydride mechanism.?2 By using controlled potential
electrolysis of cis-[Ru(bpy)2(CO)H]" and FTIR spectroscopy, several intermediates such
as [Ru(bpy)2(CO)(OCHO)]" and [Ru(bpy)2(CO)(MeCN)] were identified. This helped
authors elucidate the mechanism. The catalytic cycle involves bpy-based one-electron
reduction of the [Ru(bpy)2(CO)H]* complex, followed by CO: insertion into the Ru-H bond
to yield formato-complex [Ru(bpy)2(CO)(OCHO)]*. A subsequent electron transfer causes
a loss of formate and recovery of the complex [Ru(bpy)2(CO)(MeCN)] that upon
protonation recovers the starting complex.

Despite being structurally very similar, proposed mechanism for the catalysis with
[Ru(bpy)2(CO)CI]" and [Ru(bpy)2(CO)H]* are very different, probably due to the different
experimental conditions. While many detailed experimental and computational methods
have been employed to explore the mechanism, the relationship between the structure of
the catalyst or experimental conditions and reactivity remains empirical. Also, molecular
Ru(bpy)-based complex generally display lower catalytic activity and poor selectivity than
the corresponding Re- and Mn- analogs (vide infra). Furthermore, they undergo reductive
electro-polimerization reaction which is initiated by bpy-ligand dissociation and the
resulting film acts as a heterogenous catalysts for CO2RR.5%-%" A new generation of Ru-
polypyridyl complexes prevents the electro-polymerization by implementing ligands such
as 2,2":6',2"-terpyridine and 1-methylbenzimidazol-2-ylidene.*® %2-5° |n addition, these
ligands enhance the catalytic activity and improve the selectivity towards CO by
suppressing the formation of the heterogenous catalyst that produces both CO and

formate.5¢



1.2b Rhenium- and Manganese- Bipyridyl Complexes

First reports on CO2RR catalysis with Re-complex [Re(bpy)(CO)sCl] date back in 1980s,
where it was shown that the bipyridyl-complex can act as both a photo- and electrocatalyst
for the reduction to CO.® 57 The mechanism for the electrochemical conversion is well
studied experimentally and computationally and has found to depend on the experimental
conditions, such as applied potential, solvent, etc.. >* 57 Specifically, there are two one-
electron reduction events taking place under an inert atmosphere, assigned to reversible
reduction of the bpy-ligand (at -1.35 V vs. SCE) and the irreversible metal-centered
reduction (at -1.71 V vs. SCE).3 Upon the two-electron reduction, a loss of the chloride
ligand takes place, followed by the intramolecular ligand-to-metal electron transfer that
creates an active site for the CO:2 binding, similar to the Ru-based catalyst (Figure 3a).
Ligand release also takes place at the catalyst’s first reduction potential in weakly
coordinating solvents, except on a much longer time scale (Figure 3a).%® Once CO- is
bound, the catalysts proceeds through several proton and electron transfers before
releasing CO as the sole product (Figure 3b). DFT calculations revealed that the high
selectivity toward CO production is achieved due to a practically barrier-less CO> binding,
whereas the binding of a proton is not kinetically favorable (AG* = 21.6 kcal/mol, Figure
3c).° The protonation of the pentacoordinate metal-complex [Re(bpy)(CO)s]- becomes
more competitive in the presence of strong acids or in aqueous solutions, which then

favors production of H2 and formate (Scheme 1).
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Figure 3. Electrochemical CO2RR to CO using the Re-based catalyst: a) one- and two-

electron reduction pathways for the activation of the catalyst proposed by Meyer et al. in
ref. 3; b) electrocatalytic cycles proposed by Carter et al. in ref. 4; c) schemastic

represenation of the potential energy surface for H* and CO. additions calculated by

Carter et al. in ref. 5.

In addition to hydride formation, there is another side reaction occurring o that
leads to the deactivation of the catalyst. Namely, the pentacoordinate Re-complex
[Re(bpy)(CO)3]~ undergos a slow dimerization reaction to form a Re-Re bond in the
[Re(bpy)(CO)s]2 dimer that incapacitates the further reduction.>® The same inactive dimer
has been observed in photochemical catalysis by Rieger and collaborators.®® The
undesired dimerization reaction can be suppressed by the modification of the bipyridine-
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ligand. In specific, a tert-butyl derivative showed an improved catalytic activity by inhibiting
the formation of the dimer due to the steric constraints.®"

Despite being superior in the CO2-to-CO conversion, rhenium is one of the least
abundant elements. As a result, the recent studies have shifted towards bipyridyl
complexes of more earth abundant elements, such as manganese. The first study from
2011 on the [Mn(bpy)(CO)3Br] complex reported electrocatalytic activity for the CO2RR
to CO at overpotentials lower than for the Re analog.®?> The catalysis mechanism was
studied experimentally and computationally,® 2 and it was found to slightly differ from
rhenium electrocatalysis. Under inert atmosphere, the cyclic voltammogram of
[Mn(bpy)(CO)3Br] display two irreversible reduction peaks at-1.26 V and -1.50 V vs. SCE.
The first irreversible reduction (at -1.26 V vs. SCE) has been associated with halide
dissociation and consequent rapid radical dimerization (Figure 4a). The formation of the
dimer was previously confirmed using UV/Vis and IR spectroelectrochemistry.®®> The
dimer is then further reduced at -1.50 V vs. SCE to produce the active penta-coordinate
complex. Unlike the Re-complex, the CO:2 binding takes place only in the presence of a
proton donor, which is rationalized by calculated endergenic AG value for CO2 addition
(Figure 3c).° From there, the reaction mechanism proceeds similarly to Re-catalyst with

multiple proton-electron transfers that lead to CO production (Figure 3b).
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suggested intermediate structure responsible for the more favorable ‘protonation-first’
mechanism; adapted with permission from ref. 6. Copyright 2017 American Chemical

Society. c) schematic comparison of ‘protonation-first’ and ‘reduction-first’ mechanisms.

Significant improvements to the activity and stability can be achieved with the
incorporation of bulky substituents in 5, 5’ positions of the bpy-ligand, such as tert-butyl
and mesityl groups.®* Similar to Re-catalysts, bulky substituents inhibit the dimer
formation while improving the catalytic activity. The overpotential can also be lowered by
the substituents that alter the reaction mechanism. Specifically, incorporation of

dimethoxyphenyl substituent favors the “protonation first” mechanism through a
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hydrogen-bonding interaction and electronic substituent effect with the Mn(l)-COOH
intermediate (Figure 4b), which enables a more facile C-OH bond cleavage.® The
reduction of the resulting intermediate [Mn(bpy)(CO)4]" is more thermodynamically
favorable compared to Mn(1)-COOH intermediate: -1.3 V vs. SCE for the ‘protonation-first’
mechanism and -1.6 V vs. SCE for the ‘reduction-first mechanism (Figure 4c). As a
consequence, methoxy-catalysts operates at more positive applied potentials than the
catalyst with structurally similar ligands that cannot form hydrogen bonds, i.e. mesityl

groups, ‘reduction-first’ pathway.

1.2c Fe-Porphyrin Complexes

The most noticable advancements in CO2RR electrocatalysis with first row transition
metals have been achieved with iron porphyrin complexes. These biomimetic models of
heme coenzymes are homogeneous electrocatalysts for CO2-to-CO reduction with
superior selectivity, reasonable stability, and remarkable rates. The first report on
catalysis by iron-tetraphenylporphyrins FeTPP (Figure 5a) was by Saveant and co-
workers in the 1980s.%° In the absense of CO,, the [Fe!"(TPP)]* complex exhibit three
reversible peaks, which were assigned to clear Fe!"'’!) Fel!/) and Fel/9 couples.®6-67
Under 1 atm of CO,, there is a new catalytic peak rising at the Fe!'’? potential, indicating
that Fe? acts as an active species that readily reacts with CO- to initiate the catalysis.” In
a =dry solvent, another molecule of CO: is proposed to act as the oxide acceptor thereby
generating CO3~ (Figure 5b, scenario 1). The catalysis in anhydrous conditions proceeds
with only few catalytic turnovers due to the catalyst deactivation by carboxylation of the

TPP ligand.®® The catalyst performance can be boosted by the addition of Lewis acids
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(such as Mg?*), where Mg?* promotes decomposition of the Fe-COO- adduct into
[Fe'(TPP)(CO)] and MgCO3.5668 Nonetheless, this is not very practical since the
prolonged production of MgCOs3 in the form of precipitate covers the electrode surface
and inhibits further catalysis. Alternatively, the dehydration of the metallocarboxylic
complex [Fe'(TPP)(COOH)]- can be accelerated by the addition of Bransted acids (Figure
5b, scenario 2).5%7° However, the choice of the acid is critical because the stronger acids
facilitate the dehydration of the [Fe'(TPP)(COOH)]- but also promote the formation of the

hydride, which favors the production of H2 and formate.
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Figure 5. Electrochemical CO2RR to CO using the Fe-porphyrin catalyst: a) cyclic
voltammograms of iron-tetraphenylporphyrin [Fe(TPP)]* under argon (blue line) and CO>

(red line); adapted with permission from ref. 7. Copyright 2013 American Chemical
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Society. b) schematic representation of Lewis acid- and Brgnsted acid-promoted catalytic

cycles.

A major breakthrough in FeTPP catalysis was realized by modifying second
coordination sphere around the metal center. Specifically, the incorporation of phenol
handles in the ortho position of the TPP ligand significantly improved CO2 to CO kinetics
by providing a local proton source.”! According to DFT calculations, the role of the proton
handle is to stabilize [Fe"(TPP)(CO2)]?>- adduct through intramolecular H-bonding (Figure
6a).”> The prepositioned proton source alters the mechanism by initiating ‘protonation
first’ pathway (Figure 6a), analogously to the intermediate observed in the methoxy-
substituted Mn-bipyridine catalyst (Figure 4b). As a consequence, the overall catalysis
occurs at more positive ~0.2 V applied potential. Alternatively, further improvement of
the iron-porphyrin catalysts can be achieved by altering the electronic environment in the
second coordination sphere. The work done by Saveant and coworkers showed that
addition of charged substituents in para position of phenyl groups reduced the catalysis
overpotential (Figure 6b) by lowering the reduction potential of the Fe(/9 couple through
the inductive effect.®2”® However, the catalytic activity simultaneously declined
presumably by decreasing the electron density around Fe® center, which lowered its
nucleophilicity for the reaction with CO2. The biggest improvement in terms of
overpotential, to only 0.2 V from thermodynamic, has been achieved when a positively
charged ammonium-substituent was placed in the ortho position.2 The ortho substitution
also improved the catalytic activity (Figure 6b), most likely by Coulombic stabilization of

the initial Fe— CO. adduct. Presently, the catalyst FeTPP-oA+ shown in Figure 6b is
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considered the most efficient and highly selective homogenous electrocatalyst for the

CO2-to-CO reduction. However, the superior catalytic activity of FeTPP-oA+ is

overshadowed by its synthetically challenging preparation, where the overall yield for the

ligand synthesis is reported to be only 9%.
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Figure 6. Importance of second coordination sphere in CO2RR electrocatalysis with

FeTPP: a) a phenol proton handle enables ‘protonation-first’ mechanism; b) linear sweep

of several substituted FeTPP catalysts showcasing the influence of inductive effect and

local Coulombic stabilization on catalysis; adapted with permission from ref. 8. Copyright

2016 American Chemical Society.

1.2d Formate-Producing Electrocatalysts

The maijority of catalysts perform electrochemical CO2RR to CO, where production of

formate often occurs only as a side product. While certain catalysts show remarkable

17



selectivity towards CO production, this gaseous product is highly toxic and difficult to store
and transfer. Formate, on the other hand, represent a more desired energy carrier
candidate, due to its low toxicity and straightforward handling. The production of formate
likely happens through a metal-hydride intermediate that is being formed mostly in the
presence of strong acids or lower CO2 concentrations. Under such conditions, hydride
transfer to available protons (protonolysis) becomes a competing process yielding both
formate and hydrogen gas as the major products. While the early studies performed by
Meyer,”* Deronzier’® and Tanaka’® showed comparable yields of formate and hydrogen
gas, more recent studies lead by Brookhart,® 77 Meyer® 7 and Berben’®-%* demonstrate
catalysts that produce formate in predominant yields.

Unlike other precious metals, iridium has been mostly associated with the hydride-
based catalysis. Iridium pincer complexes, studied by Brookhart,® Meyer and coworkers,
have been tested with regard to their selectivity for reduction of CO, to formate.® A
preparative electrolysis of iridium-hydride [Ir(PCP)(MeCN)(H2)] under CO2 atmosphere in
MeCN/water mixture produced a high yield of formate, whereas H> was observed in
significantly less yield. The mechanism was postulated based on the cyclic voltammetry,
preparative electrolysis and DFT calculations.®®> In the absence of CO, cyclic
voltammogram of the hydride show no cathodic signals (Figure 7a, top). In the presence
of CO2, a new catalytic wave appears at -1.64 V vs. SCE, indicating that
[Ir(PCP)(MeCN)(H2)] serves as active species for CO2RR. DFT calculations and cathodic
scans of the oxidized form [Ir(PCP)(MeCN)(H)]* confirmed that the active hydride is
regenerated at this potential (Figure 7a, bottom).® 8 In addition, a control experiment

showed a quantitative CO2RR by [Ir(PCP)(MeCN)(H2)] yielding [Ir(PCP)(MeCN)(H)]* and
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HCOO™ as sole products. Based on these findings, the authors proposed the mechanism

depicted in Figure 7b. According to the DFT calculations, the lower yield for proton

reduction is a consequence of the Ir-H bond being kinetically inert towards protonolysis

under the given conditions due to an activation barrier of 25 kcal/mol.8¢
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Figure 7. Electrochemical CO2RR to formate with the Ir — pincir complexe: a) cyclic

voltammograms of [Ir(PCP)(MeCN)(H2)] (top) and [Ir(PCP)(MeCN)(H)]* (bottom) in the

argon (black line) and CO: (red line); adapted with permission from ref. 9. Copyright 2012

American Chemical Society. b) schematic representation of the mechanism postulated

from electrochemical measurements and DFT calculations.
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Another interesting group of metal catalysts that perform CO2RR to formate via a
similar mechanism is the class of iron carbonyl clusters studied by Berben et al.’8-%* These
acid-resistant clusters achieve remarkable selectivity in both aqueous and in organic
media. In the absence of CO2, these iron clusters show catalytic activity in proton
reduction,®” indicating that the formation of formate is kinetically favored over
protonolysis.”® With regard to CO2RR, the reduction mechanism is suggested to proceed
via hydride transfer based on cyclic voltammetry studies and spectroscopic
measurements.®8 Similar to the Ir-hydride study, the reduction of CO; to formate with the
pre-prepared hydride confirmed a hydride transfer mechanism. Efforts to increase overall
kinetics by improving the hydride donor ability or by providing a local proton handle (as
was demonstrated with Co-complexes with pendant amines; not discussed here) have
resulted in diminishing of formate production and enhancing the hydrogen evolution.8®
Based on their studies, the authors suggest that the hydride donor ability of metal hydride
for CO»-to-formate conversions should be sufficiently high to drive hydride transfer

reaction to COz, but not too high to undergo protonolysis.®*

In summary, organometallic electrocatalysts have come a long way since the initial
discovery. Impressive progress has been achieved by mechanistic understanding of the
catalytic systems obtained from electroanalytical techniques, spectroscopy and
computational chemistry. Modifications to the primary and secondary coordination sphere
have significantly improved catalyst activity and selectivity, even with the first-row
transition metals. However, the vast majority of reported electrocatalysts catalyze CO2RR

only to two electron products; the catalysis presumably terminates at the stage of CO and
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formate due to their high stability.*® Very recently, the reduction of CO, beyond two-
electron reduction products has been achieved by an iron electrocatalyst with the aid of
an additive that prevented formate formation.®’ Another major concern associated with
utilization of electrocatalysts for CO2RR is their durability. Even the most durable
catalysts suffer from deactivation after several hours or days. One of the approaches that
aims to address stability issues is incorporating molecular catalysts into heterogenous
systems. Such heterogenization process increases durability and catalytic activity of
molecular catalysts while synergistically improving the selectivity of the heterogenous
moiety.92%¢ Further research in this area might result in a suitable candidate to replace

fossil fuels.

1.3 Our Biomimetic Approach

Our group performs fundamental mechanistic studies on metal-free systems that are
relevant for solar fuels and other energy storage applications.®”-'%2 We often draw
inspiration from natural systems and cofactors that are pivotal for the enzymatic activity.
For this project, the major source of inspiration comes from natural photosynthesis, where
the critical step of CO2 reduction to carbohydrates is performed by the organic cofactor
nicotinamide adenine dinucleotide phosphate (NADPH). The NADPH cofactor, a medium
strength hydride donor, selectively reduced an activated CO2 molecule in form of ester,
1,3-bisphosphoglycerate to the aldehyde through a hydride transfer mechanism (Scheme
2, left). The active hydride form of NADPH is then regenerated by the electrons supplied

from the photo-driven water oxidation reaction.

21



Scheme 2. Our approach. left: In natural photosynthesis, the reduction of CO2 to
carbohydrates is performed by NADH, which is regenerated from photo-driven water
oxidation. right: Our biomimetic approach includes a photoelectrochemical cell for
selective CO2 reduction. Active hydrides are designed to have favorable thermodynamic
parameters for hydride transfer to CO. and easy photoelectrochemical regeneration with

a semiconductor and electrons from water oxidation.

Natural Photosynthesis: Our Biomimetic Approach:
6CO, + 6H,0 —s CoHi;0; + 60, CO, + 2H,0 M, CHiOH + 3120,
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R \
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In our approach (Scheme 2, right), the reduction of CO: is realized by biomimetic
NADH-analog electrocatalysts that are covalently attached to a semiconductor surface
that acts as a photocathode. The metal-free NADH analogs are designed to be capable
of reducing CO2 to methanol through a sequence of proton-coupled hydride transfers, as
opposed to metal-based hydride catalysts that favor production of formate and hydrogen
gas. This can be achieved based on the fact that metal-free NADH analogs are not

efficient in hydrogen evolution catalysis.®” Similar to natural photosynthesis, the
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regeneration of NADH analogs from these NAD*-forms occurs by light-induced charge
transfers from the photocathode with electrons obtained from the water oxidation part of
the photoelectrochemical cell. The apparent advantages of using such system are:

(i) the reduction of CO2 occurs in a selective manner accomplished by hydride
transfer reactions;

(ii) the reduction can be directed towards methanol as a final product through a
sequence of proton-coupled hydride transfer steps, thus, avoiding gaseous
products such as CO and Hy;

(iif)  the biomimetic NADH electrocatalysts are built from earth-abundant elements
(carbon, nitrogen, oxygen) and can serve as inexpensive, non-toxic materials

for industrial application.

The performance of the proposed photoelectrochemical cell depends on the hydride
donor ability of the metal-free hydrides (often described using “hydricity”) and the ease of
the (photo)electrochemical regeneration of the active hydride form. This thesis consists
of fundamental studies on NADH analogs in terms of their thermodynamic and kinetic
hydricities, applicability in CO2 reduction via hydride transfer, and electrochemical
requirements for hydride regeneration. The experimental and computational data in this
work outline structural motifs that afford better metal-free hydride donors, provide insights

on their application in catalysis and current limitations for replacing metal-based catalysts.
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Chapter 2. Thermodynamic and Kinetic Hydricities of Metal-Free Hydrides

Adapted in part from Ref. 241 with permission from llic, S.; Alherz, A.; Musgrave, C.B.;

Glusac, K.D. Chem. Soc. Rev. 2018, 47(8), 2809-2836, DOI: 10.1039/C7CS00171A.
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2.1 Introduction

Hydride donors are powerful reducing reagents. By transferring a hydride ion to the
appropriate substrate, hydride donors achieve a two-electron, proton-coupled reduction
in a concerted fashion, without the formation of high energy, often unstable,
intermediates. Transition metal hydrides, particularly those made of the noble metals Rh,
Pd and Pt, are generally excellent hydride donors and can often be used in catalytic
amounts through either electrochemical or chemical regeneration of the hydride donor
from its conjugate hydride acceptor.'%3-19 However, due to the low abundance and high
toxicity of transition metal-based hydrides,'%® recent scientific efforts have investigated
metal-free hydride donors and their utilization in catalytic reduction processes.

Initial interest in metal-free hydride donors (Scheme 3a) was motivated by their
close resemblance to enzymatic cofactors, nicotinamide adenine dinucleotide phosphate
(NADPH) and flavin adenine dinucleotide (FADH). Natural systems often utilize these
organic hydride donors to drive a myriad of reduction reactions. For example, the critical
step in CO2 reduction in photosynthetic systems is a hydride transfer from reduced NADP
(NADPH),'” a carbon-based hydride donor with moderate hydride donating ability.
Inspired by natural cofactors, several synthetic analogs were investigated, such as
Hantzsch esters, and applied as mild hydride sources in various asymmetric
transformations, often activated by the presence of a metal ion in a similar fashion as in
natural enzymatic systems.'®® Furthermore, stronger hydride donors (e.g. Super
hydride™, lithium triethylborohydride, Scheme 3a) are often used as stoichiometric
reagents for reductions of numerous functional groups, such as C=0, C=N and C=C

bonds in organic synthesis.'® 199 More recently, significant progress has been made
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towards the catalytic use of metal-free hydride donors. Specifically, frustrated Lewis pairs,
made of sterically-hindered hydride and proton acceptors, have emerged as a promising

class of metal-free catalysts for hydrogen activation.!%-111

Scheme 3. a) Some examples of metal-free hydride donors. Metalloids are shown in
orange, while nonmetals are shown in blue. Hydridic hydrogens are shown in red and
electronegativity values are represented by “xy”. The selected examples of each group are
presented as follows, from top left: boron (lithium triethylborohydride, Super hydride™18),
carbon (NADPH,'® R = adenine dinucleotide phosphate), nitrogen (FADH,?° R = adenine
dinucleotide), oxygen (coenzyme Qio?"), silicon (triphenylsilane??), phosphorus (2-H-
diazaphospholene?®), germanium (tributylgermane?*) and tellurium (sodium hydrogen

telluride?®). b) Thermodynamic and kinetic hydricity scales used to evaluate hydride donor

ability and reactivity of metal-free hydride donors.
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The hydridic H-atom in metal-free hydrides is bound either to a nonmetal - carbon,
nitrogen, oxygen or phosphorus - or a metalloid - boron, silicon, germanium or tellurium
(Scheme 3). In general, the hydride donating ability of metal-free hydrides can be tuned

over a wide range by varying the donor’s electronic and/or structural parameters, such as
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the polarization of the hydridic bond of the hydride donor or the extent of positive charge
delocalization in the conjugate hydride acceptor. The selection of appropriate hydride
donors for various desired applications is usually made by considering thermodynamic
and kinetic hydricity parameters. The thermodynamic hydricity (AG,_) is defined as the
standard Gibbs free energy change for the dissociation of a hydride donor R-H into a
conjugate hydride acceptor R* and a hydride anion H™:
R—H - R* + H™ AG,_ (1)

AGy_ values are always positive because spontaneous heterolytic dissociation of the
hydride does not occur and lower values for AGy_ indicate a better hydride donor
(Scheme 3b). Based on their AG,_ values in acetonitrile (MeCN) and dimethyl sulfoxide
(DMSO), hydrides can be divided into weak (AGy_ > 80 kcal/mol), moderate (50-80
kcal/mol) and strong (< 50 kcal/mol) donors. The Gibbs free energy associated with the
reverse of process (1) is defined as the hydride affinity of R*, where this parameter is
relevant for oxidation reactions involving abstraction of hydride ions from relevant
substrates. Naturally, the AG,_ of the hydride donor and the hydride affinity of the
conjugate hydride acceptor have the same value, but with opposite signs.

Kinetic hydricity of metal-free hydride donors is often defined in terms of a
nucleophilicity factor N, which is a purely empirical parameter obtained from experimental
rates for hydride transfer reactions with reference acceptors. The N value of the hydride
donor can be correlated directly with the activation free energy for the hydride transfer
reaction with an acceptor.''>13 Therefore, N can be used to quantify the kinetic strength

of a hydride donor, where stronger hydride donors are defined to possess larger N values
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(Scheme 3b). Hydride donors can be divided into slow reacting (N < 0), moderately
reactive (0 — 10) and highly reactive (> 10).

A number of exhaustive reviews have covered metal-free hydride motifs and their
application in organic synthesis and photoelectrocatalysis.'%® 1. 114115 Here, we
approach metal-free hydrides from the mechanistic perspective; we review the literature
reports of thermodynamic and kinetic hydricities of metal-free hydride donors. The first
two sections summarize different experimental and computational methods for their
determination, as well as a description of the advantages and disadvantages of each
approach. The reported hydricity parameters are then tabulated, and the data used to
derive structure-property relationships of the hydrides, with a focus on trends that govern
the thermodynamic and kinetic properties for different classes of metal-free hydride
donors. In the last section, we analyze the tabulated hydricities and other electrochemical
properties to evaluate the applicability of metal-free hydrides to catalytic processes, such

as solar fuels generation.

2.2 Experimental Methods

Several different experimental approaches are utilized to evaluate hydride donating
abilities of metal-free hydrides. The Gibbs free energy AGh. is the most accurate
parameter to evaluate the thermodynamic driving forces for hydride transfer reactions.
Two main experimental approaches are used to obtain AGu.for metal-free hydride donors:
the “potential-pKas” and “hydride transfer” methods (Scheme 4). However, both methods
are often experimentally challenging. To avoid these challenges, one can resort to

obtaining the experimental enthalpy change (4HH.) and assume that the entropic
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contributions to the hydride transfer processes are insignificant. Although this assumption
is not always valid, the determination of AHp. is experimentally simple, which enables one
to screen a large number of model compounds. In addition to these thermodynamic
parameters, a kinetic nucleophilicity scale was developed by Mayr,''?13 in which the
nucleophilicity N of metal-free hydrides is derived from experimental rates for the relevant
hydride transfer reactions. Although the nucleophilicity scale does not provide absolute
activation barriers because it is expressed relative to the electrophilicities of reference
hydride acceptors, it provides valuable information regarding the relative reactivity of
various hydrides. The governing principles, as well as the advantages and disadvantages
of each method are discussed below. Additionally, this section provides an exhaustive
tabulation of the previously reported experimental hydricity parameters for metal-free

donors.

Scheme 4. lllustrative description of the methods used to obtain thermodynamic and
kinetic hydricities. The desired values obtained as outcomes from these methods are
represented in red; measured parameters are represented in green and reference values

are represented in blue.
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2.2a The Potential-pKa Method

The “potential-pKa” method is based on a thermochemical cycle that treats the free energy
of hydride transfer as the net free energy of two electron transfers and a proton transfer,
where the AGy- values are obtained from the relevant one-electron reduction potentials
E; (for R*/R) and E: (for R/R"), and pK, value of R-H (Scheme 4). To close the
thermochemical cycle, the standard two-electron reduction potential of a proton (AGH+/H-)
needs to be evaluated using the reduction potentials E(H*/H) and E(H/H") (Scheme 4).
The proton reduction potential AGn+n- in MeCN and DMSO have been estimated
previously by Parker (AGH+H-(MeCN) = 54.7 kcal/mol, AGH+H- (DMSO) = 69.9
kcal/mol),’® and these values were used to derive experimental thermodynamic
hydricities of both metal-based''”-'?° and metal-free''®. 130-135 hydride donors. However, it
is important to emphasize that the evaluation of AGu+n- requires a number of
assumptions associated with the solvation of a proton, hydrogen atom and hydride ion.
For example, the solvation free energy of a proton is derived from its aqueous value and
the free energy to transfer the proton from water to the solvent of interest, while the
solvation of a hydrogen atom is approximated as the solvation free energy of helium.3¢
Furthermore, E(H/H") is estimated using its aqueous value and the free energy to transfer
a hydride from water to an organic solvent, which is obtained from linear correlations of
halide ions."3

The potential-pKa approach has been applied by us'34'35 and others'6 130-133 to
obtain the thermodynamic hydricities of relatively weak organic hydride donors, such as
arylmethanes, anthracene, fluorenes, quinones and acridines (Table 5). However, a

number of experimental challenges have limited the broader use of the “potential-pKy”
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method. For instance, the standard reduction potentials E; and E> cannot always be
practically obtained experimentally, either because the reduction peaks are chemically
irreversible on cyclic voltammetry timescales or because the reduction processes occur
outside the solvent electrochemical stability window. The latter issue is particularly
important for species associated with strong hydride donors, because there is a linear
correlation between the first reduction potential and thermodynamic hydricity, as
discussed in Relevance to Catalysis section. For cases where chemical irreversibility is
an issue, some researchers approximate the standard reduction potentials using the
cathodic peak potentials, which introduces an ~0.3 V error in the estimated reduction
potentials (assuming that the irreversibility occurs at the 100 mV/s sweep rate due to a
subsequent chemical reaction with a rate constant of 10" s).737-13 |n some cases,
square-wave voltammetry is used to obtain a more accurate approximation of the
standard reduction potentials.’%143 In cases where the first reduction is chemically
irreversible, the second reduction process does not occur and will not be observed in the
cyclic voltammograms. In such cases, the second reduction potential can be obtained by
performing the one-electron oxidation of the deprotonated hydride, R~."#* Alternatively,
hydride donor ability of metal-free hydrides can be experimentally evaluated using the
standard reduction potential for proton-coupled conversion of R to RH2.145-147

Another challenge associated with the potential-pKa method is that metal-free
hydrides tend be very weak acids, and the determination of their pKs values is often
hindered by the pK, of solvent (pKa(DMSO) = 35,8 pK,(ACN) = 33'4°). On average,
metal-free hydride donors are weaker acids than metal-based hydrides. For example, the

pKa values of [Ni"-H]* hydride donors in acetonitrile are in the 13-24 range,'° while the
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pKa values of acridine-based hydrides are in the 27-50 range."34-13% For hydrides that are
more basic than the solvent, the relevant pK, values can be obtained using extrapolation

techniques.’#®

2.2b The Hydride Transfer Method

In cases where the potential-pKa method cannot be applied, the “hydride transfer” method
provides an excellent alternative approach. This method involves the determination of the
equilibrium constant for the hydride transfer (HT) reaction between a donor of interest (R-
H) and a reference acceptor with known hydride affinity (A*, Scheme 4). The equilibrium
concentrations are readily obtained using NMR or UV/Vis absorption spectroscopy, and
the “hydride transfer” method has been successfully applied to a series of metal-free
hydride donors: NADH analogs, 3% 151152 imidazole analogs,'3413° acridine analogs'34-13%
151 and triethylborohydride. '3 It is important to mention that the accuracy of this method
requires that the equilibrium of the hydride transfer reaction is reached before the
concentrations are measured. This condition implies that the AGH. of A-H needs to be
within 2-3 kcal/mol of the thermodynamic hydricity of R-H, indicating that usually several
hydride acceptors A* need to be tested before the appropriate reagent is identified. To
ensure that equilibrium has been obtained, a second equilibrium of the reaction mixture
should be obtained by adding products to the equilibrated system and the equilibrium
constant re-measured.’® In some cases, equilibrium is reached only after several weeks,
increasing the probability that an undesired side reaction will occur. Alternatively, the
equilibrium constant for the hydride transfer reaction can be obtained by measuring the

rate constants for the forward and reverse reactions between a hydride of interest and a
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reference hydride. This approach has been particularly utilized in early studies on hydride

transfer between NADH analogs. 46, 154-156

2.2c Nucleophilicity

In addition to the thermodynamic parameters discussed above, Mayr developed a
nucleophilicity scale, which evaluates the relative kinetic reactivity of hydride donors."3
157181 This method involves the experimental determination of rate constants (k) for a
reaction between a hydride donor of interest and a series of hydride acceptors with known
electrophilicities (E). The results are fit to the following expression:
log k= sn(N + E) (2)

which enables the determination of the parameters N and sy. The nucleophilicity
parameter (N) describes the rate of hydride transfer by a hydride donor. The
experimentally obtained N values for metal-free hydrides range between -5 and 15,
where the larger values indicate a more kinetically active hydride donor. The parameter
Sw is the sensitivity parameter of a donor whose values range between 0.5 and 1.2. The
sensitivity parameter depends on the structural characteristics of hydride donors and is
expected to be similar over the same class of compounds.

The nucleophilicity parameter is set to a relative scale where the values are defined
using bis(p-methoxyphenyl)methyl cation as a reference electrophile, whose E parameter
is set to 0, and a reference nucleophile (2-methyl-1-pentene), whose sy parameter is set
to 1.112.162 Furthermore, the nucleophilicity scale is highly empirical and does not provide
direct information about the thermodynamic and kinetic parameters related to the hydride

transfer process. Despite these drawbacks, the nucleophilicity scale provides valuable
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information about the relative nucleophilicities of hydride donors that can guide the

selection of a metal-free hydride that will be most suitable for a reaction of interest.

2.3 Computational Methods

Computational quantum chemical methods are a fast and inexpensive alternative to
experimental approaches for determining hydricity that also provide a fundamental and
detailed description of the phenomena involved in the hydride transfer process. The
calculated hydricity parameters often accurately correlate with the experimental results,
thus enabling their quantum chemical prediction for species whose empirical values are
not known. This is especially useful when the hydrides of interest include species that are
difficult to synthesize, expensive or in cases where the hydricity of a species has been
measured in one solvent, but has not yet been measured in the solvent of interest. The
thermodynamic hydricities of a wide variety of metal-free hydrides have been calculated
in MeCN and DMSO, and representative values are listed in Table 5. The AGnx. values
are calculated using one of two approaches: (i) the direct approach, where
thermodynamic hydricity is calculated from absolute Gibbs free energies of individual
species (Gr-H, Gr+ and G.);'631%5 and (ii) indirect approaches, which are analogous to
the experimental “hydride transfer” and “potential-pKs” methods,'%¢-7" described in the
Experimental methods section. In addition to the thermodynamic hydricities, the kinetic
nucleophilicity parameter N can also be derived computationally from transition state
energies for hydride transfer reactions.'”? This section describes each computational
method in detail, including a discussion of the advantages and challenges associated with

each approach.
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2.3a The Direct Approach

In the direct approach, AGn. values of hydrides (R-H) are determined from absolute Gibbs
free energies using the following equation:
AGy- = G(RY) + G(H™) — G(RH) (3)

Gibbs free energies of the solvated hydride donor, G(RH), and the corresponding cation,
G(R*), can be calculated with exquisite accuracy using quantum chemical methods.'”3-17%
However, the Gibbs energy associated with the solvated hydride ion, G(H"), represents a
computational challenge. Most commonly employed implicit solvation models, which
describe the solvent as a continuous polarizable medium, only account for electrostatic
interactions and neglect dispersion and repulsion, as well as hydrogen-bonding between
the solute and solvent molecules, 76179 thus yielding inaccurate solvated hydride ion
energies. These inaccuracies are especially significant for the solvated hydride ion
modeled by some polarizable continuum models (PCM) based on united-atom force field
methods as they do not assign cavities for hydrogen atoms.'”® For example, Papai and
coworkers reported obtaining a free energy of —387.8 kcal/mol for the solvated hydride in
an implicit MeCN solvent model, which they determined was inaccurate compared to their
empirically derived value of —404.7 kcal/mol.’ The solution to this problem is to treat
solvents explicitly by directly including solvent molecules in the model. This still requires
an approximation for the solvent environment as only a relatively small number of solvent
molecules can be explicitly included in the quantum mechanical model. A further
improvement on the model involves using a hybrid implicit/explicit approach, where the
solute is solvated by a shell of quantum-mechanically treated solvent molecules

embedded in implicit solvent.'”® 181183 Both of these approaches reduce the errors that
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arise from solvation by more correctly describing the solute-solvent interactions, but
require considerably more computationally expensive calculations as the number of
electrons increases with additional quantum-mechanically described solvent molecules
in the model.’® To the best of our knowledge, explicit solvent models have not yet been
used to predict AGp. or hydride ion solvation energies. As we discuss below, other
approaches are more efficient in predicting thermodynamic hydricities.

The challenge associated with calculating the solvation energy of the hydride ion
can be circumvented by providing a semi-empirical value for G(H") in the solvent of
interest. The hydride ion has not yet been observed in common solvents such as water,
MeCN, or DMSO, because of its tendency to react with protons to evolve molecular
hydrogen. Consequently, the experimental value for G(H) must be obtained using
indirect methods. One such method is the scaling approach, in which G(H") is obtained
from equation (1), using experimental AGx. and the calculated absolute Gibbs free
energies for R* and R-H.16% 180, 185186 The G(H-) value is obtained as an intercept of the
linear fit of experimental hydricities AGH. with respect to the sum defined as AGHHRr =
G(R*) - G(R-H). According to the equation AGH-= AGHHr + G(H"), the slope of the line is
expected to be unity. With a slope of unity, Papai and Nimlos were able to obtain values
of G(H-) that minimize the errors in the predicted thermodynamic hydricities.'8% 187
However, the results of Muckerman et al. show that the best linear fit provides a slope
that deviates slightly from 1, and they associate this deviation to deficiencies in the implicit
solvation model.’®® Nevertheless, the non-unity slope reproduced experimentally
determined AGH. more accurately compared to the linear fit constrained to have unity

slope. The scaling approach has been successfully utilized for calculations of several
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transition metal hydrides'®-186. 188 gand a metal-free dihydropyridine.'®® The advantage of
the scaling approach is that it reduces systematic error because the fit is generated using
multiple data points. A drawback of this approach is that the quality of the linear fit
depends on it spanning a wide range of AGu. hydricities.

G(H") can also be obtained by computing the hydride ion gas-phase free energy
G(H )4as and then accounting for solvation effects using derived solvation energies for the
hydride ion (AGso): 34135 164

G(H™) = G(H™)gas + DGy (4)

The solvation energy AGso can be extracted from the experimental standard reduction
potential for the hydride ion described in the Experimental methods section. The
experimental reduction potentials (Ex.) are available for a range of solvents,’'® enabling
the evaluation of hydride solvation energies in MeCN, DMSO and water. This approach
was shown to reproduce the experimental thermodynamic hydricities of several
dihydroacridines.34-13% 164 Taple 4 lists absolute Gibbs free energies for the hydride ion
G(H") in MeCN obtained using the semi-empirical methods described above. While Table
1 lists a large spread of values ranging from —400.7 to —412.7 kcal/mol in MeCN, the
calculated hydricities AGH. for model hydrides were all within 3 kcal/mol of the
experimental values. 34135 164-165,180, 187 Creytz et al. estimated that G(H") is expected to

be 16 — 22 kcal/mol lower in water than in MeCN. 118
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Table 4. Summary of different G(H") values obtained computationally via various

approaches and levels of theory in MeCN.

LEVEL OF THEORY APPROACH GH- (kcal/mol) REF
B3LYP/6-31+G(d,p)*/PCM Scaling with non-unity slope —412.7 165
B3LYP/6-31+G(d,p)*/PCM Scaling with unity slope —406.6 165

B3LYP/SDDP/PCM-UAO Scaling —404.7 180

134-135,

Experimental Solvation
—402.9 164

wB97X-D/6-311+G(2df,p)/CPCM Correction

B3LYP/SDD+631G(d)**//
BLYP/SDD+6-31G(d) [PCM-UAQ]

Scaling —400.7 187

2.3b Indirect Approaches

Indirect methods do not require knowledge of the absolute Gibbs energy of the hydride
ion. For example, the isodesmic approach is similar to the experimental “hydride transfer”
method and involves the calculation of AGur for a hydride transfer reaction between the

donor of interest and a reference acceptor, with known affinity.'66-167

RH + A+ - R+ + AH AGHT = _RTanHT
A* + H- >AH — AGy_(AH)
RH > R* + H™ AGy_(RH)

The isodesmic approach has been used extensively to determine the thermodynamic
hydricities and affinities of metal-free hydride donors, such as arylcarbeniums, quinones,
boranes and other main group hydrides.'67-171.190 Thijs indirect method is relatively simple
because energies of the solvated hydride donors (R-H and A-H) and corresponding
hydride acceptors (R* and A') can be readily obtained using quantum chemical
calculations. However, because the isodesmic approach depends on the thermodynamic

hydricity of the single reference hydride, any error in the AGH. of the reference is
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systematically propagated to the AGh. calculated via this approach. Another drawback of
this method is that 4GH. can only be calculated for solvents which have a reliable

reference molecule for which the hydricity has been determined. For instance, this

approach is currently limited to only MeCN and DMSO solvents.

2.3c Calculated Nucleophilicity

Computational methods are also utilized to calculate the kinetic parameters, such as the
nucleophilicity N discussed in the Experimental Methods section. Specifically, Alherz et
al. showed that the kinetic nucleophilicity parameter of hydrides can be determined
computationally via a linear fit between the activation free energy of a hydride transfer
from a hydride donor to a hydride acceptor and the experimental nucleophilicity, as
indicated by equations (5-6).172

k = 2L exp(—AG*/RT) (5)

1
2.3RTsy

N = — AG* + N, (6)

The transition state theory-based equation (5) is combined with Mayr's equation (2) to
obtain equation (6)."'2""3 The linear relation between N and the activation free energy
AG* only holds if, 1) the hydride acceptor or ‘electrophile’ is constant for the hydrides
considered and 2) the sensitivity parameter sy is constant, which is a valid assumption
within a class of hydrides.'® The constancy of the electrophile can be ensured by
examining the same hydride acceptor species for all HT reactions considered.'”? The
limitations of the Mayr equation are described in more detail by Bentley.'®'192 In
accordance with the Bell-Evans-Polanyi principle, the free energies and enthalpies of

reaction for HTs have also been shown by Alherz et al. to exhibit a linear correlation with
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the nucleophilicity within a class of hydride donors.'”2 193-19 Qthers, such as Pratihar and
Kiyooka,®>1% have developed empirical relationships that utilize thermodynamic
properties, such as the chemical hardness and electron affinity, to predict the
nucleophilicities and electrophilicities of various nucleophiles and electrophiles. These
values can be used to predict the kinetic properties of hydride donors and hydride
acceptors.

Table 5 summarizes calculated thermodynamic hydricities for a range of metal-
free donors, including carbon-, boron-, nitrogen- and silicon-based hydrides. In general,
very good agreement is observed between the reported experimental and calculated
values obtained from various methods, as shown in Figure 8. The mean absolute
deviation (MAD) between experimental and calculated AGn-was found to be 3.4 kcal/mol,
and the root-mean-square error (RMSE) is 5 kcal/mol (MAD = 3.0, RMSE = 3.7, ignoring
the two outliers). The MAD and RMSE for enthalpic hydricities were determined to be 1.4

and 1.8 kcal/mol, respectively.
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Figure 8. Calculated versus experimental hydricities: (a) free energy and (b) enthalpic
hydricities in DMSO and MeCN. Data is reported in Table 5. Some computationally
obtained hydricities are from references cited in Table 5. The rest have been calculated
using Muckerman’s scaling approach at the B3LYP/6-311++G(d,p)/CPCM level of
theory.'®15 The 45° red line represents perfect agreement between experiment and
theory, with a slope of unity and a y-intercept at 0. The dashed line is the correlation
between calculated and experimental hydricities. Both fits were determined to have
insignificant deviations from experiment with 95% confidence using the paired-t test, as
is appropriate for such statistical analyses.'® A p-value of 0.76 is obtained for (a) and 0.14
for (b), indicating that the mean hypothesized difference between experimental and
computational methods is 0. The confidence intervals are (-1.29, 0.94) for (a) and (-0.09,
0.61) for (b). The inclusion of 0 in both intervals further supports the insignificance of the

errors between the experimental and computational hydricities.
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The experimental and computational methods described above provide
thermodynamic and kinetic parameters for various metal-free hydrides (Table 5 and 6),
which are exceptionally valuable for the evaluation of their structure-property relationships
and applicability in catalysis. Sections IV and V provide an in-depth perspective regarding
these parameters, including the structural and electronic factors that lead to stronger
hydride donors, comparison with metal-based hydrides and applicability in stoichiometric

and catalytic hydride transfer processes.

Table 5. A list of the experimental and calculated (in parentheses) values for AGh.
(kcal/mol) and AHH. (kcal/mol) of the metal-free hydride donors reviewed here. Energies

are for hydride transfers in acetoniotrile, unless otherwise noted. Hydridic hydrogens are

shown in red.
‘ STRUCTURE ‘ # ‘ COMPOUND AGr ‘ AHpu ‘ # ‘ COMPOUND ‘ AGn ‘ AHpu ‘
CARBON - BASED HYDRIDES
X=H Ar=
1 p-NO;-Ph- 129131 - 8 p-Me-Ph- 112" -
(127)168 (113)168
2 m-CN-Ph- 129131 - 9 p-MeO-Ph- 107! -
(106)168
H 3 p-CN-Ph- 12231
| (126)'8
ar S 4 p-MeCO-Ph- 124131 - X=CN, Ar =
. 5 -F-Ph- 123131 - 10 -CN-Ph- 129133 -
benzyl-hydrides p 118y p (129168
6 p-Cl-Ph- 123131 - 11 Ph- 120" -
(118)168 (122)168
118! - 12 p-MeO-Ph- 106'3 -
7 Ph- (118)'68 (108)'68
1 13133,13
Ar; = Ar> = Ph, Ar; = Ar; = Ar: = Arz =
13 H- 105"! (116> | 23 p-H-CeFs- 116'332 -
(104)*
14 p-F-Ph- 98133 (97)° (104)° 24 p- Br-CeFs- 1141332 -
963" (93)*° 102)** | 25 -NO>-Ph- 106332 -
T 15 p-Ph-Ph- 9g13 ©3) (102) P-NO
C—A
Ar” \Arz” 16 p-PhCO-Ph- 95133 (9720 (107)° 26 p-Cl-Ph- 98131 (98)** | (108)**
triarylmethanes 17 p-NO»-Ph- 97'¥ (98)m’b ¢ lz)b 27 Ph- 99'% (92)]71 (98)17]
96]31 (94)m,b (104)a,b
18 p-Me-Ph- 96'3 (95)° (1o1y 28 p-Me-Ph- 9313 (89)° 97"
19 p-MeS-Ph- 953 (93)° (98)° 29 p-MeO-Ph- 86'3 (83)° (88)°
133 b b 134-135 _
20 m-MeO-Ph- 983 (97) (104) 0 0.0-(MeO)s-Ph- 8(26(2; -
(60H) 1354
21 p-MeO-Ph- 9413 (91)° 97" 31 p-Me:N-Ph- 74133 (65)° (69)°
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76]31.a
22 p-Me:N-Ph- 8313 (81)° (88)°
R=
32 MeCO»- 11485113y | (132 | 37 p-MeO-Ph- 101" (106)*®
(96)m,b
33 H- 10983 (11)* | (127)** | 38 Ph- 973! (113)*®
(101)*®
34 t-Bu- 10881 (105)* | (120)** | 39 PhS- 97131 (98)*° | (109)**
fluorenes 35 m-Cl-Ph- 10281 (104)*> | (116)** | 40 MeO- 89131 (90)** | (99)*°
36 Mes- 10133 (101)** | (115)** | 41 Me:N- 70133 (74)* | (80)*°
X=C-Me, R= X=8R=
42 NO:- 120312 - 50 Ph- 90131 (86)*° | (93)*°
43 Cl- 1051312 - 51 H- (90)° 94(93)°
44 H- 9g13ta - X=0R=
45 Me- 95!3ta - 52 CN- 92133 (94)> | (104)*®
i 46 MeO- 91'3ta - 53 H- 903! (87)*° | (95)*°
Qc-a R=H X= 54 Ph- 89131 (85)* | (92)*°
47 C-CH,OPh 11113t - 55 p-MeO-PH- 87133 (83)** | (90)*°
X 48 C-CH2SPh 10913!2 - X=N-Me,R=
dihydro- tricyclic 49 C-CH:0Me 102 1 - 76'% (75)164 -
heterocycles 56 Ph- (74];21435135
73)134-135a
57 Me:N-Ph- 70134135 -
(70)134-135,3
58 H- 7051 (72)° 817 (79)°
g
59 p-CN-Bz- 66.41% - 62 Me- 61.4'% -
O S 60 p-CF3-Bz- 65.6'%¢ - 63 H- (PheHy) (65.9)° -
4 oH 61 Bz- 64.81% -
dihydro-
phenanthridines
H R = CH>Ph, X = R=Me X=
Q’C‘“ X 64 CN- 71713156 83.9'7(83.2) | 67 CN- 69.81%¢ 81.1'¢7
y j’ (77.2)° (76.3)° (80.5)°
J 65 NHCO- | 66.35¢(71.4)° | 758" (75.4)° | 68 NH.CO- 65.4'% -
dihydro- 66 H- - (70.1)'¢7
quinolines
Ri=CN,R:=Rs=Rs=H, R; = R;=CHO,R:=R+=Rs=H,R; =
69 p-CN-Bz- (71.2)° 73.9'4 75 p-CN-Bz- (68)° 72.6'4
(75.4)° (71.2)°
70 p-Cl-Bz- (70.4)° 72.414 76 p-F-Bz- (65.9)° 70.6'4
(73.9)° (69.3)°
71 p-F-Bz- (69.7)° 71.414 77 Bz- (64.6)° 70.5'4
(72.8)° (67.9)°
72 Bz- 6351(69.1)° | 71.6"1(73)* | 78 p-Me-Bz- (64.9)° 70.1'4
(68.5)°
73 p-Me-Bz- (69)° 70.6'4 79 p-MeO-Bz- (65)° 69.7'1
R H (72.5)° (67.9)°
_876'»' 74 p-MeO-Bz- | (68.6)° 70.214
Ry Jeﬂs (71.9)°
RQN N Rl =COMe,R:=R;=Rs=H, R; = RI =COOMe, R2=Rs=Rs=H, R; =
14 80 p-CN-Bz- | (65.3)° 691 (68.9)° | 86 p-CN-Bz- (65)° 67.9"1 (69.1)°
dihydropyridines | 81 p-Cl-Bz- (63.9)° 67.6‘4; 87 p-Cl-Bz- (63.5)° 66.6"1 (67.6)°
(67.5)
82 p-F-Bz- 60.7'%¢ 67.2™ (67)° | 88 p-F-Bz- 59.6'%9(64.3)° | 65.9' (67.3)°
(63.6)°
83 Bz- 601 (62.9)° | 67.1% 89 Bz- 59.5'%9(63.3)° | 65.8' (66.9)°
(66.8)°
84 p-Me-Bz- (63.2)° 66.5'1 90 p-Me-Bz- (62.8)° 65.2"1 (66.3)°
(66.1)°
85 p-MeO-Bz- | (62.7)° 66.2'1 91 p-MeO-Bz- (63.3)° 64.9'1 (66.4)°
(65.7)°

R;=Rs=COOEt R =Ry = Me, R; =
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92 Me- (MeHEH) 61.514 70 (65.7)° 94 -Br (70) 68.2'41(73.5)
(56)°
93 | H- (HEH) (64.5)° 69 (704 | 95 | -Me (61.7) 61.5"1 (65.1)
R;=CONH:, R:=R;=Rs=H, R; =
96 p-CF3-Ph- (68)° 72.6'7 (72.6)° 104 p-CN-Bz- (65)° 66.314
(67.9)°
97 p-Br-Ph- (66)° 70.417 (70.4)° 105 p-Cl-Bz- (63.6)° 65" (66.4)°
98 | p-Cl-Ph- (66.1° | 7027 (70.5)° | 106 | p-F-Bz- 5715 (62.7)° 64,314
(65.3)°
99 | Ph-(PNAH) | (64.6)° | 68.8"7(68.9)° | 107 | Bz- (BNAH) | 59' (62.6)° 64.214
(65.6)°
100 | p-Me-Ph- 6390 | 6759768 | 108 | p-Me-Bz- (62)° 63.6'
(64.3)°
101 | p-MeO-Ph- (63.7)° | 66.97(672)° | 109 | p-MeO-Bz- | (62.5) 63.1'4
(64.7)°
102 | Et- (60.8° | 615" (63.8)° | 110 | iPr (60.6)° 6134
63.2)°
b 141 b b ( ]4)11
103 | nBu- (61.2) 614" (63.8 | 111 | nPr (60.8) 60.8
(63.8)°
112 Me- (61.9)° 60.7'4
(64.4)°
R>=Rs=Rs=H, R; =Ph-CH,, R, =
113 -COOH (65.4)° 67.5'4
(68.9)°
114 | -CONHPh | (62.6)° 65.9" (66)°
115 -CONHEt (60.9)° 63.814
(63.8)°
116 | -H (50.7)° 53141(52.6)°
117 | -Me 43115 (49.4)° | 48141 (51.8)°
RU Rs Rys=CONH:, R =R:=Rs=H, R; =
nm)\\&m 118 | p-Cl-Ph- (61.3)° 71.31%8 124 | p-MeO-Ph- (61.9) 66.81%%
M (67.9)° (65.6)"
. 119 | p-Br-Ph- (60.9)° 70.9'%% (68)°
dihydropyridines 120 Ph- (62.7)b 69.5'%8 Ri=R:=R;=Rs=H,R; =
(67.3)°
123 | p-Me-Ph- (61.9)° 67.91% 125 | H-(12-PyrH) | (41.5)1® -
(66.3)°
\N\T X=8S R>=R;=H R/ = X=0,R:=R;=H R, =
?\R1 126 m-Cl-Ph- 69.9)° 76.9'42 135 p-Cl-Ph- - 93.4142
X
(74.7)
Re 127 | p-Br-Ph- (69.7° 75714 136 | p-Br-Ph- - 93214
R (74.5)
f'r‘::t':‘rz':'ﬁ:d 128 | p-Cl-Ph- (69.3)" 756" (74 | 137 | Ph- - 91.2'42
4 129 m-MeO-Ph- (67.1)° 74.4142 138 p-Me-Ph- - 89.3142
(71.4)
130 p-F-Ph- 68.8)" 73.7'4 139 p-MeO-Ph- - 88.3142
b
(73.6)
131 | Ph- (68)° 73142 (72.6)° X=N-Me, Ri = Ph, R» = H, Rs =
132 m-Me-Ph- (66.4)° 72.1'142 140 CFs- (55.7)° 61.9'4
(72.7) (58.9)
133 | p-Me-Ph- (67.2° 71" (7150 | 141 | Cl- (52.3)° 58212 (56)
134 | p-MeO-Ph- (66.3°  69.9142 142 | Me- (48.2)° 51 (51.6)
b
\ (70.6)
N~¢p 143 | MeO- (48.9) 49.7'%
/@/)‘( ' (52.1y°
Ry
o X=N-Me, R=R;=H,R,; =
five-membered | 144 | p-NO»-Ph- (533 57.11% 158 | p-MeO-m-Br-Ph- | (49.7)° 54.6'
heterocycles (57.3)° (53.2)°
145 m-NO»-Ph- (53.5)° 56.9'42 159 Ph- 50134135 54,114
(57.2)° (49" (52.8)°
146 | p-CN-Ph- (52.6)0°  56.71% 160 | p,m,m-MeOs-Ph- | (50)° 5414 (52.8)
(56.4)°
147 p-Cl-m-CI-Ph- (52.6)° 56.6'4 161 m-Me-Ph- 47.1)° 53.8142
(56.1)° (52.8)°
148 p-CF3-Ph- (51.8)° 56.5'4 162 0-HO-Ph- (47.5)° 53.8142
(55.6)° (50.4)°
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149 | p-Cl-m-F-Ph- (521 564%(56)° | 163 | p-MeO-m-MeO- | (48.9)" 53.514
Ph- (51.9)
150 | p-F-m-Br-Ph- (50.8)°  56'2(55.6)° | 164 | p-Me-Ph- (49.2)° 53.414%
(51.9)
142 142
151 gﬁ/feo mNO: (52.4)° (5555'_97)b 165 | o-Cl-Ph- (50.5)° (5532'_25)b
152 | m-Br-Ph- (498 557 166 | p-Me-m-Me-Ph- | (48.3) 53.114%
(54.8)° (51.4)
153 | p-F-m-F-Ph- (521 557 167 | p-MeO-Ph- (48.5) 52,914
(55.8)" (51.5)
154 | m-Cl-Ph- (513 55.6(56)° | 168 | p-HO-Ph- (48.9) 52.6'%
(51.8)°
155 | p-Br-Ph- (504 5524 169 | 0-Me-Ph- (46.3) 51.414 (50)°
(54.2)°
156 | p-Cl-Ph- (50.6)° 5524 170 | p-Me:N-Ph- (44.9) 50.614
(54.2)° (49.2)°
157 | m-MeO-Ph- (49)° 54.61% 171 | H- 4555147y | 49,5
(52.6)° (49.4)
X =N-Me, R; = Ph, R = R;
172 | Me- | - | 49!
- =
172 | NO»- 7219793y | (86.1)° | 176 | F- 3218251y | (23.7)°
173 | MeCO- 501°51.6)° | (55)° 177 | H- 2218(18.3)° | (17.3)°
174 | CN- 43119438y | (46.5° | 178 | Me- 19'(16.5)° | (16.6)°
175 | CI- 371 (257 | 179 | MeO- 19'1(18.2)* | (16.6)°
- e
180 | NO»- 70" - 185 | CI- 52116 -
181 | CHO- 63116 - 186 | Ph- 50116 -
182 | PhCO- 62116 - 187 | H- 48116 -
Radical-anion 183 | CN- 59116 - 188 | Me- 48116 -
hydrides 116 116
184 | PhS- 54 - 189 | MeO- 48 -
e Ve 193 od,
selected 190 7 °'§?°'§T°w" - (77.1)'¢7 O 40H 70.2 (73.2)1342 i,
hydride donors KOO kG opog
NAD(P)H
N 134-
191 Gl (50)"" 68" | 194 ,‘%H 2 we G0 )
"L Y AMPT o™ 60.3(62.9)!%
oy 20H 3(62.9)
9o N 49.2 (48.7)3*
192 B@ (53.2)™ 57.6'% | 195 _ 135 ;
I\ cAFH TR anm | (46,90
OTHER HYDRIDES (N, O, P, and Ge)
N X=S R =R;=H R:= X=S R =R;=H R/ =
T | 19 | Br- - 12" 202 | CI- - 1
" oo | 197 | Cl- - 11 203 | Me- - 108'”
198 | H- - 110 (108) | 204 | MeO- - 107"
167
199 | Me- - 107" X=S R =H R =R;=
200 | MeO- - 104'% 205 | Br- - 1141
201 | Me:N- (83 | 95" (91) 206 | CI- - 1131
Ri=R:=R;=H, X= 207 | Me- - 105'%
202 | O - 108'% 208 | MeO- (90)° 9919 (98)b
(109)167
201 | N-Me - 91 (91)!7 | 209 | Me:N- (72)° 8419 (78)°
1o~ FMNH, - (76.9)'7 211 o8 L (58.4)° -
0PO,>
R:=R;=Rs=H, R/ = Ri=R:=R;=Ry=
212 | CN- | (84)'%2 | - 216 | CN- | (113)192 -
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o 213 | Cl- (73)' - 217 | Cl- 83132 (83)*° (92)*°

Ry Ry | 214 | H- 70'3%(69)*® (73)** 218 | Me- 58132 (55)»b (57)**
215 | Me- (67)'2 - 219 | Ri=R;=CLR3=R4=
Ry Rs CN- 101132 (99> (112)*
OH
p-hydroquinones
g R>=R;=R;=H,R; =
Ry OH 220 CN- (93)169’a - Ri=R:=R3;=Rs=
221 | Cl- (86)'%%2 - 224 | CN- (124)'92 -
A 22 | H- 64'7(82)* On* | 225 | Cl- 7013 (94)'0% -
169.a 169.a _
o-hydroquinones 223 | Me- (80) - 226 | Me- (74)
o 9 oH
227 °H (61)169,3 _ 228 . (71)169,3 _
= =
229 () (@7)! - 230 () (62)'% -
Ot -0
tBu
CeFs_ | /
other N 171 171 1 c
231 P—CeF| (78 84 232 [ p—H 52 -
hydrides 3 CSFS/'[‘ | 79) ®9 : N ¢
tBu
Ph\l 171 171 171 171
234 ph—F—H (44) (53) 235 | Ph3Ge-H (80) (86)
Ph

2Values in DMSO solvent.
Values calculated here using Muckerman’s approach.'®®
Values calculated here using Krylov’s approach.'3*

Table 6. Mayr’s kinetic parameters (syand N) as defined in equation 2 and measured for

different metal-free hydride donors in DCM, MeCN or DMSO solvents.

STRUCTURE SOLVENT sy N
7 DCM 132 | -447

5319 DCM 097 | 0.64
58113 DCM 09 | 5.54

9317 DCM 0.9 9
99157 DCM 087 | 7.53
100157 DCM 095 | 7.68
101157 DCM 092 | 8.11
DCM 0.82 | 8.67

10757 MeCN 0.7 9.8
W/MeCN=9/1 | 0.66 | 11.35

144160 MeCN 071 | 8.36
148160 MeCN 071 | 8.74
154160 MeCN 071 | 938
159160 MeCN 072 | 9.72
164160 MeCN 0.7 | 10.14
167'60 MeCN 0.72 | 10.01
235162 DCM 0.62 | 3.99
(nBu);Ge-H'®2 DCM 073 | 5.92
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2.4 Structure-Property Relationships

The experimental and calculated hydricities tabulated in this review can be utilized to
derive important structure-property relationships that affect the thermodynamic and
kinetic reactivities of metal-free hydride donors. This section describes the structural
parameters (such as the electronegativity of the atom directly bound to the hydridic H-
atom, the type of molecular framework and the presence of electron-donating/withdrawing
groups) that correlate with the hydricities of various metal-free hydrides.

In the case of carbon and nitrogen-based hydride donors, the electronegativities
of C and N tend to polarize the bond in a protic X>~H%* sense, which weakens their
hydride donating abilities. Despite the protic nature of the active H-atom, appropriate
design of the hydride’s molecular framework and substituents can be utilized to derive
group IV and V hydrides with a wide range of hydride donating abilities, as is evident from
Table 5. It is thus not a surprise that the group IV (NADH) and group V (FADH2) hydrides
are common donors in enzymatic reduction reactions. In the following subsections we
describe the structural and electronic effects that control the hydride donor abilities of
metal-free hydrides, particularly those based on carbon, silicon, boron and nitrogen

derivatives.

2.4a Carbon-based Hydride Donors

Carbon-based hydride donors (Scheme 5) can be grouped into two general classes of
compounds: arylmethanes and dihydro-heterocycles (tricyclic, bicyclic, dinydropyridines
and five-membered heterocycles). Arylmethanes are relatively weak hydride donors with

thermodynamic hydricities in the AGy.= 75 — 130 kcal/mol range (entries 1 — 31, Table
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5).131,133-135,168,171 Their AGp- values decrease as R* is stabilized through positive charge
delocalization. For example, an increase in the number of aromatic rings lowers the AGy.
value, as exhibited by the following trend: PhCHs (entry 7, AGx. = 118 kcal/mol in DMSO,
Table 5), PhoCH2 (entry 13, AGx-= 105 kcal/mol in DMSO) and PhsCH (entry 27, AGh.
exp = 96 kcal/mol in DMSO0)."3" Similarly, the introduction of electron-donating groups
lowers the AGH. values, as exemplified by the DMSO values for the (p-X-Ph)3CH series,
which range from 106 kcal/mol for X=NO_ (entry 25)'33 to 76 kcal/mol for X=Me:zN (entry
31, Table 5)."*' Furthermore, the substituent effect is additive, as shown for successive
additions of nitro-groups to triphenyl-methane (entries 17, 25, 27) which results in an
increase of AGx. values from 96 kcal/mol to 106 kcal/mol in DMSO, whereas the values
drop from 99 kcal/mol to 74 kcal/mol in MeCN when multiple dimethyl amino-groups are

introduced (entries 22, 27 and 31).131. 133

Scheme 5. Carbon-based hydride donors: a) arylmethanes and b) dihydro-heterocycles.

T Q

b) Dihydro-heterocycles
H H H H H H
/ \N/
pod \C C o, X
\
C=—H
0 o) 0
X X X7 N\
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Generally, hydrides derived from heteroaromatic compounds are stronger donors
than arylmethanes (AGnu- values range from 43 to 120 kcal/mol, Table 5), which is
consistent with the stabilization of R* provided by aromatization. For example, the AGH.
of dihydroanthracene is lower than that of diphenyl methane by 7 kcal/mol (entries 44 and
13, Table 5)."*" The heteroatom plays a significant role in the stabilization of the R* cation
product, with strongly electron-donating atoms (such as nitrogen) forming stronger
hydride donors. For example, the hydrides derived from tricyclic heteroaromatics have
thermodynamic hydricity values decreased in anthracene > xanthene > acridine series
from 98 kcal/mol to 70 kcal/mol in MeCN (entries 44, 53 and 58).13": 151 As the number of
rings increases, two opposing factors control the stabilization of R*: (i) larger
heteroaromatic structures exhibit lower aromatic stabilization, which decreases the
stabilization of R*; (ii) the delocalization of the positive charge increases in larger,
conjugated molecular frameworks, which increases the degree of R* stabilization. Which
factor prevails depends on the particular system of interest. For instance, the aromatic
stabilization energy prevails in the acridine < quinoline < pyridine series (entries 58, 65
and 107), where the AH. values decline from 81 kcal/mol to 64.2 kcal/mol in MeCN.™#1:
197 On the other hand, the effect of extended charge delocalization dominates in the 40H
>20H > 3NH series (entries 193, 194 and 195) with AGp. decreasing from 73.2 kcal/mol
to 46.9 kcal/mol in MeCN.134-135

Dihydropyridines and imidazoles are two types of carbon-based hydrides that are
direct analogs of biologically relevant cofactors: NAD(P)H'% (entry 190) and methylene
tetrahydromethanopterin®® (HsMPT, entry 191). The hydride-donating ability of NADH

and other dihydropyridines is relatively high, where the aromatization of the forming
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pyridinium ring is the main driving force for the hydride transfer reaction. Furthermore, the
positive charge is efficiently stabilized through the inductive effect of electron-donating
groups, as shown for differently meta-substituted pyridines for which AHu.decreased from
71.6 kcal/mol to 48 kcal/mol in MeCN, in the following order: CN- > CHO- > COMe- >
CO2Me- > CONHz- > H- > Me-, (entries 72, 77, 83, 89, 107, 116, and 117)."*" The
imidazole-based compounds (HsMPT and its analogs) are quite strong hydride donors,
with AHk. values in the 49-57 kcal/mol range.34-13% 142,151 Besides the aromatization of
the imidazolium cation product, the hydride donating abilities of benzimidazoles are
additionally facilitated by the anomeric effect. Namely, the lone pairs of neighboring
nitrogen atoms are in hyperconjugation with the antibonding orbital of C-H bond. The
ability of the nitrogen to donate its electron pair is demonstrated in the thiazole < oxazole
< imidazole series where AHH. ranges from 91.2 to 54.1 kcal/mol (entries 131, 137, and
159).142

Interestingly, the thermodynamic hydricity of carbon-based hydrides R-H can be
significantly improved (by 40 - 90 kcal/mol) upon one electron reduction to form R-H- -~
radical anions.'"® For example, radical anions of benzyl-hydrides exhibit very low AGH.
values (as low as 19 kcal/mol, entries 178 and 179), making them the strongest carbon-
based donors reported thus far. However, the potential applications of radical anion-
based hydrides are limited by two drawbacks: (1) the potentials required for the hydride
reduction are very negative (Ermre- = — 1 to =3.24 V vs. NHE);""® (2) the bond
dissociation energies of radical anions are also quite low (35 — 50 kcal/mol), making them

comparatively good hydrogen atom donors.
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2.4b Other Hydride Donors

Nitrogen- and oxygen-based hydrides are relatively weak, in accordance with the fact that
N-H and O-H bonds are generally protic rather than hydridic. For example, nitrogen-
containing tricyclic derivatives exhibit AHu. values in the 90-110 kcal/mol range.'®® The
enthalpic hydricity sensitively depends on the co-heteroatom present in the structural
backbone: weaker donors within the group are phenothiazine derivatives (S as co-
heteroatom, entry 198, AHx. = 110 kcal/mol), followed by phenoxazine (O as co-
heteroatom, entry 202, AHH. = 108 kcal/mol) and phenazine (N as co-heteroatom, entry
203, AHH. = 91 kcal/mol).’®® This heteroatom effect is due to different electron donating
abilities of the heteroatom, with nitrogen being the most electron-donating heteroatom.
Interestingly, one of the most abundant biological cofactors for hydride transfer processes
is a nitrogen-based structure, even though N-based hydride donors are relatively weak.
Namely, the reduced forms of flavin-adenine dinucleotide (FADH:) and flavin
mononucleotide (FMNH2) serve as hydride donors in enzymatic reduction processes
(Scheme 6a).'%” The thermodynamic hydricity of flavins in enzymatic reactions is often
strengthened by deprotonation to FADH~ or FMNH™ anions. The effect of deprotonation
on AGH. can be observed by comparing AGu. values for FMNH2 (entry 210, 76.9

kcal/mol)'®” and the deprotonated model compound (entry 211, AGH-= 58.4 kcal/mol).
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Scheme 6. Representations of FAD and hydroquinone N-H (a) and O-H hydrides (b).
Hydridic bonds are shown in red, whereas the negatively charged heteroatoms are shown
in blue. The dashed lines of the hydroquinones represent a substitution or the presence

of another phenyl ring.

a) H o H [0
| |
N N
| NH | NH
/& @A
N N (0] N N (0]
H
PR _,OH
OH OH
HO - HO -
R R

R = ADP (FADH,) or P; (FMNH,) R =ADP (FADH") or P; (FMNH")

b) H
o 0
0® :

p - hydroquinones o0 - hydroquinones

Among oxygen-based hydrides, deprotonated hydroquinones are weak to mild
hydride donors."2 18 For instance, ortho-hydroquinone anion has a thermodynamic
hydricity of AGH.= 82 kcal/mol (entry 222), while para-hydroquinone anion is a stronger
hydride donor, with AGx. = 69 kcal/mol (entry 214) (Scheme 6b). The lower AGH. of the
o-isomer is caused by the stabilization of the hydride form due to the presence of the O-
H---O hydrogen bond. In general, quinone-hydroquinone systems are better tuned for
hydride abstraction rather than for hydride donation, because the aromaticity of
hydroquinone is lost upon hydride release in contrast to the pyridine-based hydrides. 69
This effect can be observed by comparing the thermodynamic hydricities of
hydroquinones with an expanding number of benzene rings: anthrahydroquinone >

naphthahydroquinone > benzohydrophenone (entries 214, 227 and 229, Table 5). Thus,
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it is not surprising that this group of hydrides participates in electron transfer rather than
hydride transfer processes.

Hydrides of other metal-free elements (phosphorus, germanium and tellurium)
have not been widely used as hydride donors and therefore have not been examined in
terms of their hydricities. Because of the large differences in atomic sizes (poor orbital
overlap) and the electronegativities of these elements are similar to hydrogen (x(P) =
2.19, x(Ge)= 2.01 and x(Te) = 2.10), the bonds that these elements form with hydrogen
are not sufficiently polarized for hydride transfer chemistry. However, the polarity of the
X-H bond is tunable with substituents and reaction conditions. For example, ClzGe-H acts
as a proton donor, whereas Et;Ge-H acts as a hydride donor in reactions with ketones.?°’
In terms of thermodynamic hydricity, phosphorus-based hydrides are promising hydride
donor candidates, with calculated values comparable to BH4~."”! Organogermanes exhibit

hydride donor abilities similar to organosilanes (4G.~80 kcal/mol and N= 3-6).113. 171

2.4c AGH- vs. AHg-

Comparing the values obtained in AGx. and AHH. measurements indicates when entropic
effects on hydride donation are significant. While experimental AHn. values are simply
obtained through calorimetry, the methods for determining AGn. values are often
challenging, as discussed in the Experimental Methods section. Consequently,
significantly more AHu. values are reported in the literature than AGh. values, and it is
often assumed that entropic contributions to the thermodynamic hydricity are
negligible.140-143, 197-199, 202-203 Tgq test the validity of this assumption, Figure 9 plots AH.

and AGh. values for the metal-free hydrides listed in Table 5. ASu. is positive for all
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hydrides, causing the room temperature AGx. values to be ~6 kcal/mol lower than their
corresponding AHw- values. This relatively consistent offset suggests that A4H4. values can
be used to compare the relative hydride donor abilities of compounds within a family of
hydrides. However, entropic contributions should not be neglected, especially considering
the large variations for different groups of hydride donors: from TASH. = 3.6 kcal/mol for
dihydropyridines to 12.5 kcal/mol for fluorenes (at 298 K). Higher TASH. values were found
for larger molecules, possibly due to a larger entropic contribution from a solvent'' or
because hydride transfer significantly affected the low frequency skeletal modes of the

larger molecules.
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Figure 9. The comparison between AHH. and AGH. at 298 K for hydrides tabulated in
Table 5 for: (a) carbon-based and (b) other hydride donors. The red dashed lines
represent the condition AHH. = AGH. at which TASH = 0. The data all lie above this line,
indicating that AHH. - AGH. = TASH.is positive for metal-free hydride donors. The average

TASk- contributions for different classes of hydrides at room temperature are as follows:
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carbon- fluorenes (12 kcal/mol), diphenylmethanes (9 kcal/mol), triphenylmethanes (7
kcal/mol), tricyclic heterocycles (7 kcal/mol), bicyclic heterocycles (5 kcal/mol),
dihydropyridines (4 kcal/mol) and five-membered (5 kcal/mol); boron- (8 kcal/mol), silicon-
(8 kcal/mol), nitrogen- (7 kcal/mol), oxygen- (7 kcal/mol), phosphorus- (8 kcal/mol) and

germanium-based donors (6 kcal/mol).

2.4d Kinetic Aspects of Hydride Transfers

Early experimental studies performed by Kreevoy reveal that hydride transfer rates scale
linearly with the driving force for hydride transfer reactions between NADH-analogs.'%*
156, 204 His experimental data was fit based on the quadratic dependence predicted by

Marcus theory for non-adiabatic electron transfer,2°5-2% as shown in eq (7):

2
AGH = L) (7)

where A is the reorganization energy associated with the electronic reorganization of the
solute and configurational reorganization of the solvent, AG* is the activation free energy,
and AGy is the free energy of the hydride transfer reaction. However, the experimental
results exhibit a linear rate dependence between the thermodynamic and kinetic
parameters due to a large difference between the reorganization energies and respective
reaction free energies (A ~ 80 kcal/mol >> AGo=-10 to 0 kcal/mol).

Warshel and coworkers??208 provided a possible explanation for these
experimental observations by modeling the adiabatic nature of Sn2 reactions (including
hydride transfers) using a modified Marcus expression to calculate the activation free

energy:
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_ (A+AGg)? HEp (X7)

— Hp (X% + S5 (8)

AGH#
Here, Hrp(X*) and Hy,(X?) are electronic coupling matrix elements at the transition-state
and reactant geometries, respectively. Computing these matrices allows for the
determination of the non-adiabatic reaction surface, which can be traced by calculating
the energies along the reaction coordinate while freezing the electron density of the
surroundings. This assumes that the hydride transfer occurs at rates much faster than
reorganization. The adiabatic model yielded a larger reorganization energy for NADH
analogs (A= 236 kcal/mol) than those obtained using the non-adiabatic approach, which
is consistent with the fact that the electronic coupling terms are significant for hydride
transfer processes.?°” Again, the larger reorganization energy (relative to the reaction free
energy) further justifies the linear free energy relation for hydride donors observed in
experiments. 154-156, 204
Recent studies of hydride transfer utilize linear relationships between
thermodynamic and kinetic (N) parameters to describe the reactivity of hydride donors.'"2
Figure 10 shows a linear dependence between experimental N values and AGp. for
structurally-related hydrides. Although only a few observations can be made due to the
dearth of available data, some useful conclusions can be drawn about these linear
relationships. Namely, the intercepts are correlated to the intrinsic activation energies
(barriers) of the hydride transfer reactions.?%° The intrinsic barriers for borohydrides and
silanes are lower than those of carbon-based hydrides, possibly due to the role of their
conjugate acceptors, which have higher Lewis acidities, in stabilizing the hydride transfer
products. Furthermore, the slopes of the linear correlations represent the sensitivity of the

kinetics to structural changes within each hydride donor class.'®® Smaller slopes in the
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cases of borohydrides and silanes indicate that their nucleophilicity values are only
slightly enhanced by the larger thermodynamic driving force (lower AGh.) of a hydride
donor. In contrast, carbon-based hydrides have steeper slopes, indicating that changes

in their thermodynamic hydricities considerably alter the rates of hydride transfer.
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Figure 10. Linear free energy relations expressed with respect to the kinetic
nucleophilicity parameter N and the thermodynamic hydricity (in kcal/mol) for boranes,
silanes, and other subgroups of carbon-based hydrides. N values for borohydrides are
measured in DMSO, while all other values are obtained in dichloromethane. Caution must
be exercised when comparing N values because boranes are reported in a more polar

solvent relative to others. All AGx. values are reported in MeCN.

2.4e Solvation Effects

Solvation plays a major role in determining the strength of a hydride donor, as

demonstrated by AGg. values in different solvents as shown in Table 5. Most hydrides
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tend to be stronger (possess a lower AGx. value) in more polar solvents, which can be
attributed to more effective charge stabilization by the solvent molecules solvating the
hydride ion. Most of the experimentally determined thermodynamic hydricities of metal-
free species were obtained from measurements in MeCN and DMSO solvents, which
have dielectric constants (¢) of 37.5 and 46.7, respectively. The results show that AGH.
are ~2 kcal/mol lower in DMSO relative to their values in the less polar solvent MeCN.
While aqueous AGr. values have not been evaluated for metal-free hydrides, transition
metal hydrides are shown to be stronger in water (¢ = 80) by at least 20 kcal/mol relative
to their AGh. values in MeCN.'03 210211 Gimilar effects are also observed for
nucleophilicity. Hydrides exhibit larger nucleophilicities in more polar solvents, as
exemplified by 1-benzyl-1,4-dihydronicotinamide (entry 107, Table 6) when measured in

DCM (N =8.7), MeCN (N = 9.8), and a 9:1 water/MeCN mixture (N = 11.4).1%7

2.5 Relevance to Catalysis
To efficiently utilize hydrides in catalytic reduction reactions, one needs to strike a balance
between the hydride donating ability of R-H and the energy required to regenerate it from
R* to close the catalytic cycle. While the catalytic behavior of metal-based hydrides has
been reported for many reduction reactions, %4195 212 metal-free hydrides often behave
only as stoichiometric reducing reagents rather than catalysts. This section describes the
challenges associated with the use of metal-free hydrides in catalysis and outlines
possible approaches to improve their performance.

Different thermodynamic arguments are considered for catalysis in which the

recovery of the active hydride form is achieved using electrochemical or photochemical
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methods. These approaches are particularly relevant to energy storage applications,
where the ability of a hydride donor to form fuels, such as H2 and CH3OH, is defined by
the thermodynamic hydricity of the fuel. For example, the AGy- values of Hz and formate
(the first intermediate in CO2 reduction) in acetonitrile are 76 kcal/mol and 44 kcal/mol,
respectively.'3¢: 213 Competent hydride donors should have thermodynamic hydricities
slightly below these limits in order to provide a finite driving force to make the
thermodynamics of hydride transfer favorable. While having larger driving forces for
hydride transfer seems desirable, larger driving forces are accompanied by higher
overpotentials to drive recovery of the catalyst. Figure 11 and Table 5 show that most
metal-free donors are sufficiently strong hydrides to reduce protons, but only relatively
strong hydride donors can serve as reductants for CO2.. However, successful CO:
reduction could be performed using weaker hydride donors, if the hydride transfer is
accompanied by a proton transfer.

For an ideal catalyst, electrochemical closure of the catalytic cycle should be
achieved at a potential that is equal to the standard reduction potential for the fuel forming
reactions (0.46 V vs. NHE for H*/H2 and -0.23 V vs. NHE for CO2/HCOOQO™). Thus,
evaluation of AG_ values of hydride donors R-H and E7 values of the conjugate hydride
acceptors provides insight into metal-free hydride donors that should be screened for the
target reduction process. Figure 11 compares these parameters for both metal-free and
metal-based hydride donors,20-123, 125-126, 128, 130-131, 134, 136, 214-215 jnclyding those relevant
to fuel-forming proton and CO:2 reduction processes. Interestingly, a scaling relationship
is observed between the first reduction potential E; of the oxidized form (Scheme 4) and

the AGp. values across different metal-free hydride donor groups. The existence of this
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scaling relationship reflects the fact that bond dissociation energies (BDEs) of hydride
donors are relatively similar to each other and that the intercept of the plot is directly
related to these values. Most metal-free hydride donors have BDE values of
approximately 75 kcal/mol, giving rise to the observed linearity. BDE values for the metal-
based hydrides obtained from the correlation were found to be lower (~60 kcal/mol), which

explains their higher activity.
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Figure 11. The scaling relationships between the thermodynamic hydricity AG,_ and the
first electron reduction potential E1 of the oxidized form for metal-free (orange) and metal-
based hydrides (blue). The AGn. value for dihydrogen AGy_(H2) = 76 kcal/mol and carbon
dioxide AGy_(COz)= 44 kcal/mol along with reduction potentials E(H*/H2) = 0.46 V and
E(CO2/HCO2-) =-0.23 V (both vs. NHE) are presented as black circles. The dashed gray

line helps to estimate the overpotential.

60



The scaling relationship between E; and the thermodynamic hydricity has
important consequences for the catalyst performance of the hydride donor. For example,
it implies that the lowest possible overpotential that can be achieved for proton reduction
using metal-free hydride donors is 0.3 V, while metal-based systems can operate at
essentially zero overpotential. In the case of CO:2 reduction, both metal-free and metal-
based systems contain sizeable overpotentials, ranging from 1.5 to 1.1 V (Figure 11).
However, this overpotential is likely lower if CO2 is reduced by a proton-coupled hydride
transfer where the coupled proton transfer stabilizes the preceding hydride transfer.

The analysis shown in Figure 11 only considers E7 values and thus fails to address
the fact that recovery of the hydride catalysts requires two electron transfers. The
potentials required for the second electron reduction E> (Scheme 4) tend to be more
energetically demanding, often requiring more than 1 V energy input in addition to E7. In
contrast, the second electron reduction of metal-based analogs is less demanding, where
differences between two potentials (AE=E-E>) are ~0.5 V (Figure 12a).120-123, 125-126, 128,
130-131, 134, 136, 214-215 The ability of metal complexes to screen the second incoming charge
is possibly due to large structural changes that occur upon the first electron reduction.?'4
216 To illustrate the difference between the energy requirements for closure of the catalytic
cycle, Figure 12b compares the well-known Dubois Ni-complex catalyst?'218 with a
metal-free hydride donor of similar AGx. (20H).134135 While the first electron transfers
occur at comparable reduction potentials (—0.4 V vs. NHE for the Ni-complex and —0.5 V
vs. NHE for 20H), there is a significant difference in the second reduction potentials (—

0.5 V vs. NHE for Ni-complex and —1.4 V vs. NHE for 20H).134-135, 217
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Figure 12. (a) The difference in the first and second reduction potentials (Es-E2) as a
function of the thermodynamic hydricity (4Gx.) for metal-free and metal-based hydrides.
(b) The illustrative comparison of the energy profiles required for hydride catalyst recovery
for metal-catalyst (Ni-complex) and for a metal-free hydride donor (20H) possessing

similar AGp..

Very negative E> values of some metal-free hydrides are a likely reason why metal-
free hydride donors are not often utilized in catalysis. These drawbacks of some metal-
free models can be addressed by identifying approaches that enable catalyst recovery by
lowering the reduction potentials without affecting their hydride donor ability. For example,
the second reduction step can be achieved via a proton-coupled electron transfer
mechanism, a tactic that is frequently used in many natural and artificial catalysts.?'9-22°
Specifically, the reduced forms of natural flavin-based cofactors are regenerated using

such proton-coupled reduction steps, as discussed in the Selected Applications section.
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Proton-coupled reduction is often utilized in metal-based catalysis to achieve efficient
recovery of the hydride form."®® For example, a comparative study of the photochemical
hydrogen evolution reaction by Fe, Co and Ni hydrides indicates that the Co-based
photocatalyst performs much better than the Ni-based analog due to differences in the
pKa values between [Co'"-H]** (pKa=7) and [Ni"-H]?** (pKa=-0.4).?2' An interesting
approach, reported recently by Berben, involves the use of Al ion coordination to shift the

reduction potentials of an imine-based ligand to less negative values.??

2.6 Conclusions and Future Outlook
In summary, the thermodynamic and kinetic hydricity parameters can in principle guide
the design of hydride donors with desirable properties for specific chemical reductions.
Analyzing trends between AGy. and other important properties, such as the nucleophilicity
(N) and the first and second reduction potentials (E7 and E>2), uncovers the principles that
govern chemical reductions by hydride transfers to understand and enable the design of
hydrides to perform desired reductions. For instance, structural and electronic features,
such as rearomatization and hydride bond polarity, were found to considerably affect
hydride transfer. Exploiting these effects systematically allows for the design of hydride
donors that balance the energy efficiency and kinetics of hydride transfer reductions,
including the ability to design for catalytic over stoichiometric mechanisms for chemical
reductions.

A major challenge to utilizing metal-free hydrides for catalytic chemical reductions
is the difficulty of recovering the active catalyst. Electrocatalysts require large negative

reduction potentials to regenerate the hydride. Additionally, a significant tradeoff is
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observed between the strength of the hydride donor and the first reduction potential as a
consequence of the scaling relation between 4Gy and E1. Breaking this scaling relation
is key to synthesizing catalysts that can utilize less energy, require smaller over-potentials
and yet be kinetically competent by maintaining the same reduction prowess. However,
decoupling the strength of the hydride donor from the potential required for its recovery
is a daunting challenge. In natural systems, high-energy intermediates are avoided by
coupling proton and electron transfers as with the reduction of FAD to FADH>. Another
approach involves the incorporation of metal ions, where the role of the metal is to tune

the reduction potential of the coordinated hydride donor.
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Chapter 3. Benzimidazoles as Metal-Free and Recyclable Hydrides for CO-

Reduction to Formate

Reproduced in part from Ref. 317 with permission from Lim, C.-H.; llic, S.; Alherz, A.;
Worrell, B.T.; Bacon, S.S.; Hynes, J.T.; Glusac, K.D.; Musgrave, C.B. J. Am. Chem.

Soc. 2019, 141(1), 272-280, DOI: 10.1021/jacs.8b09653.
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3.1 Introduction

The chemical reduction of carbon dioxide (CO-) to liquid fuels (e.g. methanol) powered
by renewable energy would revolutionize the future energy landscape.??2??* Such a
technology could effectively close the carbon cycle; however, despite progress in the
reduction of CO> to valuable products, no process has effectively met the requirements
for the practical conversion of CO. to utilizable fuels. Furthermore, the scientific
community has not yet reached a consensus on a general approach to address this
challenge.

The reduction of CO. via hydride (H") transfer(s) stands as one of the most
promising approaches to convert CO; to usable fuels,?5??” with several reports
describing progress towards implementation of such a system.?2¢230  Of course, CO>
cannot proceed directly to methanol by hydride transfers exclusively. An example is a
recently proposed mechanism mediated by the organo-hydride dihydropyridine wherein
CO:2 undergoes a series of three reductions, each one followed by a protonation: first, to
generate formic acid (HCOOH), second, to produce methanediol — which converts to
formaldehyde (CH.0) with loss of water — and finally to generate methanol (CH3OH)."8°:
231 This route may not always be effective, for example in cases where high activation
barriers result in slow kinetics. A pteridine derivative is believed to undergo a similar
pathway of CO2 reduction, although the reduction by pteridines via this mechanism is not
feasible due to slow kinetics.?%? In any event, the predicted mechanism of CO2 reduction
to methanol by hydride transfer we reported?3'.'8 was somewhat complex. While the
individual steps involved were relatively simple, the overall route was complicated in two

senses: first, multiple steps, hydride transfers, and proton transfers were involved;
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second, the preparation of the particular organic-hydride donor, dihydropyridine, involved
electrode and photo-processes. This complexity suggests that an effective experimental
scrutiny of the mechanism might focus on particular steps in the mechanism. Thus, in the
present work we experimentally examined a fundamental but more limited CO> reduction;
the key first reduction to formate by a chemically prepared (and different) organo-hydride
donor that avoids the participation of proton transfer.

Before proceeding, we provide some perspective on CO> reduction via the use of
other, non-organic hydrides. Transition metal (TM) hydrides are the most commonly
studied hydrides and have proven effective for the reduction of CO2, and thus merit
discussion here. Some efforts have focused on determining the relative hydricity of TM
hydrides, the thermodynamic property which quantifies their potency as hydride
donors.'6% 212, 233234 gGtrong TM hydrides typically involve noble metals, such as
[Ru(tpy)(bpy)H]* and [Pt(depe):H]*; depe = 1,2-bis(diethylphosphino)ethane.?3® Recent
advances using non-precious metal species,?® 22° such as Co(dmpe).H, have been
achieved in the reduction of CO2 to HCOO~ (formate), but this requires a strong sacrificial
base to form the requisite reducing complex in situ; dmpe = 1,2-
bis(dimethylphosphino)ethane.??° Beyond the realm of TM-catalyzed processes, only one
example of a recycable organo-hydride has been experimentally demonstrated to reduce
CO2 to HCOO~.2% Yet, even here, the intermediacy of a transition metal center,
specifically ruthenium, is required: a dihydropyridine organo-hydride (which ultimately
acts as the reductant) forms part of a pbn (2-(pyridin-2-yl)benzo[b][1,5]naphthyridine))

ligand of a Ru(bpy)2(pbnH2)?* complex. Moreover, in this system a stoichiometric quantity
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of a Brgnsted base is required to facilitate the transfer of the hydride from the pbn ligand
of the Ru complex to CO,.2%

While many transition metal-catalyzed and -coupled complexes effectively reduce
CO2 to formate (and beyond), the unfortunate fact remains that the high cost of
homogeneous noble metal catalysts effectively hampers the development of economical
processes catalyzed by these complexes for the production of utilizable fuels from COs..
Furthermore, the selectivity of metal-based electrocatalysts is often limited because
byproducts such as CO and/or H; are formed in addition to formate.37-3%- 236 While CO and
H> are difficult to store and transport, formate (and formic acid) represents a promising
energy carrier candidate, due to its low toxicity, easy transportation and straightforward
handling.?37-239

Here we report what is to the best of our knowledge the first reduction of CO> to
HCOO~ by a metal-free and recyclable organo-hydride derived from benzimidazoles
(Scheme 7). Benzimidazoles, direct analogs to imidazole-based cofactors present in
5,10-methenyltetranydromethanopterin (Hmd) hydrogenase,?*® have been previously
identified as promising hydride donors'3% 142241 due to their characteristic conformation
and an anomeric effect.?*> The choice of this hydride donor, the conception of the
reduction's mechanism, and results of the reduction were further guided by quantum
chemical calculations. An additional noteworthy aspect of the CO:2 reduction illustrated in
Scheme 7 is that the reaction proceeds in the absence of biological enzymes,?®® a
sacrificial Lewis acid, or a base to activate the substrate or reductant.?4 Specifically, we
demonstrate that dihydrobenzimidazole organo-hydrides (1,3-dimethyl-2,3-dihydro-1H-

benzimidazole derivatives, species 1a-d in Scheme 7) are capable of chemically reducing
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CO2 to HCOO™ in DMSO solvent. The choice of the solvent used was two-fold: (i) it is a
polar solvent that helps stabilize the charged products (benzimidazolium cations and
formate), while not possessing acidic protons (like methanol and water) prevents a
possible hydrogen evolution reaction from the hydride; (ii) both benzimidazole-hydride

and CO: are sufficiently soluble in DMSO.

Scheme 7. Reduction of CO2 to formate anion by benzimidazole-based organo-hydrides.

1a/2a{R1=H L qpaplR1=Mel 4o Ri=H L 4q04/R1 =Me
R2=H R2=H R2=Me R2=Me

While CO:2 reduction by metal-free hydrides has been previously achieved with
organoboranes and organosilanes,?*>2% the inability to regenerate their active hydride
forms has restricted their use to only stoichiometric conditions;?*' notably, significant
progress has been made to employ dihydrogen in sustainable CO- reduction processes
catalyzed by Lewis acid and base pairs.?°6258 |n our attempt to identify a catalytic CO-
reduction system, we have electrochemically transformed benzimidazolium cation (1,3-
dimethyl-1H-benzimidazol-3-ium derivative 2c) to its corresponding organo-hydride 1c
with quantitative yield. Thus, the present system serves as a proof of concept that organo-
hydrides are capable of transferring a hydride ion to CO. and that the regeneration of the
hydride can be achieved electrochemically.
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3.2 Computational Methods

All stationary geometries (reactants, transition states and products) for the systems
studied were computed using density functional theory based on the MO06 density
functional®®® and 6-31+G** basis set.?®? To account for the effect of solvent, the implicit
polarized continuum solvation model (CPCM)?'-262 was employed in all calculations to
treat the solute-solvent electrostatic interactions in dimethyl sulfoxide (DMSQO) solvent.
Calculated values for relevant standard reduction potentials and pKa values were
obtained following the previously published procedure.’® All reported energies were
referenced to separated reactants in solution and calculations were performed using the

GAUSSIAN 09 or 16 computational software packages.?53

3.3 Experimental Section

General methods. Benzimidazole (98%), 5,6-dimethylbenzimidazole (299%), 2-
methylbenzimidazole (98%), iodomethane (99%), 1,3,5-trimethoxybenzene (=99%),
sodium borohydride (99%), '*CO; (99 atom % '3C, <3 atom % '80), potassium iodide
(299%), potassium bromide (299%), sodium iodide (299%), lithium bromide (=99%) and
potassium hexafluorophosphate (299%) were purchased from Sigma-Aldrich and used
as received. Potassium nitrate (299%), potassium perchlorate (299%), and potassium
tetrafluoroborate (98%) were purchased from Alfa Aesar and used as received. A '2CO;
gas cylinder was purchased from Air Products (Bone Dry, 99.9%). DMSO-ds (d, 99.9%),
MeCN-ds (d, 99.8%) and methanol-ds (d, 99.8%) were purchased from Cambridge

Isotope Laboratories, Inc. DMF-d7 (d, 99.5%) was purchased from Sigma-Aldrich. Glass
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tube reactors were purchased from Ace Glass Incorporated: Tube, 9 m
L, 150 psig, 19 mm O.D., 10.2 cm long (part # 8648-62). 'H and '3C NMR spectroscopies
were performed in a Bruker Ascend 400 MHz spectrometer at the University of Colorado
Boulder NMR facility. Chemical shifts are referenced to the internal solvent resonance
(DMSO, 2.50 ppm) and reported as parts-per-million (ppm). ESI-MS analysis was
performed with a Synapt G2 HDMS Qtof (Waters) at the University of Colorado Boulder
mass spectrometry facility. The generalized synthetic procedures were modified from
those already reported in the literature.'2 264

General experimental procedure for the synthesis of benzimidazoliums (2). The
method we describe here was used to synthesize species 2c and it generally applies to
the synthesis of other benzimidazoliums (2). 60 mL of reagent grade methanol (0.83 M)
was added to a 250 mL round bottom flask equipped with a magnetic stir bar, followed by
the addition of 6.61 g (50.0 mmol, 1.00 equiv) of 2-methylbenzimidazole, 12.5 mL (28.5
g, 200 mmol, 4.00 equiv) of iodomethane, and, finally, 6.91 g (50.0 mmol, 1.00 equiv) of
potassium carbonate (K2COs3). This suspension was subsequently heated at reflux for 18
hours. After cooling the reaction to room temperature, the solution was reduced in volume
to ~30 mL in vacuo and the solids were filtered through a filter paper-topped Buchner
filter. The filtered solids, which contained both residual K.CO3 and the desired product
1,2,3-trimethyl-1H-benzimidazol-3-ium iodide (species 2c) were added to a 250 mL round
bottom flask containing 150 mL of reagent grade MeOH and heated to 60°C to dissolve
most, but not all of the solids. The hot solution was then filtered through a Buchner funnel
and the filtrate was collected and placed into a freezer (~ -20°C) for 4 hours. After this

time the formed crystals were filtered from the supernatant, washed with additional
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portions of reagent grade acetone (50 mL, 2 times), and dried under vacuum to give 10.9
g (76% yield) of the desired 1,2,3-trimethyl-1H-benzimidazole-3-ium iodide (2c) as a white
solid which was used in the subsequent reaction with no further purification. "H NMR (400
MHz, DMSO-ds) d 8.03 — 7.94 (m, 2H), 7.68 — 7.59 (m, 2H), 4.00 (s, 6H), 2.87 (s, 3H).
13C NMR (101 MHz, DMSO-ds) 8 152.25, 131.29, 125.81, 112.69, 31.72, 10.62. HRMS
(ESI): C10H413N2" calculated at 161.1079; observed at 161.1078. General experimental
procedure for the synthesis of dihydrobenzimidazoles (1). The method we describe here
was used to synthesize species 1c and it generally applies to the synthesis of other
dihydrobenzimidazoles (1). 40 mL of H20O and 60 mL of reagent grade diethyl ether
(1.0:1.5, viv, 0.10 M total dilution) were added to a 250 mL round bottom flask equipped
with a magnetic stir bar. Next, 2.88 g (10.0 mmol, 1.00 equiv) of 1,2,3-trimethyl-1H-
benzimidazole-3-ium iodide (2c) was added, followed by 1.13 g (30.0 mmol, 3.00 equiv)
of sodium borohydride in small portions. This mixture was allowed to react under vigorous
stirring for 1 hour at room temperature. After this time, the reaction mixture was placed
into a separatory funnel and the organic layer was extracted, then washed with deionized
water (50 mL, 2 times), and finally washed with brine (50 mL, 1 time). The organic solution
was dried over MgSOg, filtered, and concentrated under reduced pressure to yield 1.05 g
(65% yield) of the compound (1c) as a clear liquid. The product was stored under argon
in a ~ -20°C freezer until later use. We note that species 1c solidified in the freezer at ~
-20°C and is stable for months when stored at ~ -20°C even after repeated exposure to
air. '"H NMR (400 MHz, DMSO-ds) 6 6.59 — 6.50 (m, 2H), 6.42 — 6.33 (m, 2H), 4.00 (q, J
= 5.3 Hz, 1H), 2.61 (s, 6H), 1.39 (d, J = 5.3 Hz, 3H). '3C NMR (101 MHz, DMSO-ds) &

142.59, 118.68, 105.65, 86.13, 33.52, 18.13. HRMS (ESI): (C1oH14N2)Li* calculated at
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169.1317; observed at 169.1319. See Sl section 4 for characterization of other
dihydrobenzimidazoles (1).

General experimental procedure for the reduction of CO, with a representative
benzimidazole hydride. 31.5 mg (0.25 mmols, 20.00 equiv) of KBF4 was added to an
oven-dried 9 mL glass tube reactor equipped with a 9.5 x 4.7 mm egg-shaped magnetic
stir bar purchased from VWR. This was then diluted with 500 pL of DMSO-ds containing
2.0 mg (0.0125 mmol, 1.00 equiv) of species 1c and 4.2 mg (0.025 mmol, 2.00 equiv) of
1,3,5-trimethoxybenzene (as the internal standard) using a calibrated pipette. The tube
was then sealed and degassed under vacuum while under sonication for a total of 5
minutes. After degassing, the valve connected to the vacuum was closed and '>CO; at
20 psig (or 3CO; at ~20 psig) was then introduced to the reaction vessel. The reaction
mixture temperature was maintained at 50°C in an oil bath for 18 hours while stirring at
800 rpm. After this time, species 1c was fully consumed and an additional 200 pL of
DMSO-ds (in some cases methanol-d4) was added to improve the solubility of the solution.
The reaction solution was then analyzed by "H NMR spectroscopy (and in some cases
13C NMR spectroscopy).

Cyclic voltammetry and digital simulations. Cyclic and linear sweep voltammetries
were performed using a BASi epsilon potentiostat in a VC-2 voltammetry cell
(Bioanalytical Systems) using a glassy carbon (3 mm diameter, MF-2012, Bioanalytical
Systems) or tin (3 mm diameter, custom made, Bioanalytical Systems) working electrode,
a nonaqueous Ag/Ag* reference electrode (MF-2062, Bioanalytical Systems) and a
platinum wire (MW-4130, Bioanalytical Systems) as a counter electrode. The

spectroscopic grade solvent DMSO and the electrolyte tetrabutylammonium perchlorate
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(TBAP) were purchased from Sigma Aldrich and used as received. Electrochemical
potentials were converted to NHE by adding 0.569 V to the experimental potentials.*® For
cyclic voltammetry (CV) measurements, the iodide salt of 2c was converted to perchlorate
using a previously published procedure.?®* The CV was simulated using DigiSim
simulation software with the following parameters: (i) Electrode area: 0.07 cm?, planar
electrode geometry, scan rate: 100 mV/s, resistance uncompensated; (ii) Semi-infinite
diffusion model, diffusion constants for all species calculated using a Stokes radius
obtained from optimized structures (D = 2.8 - 10 cm?/s), initial concentration of 2c: 1 mM,;
(iii) Mechanism: A + e— B (E° =-1.96 V); B = C (K and ks for this process was varied,
see Sl); C+e— D (E°=0.30 V); (iv) Electron transfer kinetics were simulated using the
Butler-Volmer model with the parameters: a/A=0.5 eV, ks=10 cm/s.

Controlled potential electrolysis. Bulk electrolysis was performed in a glovebox
using a BASi Epsilon™ potentiostat in a VC-2 voltammetry cell (Bioanalytical Systems),
with a carbon fiber paper working electrode (Freudenberg H23, Fuel Cell Store), a
nonaqueous Ag/Ag” reference electrode (MF-2062, Bioanalytical Systems) and a coiled
platinum wire in an auxiliary electrode chamber (MW-1033 and MR1196, Bioanalytical
Systems) as the counter electrode. The electrolysis was performed in deuterated DMSO-
de with 1,3,5-trimethoxybenzene (as the internal standard) while its progress was

monitored using "H-NMR spectroscopy.
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3.4 Results And Discussion

Benzimidazole organo-hydrides for CO:2 reduction to formate. A number of previous
studies have suggested that benzimidazole-based organo-hydrides are potentially strong
hydride donors.13% 142,172, 226, 233, 241 \\e used density functional theory (DFT) to calculate
the thermochemical properties of CO2 reduction to HCOO- by four different
benzimidazole-based organo-hydrides (1a-d) in order to determine if such hydrides are
competent for this reduction. Table 7 shows that species 1a (the simplest
dihydrobenzimidazole considered, where R1 = H and Rz = H) is predicted to reduce CO:
to HCOO- with a calculated reaction free energy of AG%xn = 4.2 kcal/mol, while
regenerating species 2a. Species 1b, where R1 = Me and Rz = H, is predicted to be a
stronger hydride donor relative to our base case 1a; AG%«. is now lowered to 2.0 kcal/mol.
We calculate that substitution of Me at Rz further improves the hydride donation strength
such that AG%x»= 0.7 kcal/mol for 1c. Finally, 1d with Me substituted at both Ry and Ry is
predicted to be the strongest hydride donor reducing CO; to HCOO- with AG%xn= -1.7

kcal/mol.
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Table 7. Predicted thermochemical properties of CO> reduction by reductants 1a-d with

their corresponding experimental formate yields.

- e
1a 5P 23.1 4.2 1.37
1b 4° 22.1 2.0 1.39
1c 59° (66)° 20.6 0.7 1.38
1d 51¢ 21.1 -1.7 1.39

2 Experimental yields determined by 'H-NMR spectroscopy using 0.05 M of 1,3,5-
trimethoxybenzene as an internal standard and species 1 as the limiting reagent.

b Reaction conditions: 0.50 ml DMSO-dg, [hydride donor] = 0.10 M, [KBr] = 0.50 M, Pcoz
=30 psig, T =50°C and t = 24 h (exceptt = 11 h for 1c). ¢ Reaction conditions: 0.50 mL
DMSO-ds, [hydride donor] = 0.025 M, [KBF4] = 1.00 M, Pco2 = 20 psig, T = 50°C and t =
18 h. ¢ Theoretical activation free energies (AG*ur) and reaction free energies (AG%xn) at
standard conditions of 298 K and 1 atm, computed at the rM06/6-31+G(d,p) level of theory
in implicitly described (CPCM) DMSO solvent. € Calculated bond distance between the
transferring hydride (H") and the carbon (C) of CO: at the transition state. The ball-and-

stick model shows the computed TS structure for reductant 1c.
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Our initial experimental results, reported in Table 7, are consistent with these
calculations (except for the case of 1d). The hydride donor 1c produced the
correspondingly highest yield of HCOO~ (59%) relative to weaker donors 1a and 1b (5%
and 4%, respectively). These reactions were performed under mild conditions (T= 50°C
and Pco2= 30 psig) in DMSO-ds for 24 hours or less (11 hours for 1c); the addition of salts
such as KBr was empirically discovered to significantly increase the yield of formate (vide
infra). Modifying the reaction conditions resulted in an increase in HCOO~yield by 1c to
66%, while 1d produced a lower yield of 51% despite it being predicted to be a stronger
hydride donor. Both 1c and 1d suffer from parasitic side reactions in DMSO that prevents
their quantitative HCOO~ yield;?%® 1d is a stronger hydride donor and thus suffered more
from non-productive side reactions, thus explaining its lower formate yield relative to 1c
(vide infra).

The presumed formation of formate in our reaction was confirmed by its detection
under synthetically relevant conditions via both "TH-NMR spectroscopy and electrospray
ionization mass spectrometry (ESI-MS). The 'H-NMR spectra obtained after completion
of the reaction exhibited a peak at 8.46 ppm, which was confirmed to be formate by
comparison to the authentic sample. To further confirm formate’s presence, ESI-MS in
negative ion mode was employed. The formate anion was observed to complex with the
added salts: for example, we observe the presence of the KBr-HCOO~ complex in the
correct isotopic ratios with m/z = 162.9, 164.9, and 166.9. Thus, these two analytical

methods confirm the presence of formate in our product solution.
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Figure 13. "3C-NMR spectra of species 1c reacted with '3CO, in DMSO-ds. Reaction
conditions: [1c] = 0.10 M, [KBr] = 0.20 M, Pco2 = ~20 psig, T=50°C andt=16 h. 0.05 M
1,3,5-trimethoxybenzene was introduced as an internal standard. '*C-formate appeared

at 165.70 ppm; dissolved '*CO, appeared at 124.18 ppm."’

To further validate our proposed mechanism of reduction, we conducted
experiments with isotopically enriched '*CO; gas (99 atom % '3C). Figure 13 confirms the
presence of H'3COO- (appearing at 165.70 ppm) in the product solution after '*CO;
reacted with hydride species 1c. The significant enhancement of H'*COO~’s "*C-NMR
signal relative to other species in the solution (peaks a-d) is apparent in Figure 13. In
addition, the "3C nuclear spin splits the "H-NMR peak of H'3COO- into a doublet (at 8.27
and 8.72 ppm), further corroborating the presence of isotopically enriched H'3COO-.
These results demonstrate that the formate anion detected in the reaction mixture is
derived from the chemical reduction of the carbon dioxide introduced to our solution.

Effect of salts and solvents. During the course of these studies, we empirically
discovered that the addition of various salts to the reaction mixture greatly enhances the

observed formation of the formate anion. A similar salt effect was reported for a
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photochemically driven system involving the reduction of CO2 by pyridine?®® and in the

catalytic formation of acrylate from ethene and C0..?6” Table 8 indicates that in the

absence of salts, the HCOO~ yield by 1c was nearly undetectable (5%, entry 1).

Alternatively, under various reaction conditions, the presence of salts (e.g. KBr, Kl, LiBr

and Nal) resulted in markedly higher yields of the reduced product (25-59%, entries 2-7).

Of these salts, KBr produced the highest formate yield (59%, entry 3) relative to other

salts under identical conditions.

Table 8. Reaction of species 1c¢ or 1d with CO2 under various experimental conditions.

Me Me
R N _H 9 solvent, temp. R N® D o
:@E ><Me + L+ salt prev, - ;@i S—Me + C-0
R4 N o Ri N
Me Me
1c[R; =H}; 1d[R; = Me} 2c[R; =H}; 2d[R;=Me
Entry* | Hydride [Hydride Salt [Salt] CO, Time | Consumption | Formation | Recovery Formate
donor | donor] (M) M) | (psig)® | (h) of 1 (%)° of 2 (%)° of 2 (%) | Yield (%)>¢

1 lc 0.100 - - 30 24 69 69 100 5
2 lc 0.100 KBr 0.20 30 11 86 86 100 40
3 lc 0.100 KBr 0.50 30 11 92 91 99 59¢
4 lc 0.100 KI 0.50 30 11 82 82 100 40¢
5 lc 0.100 LiBr 0.50 30 11 95 94 99 36°
6 lc 0.100 Nal 0.50 30 11 87 86 99 25¢
7t lc 0.100 KBr 0.50 30 24 79 77 97 33
8 lc 0.050 KBFs | 0.50 20 18 97 96 99 57
9 lc 0.025 KBFs | 0.50 20 18 100 99 99 61
10 lc 0.025 KBF; | 1.008 20 18 100 100 100 66
11 lc 0.025 KCIO4 | 0.50 20 18 100 100 100 35
12 lc 0.025 KNO; | 0.50 20 18 100 100 100 49
13 lc 0.025 KPFs | 0.50 20 18 100 100 100 17
14 1d 0.025 KBF; | 1.008 20 18 100 100 100 51
15 1d 0.025 KNO; | 1.00 20 18 100 99 99 53

2 All reactions were conducted in 0.50 mL

of DMSO-ds solvent at 50 °C, unless

otherwise specified; the solution appeared slightly cloudy after reactions were completed,
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0.20 mL of methanol-d4 (entries 1-7) or 0.20 mL of DMSO-ds (entries 8-15) were added
to the solution to improve solubility prior to acquiring NMR spectra. ® Pressure of
introduced CO: in psig. ¢ Determined from 'H-NMR spectroscopy using 0.05 M of 1,3,5-
trimethoxybenzene as an internal standard. 9 Yield based on species 1 as the limiting
reagent. ¢ Formate yield was determined from the average of three runs, with

reproducibility of £5%. fReaction at 25 °C. 9 Salt not fully soluble.

We propose that adding salts creates a more polar environment that stabilizes
ionic products (species 2c and HCOO") by increasing the ionic strength of the solution,
and thus biases the equilibrium towards the formation of ionic products. In fact, our
calculations of a model including the salt KBr suggest that the salt effect significantly
improves the thermodynamics of the hydride transfer reaction from AG%x, = 0.7 kcal/mol
to AG%xn = -7.1 kcal/mol.

Although we first performed the CO2 reductions at slightly elevated temperatures
(50°C, entries 1-6), we anticipated that, in view of the predicted relatively low free energy
activation barrier AG*47 (298 K) = 20.6 kcal/mol in Table 7, species 1c could still be
capable of reducing CO2 to HCOO™ at room temperature, T = 25°C. Indeed, species 1c
was found to be effective as a reductant under ambient conditions, although lower yield
of formate was obtained (33%, t = 24 h, entry 7), presumably due to the slower reaction
rate. We also examined this reduction in several solvents: methanol-d4, MeCN-d3, and
DMF-d7 yielded essentially no formate. Mixed solvents comprising of DMSO-ds with
methanol-ds, MeCN-d3, or DMF-d7 in 1:1 ratios by volume produced lower formate yields

relative to pure DMSO-ds. DO was not examined as a solvent due to 1c’s poor solubility
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and tendency to react with water to form Hz, as mentioned below. We propose that the
observed reduced activity in methanol-ds, MeCN-d3 and DMF-d7 solvents is caused by
their lower polarities (their polarity index values are 5.1, 5.8, and 6.4, respectively,
compared to 7.2 for DMSO-ds).?%8 Just as was argued above in connection with the salt
effect on the reaction, the lower solvent polarity is presumed to disfavor ionic product
formation leading to reduced product yields.

Reaction optimization and side reactions. In an effort to further increase formate
yield (beyond the 59% vyield of entry 3 of Table 8), we varied 1c¢’s concentration, types of
potassium salts, salt concentration, CO2 pressure, and length of reaction time (Table 8,
entries 8-13). We found that by both lowering [1c] from 0.100 M to 0.025 M and increasing
the reaction time from 11 h to 18 h, we were able to fully consume hydride donor 1c to
quantitatively form 2c; however, not all 1c was consumed to form the desired formate
product as some reacted in parasitic side reactions (vide infra). From the results reported
in Table 8 we also determined that a CO> pressure of 20 psig produced a slight
improvement over 30 psig while a higher CO2 pressure of 40 psig yielded poorer results
(vide infra). At the reaction conditions of [1c] = 0.025 M, Pco2 = 20 psig, t = 18 h and 0.50
M of KBF4, formate yield improved to 61% (entry 9). Notably, KBF4 gave a higher formate
yield than the potassium salts KCIO4, KNO3 and KPFs under identical conditions (entries
11-13). When [KBF4] was increased to 1.00 M or 40 equiv. relative to 1c, formate yield
was further increased to 66% (entry 10).

Under these optimized conditions, we tested the performance of 1d. 1d was
computationally predicted to be a slightly stronger hydride donor than 1c, due to the

moderate electron-donating ability of the methyl groups at the 5 and 6 positions of the
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benzimidazole. As reported in Table 7, 1d was predicted to reduce CO; to formate with
the following properties: AG*r = 21.1 kcal/mol, AG%xn = -1.7 kcal/mol, and Rc.h = 1.39 A.
However, despite being predicted as a stronger hydride donor, 1d produced formate
yields of only 51% (1.00 M KBF4, entry 14) and 53% (1.00 M KNOs3, entry 15), lower than
the 66% (entry 10) produced by 1c (while 1d was fully reacted to generate 2d). As we
describe next, the hydrides of 1c and 1d participated in parasitic reactions that limit their
formate yields.

We have identified two potential channels for the non-productive consumption of
hydride donors 1c and 1d. First, we anticipate that the hydride can react with trace water
in DMSO (present due to its hygroscopic nature) to form H. and hydroxide OH~.259
Second, the hydride could also non-productively react with DMSO to form dimethyl
sulfide?®® and OH-. The OH~ generated from these two sources likely reacts with excess
COs2 in the solution to form bicarbonate (HCO3™); this anion may then complex with
potassium cations present in the solution to form the less soluble KHCO3 salt. Indeed,
this may well explain the observed cloudiness of the solution after completion of the
reaction. Furthermore, we observed that formate yield by 1c was significantly lowered to
12% at a higher CO. pressure of 40 psig. Following an argument similar to that above,
we hypothesize that the larger excess of COz increased OH~ consumption, which in turn
increased the parasitic consumption of 1c and 1d, thereby resulting in lower formate
yields. Given that 1d is a stronger hydride donor, the parasitic consumption of its hydride
was presumably more severe, thus producing a lower formate yield than 1c. Future
design of the hydrides will focus on improving the kinetics of CO2 reduction, while

preventing the parasitic loss of the hydrides.?"°

82



Connections to dihydropyridine. Interestingly, the benzimidazole-based hydride
systems studied here closely resemble our previously studied dihydropyridines, whose
NADPH analogue is used as a recyclable hydride in natural photosynthetic CO2
fixation.'®% 231 Although, as explained in the Introduction, the present study is deliberately
restricted compared to dihydropyridines --- with a focus on examining the fundamental
concept of CO2 reduction by hydride transfer --- it is instructive to note key points of
commonality.

Perhaps the most important among several key features in common between
these two chemistries is a hydride bound to a carbon that neighbors a N atom of a ring
that becomes aromatic upon transfer of the hydride; this provides an analogous source
for the driving force for hydride transfer. The underlying dearomatization-aromatization
cycle that creates the thermodynamic driving force for CO2 reduction was previously
uncovered in the pyridine system.?’"18 Similarly, because the aromatic species 2 is
dearomatized upon its reduction to compound 1, the proclivity of this latter species to re-
aromatize drives it to transfer H- to CO2 to form the formate product while recovering the
aromatic species 2. While ref. '8 includes the next protonation step of formate to produce
formic acid that is not addressed here, the experimental results we report confirm the
reduction of CO2 by 1, and support the proposed theoretical homogeneous hydride
transfer mechanism for the reduction of CO. to methanol.’®: 232 For an extended
discussion and references, see ref. 231,

Electrochemical regeneration. As determined by "H-NMR spectroscopy, 1 was
consumed to quantitatively recover the oxidized and aromatic species 2 (Table 8), thereby

establishing its potential to function as a recyclable organo-hydride. Here, we examine
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the possibility of regenerating 1c from 2c electrochemically to achieve catalytic CO2
reduction. Generally, the recovery of 1 from the oxidized species 2 requires a net transfer
of two electrons and a proton. Three possible pathways for electrochemical regeneration
are represented in Scheme 8. The first pathway (pathway i) involving the protonation of
2c followed by two successive electron transfers (ETs) has been discarded because of
the inability to protonate the benzimidazolium species 2c¢ due to its high free energy cost.
In contrast, the other two pathways in Scheme 8 (ii and iii) include an initial ET which
leads to the formation of a neutral radical 2c’. The fate of 2c* depends on experimental
conditions (e.g. applied electrochemical potentials and the presence of acids). Even
though the second ET is calculated to be feasible at applied potentials (pathway ii), a
rapid dimerization of 2c” impedes further recovery of the dihydrobenzimidazole hydride
species 1c¢.?’? Finally, in the presence of a proton source, the facile protonation of the
radical 2c’ enables a subsequent exergonic electron transfer that leads to formation of

the hydride 1c (pathway iii).
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Scheme 8. Sequential regeneration pathways for electrochemical conversion of species

2c to hydride-active species 1c.
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Inspired by the favorable calculated thermodynamic parameters for the
electrochemical regeneration, we performed cyclic voltammetry (CV) experiments in the
presence (pathway iii) and absence (pathway ii) of acids. Specifically, Figure 14a shows
CVs of 2c obtained with different scanning directions in the presence and absence of
phenol acting as a weak proton donor. In both cases, the irreversible reduction peaks
appear at —1.88 V vs. NHE, which is consistent with the calculated one-electron reduction
potential for 2c/2c’ conversion. Interestingly, the current intensity doubled in the presence
of phenol indicating a possible proton-coupled two-electron transfer process, as
represented in pathway iii (Scheme 7). Similar behavior was observed when stronger
acids (acetic, chloroacetic and tetrafluoroboronic acids) were employed.

Indeed, scanning to positive potentials from these reduction peaks (scan direction:
-2.3 V to +0.75 V) resulted in the appearance of a peak at ~ +0.3 V vs. NHE only in the

presence of the acid. The peak matches well with the calculated oxidation peak of species
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1c (+0.30 V vs. NHE). To confirm this regeneration, we performed the electrochemical
oxidation of an authentic sample 1c; this indeed exhibited an oxidation potential at +0.36
V vs. NHE supporting the electrochemical regeneration of 1c from 2c (Figure 14a, inset).

To evaluate the efficiency of electrochemical regeneration of 1c, the experimental
CVs were compared with the simulation, which was computed assuming that 2c
undergoes a proton-coupled two-electron reduction process to form 1c (Figure 14b). An
excellent match was obtained between the experimental and simulated voltammograms,
indicating a quantitative conversion of 2c to 1c and that no side reactions (e.g.

dimerization) occur.

a) b)
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Figure 14. Electrochemical regeneration of 1c from 2c. (a) Cyclic voltammograms at scan
rates of 100 mV/s of 1 mM 2c in DMSO with (maroon solid) and without (blue solid) 100
eq. of phenol, baseline scan (blue dashed line) and a scan of a 100 mM solution of phenol
in DMSO (maroon dashed line). Scan directions: +0.1V —» -2.3V —» +0.75V —» +0.1 V.
Inset: the oxidation of authentic 1 mM solution of 1c (green); (b) Experimental (baseline
subtracted, gray) and simulated (orange dashed) CVs of 1 mM solution of 2c in the

86



presence of phenol at a scan rate of 100 mV/s. Simulation parameters: K(PT) = 100 and

ki(PT) = 10* s™" gave the closest match to experimental values.

To further confirm and quantify the electrochemical conversion of 2c to 1c, we
performed a controlled potential electrolysis experiment using a carbon fiber paper
working electrode in DMSO-ds and an excess of phenol. The electrolysis progress was
monitored via 'H-NMR spectroscopy, with 1,3,5-trimethoxybenzene as an internal
standard. Over the course of 4 h, 2c was quantitatively transformed to hydride 1c (Figure
15) at an applied potential of Eapp = -1.91 V (vs. NHE). Specifically, after electrolysis, the
"H-NMR spectra of the resulting product matched the authentic sample of 1c and the
integration values (relative to 1,3,5-trimethoxybenzene at ~6.1 ppm) of the aromatic
hydrogens were identical (0.56 in Figure 15a and 0.55 in Figure 15b). The full conversion
required a slight excess of supplied charge due to the competing proton reduction (Figure
14a). This experiment rules out the possibility that 2c is involved in any side reactions
(e.g. dimerization of the forming radical) in the course of electrolysis under the given
experimental conditions, which has often prevented the regeneration of previously studied

NADH-analogs.?"3-277
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Figure 15. "H-NMR spectra of catholyte DMSO-ds solution of 1 mM 2c in the presence of
150 equiv of phenol and 1,3,5-trimethoxybenzene as an internal reference, before (a) and
after (b) bulk electrolysis on carbon fiber paper as the working electrode at Eapp =-1.91 V

vs. NHE.

We note that the relatively slow hydride transfer kinetics (e.g. over hours, see
Table 8) impedes the exploitation of the current system for electrocatalytic CO2 reduction,
as we attempted by electrochemical experiments on two different electrodes (glassy
carbon and tin) in the presence of CO2 (Figure 16). We suggest that the hydride transfer
kinetics can be improved by tuning the thermodynamic hydricity of benzimidazole-based
hydrides.'3% 142.247 |n any event, the combined reduction of CO; to formate and complete

electrochemical recovery of the active hydride form demonstrated here indicate that
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improving the kinetic properties of the current system could plausibly result in the

development of metal-free catalytic systems for solar energy to fuels applications.
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Figure 16. Attempted electrochemical CO2 reduction with 2c on glassy carbon and tin

electrodes.

3.5 Conclusions
In conclusion, we have demonstrated the unprecedented use of metal-free and recyclable
benzimidazole-based organo-hydrides (1) for the chemical reduction of CO- to formate,
a reaction driven by the dearomatization-aromatization?3'18  of the
dihydrobenzimidazole/benzimidazolium (1/2) redox couple. We further established the
quantitative regeneration of 1 from 2 via controlled potential electrolysis as proof of
concept for conceivable electrocatalytic CO2 reduction with 1/2 redox couple.

This work demonstrates an accessible CO2 reduction to formate by organo-
hydrides, even in the absence of metal-centers. The present results suggest the

possibility of completely metal-free hydride sources as alternatives to noble metal-based
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hydride donors to reduce CO: efficiently to usable fuels in a catalytic fashion. This opens
the door to future development of related organic species that are reduced to reactive
hydrides electrochemically, photochemically or photoelectrochemically powered by
renewable energy. In a more extended arena, we hope that the present work will inspire
future research to incorporate an appropriate proton source into our proposed catalytic

cycle to effect the reduction of CO:2 directly to methanol.
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Chapter 4. Importance Of Proton-Coupled Electron Transfer In Cathodic

Regeneration Of Organic Hydrides

Reproduced in part from Ref. 100 with permission from llic, S.; Alherz, A.; Musgrave,

C.B.; Glusac, K.D. Chem. Commun. 2019, 55, 5583-5586, DOI: 10.1039/C9CC00928K

© 2019 The Royal Society of Chemistry
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4.1 Introduction
Proton-coupled electron transfer (PCET) is a process where protons and electrons are
transferred either simultaneously or concertedly. While prominent in many biological
systems, PCET is also particularly important in fuel cells and artificial photosynthetic
systems, because it enables multi-proton and multi-electron transfer processes required
for the desired chemical transformation.?’8-280 Electrochemical fuel-forming processes,
such as the hydrogen evolution reaction (HER) and CO: reduction to methanol, involve
several proton and electron transfers. Hydrides are often used in such processes to
catalyze the transfer of electrons in pairs, thus avoiding high energy open-shell
intermediates obtained by single electron transfers.?81-283 As such, electrochemical
regeneration of catalytic hydrides with optimal efficiency is essential to obtain a high-
performing CO> reduction and HER.2'® 284290 Metal-based hydrides regenerate their
hydridic form through stepwise transfers of electrons and protons, and the mechanism is
controlled by metal-ligand complexes and experimental conditions (such as applied
potentials, proton source, solvent, etc.).?85 291-295 PCET in the regeneration of metal-free
hydrides has not been electrochemically explored signficantly beyond flavins and
quinones,?%-300  despite the significance of NADH and similar hydride donors in natural
and artificial hydride transfer processes.30-3%6 While the enzymatic regeneration of NADH
occurs through a hydride transfer,3% the electrochemical formation of NADH analogues
is hindered by the difficulty of protonating the one-electron reduced NAD- radical and its
rapid dimerization.307-312

Our groups examined the thermodynamic and kinetic hydride donor abilities of

various organic NADH analogues®'3216¢ and following a series of systematic studies,
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recently achieved a selective CO:z reduction to formate under mild conditions using a
recyclable organic benzimidazole hydride.3'” Here electrochemical regeneration
pathways are explored for two groups of organic hydrides (RH) — acridines and
benzimidazoles from their respective cations (R*) as an essential step towards their
potential utilization as catalysts. We achieved quantitative hydride regeneration by
improving the stability of acridine-based radicals and by facilitating the protonation of
benzimidazole-based radicals. This work also provides guiding principles for improving
the photochemical regeneration of organic hydrides mediated by inorganic

semiconductors that act as hole acceptors.318-319

4.2 Computational Details
Density functional theory calculations were performed based on the wB97XD
functional?®?® 320 and the triple-zeta basis set 6-311+G(d,p)*?" implemented in Gaussian
“16. Vibrational force constants at the wB97XD/6-311+G(d,p) level of theory were
calculated to (a) validate that all geometries have only positive vibrational frequencies
and (b) compute entropies, zero-point energies, and thermal corrections for the reported
free energies at 298 K. Solvation effects of dimethyl sulfoxide (DMSQO) were simulated
using an implicit polarized continuum solvation model (CPCM).322-323 Hydricity values
were calculated using methods developed in earlier studies.3'3

Reduction Potential (E°) Calculations. Reduction potentials E° versus the
ferrocene electrode (vs. Fc/Fc*) in DMSO were calculated using the wB97XD/6-
311+G(d,p) level theory according to the following equation:324

AGred = GRH - GRH"' (9)

93



E° = —27.2114 AG,,q — 5.043 V (10)
Acidity (pKa) Calculations. Acidity values are essential to this work as they help
determine the reaction route. pKa values are calculated according to the following

equation, following the work of Schlegel:32°

pKy = —o (11)

@ ™ 2303RT
AG = Gy — Gupp + Gy (12)
In order to determine the free energy of a proton solvated in DMSO, a scaling approach
is utilized where the value of Gu+ is averaged for a set of experimentally studied acids,

presented in Table 9.

Table 9. Experimentally determined pKa values of organic acids in DMSO.3?6 The
second column contains pKa values calculated using DFT calculations and using

equations 3 and 4 shown above.

PKa PKa PKa PKa

exp't  predicted exp't  predicted
benzimidazole 16.4 18.4 NH4* 10.5 43
CH4 56 50.8 Nicotinamide 22 22.6
HCI 1.8 -0.8 Trimethyldioxane- 7.4 11.9

dione

Cyclopentadiene 18 20.6 PhCO2H 11 8.7
imidazoleH 186  20.0 PhoNH 2495 27.6
MeCO2H 12.3 13.5 PhSH 10.3 11.4
MeOH 29 30.5 PyNH: 285 26.3
NaphthNOH 20.7  20.1 CsHsNNH: 26.5 277
NH3 41 41.2

Plotting the DF T-calculated expression (G4- — G,4y) versus the pKa data in Table 9
yields Figure 17. The mean absolute deviation between experimentally determined and

computationally predicted pKa values is 2.25 pKa units. Using the expression (Gu+ = —
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intercept/slope), we find that the free energy of the DMSO-solvated proton is Gu+ = -

265.49 kcal/mol.

pKa (DMSO)
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Figure 17. (G4~ — G,y) computed using wB97XD/6-311+G(d,p) level of theory versus
experimentally determined pKa values reported in Table 9. Black round dots represent
the experimental data set. The black dashed line is the linear regression performed on
the experimental data set, with an adjusted RZ.q value of 0.950. The red triangles

represent pKa values of radical cation intermediates discussed in this work.

4.3 Experimental Details

General Methods. All chemicals were purchased from commercial suppliers and used
without further purification. 10-Methyl-9-phenylacridinium perchlorate (A2*) and 10-
methylacridinium perchlorate (A1*) were purchased from TCI America. Cations (As*,3%’
A3+,318 A4+,318 A5+,318 B1+,328 Bz+,318 BS+,328 B4+,329 BS+33O and BB+331) and hydrides (A2H,318

AsH,3"8 B1H,328 B,H 318 B3H328 and BsH330) were synthesized according to the previously
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published procedures. For cyclic voltammetry (CV) measurements, the iodide salt of
NAD* analogs was converted to perchlorate using a previously published procedure.?%
Absorption spectra were measured with Ocean FX (Ocean Optics) spectrophotometer.

Choice of Solvent. DMSO was chosen as a solvent for experiments and
calculations, due to good solubility of NAD* analogues and CO2, which is relevant for fuel-
forming reduction catalysis. However, the high basicity of DMSO hinders the protonation
of acridine-derivatives with strong acids (section 2B). Instead, these experiments were
performed in acetonitrile.

Cyclic Voltammetry. Cyclic voltammetry was performed using a BASi epsilon
potentiostat in a VC-2 voltammetry cell (Bioanalytical Systems) using a glassy carbon (3
mm diameter, MF-2012, Bioanalytical Systems), a nonaqueous Ag/Ag* reference
electrode (MF-2062, Bioanalytical Systems), and a platinum wire (MW-4130,
Bioanalytical Systems) as a counter electrode. The spectroscopic grade solvents DMSO
and MeCN and the electrolyte tetrabutylammonium perchlorate (TBAP) were purchased
from Sigma-Aldrich and used as received. All cyclic voltammograms were obtained with
the scan rate of 0.1 V/s. Electrochemical potentials were converted to vs. Fc/Fc* by
adding -37 mV to the experimental potentials.33?

Preparation of Aj-radical. 50 mg of A" was dissolved in sufficient amount of
deionized water (~10 mL) and 5 mL of diethyl ether was added. The solution was then
purged with argon for 30 min and 20 mg of zinc was added to the mixture. The reaction
was stirred for 30 min during which the deep red color was developed in the diethyl ether
layer. The organic layer was extracted and washed with water. The prepared solution of

Ao-radical was stable over 10 days under inert atmosphere.
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4.4 Results and Discussion

In order to investigate the regeneration pathways for metal-free NADH-analogues and
their applicability in electrochemical reductions of protons and CO., we calculated
relevant hydricity values (AGh.), reduction potentials (E°) and acidity constants in DMSO
as solvent (Table 10). Our calculated AGy. values indicate that benzimidazole hydrides
act as strong hydride donors with hydricities that compete with noble-metal hydrides,333
whereas acridine hydrides have moderate reducing strengths, comparable to that of the
NADH-cofactor.3'* However, the considerable hydride donor ability of benzoimidazoles is
accompanied by a high energy cost for its regeneration due to the scaling relationship
between E°(R*/R:) and AGh-.2'4 316 Furthermore, their second reductions E°(R-/R") often
occur at potentials ~0.5 V more negative than their first reduction potenitals (Table 10).
Here, we suggest utilizing PCETs to circumvent the scaling relationship by avoiding these
high-energy intermediates. Another distinguishing characteristic between these two
groups of hydrides is the remarkable difference in the acidity constants (pKa) of their
radical cationic intermediates (RH*-) that determine their regeneration pathways. We
propose two distinct pathways for the electrochemical generation of organic hydrides: (a)
sequential transfer of two electrons followed by a proton transfer (EEP) and (b) sequential
electron-proton-electron (EPE) transfer. Our calculated pKa values predict that all model
compounds are reduced via the EEP pathway, while only the benzimidazoles can be
reduced via EPE with a reasonable proton source. The computed acidity constants

reported in Table 10 indicate the drastic difference in acidity values of the intermediates
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of both classes. Indeed, this computational analysis corroborates our experimental

findings discussed below.

Table 10. Model R-H compounds and their calculated acidities, reduction and hydride

donor ability constants in DMSO as solvent.

. pK, E° (V cs Fc/Fc*) . pK, E° (V cs Fc/Fc*)
Hydride RH* RH  RY/R R/R RH-/RH  AGH Hydride RH~ RH  R/R R/R  RH~/RH  AGH"
H
H
H
9 69 | 04 358 104 183 025 = 73.0 L, 152 639 256 -3.38 -0.52 47.0
AH N B:H v
phdl !
N__Ph
P N 1.8 342 107 179 028 728 CLx 124 482 230 -2.53 -0.44 4856
AH A B,H A
Me NPhJ} N PhNMe,
} @;_:Q 4.0 350 111 186 020 703 CLx, 149 517 260 -2.61 -0.47 447
AsH \ BsH '
7
N, Mes
AdH y L 136 538 -2.70 -2.81 -0.45 4.7
A
= = 34 340 133 195 0418  61. BeH ,
-0, N_H
75N X 154 500 -2.66 -2.55 -0.54 45.2
BsH
1
o BH)f;E:&" 184 544 279 -2.63 -0.54 447
1
¢ | 64 357 180 215 028  46.9 A
o H
AH T & . [SEN 214 506 -2.83 -2.58 -0.96 427
7
@ X onome,
Se 17 410 144 221 0.01 61.5 BH@EN\XH 163 541 270 -2.81 0.01 49
AgH 1 H 8

The electrochemical behaviour of a representative acridine (A2*) in the absence of
proton donors exhibits a reversible reduction peak at-0.97 V (vs. Fc/Fc*), which we assign
to R*/R- conversion based on its calculated E%+r- potentials (Figure 18, Inset 1). Similar
reversible first-reduction properties have been observed for the acridine derivatives As™,
As" and As*, which are less susceptible to dimerization due to functionalization at the 4-
position, justifying the reversibility of the observed reduction.3%® In contrast, unsubstituted
A1* and Ae* exhibit irreversible R*/R- conversion due to radical dimerization, a behavior
analogous to the natural NAD*-cofactor.3''-312 Potentials associated with the second
electron reduction (R-/R") are shifted to significantly more negative values and exhibit

quasi-reversible and irreversible characteristics. Such irreversible behavior is associated
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with the protonation of the forming anion by the solvent, as confirmed by the appearance
of the A>H oxidation peak at +0.3 - 0.6 V (vs. Fc/Fc*) in the anodic scan (Figure 18a).
Experiments with two acids of significantly different acidities were performed to
investigate the electrochemical regeneration of acridine-based hydrides. In the presence
of weak acids (i.e. acetic acid, pKa, cac = 12.7, DMSO), a modest shift in the second
reduction potential of +0.2 V was observed (Figure 18a). This shift and the partial loss of
reversibility displayed in the first reduction peak were assigned to facilitated protonation
of the anion to form a hydride, indicating regeneration via EEP. This likely occurs via a
stepwise mechanism, due to a lack of a kinetic isotope effect when deuterated acetic acid
was used. However, the shift was not further improved with higher acid concentrations
nor slightly stronger acids. In contrast, the addition of a very strong triflic acid (pKacarc =
—8.6, DMSO) resulted in a concomitant increase in the current density at the first
reduction potential and the disappearance of the second reduction peak (Figure 18),
suggesting that strong acids facilitate the EPE mechanism.33* The formation of the
hydride via EPE was confirmed by switching the cathodic potential at —1.2 V and
monitoring the presence of the hydride oxidation peak (Figure 18, Inset 2). The radical
protonation was further confirmed using UV-Vis absorption spectra of chemically

produced A2+ and its reaction with HBF4 acid.
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Figure 18. Cyclic voltammograms of: a) 2 mM Az" in the presence of 0-60 eq AcOH in
DMSO; b) 5 mM A" in the presence of 0—»1 eq TfOH in MeCN; c) 2 mM B3" in the
presence of 0—»60 eq AcOH in DMSO; d) 2 mM Bz" in the presence of 0-60 eq AcOH in
DMSO. Arrows indicate the direction of peak changes with the addition of acid, while black

dashed curves represent baseline scans.

Bulk electrolysis experiments of A" with acetic acid (which favors the EEP
mechanism) and HBF4 (which favors the EPE mechanism) both resulted in successful
hydride regeneration of A2H. A2H regeneration using HBF4 occurred at an applied
potential of —1.2 V (vs. Fc/Fc*), while hydride formation using acetic acid required a more
negative applied potential (-2.0 V vs. Fc/Fc*). Nevertheless, both routes yielded a
quantitative hydride recovery due to the successful protonation of the radical (EPE route)

and its high stability under anaerobic conditions (EEP route).
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Figure 19. a) NMR spectra in DMSO-de for catholyte before and after electrolysis of A>*
in the presence of AcOH, at applied potential of -2.0 V vs. Fc/Fc*. b) Comparison of

catholyte solution before and after electrolysis with the authentic samples for A>* and AxH.
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Figure 20. a) NMR spectra in MeCN-d3 for catholyte before and after electrolysis of A>*
in the presence of HBF4, at applied potential of -1.2 V vs. Fc/Fc*. b) Comparison of

catholyte solution before and after electrolysis with the authentic samples for A>* and AxH.
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Cyclic voltammograms of benzimidazole-based derivatives Bs* and B2" (Figure
18c and 18d) display irreversible peaks at the potentials predicted for the first electron
reduction R*/R-, as indicated in Table 10. The irreversibility of the first reduction peaks is
caused by the tendency of unstable benzimidazole radicals to dimerize, as confirmed by
the appearance of oxidation peaks in the reverse scan at potentials that match the
calculated potentials of dimers (—0.84 V vs. Fc/Fc* for B3*). The addition of acetic acid to
Bs* prevents undesired dimerization, as indicated by the disappearance of the dimer
oxidation peak at —0.84 V vs. Fc/Fc’. Instead, formation of the hydride BsH is now
indicated by the new peak at —0.34 V vs. Fc/Fc* (Inset 3). Hydride formation was further
confirmed with controlled-potential electrolysis, where BsH was observed by NMR as the
sole product. The protonation of B2, (and further hydride regeneration) was achieved only
in the presence of a large excess of the acid which is consistent with the lower calculated
acidity for for BoH™-.

The mechanism of hydride regeneration in benzimidazoles was investigated using
compounds BsH and BsgH with bulky substituents to impede radical dimerization. In the
absence of a proton source, the cyclic voltammogram of Bg* exhibits electrochemical
properties similar to those of the stable acridines with two well-separated reduction peaks.
In contrast, upon addition of acetic acid the current density at the first reduction potential
increases and the current density at the second reduction potential decreases, indicating
a shift from the EEP to the EPE route. The EPE process presumably occurs via a stepwise
mechanism consistent with the absence of a kinetic isotope effect when deuterated acetic
acid is used (Figure 21). The stepwise mechanism likely results from the low tendency of

carbon-based radicals to form hydrogen bonds. This behavior is unlike that observed in
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nitrogen- and oxygen-based radicals, where hydrogen bonding occurs to pre-associate
proton donors and acceptors and to facilitate the concerted reduction of flavins and

quinones/phenols,297-300, 335-336
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Figure 21. Cyclic voltammograms of Bg* in the presence of: a) acetic acid, AcOH; b) d-

acetic acid, AcOD.

Lastly, we address why benzimidazole radicals are drastically more reactive
towards protons than acridines, although they are seemingly structurally similar (i.e. both
are N-heterocyclic species). Electron-donating substituents decrease the acidity of radical
cations,®' as Table 10 indicates. However, the sensitivity of acidity to functionalization
for both classes is limited to a few pKa units. Various acridine-based radicals were only
protonated by very strong acids, indicating that the radical cation remains extremely acidic
regardless of functionalization. The large difference in the acidities of radical cations can
be attributed to the stability of the radicals (Figure 22), where cyclopentyl radicals

(benzimidazoles) are more destabilized by ring strain relative to cyclohexyl radicals
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(acridines).3¥” This is further supported by our calculated ‘strain energies’ of two
representative derivatives.3® Protonation of the singly-reduced radical intermediates R:
of both classes requires reorganization of the molecular structure, as indicated by the
angular differences between R- and RH*- (see Figure 22). Acridine-based compounds
undergo a more pronounced structural relaxation upon protonation, whereas the
reorganization associated with protonating benzimidazole radicals is minimal. The energy
penalty of straining the geometry of the radical species is ~17 kcal/mol for the acridine
derivative As- but only ~8 kcal/mol for the benzimidazole intermediate Ba-, indicating that

protonation of acridine derivatives requires a larger driving force.
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Figure 22. EEP and EPE reaction coordinate diagram for BsH (blue, benzimidazole) and
AsH (green, acridine). B3"* and As/™* structures with angles below to show geometric

changes.

The computed energy profiles for the regeneration of two representative hydrides

with similar hydricities (AsH and BsH, AGn. = ~45-47 kcal/mol, Table 10) reveals several
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key principles for their electrochemical conversions (Figure 22). First, as evident from
Figure 22 and supported by our experimental findings, acridines prefer the EEP route
unless coupled with very strong acids (pKa << 0, DMSO). In contrast, benzimidazoles
proceed facilely via the EPE path even with relatively weak acids. Second, the
regeneration of both classes of hydrides necessitates an overpotential for their successful
transformation. The “ideal” system would operate at the thermodynamic potential (—1.3
V vs. Fc/Fc*),339340 while the required applied potential (Eapp) for generation of both
representatives is slightly more negative. Specifically, the generation of AsH is determined
by E%-r- due to the difficult radical protonation (Ezpp = —2.4 V vs Fc/Fc*), whereas BsH
is generated at E%+r: with an appropriate proton donor (Eapp = —2.3 V vs Fc/Fc*). We
emphasize that the overpotential is not affected by the basicity of the radical species.

Instead, it only depends on the first reduction potential (E,,, = E3+/R.) for benzimidazoles
because they follow the EPE route, and the second reduction potential (Eg,, = E,g./R_)

for acridines, as they favour the EEP route. This outcome indicates that the structural
factors that facilitate the radical protonation of benzimidazoles — as defined by pKa(RH™")
— also impede the first reduction process, as defined by E%ur:, leading to an overall

compensating effect on the thermodynamics of hydride generation (Figure 23).
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Figure 23. Acidity constant for RH*:, pKs(RH*), as a function of E%usr: for

benzimidazoles.

While the mechanisms have no effect on the overall reaction free energy to
generate the hydrides, we suggest that the EEP and EPE routes likely exhibit different
kinetics. This is also true for the kinetics of undesirable side reactions, especially for those
that involve the intermediates produced by the two mechanisms. Exploiting the
differences in the kinetics of the two mechanisms can be highly advantageous. For
example, the dimerization of open-shell radicals R- formed by the first electron transfer
significantly lowers the efficiency of hydride regeneration via EEP mechanisms. However,
rapid protonation of R- lowers its concentration and consequently the rate of the
bimolecular dimerization reaction with 74, o« [R-]%. Indeed, our experiments clearly
demonstrate that the EPE mechanism where protonation of the radical successfully

outcompetes dimerization enables quantitative hydride recovery. Thus, the EPE
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mechanism is likely more suitable for catalytic systems that involve reductions by organic

hydrides.

4.4 Conclusions

To conclude, the experiments and calculations in this work support our hypothesis that
the acidity of the radical cation (RH*-) of organic hydrides is critical for determining the
pathway of electrochemical hydride generation. A detailed analysis of the factors that
determine radical stability (and correspondingly its basicity) demonstrates how structural
modification can tune the hydride regeneration mechanism. In contrast, the different
hydride generation pathways (EEP vs. EPE) do not affect the overall potential required
for the complete regeneration, due to the opposing effects that radical stability plays on
electrochemical potentials and pKa values. Thus, despite its identical thermodynamic
requirements, the EPE mechanism observed in benzimidazoles is likely more efficient
due to the suppression of undesired radical dimerization. This work provides the

groundwork for a more effective use of organic hydrides as catalyts.
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Chapter 5. General Conclusions and Future Outlook

The apparent advantages of metal-based catalysts in energy conversion catalysis are
overshadowed by their often low selectivity, poor sustainability, and high toxicity. Our
approach is to utilize metal-free hydride donors NADH analogs as promising cost-
effective replacements for selective CO:2 reduction, where the selectivity is achieved via
sequence of hydride and proton transfers. In this work, the focus is on designing NADH
analogs that can be applied in electrocatalysis.

The design of molecular catalyst for electrochemical CO2RR include tuning the
hydricity for favorable hydride transfer to CO2 and enabling an easy electrochemical
regeneration of the active hydride form. A detailed analysis of a large number of metal-
free hydride donors helped identifying structural and electronic features that contribute to
better hydride donor ability. After evaluating their thermodynamic and kinetic hydricities,
benzimidazoles have been recognized as promising candidates for selective COa2
reduction. In our preliminary study, we have showed that benzimidazole-based hydrides
are indeed capable of reducing CO- selectively to formate. In addition, the corresponding
oxidized benzimidazolium forms (NAD* analogs) are fully recovered upon the completion
of the reaction, establishing their applicability in catalytic processes.

The regeneration of the NADH-form is very important for the closure of the catalytic
cycle. Previous efforts on utilizing organic hydrides in catalysis have been hindered due
to the rapid dimerization of radicals produced as the first intermediates of the
electrochemical transformations. Our study in Chapter 4 showed that this side reaction

can be circumvented with protonation that occurs on a much shorter timescale. In fact,
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the proton coupled electron reductions enabled quantitative NADH regenerations from
their corresponding oxidized NAD™ analogs. The principles that govern electrochemical
transformations can serve as a groundwork for photoelectrochemical cells, where the
choice of semiconductor with appropriate conduction band plays a pivotal role in reduction
of NAD* analogs.318-31°

Collectively, preliminary results discussed in this thesis provide insights on the
possibility of utilizing organic catalysts for selective CO- reduction. Nonetheless, several
critical problems for eventual catalytic applications persist: (1) slow kinetics for hydride
transfer reactions, and (2) large overpotentials for hydride regeneration. The slow hydride
transfer rates for hydride transfer are associated with high kinetic barriers (> 20 kcal/mol,
Table 7). We previously stated that the kinetics for these reactions linearly depend on the
driving force (Chapter 2, section 2.4d). Improvement of the thermodynamics for hydride
transfer to CO> can be achieved using few different strategies. First, we propose that the
hydride transfer can be facilitated by increasing the hydride affinity of CO2, which can be
achieved with activators as cocatalysts (Scheme 9). The proposed activator B reversibly
binds CO: to form an adduct B-CO: that is easier to reduce than the unbound CO2. To
make B-CO2 more prone to reduction, the free energy for adduct formation should be
slightly endergenic (AGact > 0, Scheme 9). Such activators, usually organic bases, have
been reported previously.3*'-342 Few examples of the activators along with their calculated

adduct formation free energies AGact are shown in Scheme 9.
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Scheme 9. Activation of CO: for hydride transfer reaction with organic bases. The adduct
formation (activation) is a slightly unfavorable process (AGact) which makes the hydride
transfer to the adduct more favorable (AGant = AGgHT — AGact). Also shown, few activator

structures and some calculated adduct formation AGact.
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Another approach includes the tuning of the thermodynamic hydricity in order to make
stronger hydride donors. In Chapter 2, we identified structural factors that contribute to
the improved hydride donor ability, such as stabilization of the positive charge of NAD*
through an inductive effect or increased conjugation, and destabilization of the NADH-
form by anomeric effect or structural constrains. Exploiting these factors would result in
strong hydride donors capable of reducing CO: at reasonable rates. Scheme 9 shows
several proposed structures of new metal-free hydrides with their calculated AGy. values
that can serve in futures studies. Instalment of methyl groups on two of the best hydrides
from Chapter 4 resulted in improvement of hydricity by ~2 kcal/mol, presumably through
the inductive effect of methyl groups (5a and 5b in Scheme 9). Hydrides 5¢,34 5d and 5e

are results of blending of two effects that contributed the most to the hydride donor ability:
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anomeric effect and structural constrains. These constrained benzimidazoles display
drastically lower calculated hydricity values (well below 44 kcal/mol). Hydrides 5f34* and
59345 are derived from previously published oxidized NAD* forms, while 5h represents a
phosphorus-based hydride with fairly good hydride donor ability and high

nucleophilicity.346

Scheme 9. New generation of metal-free hydride donors.

5b AGy. =40.5 kca/mol 5d AGy. = 35.2 kca/mol 59 AGy. = 52.0 kca/mol

Having strong hydrides would certainly help hydride transfer rates, but the hydricity is
closely correlated to the reduction potentials for the catalyst regenerations: stronger
NADH hydride donors require larger overpotentials for successful electrochemical
regeneration from NAD®, as shown in Figure 11 (section 2.5a in Chapter 2). In natural
systems (O-H and N-H hydrides),?97-300. 335336 |grge overpotentials are avoided with a
concerted PCET mechanism, that is facilitated by the pre-association of hydrogen-
bonded proton donor and organic radical.’**’ Unfortunately, we observed only sequential
PCET reactions in our studies in Chapter 4, likely due to the fact that carbon-based

hydrides do not form hydrogen bonds. In addition to promising thermodynamic and kinetic
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hydricities, phosphorus-based hydrides may be good candidates for concerted PCET
processes, given that phosphorus compounds have been recently reported to form
hydrogen bonds with alcohols.?*® Alternatively, the overpotentials can be considerably
improved by introducing a ‘proton handle’ in close proximity to the active center. This
strategy has been utilized to improve both overpotentials and kinetics for metal complexes
(Chapter 1). Scheme 10 shows proposed structural design of NAD* for the new hydride

donors that contain a prepositioned ‘proton handle’.

Scheme 10. New generation of NAD" bearing prepositioned ‘proton handles’ as a

strategy to lower the overpotential for hydride regenerations.

/'N
N

With further improvements of metal-free hydrides, we anticipate the realization of a
completely metal-free catalytic system for CO2 reduction. Once a fully operational
molecular catalyst is developed, these systems could serve as replacements for metal-

based electrocatalyst and may be applicable and scalable for industrial applications.
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