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ABSTRACT

The electrochemical carboxylation of organic substrates with CO; is a promising strategy for
the sustainable synthesis of value-added carboxylic acids, offering mild operating conditions
and avoiding the need for highly reactive organometallic reagents. As the electrical grid
transitions toward renewable energy sources, electrochemical activation of CO is poised to
become an increasingly carbon-negative process, further improving the sustainability of
chemical manufacturing. Despite these advantages, the scope of electrochemical
carboxylation remains limited, and a deeper mechanistic understanding is needed to guide
rational improvements in selectivity and efficiency. This thesis addresses these gaps by
investigating the electrochemical carboxylation of aldehydes, an underexplored but
industrially relevant substrate class, and demonstrating for the first time that this

transformation can be performed enantioselectively.

For aromatic aldehydes, electroanalytical and spectroscopic studies support a mechanism in
which a substrate-derived ketyl radical couples with CO; to form the a-hydroxy carboxylic
acid product. EPR spectroscopy provided direct evidence for formation of the ketyl radical
intermediate under electrolytic conditions, and kinetic studies identified the coupling step as
the rate-determining step. Lewis acidic additives such as MgCl, were found to play a key
role in promoting ketyl radical formation. Extending this chemistry to aliphatic aldehydes
revealed that their more negative reduction potentials open an alternative CO: reduction
pathway towards electrochemical carboxylation. However, it was also found that
polymerization of the substrate under reductive conditions limits carboxylation selectivity,
prompting future works to understand and develop strategies towards mitigating the

polymerization pathway.

Building on this mechanistic foundation, the first enantioselective electrochemical
carboxylation of an aldehyde was demonstrated using chiral metal salen complexes as
homogeneous catalysts, affording optically active mandelic acid with up to 43%
enantiomeric excess. Both the applied potential and metal center identity were found to

strongly influence enantioselectivity, pointing to an electronic basis for stereocontrol. Cyclic



vii
voltammetry studies further suggest that the most effective catalysts readily undergo
reductive activation under the applied conditions, enabling coordination with CO» to initiate
the enantioselective pathway. Taken together, the insights developed in this thesis provide a

foundation for the rational design of more selective, efficient, and enantiocontrolled

electrochemical CO; incorporation strategies.
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Chapter 1

INTRODUCTION

1.1 UTILIZATION OF CO; IN CHEMICAL SYNTHESIS

Carbon dioxide (COy) is a crucial component of Earth’s atmosphere and plays a critical role
in sustaining life. However, anthropogenic activities such as industrial manufacturing,
deforestation, and agriculture have led to unprecedent levels of CO; in the atmosphere,
contributing to global climate change, ocean acidification, and extreme weather events.
These shifts result in widespread biodiversity loss and pose significant risks to human health
and economy, making it critical to pursue strategies to reduce CO> emissions. Among these
emerging strategies, the utilization of CO; as a chemical feedstock for the synthesis of fuel
and high-value chemical has been gaining great interest. Not only does this help to sequester
CO; from the atmosphere, taking advantage of CO» as a carbon source would facilitate the
transition away from fossil fuel-derived chemical precursors. These changes will allow for

the transition to a more sustainable, carbon neutral economy.!-?

One strategy to convert CO> to a value-added product is to incorporate it onto an existing

molecule in the form of a carboxyl group,? as shown here:
R—H+C0, > R—-COOH

Carboxylic acids are versatile functional groups in organic chemistry, serving as key
intermediates in the synthesis of a wide range of chemical products. Their resonance-
stabilized structure imparts stability and ease of handling, while the carbonyl group enables
efficient transformations into derivatives such as esters, amides, and anhydrides.
Consequently, carboxylic acids have widespread applications across various industries,

including pharmaceuticals, plastics, and consumer products.*?

Despite the promise of CO; as a nontoxic and abundant building for the synthesis of valuable

carboxylic acids, its practical use is limited by its thermodynamic stability and kinetic
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inertness. As a result, reactions involving CO: have typically required significant energy

input to overcome the high activation barrier. Typically, these reactions are performed at
elevated temperatures and pressures conditions, which is energy-intensive and unsafe. For
instance, the Kolbe-Schmitt reaction for the industrial synthesis of hydroxybenzoic acids
from phenols is performed with 100 bar of CO» pressure at 125 °C (Figure 1).%’ Even in
cases where such harsh conditions are avoided, carboxylation reactions often require the use
of highly reactive organometallic nucleophiles, such Grignard reagents, to activate CO:
(Figure 1).>® Due to their reactive nature, these reagents pose significant challenges in
preparation, handling, and functional group tolerance, which limits their practical application
in chemical synthesis. The use of organometallic species also requires additional waste
removal steps, which can be costly and inefficient. Alternative strategies that avoid unsafe
conditions and the use highly reactive reagents are needed to perform the conversion of CO:

to value-added carboxylation acids.

One strategy that has garnered a great deal of interest is the electrochemical carboxylation
reaction, which relies on voltage as a powerful driving force to overcome the inertness of
CO; (Figure 1). As a result, the reaction can be performed under ambient conditions without
requiring the use of organometallic reagents. Functional group tolerance is expected to
improve, as the applied voltage can be tuned to target the desired carboxylation reaction and
limit any unwanted side reactivity. The reaction can also be performed heterogeneously at
the surface of an electrode, avoiding costly catalyst recovery and separation processes. As
electricity becomes increasing renewable in the future, electrochemical activation of CO; is
shifting towards becoming a carbon-negative process, further improving the sustainability of
the reaction. Given these advantages, electrochemical carboxylation presents a promising

strategy to synthesize value-added carboxylic acids from CO,.
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OH 1. NaOH, CO,

2. Hs0*

Grignard Reagents

MgBr 1.CO,

L.
o
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1. CO,, 2e~
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Y
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O. _OH
% OH
0O
©/LLOH

[Substrate]-COOH

Figure 1. Industrial routes to synthesize carboxylic acids using CO; include the Kolbe-
Schmitt reaction and the use of reactive Grignard reagents. Electrochemical carboxylation

offers a safer and more sustainable alternative.

1.2 ELECTROCHEMICAL CARBOXYLATION WITH CO:

Since CO> contains carbon at its highest oxidation state, electrochemical carboxylation is a

reductive process, occurring at the cathode. The reaction occurs via two main pathways. In

one pathway, reduction of the organic substrate generates either a radical anion via one-

electron reduction or carbanion via two-electron reduction, followed by nucleophilic attack

on CO; (Figure 2, top). Alternatively, if the reduction potential of the organic molecule is

very negative, the reduction of CO> dominates, generating a CO» radical anion that reacts
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with the organic substrate (Figure 2, bottom). The predominant mechanistic pathway often

depends on the identity of the organic substrate and cathode material.*!°
Substrate Reduction Route

e O0=C=0, e
[Substrate] ——— [Substrate]”

+

———> [Substrate]-COO~ [Substrate]-COOH

e [Substrate], e~

o~ "o

CO, Reduction Route

Figure 2. Electrochemical carboxylation can occur via a substrate reduction route (top) or
a CO; reduction route (bottom).

On the anodic side, it has been established that the use of a sacrificial anode, such as
aluminum or zinc, is optimal to produce the best carboxylic acid yields.!! Facile oxidation
of the sacrificial anode helps to prevent undesired oxidation of other species in the system.
Additionally, cationic species generated from dissolution of the anode stabilize the
carboxylate intermediate, driving the reaction forward and suppressing competitive side

reactions.

The first electrochemical carboxylation reaction was reported in patent by Loveland'?, which
described the dicarboxylation of 1,3-butadiene to make 3-hexenedioic acid. Since then,
common classes of substrates that have been extensively used in electrochemical
carboxylation reactions include organic halides, olefins, and carbonyl compounds.” Organic
halides are among the most widely studied substrates, providing many of the foundation
mechanistic understandings in the field. In general, the reactivity of organic halides towards
electrochemical carboxylation differs between aliphatic and aryl halides and also trends with
the halide identity.!3-'® Meanwhile, electrochemical carboxylation studies involving olefins
have focused on conjugated systems, such as styrene. In these systems, monocarboxylation

at the o- or B-position, as well as dicarboxylation have all been reported, with selectivity for
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a particular product influenced by the substrate identity, cathode material, solvent

composition, and applied potential.!”?> Ketones and other carbonyl compounds are
interesting as they can be used to access a-hydroxy acids, but their scope has been mostly
limited to aromatic substrates.>>>> Overall, these studies demonstrate that electrochemical
carboxylation is most effective for substrates capable of stabilizing reactive intermediates,

while less activated systems remain more challenging.

Beyond these examples, there remain opportunities further expand the synthetic toolbox for
electrochemical carboxylation. First, being able to perform selective carboxylation of more
challenging substrates will enable the synthesis of more diverse compounds. One such
example is the aldehyde substrate, which are underexplored compared to ketones and other
carbonyl substrates. Secondly, since carboxylic acid motifs are often found in many
pharmaceuticals or biologically active compounds, achieving high enantioselectivity is
crucial for future applications. These considerations guide the electrochemical carboxylation

work discussed in this thesis.
1.3 BRIEF OVERVIEW OF THIS THESIS

From this perspective, this thesis work focuses on expanding both the scope and fundamental
understanding of the electrochemical carboxylation reaction. A central theme is the use of
mechanistic insight to rationalize and improve reaction selectivity and efficiency. By
examining how factors such as the electrode environment and electrolyte additives influence
the formation of key intermediates, this work develops a more detailed picture of the steps
underlying CO; incorporation. In doing so, it identifies the key parameters that govern
product formation and reactivity, with the goal of enabling more controlled, selective, and

broadly applicable electrochemical carboxylation processes.

Chapter 2 is a review on the development of electrode materials used in electrochemical
carboxylation. This review discusses the importance of the electrode material in controlling

reaction selectivity and how mechanistic understanding is important in improving electrode
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performance. The review also briefly touches upon the role of the electrode in controlling

reaction regio- and stereoselectivity.

Chapter 3 focuses on an underexplored organic substrate in the electrochemical
carboxylation literature: aldehydes. Specifically, benzaldehyde is used as a model substrate
to study the electrochemical carboxylation of aromatic aldehydes towards o-hydroxy
carboxylic acids. This works explores the effect of Lewis acidic additives, which help to
promote the formation of the aldehyde-derived ketyl radical intermediate. Spectroscopic
evidence for the formation of this ketyl radical intermediate was acquired using electron
paramagnetic spectroscopy. Kinetic dependence studies showed that the rate determining
step of this reaction was coupling between the ketyl radical and CO, and that maintaining

moderate activities of both species is most important to improve selectivity and rates.

Chapter 4 further expands the electrochemical carboxylation substrate scope towards
aliphatic aldehydes, which have historically shown lower selectivity compared to their
aromatic counterparts. Mechanistic investigations suggest that reduced efficiency arises in
part from their more negative reduction potentials, surpassing that of CO>. Additionally, it
was observed aliphatic aldehydes are prone to polymerization under the reaction conditions,
introducing an alternative decomposition pathway that further diminishes carboxylation

selectivity.

Chapter 5 expands upon the mechanistic understanding established in the previous works by
investigating the enantioselective electrochemical carboxylation of aldehydes, a
transformation that has not been previously reported. Chiral metal ligands are employed to
perform asymmetric electrochemical carboxylation of benzaldehyde, affording optically
active mandelic acid. It was found that both the applied potential and metal center identity
influenced enantioselectivity, highlighting underlying electronic effects. Mechanistic studies
using cyclic voltammetry suggest that the most effective catalysts undergo reductive
activation under the optimized reaction conditions, generating an active intermediate capable

of binding CO» and initiating the enantioselective pathway.
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Chapter 6 provides a summary of the works discussed above and explores future research

directions.



Chapter 2

RECENT PROGRESS IN THE DEVELOPMENT OF ELECTRODE
MATERIALS FOR ELECTROCHEMICAL CARBOXYLATION WITH
CO2

Ton, T. N.; Baker, R. J.; Manthiram, K.; Recent Progress in the Development of Electrode
Materials for Electrochemical Carboxylation with CO,. J. Catal. 2024, 432, 115371.
https://doi.org/10.1016/j.jcat.2024.115371.

2.1 ABSTRACT

The desire to reduce carbon emissions in chemical synthesis has spurred research interest in
leveraging CO2 as an abundant, non-toxic, and renewable carbon source. Electrochemical
carboxylation, a strategy employing clean electricity for the sustainable synthesis of value-
added carboxylic acids from CO2, represents a promising avenue. In this context, the careful
selection of electrode material emerges as an important factor influencing the efficiency and
selectivity of electrocarboxylation reactions. This review delves into the current landscape
of developing high-performing electrocatalysts, guided by fundamental mechanistic
understanding. Additionally, it examines how the choice of cathode material impacts reaction
regioselectivity and explores the role of the anode in elevating performance and
sustainability. The review concludes with perspectives on the future directions of the field

and proposes strategies for further improvements.
2.2 INTRODUCTION

Chemical manufacturing is an integral part of modern society, responsible for the production
of fertilizers, uels, medications, and consumer goods that contribute to improved life
expectancy and quality of life. However, the industry’s reliance on fossil fuels, both as an
energy source to drive chemical reactions and feedstocks to synthesize commodity

chemicals, has made it a dominant driver of global climate change. According to the
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International Energy Agency, the chemical industry is the largest industrial energy

consumer and the third-largest industrial source of CO: emissions in the world.?® Faced with
these challenges, research efforts have focused on the valorization of CO» into fuels and
chemical products, which would simultaneously decrease society’s reliance on fossil fuels
and help sequester a greenhouse gas from the atmosphere, allowing for the transition to a

more sustainable carbon neutral economy.

Despite these benefits, conversion of CO» into useful chemical products is challenging due
to its thermodynamic stability and kinetic inertness. Consequently, previous strategies to
activate CO, have often relied on harsh conditions, involving high temperatures and
pressures. For instance, the industrial synthesis of urea from CO> and ammonia requires
pressures of up to 350 bar and temperatures up to 220 °C.2”?® The Kolbe-Schmitt reaction
for the industrial synthesis of hydrobenzoic acid is performed with 100 bar of CO> pressure
at 125 °C.%7 Even in instances where harsh conditions are avoided, the use of highly reactive
reagents are required, such as organolithium and Grignard reagents, to drive C—C coupling

with CO,."8:%

Since then, milder and less-energy intensive conditions have been explored for the
incorporation of CO; as a chemical building block in organic synthesis. These strategies have

3031 "and electrocatalysts 3233

focused on the development of improved thermo- !¢, photo-
Out of these, thermocatalytic and photocatalytic methods still rely on homogeneous catalysts
and stoichiometric chemical reductants, which are less ideal for industrial applications.
Alternatively, electrochemical methods offer a milder route by providing the necessary
energy in the form of voltage-driven electrons.’* They can also be performed
heterogeneously at the surface of an electrode, avoiding costly catalyst recovery and

separation processes. And, as electricity becomes increasingly renewable in the future,

electrochemical activation of CO; is shifting towards becoming a carbon-negative process.

To date, most literature reports on electrochemical conversion of CO; discuss
electroreduction of CO> into useful C; (CO, methanol, formate), C> (ethylene, ethanol), and

Cs+ (propane, propanol) products. A great deal of progress has been made in the development
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of catalysts to improve selectivity, yield, and Faradaic efficiency (FE) towards the desired

product,*>-38

although achieving higher molecular weight products remains a challenge. One
way to further increase molecular weights of products is to append CO> onto carbon scaffolds
via a process called electrochemical carboxylation (or electrocarboxylation), generating
carboxylic acids. The electrocarboxylation substrates range from organic halides (aryl and
alkyl), carbonyls (ketones, aldehydes, imines), olefins, and alkynes. The diversity of
substrate offers countless opportunities for the synthesis of industrially relevant carboxylic
acids under mild conditions, using CO> as a renewable carbon feedstock and clean electricity

as a driving force.

Substrate Reduction Pathway

e 1.e7,CO, o)
R—X ——>» R’ J]\
X 2. H;0* R OH

CO, Reduction Pathway

Figure 3. Electrocarboxylation can either occur through a substrate reduction pathway
(top) or CO» reduction pathway (bottom).

The choice of electrode material plays a key role in controlling the selectivity and efficiency
of electrocarboxylation reactions. On the cathodic side, there are two generally accepted
classes of mechanism for the electrocarboxylation of organic substrates.”* Mechanism 1
(Figure 3, top) involves cathodic reduction of the organic scaffold, forming a nucleophilic
species that can react with the electrophilic carbon in COa. Activation of the substrate can
either involve a one or two electron transfer, depending on the identity of the substrate.
Alternatively, CO; can be reduced in mechanism 2 (Figure 3, bottom), forming a radical

anion, CO;", that reacts with an electrophilic substrate. Due to the inertness of CO,, it was



11
generally accepted that substrate activation was the dominant route towards

electrocarboxylation. However, advances in the CO: reduction literature have dramatically
lowered the overpotential for CO> reduction, making mechanism 2 a more viable strategy,
and in certain cases, a preferred strategy. This review highlights the current state of the art in
the development of high performing electrocatalyst guided by the mechanistic
understanding. There will also be brief discussions about the role of the cathode material in
controlling reaction regio- and stereoselectivity, as well as the role of the anode in improving
performance and sustainability. Finally, our perspectives on the outlook for the field and

proposed strategies for further improvements will be discussed.
2.3 MECHANISTICALLY INFORMED CATALYST DESIGN
2.3.1 Substrate Activating Catalysts

Given the relative kinetic inertness of CO», the electrocarboxylation substrate is often more
readily activated under an applied reduction potential. In a substrate activation mechanism,
the substrate can either be singly or doubly reduced, generating a nucleophilic species that
subsequently reacts with CO,. Efforts in electrocatalyst design have predominantly focused

on lowering the onset reduction potential required to activate these substrates.

An example of a substrate that predominantly goes through the substrate activation pathway
are organic halides. For these species, silver has traditionally been used as an
electrocarboxylation cathode.’ This is because the reduction potential of organic halides on
silver is more positive relative to other cathode materials due to the strong X—Ag interaction,
driving formation of the radical anion species. However, recent efforts have attempted to
move away from using expensive, pure silver as an electrocatalyst, with focus shifting toward

transition metal catalysts made from cheap and abundant materials.

One such strategy is the alloying of Ag with transition metals. Suryanarayanan et al.*’
synthesized trimetallic alloy nanomaterials made of different ratios of silver, copper, and
nickel (AgxCuyNi,) and electrodeposited their materials on glassy carbon electrodes. They

found that for the electrocarboxylation of benzyl bromide, a common electrocarboxylation
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model substrate, the best performing alloy was AgasCusoNiis, giving a yield of 95% under

constant potential electrolysis with a charge of 2.1 F/mole. In general, it was observed that
the alloy materials produced yields between 75-95%, which was comparable or better than
the best performing monometallic system (Agioo, with yield of 75%). X-ray diffraction and
atomic force microscopy analysis (AFM) showed that the presence of Cu and Ni in the alloy
generated a more porous structure that had greater surface roughness. This, in turn, led to
lower reduction potentials for the benzyl bromide substrate and improved carboxylation

performance, as confirmed by voltammetry data.

Research efforts have also focused on completely moving away from silver. Yimin et al.*!

showed that a Cu-Ni alloy electrode led to improved carboxylation performance over
monometallic Ag, also citing greater porosity as the cause of improved performance. Using
benzyl bromide as the substrate, the best performing Cu-Ni alloy produced a product yield
of 39.4%, compared to 28.7% on Ag alone. The lower yield compared to work by
Suryanarayanan®® might be attributed to differences in electrolysis conditions (electrolyte
solvent, run time, anode material). However, these works demonstrate the promise of using
transition metals as carboxylation cathodes, with work by Yimin et al. showing potential for

systems that only contain transition metals.

Considering the importance of high surface area electrocarboxylation catalysts, more recent
catalyst design efforts have focused on increasingly porous catalyst materials. A carbazole-
derived porous organic polymer embedded with Cu (Cu@Cz-POP) showed promising
performance towards the electrocarboxylation of benzyl bromide, delivering yield of 65%
with a current density of 120 mA/cm?.#? It was proposed that the porous structure help to
promote mass and electron transport to the catalytically active Cu sites. Additionally, the
electron-rich carbazole functionalization has high CO; affinity that is thought to promote
COsz transport and coupling with the reduced benzyl bromide species, making carboxylation

more favorable compared to side reactions such as hydrogenation.

These examples highlight some of the guiding principles that have allowed for the design of

improved electrocarboxylation catalysts, including alloying, increasing surface roughness,
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and using porous structures with high surface areas. Since then, research efforts have also

expanded to the electrocarboxylation of substrates that are more challenging to activate
compared to benzyl bromide, such as aryl chlorides and alkyl bromides. Due to the high onset
reduction potentials of these substrates, direct reduction routes are often unviable. To that
end, research efforts have focused on indirect reduction routes, either with the use of

transition metal complexes or organic mediators.

In2021, Yuetal.® studied the electrocarboxylation of a series of unactivated organic halides,
using nickel as their catalyst. The optimized Ni-catalyst, containing a combination of
ditertbutylbipyridine (L, dtbbpy) and 4-dimethylaminopyridine (DMAP) ligands, was able
to perform electrocarboxylation of 4-chlorobiphenyl in 70% yield. They also performed
electrocarboxylation of a wide range of aryl chloride, bromides, iodine and sulfonate
substrates with yields reaching up to 90%. Mechanistic investigation found that rather than
being directly reduced by the cathode, the organic halide substrate undergoes an oxidative
addition step to the reduced Ni-catalyst. Consequently, the presence of the catalyst allows

for the carboxylation of difficult to reduce species that have previously been inaccessible.

More recently, there has been a shift towards metal-free electrocarboxylation, especially for
applications in the pharmaceutical industry that has strict limits on metal impurities. Work
by Xue and Qiu et al.** demonstrated that naphthalene could act as an organic mediator for
the electrocarboxylation of a wide range of aryl and alkyl bromide and aryl chloride
substrates. Specifically, aryl chlorides containing electron-donating groups, which are
especially challenging to reduce, showed respectable yields between 30-60%. Cyclic
voltammetry data indicated that the naphthalene is first reduced, generating a radical anion
that goes on to reduce the organic halide species. Density functional theory (DFT) was

performed to confirm the thermodynamic viability of this process.
2.3.2 CO; Activating Catalysts

It was previously proposed that under electrocarboxylation conditions, CO> could also be
reduced to generate the radical anion CO>" that goes on to react with the organic scaffold.

However, it was believed that this CO> reduction route was the minor pathway due to high
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overpotentials required for CO> reduction. More recently, as CO: reduction catalysts

become increasing efficient and selective, there has been emerging interest in applying these

catalysts towards electrocarboxylation.

In 2022, Zheng et al.* reported on a double activation strategy for the electrocarboxylation
of acetophenone via silver-doped CeO> nanowires (Ag-CeO2 NWs). They observed that
compared to its monometallic counterparts (Ag foil, Ag nanoparticles, and CeO> nanowires),
the Ag-CeO> NWs produced the 2-phenyllactic acid product at 91% Faradaic efficiency and
83% yield. In the CO> reduction literature, Ag has been shown to promote the formation of
the adsorbed CO;™ radical anion.***’ Under aqueous conditions, CO>™ is protonated,
subsequently forming CO. In contrast, under the non-aqueous conditions typically employed
in electrocarboxylation, the highly reactive CO>" intermediate is expected to react with other
species in solution, including the ketones employed in this work. Additionally, the authors
found that using CeO; as a support further lowered the onset reduction potential of CO», such
that the difference in onset reduction potential between CO, and acetophenone was only 0.13
V (compared to a difference of 0.95 V with the use of Ag foil). By bringing the onset
reduction potential of CO: closer to that of acetophenone, the authors were able to optimize
a double activation strategy by promoting the CO> reduction mechanism on top of the

existing ketone reduction mechanism.

Performing electrocarboxylation via CO; reduction is also a promising strategy for substrates
that have high reduction potentials. One such substrate is styrene, which has a reduction
potential similar to that of CO,.!3*® Previous studies of styrene carboxylation have employed
bulk metal cathodes such as nickel or titanium,!”!** but yields remained low due to the high
onset reduction potentials of both starting materials. To circumvent this issue, Zheng and
coworkers?® proposed to use nitrogen-coordinated single atom Cu catalysts, which had also
been shown to lower the overpotential of CO, reduction to CO,",*' towards the
electrocarboxylation of styrene. Under optimized conditions, the reaction achieved a FE of
92%, with the rest of the current density going towards CO; reduction products (CO and
CHa). More impressively, the performance of the single atom catalyst was dramatically better

than that of Cu foil alone (34% FE). The findings of this work pave the way towards rational
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catalyst design, drawing inspiration from the CO: reduction literature to improve

carboxylation performance.

Similarly, Mita et al.> proposed a strategy to carboxylate heteroaromatic compounds that
exhibit high reduction potentials (-2.50 to -2.94 V vs. SCE) by taking advantage of the less
negative reduction potential of CO» (-2.2 V vs. SCE in aprotic solvents).>* They were able to
perform dicarboxylation of a wide range of heteroaromatic compounds with up to 90% yield.
Prior to this work, electrochemical dicarboxylation was limited to styrene and 1,3-diene
derivatives. Furthermore, they were able to apply their optimized conditions towards the
synthesis of bioactive compounds, demonstrating the viability of electrocarboxylation for a

wide range of applications.

Performing electrocarboxylation via CO: reduction is also a viable strategy to avoid
unwanted side products. For instance, previous routes to activate benzyl halides for
carboxylation would often lead to side reactions such as hydrogenolysis or reductive

coupling of the radical halide.** However, Mellah et al.

showed that by using a Sm(II)-
catalyst to activate CO; for electrocarboxylation, they were able to avoid the formation of
these side products. They reported the highest to date yield for the electrocarboxylation of
benzyl chloride at 99%. This strategy is also viable for substrates that are challenging to
reduce, as demonstrated by their substrate scope study of a wide range of benzyl chlorides

and bromides.

One shortcoming of the CO: activation strategy is the formation of CO> reduction side
products. To address this issue, a bimetallic copper—silver catalyst was recently developed
for the electrocarboxylation of aryl bromide, using bromobenzene as the model substrate.>
Mechanistic studies revealed that both bromobenzene and CO> undergo a one-electron
reduction, followed by a radical cross-coupling step to form the desired product (Figure 4).
Control experiments suggest that Cu was responsible for CO activation, while Ag both
activated the aryl bromide and promoted radical cross-coupling step. The use of this
bimetallic system helped to suppress electroreduction side reactions, leading to a high FE of

98%. However, further improvements are required as yields remained at around 60%.
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Figure 4. Proposed electrocarboxylation mechanism via the double activation of CO> and
bromobenzene with the use bimetallic CuAg NWs. Reproduced from Ref. 56 with
permission from American Chemical Society.

2.3.3 Regioselectivity

The catalyst material can also play a crucial role in controlling reaction regioselectivity. The
electrocarboxylation of styrene derivatives is a well-studied reaction.!”1%4%57 One of the
challenges of styrene carboxylation is controlling reaction regioselectivity, as carboxylation
at either a- or B-position, as well as dicarboxylation, have all been observed.>® Previous
attempts to perform carboxylation of styrene have mainly produced the branched product,

via carboxylation at the a-position. This is because activation of styrene with metal catalysts
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lead to the formation of stable 13-benzylic metal intermediates that produce the branched

product.2>8-60
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Figure 5. Regioselective electrocarboxylation reactions. (a) Proposed mechanism for the
Sm-catalyzed regioselective electrocarboxylation of styrene with CO,. Reproduced from
Ref. 21 with permission from American Chemical Society. (b) Switchable regioselectivity
of of Baylis-Hillman acetates carboxylation with the choice of cathode material.
Reproduced from Ref. 61 with permission from Elsevier.

Recently, Mellah and co-workers?! developed an alternative route to carboxylate styrene and
its derivatives, producing exclusively the B-carboxylated product. Rather than activating
styrene, their Sm(II)-catalyst was used to activate CO», forming a samarium carboxylate

species (Figure 5a). This radical species then adds to the olefin at the -position, forming
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the more stable benzylic radical species that is subsequently reduced. Using this strategy,

they were able to exclusively synthesize the linear, B-carboxylated product.

The choice of electrode material can also lead to a switch in reaction regioselectivity.
Tummanapalli and coworkers®! studied the electrocarboxylation of Baylis-Hillman acetates
and found that a Pt cathode predominantly led to carboxylation at the benzylic position.
Meanwhile, the use of a Ni cathode produced the E-isomer as the major product (Figure 5b).
The team proposed that this observed switch in regioselectivity, was due to a difference in
mechanism favored by each electrode. Mechanistic studies found that the Pt cathode favored
a direct two electron reduction of the acetate, generating an allyl carbanion that goes on to
attack CO,. Meanwhile, the Ni cathode favors two single electron reductions of both the
acetate and COz. In this case, the product is formed via a radical coupling step. This was the

first report of a regioselectivity switch due to the choice of electrode material alone.
2.3.4 Stereoselectivity

When synthesizing chiral compounds, the ability to selectively produce the desired
stereoisomer is highly desirable as it avoids costly separation processes during the production
of pharmaceuticals and agrochemicals, among other applications.®? Asymmetric
electrocarboxylation is inherently challenging due to the achiral nature of the electron. Some
of the earliest strategies employed to perform asymmetric electrocarboxylation was by using
chiral starting materials to produce the desired chiral products. However, this chemistry is
limited by the substrate, and strategies to perform enantioselective carboxylation of achiral
substrates must be explored. This section will focus on the progress that has been made
towards developing electrocatalysts that can perform enantioselective electrocarboxylation

at high yields and FEs.

In 2014, Wang and Lu et al.® reported on the use of a chiral Co(IT)salen complex for the
electrocarboxylation of 1-phenylethylchloride. When the Co(I)salen complex was present,
they were able to synthesize the chiral 2-phenylpropionic acid product at 83% enantiomer

excess (ee), though only with a yield of 16%. Furthermore, they were able to invert the
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favored stereoisomer by the choice of chiral catalyst Co(II)-(R,R)(salen) versus Co(II)-

(S,S)(salen).

While the findings of this work were promising for advancing asymmetric synthesis in
electrochemistry, there were improvements that needed to be made. One shortcoming was
the use of a homogeneous catalyst, which presents challenges in separations and

recyclability. To address this issue, Wang and Lu et al.®

proposed to incorporate their chiral
cobalt complex into silver nanoparticles (Figure 6). Their [Co]@Ag composite was used as
the cathode for their system, performing both carboxylation and asymmetric synthesis on
one heterogeneous surface. With this system, they were able to carboxylate 1-
phenylethylchloride at 73% ee and 58% yield. Compared to their original work, the ee was
lower but the yield was a lot higher, due to the use of silver as the cathode material instead
of glassy carbon. The composite material also exhibited great recyclability, lasting through

seven cycles without Co leaching.
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Figure 6. [Co]l@Ag composite for the asymmetric carboxylation of benzyl bromides.
Reprinted from Ref. 64 with permission from Royal Society of Chemistry.

Since then, the incorporation of chiral metal complexes into electrode materials have been

employed to perform electrocarboxylation of other types of substrates, such as ketones.%-¢7

More recently, this work has been improved upon through further screening of metal centers
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and chiral ligands. The most optimized catalyst was a Ni(I)L1 complex (L1 = salen

functionalized with tBu groups), which could perform electrocarboxylation of acetophenone

with an ee of 90% and yield of 59%.58
2.4 SACRIFICIAL ANODE-FREE CARBOXYLATION

One major drawback to electrocarboxylation reactions is that most systems rely on the use
of sacrificial anodes. The metal cation generated oxidatively provides a stabilizing effect for
the carboxylate product, preventing further nucleophilic reactions or reverse
decarboxylation. Additionally, preferential oxidation of the anode prevents undesirable
oxidation of the substrate, product or other organic species that would generate protons that
are harmful to carboxylation performance. However, the constant need for anode
regeneration prevents these systems from use in a continuous reaction setting and is often
costly and non-environmentally friendly. Thus, the ability to perform electrocarboxylation
reactions without the need for a sacrificial anode represents a positive step towards

incorporating these processes in an industrial setting.
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Figure 7. Sacrificial anode free electrochemical carboxylation. (a) Addition of exogeneous
Mg salts replaces cations generated by a sacrificial anode, allowing for carboxylate
protection without the use of a sacrificial anode. (b) The choice of substrate can circumvent
the need for a sacrificial anode, such as the use of benzyltrimethylammonium salts. (¢) Cell
design strategies, such as the choice of membrane in divided cells, offer opportunities to
explore the use of aqueous anolytes. (d, e) Paired electrosynthesis is a viable strategy to
synthesize useful products at both electrodes.
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2.4.1 Electrolyte Design

Rather than rely on the cation generated by the sacrificial anode for carboxylate protection,
Manthiram et al. explored the ability to use exogenous Mg salts to control selectivity (Figure
7a).>> When conducted in the absence of a sacrificial anode, facile bromine oxidation served
as the counter reaction on the Pt anode, which avoids the generation of protons in the anodic
counter reaction. Interestingly, inexpensive MgBr; served to match or improve process yields
relative to the reaction in which a Mg anode was used across a variety of alkyl and aryl
halides. A variety of spectroscopic techniques were used to reveal the ability of the
carboxylate anion product to protect the cathode against detrimental passivation of insoluble

MgCOs3 formed from CO; reduction.
2.4.2 Substrate Design

In addition to alkyl halides, benzyltrimethylammonium salts have been demonstrated as
successful substrates for electrocarboxylation without the need for a sacrificial anode
(Figure 7b).>* A wide substrate scope was demonstrated for both primary and secondary
starting materials, including the synthesis of racemic ibuprofen. The simple setup and
reaction conditions avoid the need for complicated reaction purification procedures such as
column chromatography, and the reaction was shown to proceed with similar yields on gram
scale as on small scale. Although the starting materials required synthesis from the alkyl
halides, a one-pot method was demonstrated using benzyl bromide and trimethylamine to
yield the acid product without much loss in yield. Mechanistic studies using techniques such
as Differential Electrochemical Mass Spectrometry (DEMS) supported the proposed
mechanism, which included reductive cleavage of the C—N bond to form the carbon-based
radical, followed by addition of the second electron and trapping with CO; to form the acid

product, with trimethylamine oxidation at the anode.
2.4.3 Cell Design

Medvedev and coworkers investigated the use of aqueous anolytes in divided cells for

sacrificial anode-free carboxylation (Figure 7¢).% A cation exchange membrane (CEM),
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anion exchange membrane (AEM) and bipolar membrane (BPM) were studied at various

potentials, and the AEM generally gave better yield and selectivity for the carboxylated
product due to cathodic passivation with KBr when CEM or BPM were used. Three potential
ranges were explored based on the dominant species identified by CV: (1) less negative than
—1.0 V, where R—Br reduction to R* is dominant, (2) between —1.0 and —1.5 V, where R’
reduction to R~ is dominant, and (3) more negative than —1.5 V, where CO; reduction is
dominant. Concentration dependence studies revealed that a high CO»/R-Br ratio was
necessary for high selectivity for carboxylated product relative to dimerized product, and that
lower temperatures favored carboxylated product due to the increased solubility of CO>. DFT
calculations were used to support the experimental results illustrating that at potentials more
negative than —1.8 V, the barrier to CO> reduction is lower than that for alkyl halide
reduction, whereas the trend switches above —1.8 V. The highest overall yields for
carboxylated product were obtained using an AEM at —1.4 V in a dilute solution of alkyl
halide.

2.4.4 Paired Electrosynthesis

The use of a linear paired electrosynthesis technique for a-hydroxycarboxylic acid synthesis
was demonstrated by Muchez and coworkers in 2019.7° A proposed mechanism involved
TEMPO-mediated oxidation of the alcohol to the aldehyde or ketone, followed by reduction
of the carbonyl and trapping with CO, (Figure 7d). Not only did this method allow for
sacrificial anode-free synthesis, but the use of alcohols represent a greener starting material
than aldehydes or ketones. Both primary and secondary benzylic alcohols could be used,
with bulkier secondary alcohols leading to higher yields due to minimized dimerization. For
electrolyte conditions, the basic supporting electrolyte salt was used for deprotonation of the
alcohol during oxidation, while water inclusion was explained by alcohol-to-TEMPO proton
transfer, also during oxidation. Investigating various cathode materials led to the observation
that for 1-phenylethanol and benzyl alcohol, catalysts with higher metal-hydrogen bond
strengths led to higher yields.
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Zhang et al. showed how the mono- or dicarboxylation of unsaturated bonds could be

paired with TEMPO-mediated alcohol or amine oxidation, separated by a CEM (Figure
7e).”! With ketones or N-acyl imines in the cathodic chamber a-hydroxy- or aminocarboxylic
acids were obtained, while alkenes and dienes led to the dicarboxylated products. On the
anodic side, primary and secondary alcohol oxidation to aldehydes and ketones was
explored, in addition to a-cyanation of tertiary amines. The ability to synthesize racemic
Naproxen and Ibuprofen with one additional step following the electrocarboxylation was
demonstrated. Mechanistic studies were conducted for the carboxylation reaction using CV
and DFT revealed that while substrate reduction occurred prior to electrophilic attack of CO-
for the ketone, CO» reduction followed by electrophilic attack of the substrate occurred for
the alkene. For the model system, most of the >10 V cell potential was accounted for by
ohmic resistance, with ~2.5 V being used to drive the reactions during constant current

electrolysis.
2.5 CONCLUSIONS AND OUTLOOK

Much progress has been made on catalyst design efforts that allow for the
electrocarboxylation of organic substrates at improved yields, FEs, and selectivity. While
earlier catalyst design efforts have focused on the substrate activation mechanism, advances
in the development of CO; reduction catalysts have led to emerging interest in performing
electrocarboxylation via the CO» reduction route. Understanding of these two pathways is
still nascent and further insight how to differentiate these pathways must be acquired.
Developing this understanding will allow for the rational design of electrocatalysts with high
activity, selectivity, and recyclability. Furthermore, understanding the anodic half-reaction
of this system will be important in developing a truly sustainable electrocarboxylation

system.

For electrocarboxylation to become industrially viable, the following challenges remain to

be addressed:



1.

2.

3.
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Better understanding of the two different types of -electrocarboxylation

mechanisms and how they vary with different types of electrocatalysts: Experimental
and computational methods should be used to better understand the different
mechanistic pathways observed and favored on a wide range of electrocatalysts, such
as metal foils, mixed metal alloys, metal oxides, and nanostructured catalysts.
Specifically, there is little precedent of theoretical studies performed to better
understand key intermediates observed in the different mechanistic pathways and
how these intermediates might be favored or disfavored with the choice of catalyst.
Additionally, advances in characterization techniques such as X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and vibrational
spectroscopy may allow for in situ/operando characterization. To that end, these
techniques should be used towards better understanding the relationship between
electrocarboxylation catalyst and performance. Ultimately, this insight will allow for
the electrocarboxylation of a wider range of substrates, producing carboxylic acids

for applications in the pharmaceutical, polymer, and agrochemical industries.

Asymmetric catalysis: As previously mentioned, performing enantioselective
electrocarboxylation is extremely challenging due to achiral nature of the electron.
While there has been some progress made towards improving the enantioselectivity
of electrocarboxylation reactions, many of these works involve the use of
homogeneous catalysts that require costly separations. The development of a
heterogeneous catalyst that is able to selectively produce the desired stereoisomer at
high yields and FEs would dramatically improve the industrial capability of this
process. To achieve this goal, further insight on the tradeoff between selectivity and
activity must be developed, allowing for the development of hybrid catalysts that

optimize both.

Development of flow electrocarboxylation systems: Flow systems offer the benefits
of being more efficient, more scalable, and higher quality compared to batch systems.
To make flow electrocarboxylation systems a reality, more robust electrocatalysts

must be designed and studied. Additionally, passivation of the cathode material is a
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common issue that must be addressed to improve the lifespan of the electrode. On

the anodic side, the development of sacrificial anode free systems is promising, but

greater understanding of anodic processes must be developed.

In conclusion, while many challenges remain to be addressed in the development of active,
selective, and scalable electrocarboxylation catalysts, a great deal of progress has also been
achieved to drive this technology towards industrial applications. We envision that with
continued innovation informed by fundamental understanding, electrocarboxylation could

contribute to a more sustainable carbon cycle.



Chapter 3

ELECTROCHEMICAL BENZALDEHYDE CARBOXYLATION FOR
SUSTAINABLE MANDELIC ACID SYNTHESIS VIA RADICAL
INTERMEDIATES

Ton, T. N.; Zhang, H.; Oyala, P. H.; Lee, G. S.; Manthiram, K.; Electrochemical
Benzaldehyde Carboxylation for Sustainable Mandelic Acid Synthesis via Radical
Intermediates. Chem. Catal. 2025, 5(12), 101519.
https://doi.org/10.1016/j.checat.2025.101519.

3.1 ABSTRACT

The electrochemical carboxylation of aldehydes with CO> is a sustainable strategy to
synthesize industrially relevant a-hydroxycarboxylic acids under mild conditions while
avoiding toxic sodium cyanide. However, this reaction remains hindered by low activity and
selectivity due to a limited understanding of the reaction mechanism. In this work, we present
a mechanistic study of electrochemical benzaldehyde carboxylation. In situ electron
paramagnetic resonance spectroscopy demonstrated that the reaction occurs via a ketyl
radical intermediate generated from the one electron reduction of benzaldehyde.
Electrochemical kinetic analysis suggested the rate determining step to be the subsequent
coupling of the surface-bound ketyl radical with CO». Finally, our investigation revealed that
the optimal reaction rate and selectivity were achieved in the presence of Lewis acidic
magnesium cations, resulting in the highest Faradaic efficiency of 79% and a partial current

density of 12.9 mA/cm?.
3.2 INTRODUCTION

a-hydroxycarboxylic acids (AHAs), including lactic acid (2-hydroxypropanoic acid) and
mandelic acid (2-hydroxy-2-phenylacetic acid), are important precursors in the

manufacturing of pharmaceuticals, personal care products, and plastics (Figure 8a). As of
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2024, the AHA market in the United States was valued at 1.5 billion USD and is expected

to grow to 2.4 billion by 2029.7? Current processes to synthesize AHAs, such as mandelic
acid, often require the use of harsh or toxic reagents. The most common method requires the
use of toxic sodium cyanide to generate a cyanohydrin intermediate, followed by hydrolysis
with hydrochloric acid (Figure 8b).”>’* To improve the reaction conversion, the aldehyde or
ketone must first react with sodium bisulfite to form an adduct, which then undergoes
nucleophilic attack by cyanide—necessitating multiple steps. Consequently, an improved
strategy is needed to eliminate hazardous reagents, offering a safer and more sustainable

approach to synthesize valuable AHAs from ketones and aldehydes.

One such strategy is the electrochemical carboxylation of aldehydes with carbon dioxide
(CO») to form the corresponding AHA (Figure 8¢). CO; is a promising starting material for
carboxylation because it is cheap, abundant, and nontoxic. However, the use of CO; in
carboxylation processes is challenging due to its thermodynamic stability and kinetic
inertness, requiring high temperature and pressure conditions that are energy-intensive and
unsafe.® For instance, the industrial synthesis of urea from CO, and ammonia requires
pressures of up to 350 bar and temperatures of up to 220 °C.2® The Kolbe-Schmitt reaction
for the industrial synthesis of hydrobenzoic acid from phenol is performed at 100 bar of CO:
pressure at 125 °C.%” To that end, electrochemical methods offer a milder route to activate

CO; by supplying the necessary energy in the form of voltage-driven electrons.”7

Despite the benefits offered by the electrocarboxylation of aldehydes to produce AHAs, this
chemistry has remained underexplored compared to the electrocarboxylation of other
substrates such as olefins, organic halides, and ketones.””’-7° This chemistry was first
reported by Silvestri et al. in 1986 for the electrocarboxylation of benzaldehyde, with a
mandelic acid yield of up to 40%.2*> More recent work has shown improved yields, with the
highest reported yield for benzaldehyde carboxylation of 90%.8%8! Although yield is a
common metric for evaluating chemical reaction performance, it is also critical to consider
the electron selectivity in electrocatalysis, which is captured by Faradaic efficiency (FE). A
high FE indicates minimal energy waste, making the process more cost-effective by

minimizing losses to undesired side reactions. However, only one prior study has reported
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the FE of the aldehyde carboxylation process, with the highest value to date reaching just

35%.2* Additionally, mechanistic understanding of aldehyde electrocarboxylation is still

limited and mostly relies on the electrocarboxylation literature involving other substrates.

In this work, the electrocarboxylation of aldehydes was systematically studied using
benzaldehyde as the model substrate (Figure 8c). Optimization efforts revealed that using
tin as the working electrode, N,N-dimethylformamide as the solvent, and aluminum as the
counter electrode resulted in high FE and partial current density towards the desired product.
The addition of magnesium chloride as a Lewis acid additive was also crucial in improving
the performance, leading to the highest FE of 79% and partial current density of 12.9
mA/cm?. Mechanistic investigation indicated that the dominant carboxylation pathway
involves a ketyl radical intermediate generated from the one-electron reduction of
benzaldehyde, as confirmed by cyclic voltammetry and in situ electron paramagnetic
resonance (EPR) spectroscopy using spin traps. With electrochemical kinetic analysis, it was
shown that the rate limiting step is likely to be thermochemical coupling between the surface-

bound ketyl radical and CO..
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(a) Mandelic acid acts as a precursor for pharmaceuticals and polymers
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Figure 8. Background and overview for the electrochemical carboxylation of
benzaldehyde. (a) Examples of pharmaceuticals synthesized using mandelic acid as a
precursor. (b) The conventional route to synthesize mandelic acid from benzaldehyde
which involves the use of toxic sodium cyanide. (¢) Electrochemical carboxylation of
benzaldehyde using COx.
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3.3 RESULTS AND DISCUSSION

3.3.1 Optimization of Reaction Conditions
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Figure 9. Effect of (a) working electrode (b) counter electrode, and c¢) Lewis acid additive
on electrocarboxylation performance, as quantified by mandelic acid Faradaic efficiency
and partial current density. Standard reaction conditions: 100 mM benzaldehyde, 100 mM
Lewis acid additive, 20 sccm CO2, 4 mL DMF, —2.9 V vs. MeioFc”* for 30 minutes. Sn
working electrode and Al counter electrode were used unless otherwise specified. MeioFc
= decamethylferrocene; GC = glassy carbon; Gr = graphite.

To systematically investigate the impact of reaction conditions on the electron balance, we
quantified the FE and partial current density of benzaldehyde electrocarboxylation under
varying reaction conditions, including working and counter electrodes, Lewis acid salts,
solvents, and supporting electrolyte salts. The performance was evaluated by constant
potential electrolysis in custom-made H-type PEEK cells (Figure A1) with continuous CO>
purging (see Appendix A). Products were quantified using ultra performance liquid

chromatography, using 1,3,5-trimethoxybenzene as an internal standard (Figure A2).

We screened 12 working electrodes, at —2.9 V vs. MejoFc”" (all potentials are referenced
against decamethylferrocene unless noted otherwise). The major product is mandelic acid
with side products including phenylmethanol (benzyl alcohol) and 1,2-diphenylethane-1,2-
diol (hydrobenzoin). FEs and partial current densities towards mandelic acid were largely
dependent on the choice of working electrode materials (Figure 9a), suggesting its critical
role in the reaction. This variation in performance likely arises from differences in how the
organic substrates interact with each catalyst. We found that tin (Sn) produced the highest
FE for mandelic acid of 79% (Figure 9a), outperforming graphite (Gr) and zinc (Zn), which
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were previously shown to have high performance for the electrocarboxylation of

benzaldehyde.?® Gr gave the highest partial current density of 16.1 mA/cm? while Sn gave
the second highest partial current density of 12.9 mA/cm?. Sn was chosen as the working
electrode for further investigation because it exhibited high FE and partial current density
and is also abundant and cost-effective. We also observed that the FE for hydrobenzoin,
which is formed via self-coupling of benzaldehyde, exhibited an opposite trend to that of
mandelic acid (Figure A3a). This observed trend might be explained by the interaction of
CO. with different electrode materials, such that materials with weaker CO; binding will
have greater benzaldehyde coverage, favoring the self-coupling reaction to produce

hydrobenzoin.

Lewis acids (eg. AICl3, TiCls) have been shown to activate carbonyl species for electron

transfer®3-84

and were hypothesized to promote benzaldehyde electrocarboxylation
performance. Previously, Lewis acidic cations were introduced into the reaction system via
the oxidation of sacrificial anodes (such as Al, Zn, Mg).*> However, since the transport of
these cations to the working electrode might be limiting, especially at early reaction times, a
Lewis acid salt was also added to the system, in addition to the use of sacrificial anodes in
our investigations. The screening of counter electrodes and Lewis acid salts was performed
in parallel (Figure 9b and c). The choice of Lewis acid salts was limited to those that are
soluble in the electrolyte and will not undergo electroplating under the applied negative
potential. We found that Mg salts achieved the highest mandelic acid FEs and partial current
densities, followed by Al salts, while ZnCl> completely shut down activity. Control
experiments using NaBF4 as a non-Lewis acidic additive produced no product, indicating
that the observed trends can be attributed to the Lewis acidity of the additive, rather than non-
Lewis acid effects such as ionic strength. Finally, scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX)® of the pre- and post-electrolysis Sn electrode
confirmed that no Mg plating occurred (Figure A4).

Interestingly, although Mg salts delivered the highest FEs and partial current densities for
mandelic acid, using an Al counter electrode outperformed both Zn and Mg electrodes—

achieving the highest mandelic acid FE and partial current density. Additional AI**
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introduced by Al oxidation is unlikely to be the reason for this improvement because the

final Al concentration is low (0.1 mM assuming 100% of anodic current goes to Al oxidation)
compared to the added Lewis acid salt concentration (100 mM). Instead, a possible reason
for the high mandelic acid FE and partial current density observed may be due to the facile
kinetics of Al oxidation in DMF in comparison to the other electrode materials.?® This is
consistent of our observed carbon balance for the counter electrode materials (Figure AS).
More specifically, a lower carbon balance closure was achieved for Mg (90%) and Zn (86%),
which could be due undesired oxidation of starting material or products. Meanwhile, a higher
carbon closure (96%) was achieved for Al, indicating that the self-oxidation process of the

electrode is more favored over other oxidation processes.

We also investigated the effects of solvents and electrolyte salts which were suggested to
have important influences on aldehyde electrocarboxylation reactions in previous studies.3*8!
The choice of solvent was limited to common aprotic solvents, including N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), acetonitrile (MeCN), and
propylene carbonate (PC), to prevent the hydrogenation side reaction that forms benzyl
alcohol. Out of the solvents tested, DMF gave the highest mandelic acid FE (Figure A6),
followed by DMSO, MeCN and PC. A similar trend was reported in our previous study on
the electrocarboxylation of organic halides. Our findings indicated that the more acidic the
solvent, as quantified by the free energy of solvent deprotonation, the more it promoted the
formation of the hydrogenation side product via solvent deprotonation, leading to lower
carboxylation selectivity.>>%¢ Comparing various tetrabutylammonium (TBA) salts, we
observed that tetrabutylammonium tetrafluoroborate (TBABF4) gave the highest FE and
current density towards mandelic acid (Figure A7) while lower FEs were achieved for halide
salts (Br-and I'). One reason that the presence of halide ions might affect the selectivity could

be due to the evolution of halogens, Br; and I, respectively, at the counter electrode that can

subsequently be reduced at the working electrode.

Following optimization efforts, a preliminary substrate scope (Figure A8) study was

performed to demonstrate the broader application of the standard conditions.
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3.3.2 Cyclic Voltammetry
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Figure 10. Cyclic voltammograms (CVs) at scan rate of 20 mV/s in DMF with and without
100 mM benzaldehyde, purged with Ar or CO». Reaction conditions: Sn working electrode,
Al counter electrode, 100 mM TBABF4, 100 mM MgCl; in DMF.

The electrocarboxylation mechanism was previously proposed to occur via the one electron
reduction of the aldehyde.3*3! To elucidate the reaction mechanism for our optimized system,
cyclic voltammetry (CV) data was collected for benzaldehyde in the optimized conditions

with and without the presence of COs.

As shown in Figure 10, with benzaldehyde under argon (Ar) atmosphere (solid blue trace),
we observed two reduction peaks at —1.7 V and —2.2 V. The absence of these peaks without
the addition of benzaldehyde suggests that they are correlated to benzaldehyde (dotted blue

trace). To probe the nature of these two peaks, we performed control CV experiments with
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varying MgCl, concentration (Figure A9). When the MgCls is absent, only the peak at

more negative potential (peak 2) was observed. Therefore, we assign peak 2 to the one-
electron reduction of free benzaldehyde in DMF to form the ketyl radical intermediate,
consistent with the assignment reported previously.®’ As MgCl, concentration increases from
0 to 150 mM, the intensity of the peak at less negative potential (peak 1) increases
progressively (Figure A9). Based on these observations, peak 1 is assigned to the one-
electron reduction of Mg?*-coordinated benzaldehyde species to produce the Mg?'-
coordinated ketyl radical, as the coordination of benzaldehyde to Mg?" makes it easier to be
reduced compared to free benzaldehyde. Similar peaks were also observed in previous
studies where benzaldehyde became easier to reduce in the presence of a protonating agent.’
To provide further support for the peak assignment, density functional theory (DFT)
calculations were performed (see Supplemental Information) to estimate the standard
reduction potential of free benzaldehyde and Mg?*-coordinated benzaldehyde. The standard
reduction for free benzaldehyde was estimated to be —2.12 V vs. SCE, while coordination of
Mg?* to benzaldehyde dramatically shifted this value to —1.33 V vs. SCE). This substantial
change in standard reduction potential is also consistent with the two distinct reduction peaks

of benzaldehyde in the CVs.

Under a CO; atmosphere, prominent changes were observed in the benzaldehyde CV
(Figure 10, solid red trace). First, a cathodic shift in the first reduction peak suggests that the
presence of CO2 made the electron transfer to benzaldehyde more unfavorable. This can be
explained by the competitive adsorption between CO> and benzaldehyde on the electrode
surface. The hysteretic crossing of the forward and reverse scans is characteristic of a two-
electron transfer process that proceeds through an initial electron transfer step, a relatively
slow chemical reaction step, and a subsequent second electron transfer step that occurs at a
lower overpotential than the first electron transfer.3® The increase in the current of the first
reduction peak supports a chemical reaction between the generated ketyl radical and CO>

(vide infra).

3.3.3 Detection of Radical Intermediates
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Figure 11. Experimental (solid) and simulated (dashed) EPR spectra from DMPO trapping
experiments. EPR spectra were collected before potential is applied (¢ = 0 min, grey) and
after electrolysis was performed at —2.9 V for 30 (red) and 60 minutes (blue). At =0 min,
no radical species were detected. At # = 30 min and 60 min, the EPR spectrum contains
DMPO-ketyl and DMPO-CO: species, leading to the split peaks (black arrows). Reaction
conditions: Sn working electrode, Al counter electrode, divided cell, —2.9 V, 20 sccm of
COz, 100 mM TBABF4, 100 mM MgCl,, DMF.

To identify intermediates involved in the electrocarboxylation, we turned to electron
paramagnetic resonance (EPR) spectroscopy. Although EPR has been used to detect

% it has not been applied toward understanding the aldehyde

aldehyde-derived radicals,
electrocarboxylation mechanism. In this study, quasi-in situ EPR was performed by adding
50 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin-trapping agent to the optimized
electrolyte (100 mM benzaldehyde, 100 mM TBABF4, and 100 mM MgCl, in DMF).
Electrolysis was then performed at —2.9 V with a Sn working electrode. After 30 and 60

minutes of electrolysis, the reaction mixture was immediately transferred to capillary tubes
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for EPR measurements. To assign the species detected, the EPR data collected were

compared with EPR spectra simulated using the EasySpin Matlab toolbox.”°

Under —2.9 V applied potential, a dominant sextet signal appeared, indicative of a carbon-
centered radical, with isotropic hyperfine splitting values of Ax = 14.5 G and Ax =20.0 G
(Figure 11, # = 30 and 60 min, solid lines). This species was assigned as the trapped
benzaldehyde ketyl radical (DMPO-ketyl) according to the simulation (Figure 11, =30 and
60 min, dashed lines). These hyperfine splitting patterns deviate slightly from previously
reported values (Ax = 15.7 G and Au = 22.5 G)¥ for the DMPO-trapped benzaldehyde ketyl
radical, which is likely due to the coordination of Mg?* ions to the radical species. When
electrolysis was performed for a cell containing only benzaldehyde (no CO») as the starting
material, the same sextet signal was observed, providing further support for the identity of
the sextet as the DMPO-trapped benzaldehyde ketyl radical (Figure A10). The signal of the
trapped ketyl radical became stronger overtime (from ¢ =30 min to # = 60 min) as enough of
the ketyl radical accumulated, indicating that this is the primary species involved in the

carboxylation mechanism.

Additionally, we observed that some of the hyperfine splitting features have split peaks
(Figure 11, black arrows) that were attributed to a presence of a second, minor carbon
radical. This species was fitted with anisotropic hyperfine splitting values of Ax = 14.0 and
An= 18.0 and assigned as the CO; radical anion (CO,") trapped by DMPO (DMPO-CO,).”!
Control electrolysis experiment performed with only CO, as the starting material (no
benzaldehyde) generated the same signal, further supporting the identity of the species as
DMPO-CO, (Figure Al1l). Notably, the control experiment with CO; only produced
minimal current (~20 pA/cm?), suggesting that the CO, radical anion is generated in minor
quantities under optimized reaction conditions and, therefore, unlikely to be involved the
main carboxylation pathway (vide infra). Without electrolysis, no EPR signal was observed
(Figure 11, ¢ = 0 min), which validates that the observed radical species were generated

electrochemically.

3.3.4 Electrochemical Kinetic Study
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Figure 12. Kinetic data on the electrochemical carboxylation of benzaldehyde. (a) Tafel
plot for benzaldehyde electrochemical carboxylation on Sn. (b) Benzaldehyde
concentration and (c¢) COz partial pressure dependence of the partial current density for
mandelic acid (jma) at constant potential —2.9 V vs. MeioFc”*. Reaction conditions: Sn
working electrode, Al counter electrode, undivided cell, 100 mM TBABFs, 100 mM
MgCl,, DMF.

To further probe the electrocarboxylation mechanism, we investigated the potential
dependence on mandelic acid partial current density (Figure 12a). In the potential range
from —1.2 V to 2.9 V, the Tafel curve shows a linear region with a Tafel slope of ~1109
mV/dec, which indicates a weak potential dependence. Control experiments at —2.9 V with
varying convection conditions (adjusted by CO> flow rates) suggest the reaction is kinetically
controlled in this potential range (Figure A12). The large Tafel slope suggests that it is likely
that a chemical reaction step is rate-limiting. Moreover, the unconventional value indicates
that the formation of intermediates involved in the rate-limiting step (RDS) has a weak
dependence on the applied potential, which we propose to be due to surface saturation of

those intermediates. The partial current density plateaus at further increasing overpotentials,

suggesting the reaction is influenced by the mass transport of reactants.

To gain more information on the kinetics, benzaldehyde concentration and CO; partial
pressure dependence studies were conducted at constant potential (2.9 V). As the
benzaldehyde concentration increases from 20 mM to 100 mM, the mandelic acid partial
current density increases monotonically (Figure 12b). Interestingly, the partial current
density peaks at 100 mM, then decreases upon further increasing benzaldehyde

concentration. This suggests that the further increase in benzaldehyde concentration will
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negatively influence the concentration or coverage of other species involved in the rate-

limiting steps for mandelic acid formation. In contrast, the partial current density for

hydrobenzoin increased monotonically with benzaldehyde concentration (Figure A13).

A similar trend was also observed in the CO; pressure dependence study. The partial current
density of mandelic acid shows an initial positive dependence on CO» partial pressure from
0.2 bar to 0.75 bar, followed by a negative dependence at the higher CO> partial pressures
(Figure 12¢). Combined, we propose that there is competitive adsorption between
benzaldehyde and CO- on the catalyst surface. This is consistent with observed cathodic shift
in the reduction peak of benzaldehyde in the presence of CO, compared to Ar atmosphere in
the CV data (Figure 10). The proposed competitive adsorption also explains the strong
dependence on working electrode material, where the best electrode material most likely has

moderate binding affinity to both benzaldehyde and COs,.
3.3.5 Mechanistic Interpretations

From the combined CV, EPR and kinetic study results, we propose a mechanism (Scheme
1) distinct from that previously reported for the electrocarboxylation of aldehydes.®*8! OQur
mechanism invokes the initial one-electron reduction of benzaldehyde (A) to generate a ketyl
radical (B) which is stabilized by Mg?* over the Sn surface, as has been identified in our EPR
and CV experiments (Figures 10 and 11). The surface-bound ketyl radical intermediate then
reacts with CO; at the carbon atom to form a carboxylate radical species (C); this step is also
the rate-limiting step (RDS). The previously reported mechanism invokes the addition of a
second CO2 molecule to species (C) to form a dicarboxylate species, followed by a second
electron transfer step. We do not observe the involvement of a second CO; molecule and
instead propose that the carboxylate radical species (C) directly undergoes the second
electron transfer and is reduced to give the carboxylate (D). Finally, an acid workup leads to
protonation of the carboxylate moiety to yield mandelic acid. Meanwhile, under protic
conditions, the ketyl radical (B) can also undergo additional reduction or self-coupling to

deliver the minor products benzyl alcohol and hydrobenzoin, respectively.
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This mechanism is supported by the large Tafel slope (1109 mV dec™!) calculated in the

potential-dependence study, which suggests that a chemical-rather than an electrochemical—
step is likely to be the RDS (Figure 12a). As the RDS is the coupling between the reduced
benzaldehyde and CO; over the Sn surface, the reaction rate will increase with benzaldehyde
concentration or CO, partial pressure at low coverage of reduced benzaldehyde or COs.
Further increases in the benzaldehyde concentration or CO; partial pressure will decrease the
coverage of the competing reactant due to competitive adsorption, thereby decreasing the
reaction rate—consistent with the trends observed in substrate-dependence studies (Figure
12b and c). Based on these mechanistic findings, we believe that Sn gives the highest
mandelic acid FE because it provides balanced adsorption of both benzaldehyde and CO»,

preventing either reaction from becoming limiting.

Based on the observation of a CO> radical anion DMPO-adduct in the EPR spectrum and
detection of 1,2-ethanodioic acid (oxalic acid) (the CO> dimerization product) in the product
distribution (Figure 10, # = 30 min), there is also a possibly of a minor pathway that occurs
via CO3 reduction (Figure A14). In this pathway, CO; is reduced to form the radical anion,
followed by reaction with the aldehyde to form the coupled intermediate. Here, the two
mechanisms converge to form the same carboxylate intermediate and final mandelic acid
product. The lack of observable reductive current in the CV trace that only contains CO»
indicates that this CO; reduction mechanism forms a very minor contribution to the final

product formation.
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Scheme 1. Proposed mechanism for electrocarboxylation of benzaldehyde to form
mandelic acid and side reaction pathways to form benzyl alcohol and hydrobenzoin.

3.4 CONCLUSIONS

This work investigated a system for the electrochemical carboxylation of benzaldehyde to
synthesize mandelic acid using CO: as a non-toxic and abundant carbon source. Under
optimized conditions (Sn working electrode, —2.9 V, 100 mM MgClo/DMF), an FE of 79%
and partial current density of 12.9 mA/cm? were achieved. In situ EPR and kinetic
measurements suggest that the reaction occurs via a one-electron reduction of benzaldehyde
to generate a Mg?*-stabilized ketyl radical intermediate that subsequently reacts with CO».
To promote this key intermediate, magnesium chloride (MgClz) was added as a Lewis acid
source to lower the overpotential of benzaldehyde reduction. Furthermore, coupling between
the ketyl radical and CO> is determined to be the rate determining step in the reaction, which
has not been previously reported. After the RDS, the coupled intermediate is proposed to

undergo addition of a second electron, leading to the formation of the carboxylate product.

Looking forward, the detailed mechanistic insights into the aldehyde electrocarboxylation
system established in this work will inform future strategies to enhance reaction efficiency

and selectivity. Specifically, these insights can guide the rational design of more selective



42
electrocatalysts by balancing the binding of CO> and the aldehyde and the identification

of Lewis acid additives that better stabilize the ketyl radical intermediate. Aside from
selectivity, future improvements could also focus on increasing reaction rates by
implementing continuous flow systems and scaling up the reactor design to enhance mass
transport and electrode surface area, enabling industrial applications. Beyond this system,
our conclusions significantly expand the mechanistic understanding of electrocarboxylation,
paving the way for further advancements in related electrochemical transformations,

including other electrocarboxylation reactions and reactions involving aldehydes.
3.5 METHODS
3.5.1 Electrode Preparation

Foils (Pd, Sn, Co, Ag, Fe, Zn, Ti, Ni, Pt, Al, Mg, graphite) were mechanically polished using
400 G silicon carbide sandpaper in a weigh boat lined with a piece of aluminum foil. The
metal foil was submerged in Milli-Q water while polishing. The polishing procedure was as
follows: small circular polishes were made for 1 min, followed by unidirectional polishing
for 30 sec until discoloration is observed. After polishing, the foils were rinsed with Milli-Q

water, followed by acetone, then wiped with a KimWipe before using right away.

Copper foils were first polished mechanically following the same procedure for other
electrodes. Then, they were electrochemically polished with concentrated phosphoric acid
(85% w/w) at 2.10 V vs. a Pt wire electrode for 5 minutes. The foils were rinsed with Milli-

Q water, followed by acetone, then wiped with a KimWipe before using right away.

Glassy carbon (GC) electrodes were polished mechanically using an alumina slurry (0.05
um) on a microcloth polishing pad. Polishing was performed using a figure-eight motion for
1 min to ensure uniform abrasion. Following polishing, the electrodes were thoroughly rinsed
with Milli-Q water and sonicated in Milli-Q water for 5 min. The electrodes were removed
from the sonication bath, rinsed with acetone, and sonicated in acetone for 5 minutes to get
rid of residual polishing debris. The electrode was dried with a stream of nitrogen before

using right away.
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3.5.2 Electrolyte Preparation and Reaction Setup

Due to the sensitivity of the electrocarboxylation reaction to water, care was taken to ensure
minimal water exposure of the electrochemical cell. All electrolyte components were stored
in the glovebox. The electrolyte was prepared all in the glovebox day of usage and only taken
out of the box right before the cell was assembled. Once taken out of the glovebox, the

electrolyte was stored in a desiccator until it was ready to be added to the cell.

Electrochemical measurements were performed in custom-made H-type PEEK cells with
continuous CO;z purging. Aluminum foil was taped onto the PEEK backing plates to be used
as current collectors. A leakless Ag/AgCl electrode was used as the reference electrode. The
cell was filled with 4 mL of electrolyte solution and experiments were typically performed
with 20 sccm of CO2 gas bubbling through the electrolyte. Potential was applied using a
potentiostat (Biologic SP-200).

3.5.3 EPR Experiments

EPR experiments were performed on a Bruker EMX X-band CW-EPR spectrometer at room
temperature using an SHQE resonator at ~ 9.86 GHz. To collect EPR data, the electrolyte
was taken from the H-Cell and added to 1.6 mm O.D. quartz capillary tubes for measurement.
Spectra were collected using magnetic field ranges of 3411 to 3611 G with 20 scans averaged
for each spectrum. Other acquisition parameters: MW power = 21.83 mW; Modulation

amplitude = 1 Gauss; Conversion time = 10.0 ms.

EPR spectra were simulated using the EasySpin (v. 6.0.6) Matlab (v. R2023a) toolbox. The
garlic function was used for computation of isotropic and fast-motional continuous-wave

(cw) EPR spectra of radicals in solution.



Chapter 4

TOWARD ELECTROCHEMICAL CARBOXYLATION OF ALIPHATIC
ALDEHYDES WITH CO:

4.1 ABSTRACT

a-Hydroxycarboxylic acids (AHAs) are widely used in the pharmaceutical, cosmetic, and
chemical industries, yet their synthesis often relies on hazardous reagents or energy-intensive
processes. Electrochemical carboxylation of aldehydes with CO: offers a more sustainable
alternative by using CO: as an abundant C1 feedstock under mild conditions, though its
application to aliphatic substrates remains underexplored. Here, we systematically
investigate the electrocarboxylation of aliphatic aldehydes, focusing on the influence of
working electrode, solvent, and electrolyte on Faradaic efficiency (FE). Using 3-
phenylpropanal as a model substrate, copper was identified as a cost-effective and efficient
cathode material, enabling a maximum FE of 18.1% under optimized conditions. Solvent
choice strongly influenced selectivity, whereas electrolyte identity had minimal effect.
Electrochemical analysis supports a convergent mechanism involving aldehyde- and CO--
derived radical intermediates, while significant aldehyde polymerization was identified as a
competing side reaction limiting efficiency. Overall, this study expands the scope of
electrochemical CO: incorporation to aliphatic aldehydes and provides mechanistic and
practical insights for improving selectivity and efficiency in sustainable carboxylation

chemistry.
4.2 INTRODUCTION

a-Hydrocarboxylic acids represent an important class of compounds with applications across
the pharmaceutical, cosmetic, and polymer industries.”>* For instance, 2-hydroxypropanoic
acid (lactic acid) and 2-hydroxylactic acid (glycolic acid) are widely used in skin care

formulations as mild exfoliants.”> Lactic acid is also used as a preservative and flavor
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enhancer in the food industry.”® Furthermore, the versatile functionality of the a-hydroxy

group makes these molecules useful intermediates for high value chemical synthesis.

Industrial processes to synthesize AHAs often require the use of harsh or toxic reagents. One
common method requires addition of toxic cyanide to a carbonyl precursor to generate a
cyanohydrin intermediate, followed by an acid hydrolysis step to produce the desired acid
(Figure 13a). Alternatively, catalytic oxidation methods using heavy metal catalysts such as
thallic bromide have also been employed, but the use of these reagents pose significant risks
to human health and the environment (Figure 13a).”3 As a result, there has been growing

interest to develop safer and more sustainable routes to synthesize these valuable compounds.

(a) Conventional routes to synthesize AHAs

Route 1
OH
i 1. NaHSO4, NaCN MOH
R
Ry R, 2. HCI 1 R, I
Route 2

R1
TIBr
R OH + 02 ®
2 H,O
@)

(b) This work: electrocarboxylation of 3-phenylpropanal using CO,

O
CO, OH
H
Pt|| Sn,-3.0V
100 mM MgBr,

Figure 13. Background and overview for the electrochemical carboxylation of 3-
phenylpropanal. (a) Examples of conventional routes to synthesize a-hydroxy carboxylic
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acids from carbonyl species. (b) Electrochemical carboxylation of 3-phenylpropanal
using COx.

A promising strategy is the electrochemical carboxylation of aldehydes with CO», which
incorporates CO; into an existing organic backbone to produce the corresponding carboxylic
acids. This strategy avoids the use of toxic reagents, while also taking advantage CO; as a
safe and abundant C1 building block. It is also attractive because electricity can provide the
necessary driving force to overcome the substantial energetic barrier associated with CO>
activation. Compared to established industrial methods, such as the Kolbe-Schmitt
reaction,” which typically require high temperatures and pressures to activate CO»,

electrochemical methods can be performed under milder and safer conditions.

While the electrochemical carboxylation of aldehydes presents a promising synthetic
strategy, it remains limited in its reaction scope. Most literature reports focus on the synthesis
of aromatic AHAsS, leaving the production of aliphatic AHAs under explored, with only three
reported studies to date. In 1986, Silvestri et al.>* reported on the electrochemical
carboxylation of acetaldehyde to synthesize lactic acid, which was achieved at 9% yield. It
was not until 2023 that Waldvogel et al.?° reported the synthesis of two aliphatic AHAs using
graphite as both working and counter electrodes and propylene carbonate as a green solvent.
More recently, Wirtanen and coworkers®® reported the synthesis of seven different aliphatic

AHAs, achieving the highest reported yield of 45% for glycolic acid.

Although yield is important parameter to optimize in chemical synthesis, it is also helpful to
consider the Faradaic efficiency (FE) of an electrochemical reaction, which captures how
much of the applied charge is going towards making the desired product. Improving the FE
helps to minimize energy lost towards undesired side reactions, making the reaction more
cost effective. With these considerations, this work systematically evaluated the influence of
key reaction parameters on the FE of aliphatic aldehyde electrochemical carboxylation. It
was found that both the choice of working electrode and solvent had a dramatic impact on
FE, with the optimized conditions producing an FE of 18.1%. Mechanistic investigation was
also performed to elucidate the underlying reaction pathway and identify key intermediates

governing selectivity.
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4.3 RESULTS AND DISCUSSION

4.3.1 Optimization of Reaction Conditions

(a) (b) (c)
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Figure 14. Effect of (a) working electrode (b) solvent, and (c) electrolyte salt on
electrochemical carboxylation performance, as quantified by 2-hydroxy-4-phenylbutanoic
acid Faradaic efficiency and partial currently. Catholyte: 100 mM 3-phenylpropanal, 100
mM MgBr», 100 mM electrolyte salt, 10 sccm CO», 2 mL DMF. Anolyte: 100 mM TBABT,
2 mL DMF. -3.0 V vs. MejoFc”" for 2 hours. Cu working electrode and Pt counter
electrode were used unless otherwise specified. MeioFc = decamethylferrocene; GC =
glassy carbon.

To evaluate how the reaction parameters (working electrode, solvent, and electrolyte salt)
influence the electron selectivity, the FE and partial current density were quantified using the
electrochemical carboxylation of 3-phenylpropanal (3P) to 2-hydroxy-4-phenylbutanoic acid
(3PCOOR) as the model reaction. Bulk electrolysis was performed under constant applied
potential of —3.0 V vs. MejoFc?" (all potentials are reference against decamethylferrocene),
under continuous CO; flow, using custom-made H-type PEEK cells (see Appendix B). To
quantify the product, the electrolyte was diluted in Milli-Q water and was quantified using
ultra-performance liquid chromatography (UPLC), with 1,3,5-trimethoxybenzene (TMB) as

an internal standard (Figure A14).

The electrochemical carboxylation reaction has been performed on a wide range of working
electrode materials, such as silver, zinc, and tin. In this study, the effect of 12 different
working electrodes was investigated, and it was found that the choice of working electrode
had a dramatic impact on the FE and partial current density (Figure 14a). In particular,

platinum (Pt) produced the highest FE towards 3PCOOH at 21.5%, followed by copper (Cu)



48
which produced an FE of 18.1%. Pt and Cu also gave the highest partial current density

towards products, at 0.63 mA/cm? and 0.61 mA/cm? respectively. Considering the cheaper
cost of Cu compared to Pt, further studies were performed using Cu as the cathode material.
The dramatic differences in selectivity among the different working electrode materials could
be due to differences in the way reactants and intermediates are interacting with the electrode
surface. Interesting, tin (Sn) showed the worst performance for 3P electrochemical
carboxylation, resulting an FE of only 1.3% whereas our previous work on the
electrochemical carboxylation of benzaldehyde showed that Sn gave the highest FE for that
substrate. This observation may suggest that distinct mechanistic pathways are operative in
the electrochemical carboxylation of aliphatic versus aromatic aldehydes. However, further
studies are required to substantiate this hypothesis and fully elucidate the underlying

differences in reactivity.

The effect of solvent and electrolyte salt was also investigated, as these parameters have
previously been shown to have an influence on the electrochemical carboxylation reaction.
As the presence of protons in solution can lead to the formation of the hydrogenation side
product, the choice of solvent was limited to common aprotic solvents, including DMF,
DMSO, and acetonitrile. It was observed that the choice of aprotic solvent has a dramatic
effect on selectivity (Figure 14b). DMF gave the highest FE (15%) and partial current
density (0.61 mA/cm?), whereas performing the reaction in acetonitrile shut down reactivity.
The observed trend is consistent with findings reported by Corbin et al.%®, who studied
solvent effects in the electrochemical carboxylation of organic halides and found that
selectivity toward the carboxylation product trends with the solvent’s deprotonation energy.
More specifically, the easier it is to deprotonate the solvent, the more it promotes the
hydrogenation pathway, leading to a decrease in the carboxylation selectivity. The same
trend was also observed in our work on the electrochemical carboxylation of benzaldehyde
is hypothesized to be at play in this system. Aside from solvent, the effect of various
tetrabutylammonium (TBA) salts were also investigated (Figure 14c¢). It was found that the

electrolyte salt identity does not appear to have a dramatic impact on reaction selectivity,
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suggesting that it is not a primary factor governing the reaction pathway under these

conditions.
4.3.2 Cyclic Voltammetry
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Figure 15. Linear sweep voltammograms (LSVs) at a scan rate of 50 mV/s in DMF with
and without 100 mM 3-phenylpropanal (3P), purged with Ar or CO;. Catholyte: 100 mM
TBABF4, 100 mM MgBr; in DMF. Anolyte: 100 mM TBABr in DMF. Cu working

electrode, Pt counter electrode.
Following optimization efforts, linear sweep voltammetry (LSV) was performed to probe the

reductive reaction mechanism. LSV data were collected for 3-phenylpropanal under

optimized conditions with and without CO», with a scan rate of 50 mV/s.

When comparing the reductive traces of CO; versus 3-phenylpropanal, the onset reduce

potential (defined here as the potential corresponding to a current density of —0.5 mA/cm?)
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of the two species show a difference of only 0.09 V, with the reduction of CO; being

slightly more facile (Figure 15). When both species are present, the onset reduction potential
shifts to a less negative value. The observed shift, together with the increase in reductive
current, is consistent with an EC mechanism in which one species is undergoes an initial
electron transfer, followed by a subsequent chemical reaction with the second substrate.
Given the small difference in onset potentials between 3P and COa, it is likely that both
species are activated, generating the ketyl radical and CO; radical anion respectively.
Consequently, we propose two convergent reaction pathways leading to the formation of the

carboxylic acid product.

In pathway 1 (Scheme 2, top), the first electron transfer to 3P generates a ketyl radical
species, which then couples with a CO2 molecule. This adduct undergoes a second electron
transfer step to form a carboxylate product that is most likely stabilized by Mg?" ions in
solution. Meanwhile, in pathway 2 (Scheme 2, bottom), reduction of CO; forms a CO:
radical anion that attacks the 3P electrophile. A second electron transfer step generates the
same Mg carboxylate species observed in pathway 1, allowing the two pathways to converge.
From the Mg carboxylation species, the carboxylic acid product is generated following an

acid work-up step.
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Scheme 2. Proposed mechanism for the electrochemical carboxylation of an aliphatic
aldehyde to form the corresponding carboxylic acid. The reaction is proposed to occur via
two convergent pathways: 1) substrate reduction and 2) CO; reduction.
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4.3.3 Polymerization Side Reaction

Following bulk electrolysis, a gel was consistently observed on the cathodic side of the cell.
After a few hours, the entire electrolyte became gel-like. "H NMR analysis of the gel showed
that the 3-phenylpropanal starting material was completely consumed, indicating that the
polymer is derived from the aldehyde (Figures A15-17). This observation is consistent with
previous reports showing that aliphatic aldehydes can form polymers under either acidic or
basic conditions.”” Under the highly reductive conditions required for electrochemical
carboxylation, it is possible that anionic species were generated that could initiate the
polymerization process, lowering the carboxylation selectivity. To that end, further
investigation of the polymerization process and strategies to avoid this side reaction is needed

to improve the performance of aliphatic aldehyde electrocarboxylation.

4.4 CONCLUSIONS

This study demonstrates that electrochemical carboxylation of aliphatic aldehydes with CO:
can provide access to o-hydroxycarboxylic acids under mild and sustainable conditions,
though current efficiency remains limited. Systematic optimization of reaction parameters
identified the working electrode and solvent as key factors controlling Faradaic efficiency,
with copper emerging as a practical and effective cathode material. Under optimized
conditions, a maximum Faradaic efficiency of 21.5% was achieved. Electrochemical and
mechanistic studies support a convergent pathway involving both aldehyde and CO:
activation, likely proceeding through ketyl radical and CO: radical anion intermediates.
However, competitive polymerization of the aldehyde was identified as a major side reaction
that reduces selectivity. Overall, this work establishes important structure-reactivity
relationships for aliphatic aldehyde electrocarboxylation and highlights key challenges that

must be addressed to improve efficiency and enable broader synthetic application.



Chapter 5

ENANTIOSELECTIVE ELECTROCHEMICAL CARBOXYLATION OF
BENZALDEHYDE USING CHIRAL METAL SALEN CATALYSTS

5.1 ABSTRACT

The electrochemical carboxylation of aldehydes with CO: is a viable strategy for the
sustainable synthesis of valuable o-hydroxycarboxylic acids, but achieving this
transformation in an enantioselective manner remains challenging. In this work, the
asymmetric electrocarboxylation of benzaldehyde catalyzed by chiral metal salen complexes
was investigated for the first time. Using a chiral Ni(salen) complex, optically active
mandelic acid was obtained in 43% enantiomeric excess. Systematic investigation of the
reaction conditions revealed that both the applied potential and metal center identity exerted
a strong influence on enantioselectivity, pointing to underlying electronic effects.
Mechanistic studies using cyclic voltammetry suggest that the most effective catalysts
readily undergo reductive activation under the applied conditions, enabling binding with CO»
to initiate the enantioselective pathway. These findings provide a foundation for the rational

design of improved asymmetric catalyst systems for electrochemical CO; incorporation.
5.2 INTRODUCTION

Rising energy demands coupled with our reliance on fossil fuels (coal, oil, natural gas) has
led to unprecedent levels of atmospheric carbon dioxide (CO.). This has contributed to
worsening climate change, ocean acidification, habitat degradation and many other
irreversible environmental problems. Faced with these challenges, research efforts have
focused on the valorization of CO; into fuels and chemical products, which would
simultaneously decrease society’s reliance on fossil fuels and help sequester CO2 from the
atmosphere, allowing for the transition to a more sustainable carbon neutral economy. In
addition, CO; is a promising C1 building block because it is cheap, abundant, and nontoxic.

However, using CO2 in chemical synthesis is challenging because it is thermodynamically



53
stable and kinetic inert. To that end, electrochemical activation of CO; has been of great

interest. Compared to traditional methods requiring heat and pressure to activate COo,
electrochemical methods provide a milder and safer route to activated CO: by applying the

energy in the form of voltage-driven electrons.

Within this context, one subclass of electrochemical reactions involving CO; is the
electrochemical carboxylation of carbonyls to form o-hydroxycarboxylic acids, which
represent an important class of chemicals that find applications in the pharmaceutical,
cosmetic, and polymer industries.”>?> Many applications involving AHAs often require a
specific enantiomer due to their relevance in biologically active molecules and chiral
building blocks. For instance, (R)-(—)-mandelic acid is a key intermediate in the synthesis of
penicillins, antitumor agents, and cephalosporins, whereas the S-enantiomer has been used

for the synthesis of non-steroidal anti-inflammatory drugs.®>®

While there has been progress made in understanding the electrochemical carboxylation
reaction to synthesize AHA, controlling stereochemistry is still challenging. Consequently,
the development of enantioselective carboxylation strategies has attracted increasing interest.
Asymmetric carboxylation remains limited to ketones, using chiral inductors such as chiral
alkaloids®®'% and metal salen complexes,!?'"1% Meanwhile, the asymmetric carboxylation

of aldehydes has not been reported, despite their distinct reactivity and synthetic utility.

Guided by prior studies on the asymmetric carboxylation of ketones, we investigated the use
of chiral metal salen catalysts for the enantioselective electrochemical carboxylation of
benzaldehyde (Scheme 3). Metal salen catalysts offer an attractive platform due to their
stability, ease of synthesis, and readily tunable structural and electronic properties.'® Using
a Ni(salen) catalyst, optically active mandelic acid was obtained in up to 43% enantiomeric
excess (e.e.). Notably, both the applied potential and the identity of the metal center strongly
influenced enantioselectivity, motivating further investigation into the underlying electronic

effects.
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Scheme 3. Enantioselective electrochemical carboxylation of benzaldehyde using chiral
metal salen complexes.

5.3 RESULTS AND DISCUSSION
5.3.1 Influence of Experimental Parameters

Al|| Sn
o -1.9V vs. Me;oFc?, 2 hr OH

Undivided cell OH
H A
TBAI (100 mM)
DMF, CO, (20 sccm) ¢}

M(salen) (3 mM)

50 mM
Entry Deviation from Standard Conditions Yield (%) e.e. (%)
1 None 2.1 40
2 20V 1 30
3 2.1V 4 18
4 Ni(salen) 3 43
5 Mn(salen) 6 3
6 Al(salen) 7 2

Table 1. Screening of reaction conditions.
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We began our investigation by examining the asymmetric electrochemical carboxylation

of benzaldehyde using chiral metal salen catalysts. Drawing on our prior study on the
electrochemical carboxylation benzaldehyde, tin (Sn) and aluminum (Al) foils were selected
as the working and counter electrodes, respectively. The reaction was conducted in N,N-
dimethylformamide (DMF) with tetrabutylammonium iodide (TBAI) as the supporting
electrolyte under continuous CO; flow (see Appendix C). Products were quantified using
ultra-performance liquid chromatography (UPLC) with a chiral column, using 4-

chlorobenzoic acid as an internal standard (Figure A18).

Under these conditions, we observed that the applied potential had a pronounced effect on
enantioselectivity. At —1.9 V vs. MeoFc¢”" (all potentials are referenced against
decamethylferrocene unless otherwise noted), the desired product was obtained with an e.e.
of 40% with the use of a Co(salen) catalyst, whereas applying a more negative potential of
—2.1 V led to a significant decrease in e.e. to 18% (Table 1, entry 1-3). One possible
explanation for the decrease in enantioselectivity at more negative potentials is the
involvement of competing non-selective pathways. However, further studies are required to

elucidate the underlying potential dependence.

In addition to electrochemical parameters, the identity of the metal center was found to play
a critical role in controlling enantioselectivity. Screening of different metal salen complexes
revealed that Ni(salen) and Co(salen) afforded comparatively high e.e. of 43% and 40%,
respectively (Table 1, entry 4 and 1). In contrast, the use of Mn(salen) resulted in poor e.e.
(3%) despite its common use in asymmetric catalysis (Table 1, entry 5). These results
indicate that the metal center exerts a significant influence on enantioselectivity under

electrochemical conditions.

Together, these findings highlight that both applied potential and metal identity are key
determinants of reaction outcome, motivating further mechanistic investigation into their

roles in controlling reactivity and selectivity.

5.3.2 Cyclic Voltammetry
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Figure 16. Cyclic voltammograms (CVs) at a scan rate of 20 mV/s in DMF for (a)
Ni(salen) with and without CO; and (b) Ni(salen) with and without benzaldehyde. Reaction
conditions: Sn working electrode, Al counter electrode, 100 mM TBAI in DMF.

To gain insight into the role of the metal salen complexes in controlling enantioselectivity,
we investigated their electrochemical behavior using cyclic voltammetry. For the Ni(salen)
complex, a reversible redox feature was observed with an Ei» value of —1.79 V (Figure 16,
black), which is assigned to the reduction of Ni'l(salen) to [Ni'(salen)]” based on literature
precedent.®®!1% A second reduction peak at —2.70 V has also been reported and is attributed
to reduction of the free Schiff base ligand generated via disproportionation of the

[Nil(salen)]~ species.!%

To probe potential interactions with reactants, CVs were collected in the presence of CO:
and benzaldehyde. In the presence of CO», the feature corresponding to the oxidation of
[Nil(salen)]™ to Ni'l(salen) was no longer observed, suggesting that the reduced [Nil(salen)]
species is consumed in a subsequent chemical step involving CO; (Figure 16a, red). This
behavior is consistent with coordination of the reduced [Ni'(salen)]” complex with CO», in
line with prior studies on Ni(salen)-catalyzed CO: reduction.!”” In contrast, the
electrochemical behavior of Ni(salen) remained largely unchanged in the presence of
benzaldehyde (Figure 16b), suggesting minimal interaction between the reduced metal

complex and the aldehyde substrate under reaction conditions.
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Figure 17. Cyclic voltammograms (CVs) at a scan rate of 20 mV/s in DMF for (a)
Co(salen) with and without CO, and (b) Mn(salen) with and without CO,. Reaction
conditions: Sn working electrode, Al counter electrode, 100 mM TBAI in DMF.

We next examined the electrochemical behavior of Co(salen) and Mn(salen) to understand
how metal identity influences reactivity and enantioselectivity. Similar to Ni(salen), the
Co(salen) complex exhibited a redox feature corresponding to the Co''(salen)/[Co'(salen)]
couple (E12,=-1.46 V) (Figure 17a). In contrast, reduction of Mn(salen) is observed only at
significantly more negative potentials, with an onset at —2.4 V (Figure 17b). Consequently,
under an applied potential of —1.9 V, both Ni- and Co-salen are expected to access their

reduced M(I) states, whereas Mn(salen) remains in its higher oxidation state.

These observations suggest that access to a reduced metal center is important for reactivity
under the reaction conditions, potentially enabling interaction with CO: and entry into the
catalytic cycle. Consistent with this interpretation, since Mn(salen) is not reduced at the
operating potential, it exhibits poor enantioselectivity. As a control, we performed the
reaction with a redox-inactive Al(salen) complex, which showed no meaningful impact on
enantioselectivity. Together, these results support a model in which electrochemical
activation of the metal salen complex is required for it to participate in the reaction and exert

stereocontrol.

5.3.3 Mechanistic Interpretations
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Based on the observed potential dependence and CV data, a similar mechanistic pathway

is proposed for both Ni(salen) and Co(salen) catalysts, with the Ni(salen) system shown as a
representative example (Scheme 4). From CV analysis, it is suggested that Ni'/(salen) first
undergoes a one-electron transfer step to generate the active [Nil(salen)]™ species. This

species is proposed to engage with CO,, forming a [Ni'(salen)-CO,] intermediate.

Notably, for both Ni(salen) and Co(salen), no product formation is observed at potentials
more positive than —1.8 V, despite their distinct reduction onsets at —1.7 V and —1.35 V,
respectively. Since the reduction of benzaldehyde also has an onset potential of
approximately —1.7 V, these observations suggest that, in addition to activation of the metal
salen catalyst, reduction of benzaldehyde is also required for product formation.
Accordingly, we propose that the [Nil(salen)-CO,]" intermediate intercepts the
benzaldehyde-derived ketyl radical to form the carboxylated product, with the chiral metal
complex governing the stereochemical outcome of this bond-forming step. The

corresponding carboxylic acid is obtained following an acid workup step.

OH

"0
OH H;0* o- Ni'(salen)
(0] (0]

COO Ni! (salen)™

[Nil(salen)]~

-
(j)L H [Ni'(salen)-CO,J-

Scheme 4. Proposed mechanism for the enantioselective electrochemical carboxylation of
benzaldehyde catalyzed by a chiral Ni(salen) complex.
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5.4 CONCLUSIONS

This work investigated asymmetric electrochemical carboxylation of benzaldehyde using
metal salen catalysts. It was found that the metal center identity has a significant effect on
enantioselectivity, with a Ni-salen complex delivering in the highest e.e. of 43%. Cyclic
voltammetry suggests that the best performing catalysts first undergo a reductive activation
step under optimized reaction conditions. Formation of the active metal salen species is
proposed to enable engagement with CO, and subsequent enantioselective coupling with the

benzaldehyde-derived ketyl radical.

Looking forward, the insights into the asymmetric electrocarboxylation mechanism
established in this work will inform future strategies to enhance enantioselectivity.
Specifically, these insights can guide future studies to better understand how tuning the
electronics of the metal salen complex through rational ligand design can further improve
performance. Additionally, understanding the effect of sterics on the enantioselective is of
continued interest. Beyond this system, these results expand the mechanistic understanding
of asymmetric electrochemical carboxylation more broadly, providing a foundation for

further development of other reactions involving electrochemical CO; incorporation.



Chapter 6

CONCLUSIONS AND OUTLOOK

6.1 CONCLUSIONS

This thesis focused on expanding both the scope and fundamental mechanistic understanding
of the electrochemical carboxylation of aldehydes, a substrate class that remains
underexplored relative to organic halides and olefins. Through a combination of catalyst
screening, spectroscopic characterization, kinetic analysis, and asymmetric catalysis, this
work has established new insights into how reaction conditions and catalyst identity govern
selectivity and efficiency. Overall, this work advances the broader goal of developing
electrochemical carboxylation as a practical and sustainable platform for the synthesis of

value-added carboxylic acids.

A central theme throughout this work is the use of mechanistic insight to rationalize and
improve reaction selectivity. For aromatic aldehydes, electroanalytical and spectroscopic
studies support a mechanism in which a substrate-derived ketyl radical is generated at the
cathode and couples with CO; to form the a-hydroxy carboxylic acid product. EPR
spectroscopy provided direct evidence for ketyl radical formation under optimized reaction
conditions, and electrokinetic studies identified the coupling step as rate-determining. These
findings also highlighted the importance of Lewis acidic additives such as MgCl,, which

stabilize the ketyl radical intermediate and promote productive CO» coupling.

Extending the substrate scope from aromatic to aliphatic aldehydes revealed additional
mechanistic complexity. The more negative reduction potentials of aliphatic aldehydes mean
that CO> reduction becomes operative alongside substrate reduction, potentially contributing
an additional pathway to the carboxylation product. However, aliphatic aldehydes were
found to undergo polymerization under the reductive conditions of the reaction, introducing
a competing decomposition pathway that substantially lowers FE. These observations

highlight that improving selectivity in aliphatic aldehyde carboxylation will require strategies
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to suppress anionic polymerization initiation alongside careful tuning of electrode and

solvent identity.

Building on the mechanistic picture established for aldehyde electrochemical carboxylation,
this thesis also demonstrated for the first time that enantioselective electrochemical
carboxylation of an aldehyde is achievable. Using chiral metal salen complexes as
homogeneous catalysts, optically active mandelic acid was obtained from benzaldehyde with
up to 43% enantiomeric excess. Cyclic voltammetry revealed that the most effective
catalysts, Ni(salen) and Co(salen), undergo reductive activation to their M! states under the
operating potential, enabling coordination with CO; and enantioselective coupling with the
benzaldehyde-derived ketyl radical. In contrast, Mn(salen), which is not reduced at the same
potential, showed negligible stereocontrol, and a redox-inactive Al(salen) control supports
the conclusion that electrochemical activation is a needed for enantioselectivity. The applied
potential was also found to influence stereoselectivity, with more negative potentials eroding

enantioselectivity, possibly due to the onset of competing non-selective pathways.

Taken together, this body of work advances the fundamental understanding of
electrochemical carboxylation and establishes new synthetic capabilities for aldehyde
substrates. The mechanistic insights developed here provide a concrete framework for
guiding future improvements in selectivity, efficiency, and stereochemical control in

electrochemical CO; incorporation.
6.2 OUTLOOK

Despite the progress described in this thesis, several important challenges and opportunities
remain. The following future research directions are proposed to build upon these findings

and advance the field of electrochemical carboxylation.

Suppression of aldehyde polymerization in aliphatic aldehyde carboxylation. One of the
central challenges identified in Chapter 4 is the competitive polymerization of aliphatic
aldehydes under the reductive electrochemical conditions. A deeper understanding of the

polymerization initiation mechanism, such as whether it is triggered by electrochemically
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generated anionic intermediates, would be valuable for developing effective mitigation

strategies. The goal would be to increase the carboxylation Faradaic efficiency for aliphatic
substrates beyond the current maximum of approximately 18%, making this chemistry

synthetically useful for a broader range of aliphatic a-hydroxy acids.

Mechanistic origins of electrode selectivity in aromatic versus aliphatic aldehydes. A
striking and unexplained observation in this thesis is that tin is the optimal electrode for the
carboxylation of aromatic aldehydes (Chapter 3), while copper performs best for aliphatic
substrates (Chapter 4). This divergence suggests that the electrode plays a substrate-
dependent role in stabilizing key intermediates, pointing to mechanistic differences between
aromatic and aliphatic aldehyde carboxylation. Future work should employ in situ and
operando spectroscopic techniques, such as surface-enhanced Raman spectroscopy (SERS)
or attenuated total reflectance infrared (ATR-IR) spectroscopy, to characterize adsorbed
intermediates on tin and copper surfaces during carboxylation. Complementary density
functional theory (DFT) calculations could help elucidate how the binding energy and
geometry of aldehyde-derived intermediates vary with electrode identity and substrate
structure. Developing this mechanistic picture would provide guiding principles for

identifying or designing optimal electrode materials for new substrate classes.

Improving enantioselectivity through rational ligand design. The proof-of-concept
asymmetric electrochemical carboxylation results in Chapter 5 demonstrate that chiral metal
salen complexes can impart meaningful stereocontrol, but the enantioselectivities achieved
(up to 43% e.e.) are not yet at the level need for practical synthetic applications. Several
strategies could be pursued to improve enantioselectivity. First, the electronic properties of
the salen ligand can be systematically tuned through substitution at the phenol rings or imine
backbone to modulate the reduction potential of the metal center and the binding geometry
of the activated CO; species. Second, increasing the steric demand of the chiral diamine
backbone could enforce a more defined chiral environment around the metal center and
improve selectivity in the key C—C bond forming step. Beyond the salen scaffold, other
classes of privileged chiral ligands, including BINAP-based systems and chiral N-
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heterocyclic carbene (NHC) complexes, could be examined to identify platforms offering

superior stereocontrol in electrochemical environments.

Development of heterogeneous asymmetric electrocatalysts. The homogeneous metal
salen catalysts employed in Chapter 5, while effective for mechanistic studies, present
practical challenges related to catalyst recovery and separation. The development of
heterogeneous asymmetric electrocatalysts would dramatically improve the practical
applicability of this chemistry. Strategies that can be explored include immobilization of
chiral metal complexes on electrode surfaces via covalent tethering or incorporation into
metal-organic frameworks (MOFs). A key challenge in this endeavor is preserving the
enantioselectivity of the chiral catalyst after surface immobilization. Nonetheless, achieving
a recyclable, surface-bound asymmetric electrochemical carboxylation catalyst would
represent a significant milestone for the field and bring this technology closer to industrial

relevance.

Scale-up and flow electrochemistry. All of the electrochemical carboxylation experiments
described in this thesis were conducted in batch reactors at the milligram scale. Transitioning
to continuous flow electrochemistry would offer significant advantages in terms of mass
transport, scalability, and process control. However, implementing flow electrocarboxylation
requires addressing challenges specific to this chemistry, including the tendency of certain
electrode materials to passivate over time, the use of sacrificial anodes, and compatibility of
the electrolyte with flow cell materials. Future work should explore the design of flow
electrocarboxylation cells optimized for aldehyde substrates, with particular attention to

mass transport of CO> and stability of the working electrode over extended operation.

In summary, the electrochemical carboxylation of aldehydes with CO» is a promising and
mechanistically distinctive platform for sustainable carboxylic acid synthesis. This thesis has
uncovered key principles governing selectivity in both aromatic and aliphatic aldehyde
systems, provided spectroscopic evidence for critical radical intermediates, and
demonstrated for the first time that enantioselective carboxylation of aldehydes is achievable

under electrochemical conditions. The mechanistic insights and design principles established
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here lay a strong foundation for future work aimed at improving efficiency, broadening

substrate scope, and ultimately realizing the industrial potential of electrochemical CO:

utilization in organic synthesis.
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Chapter 8§

APPENDICES

APPENDIX A: ADDITIONAL CONSIDERATIONS FOR ELECTROCHEMICAL
BENZALDEHYDE CARBOXYLATION FOR SUSTAINABLE MANDELIC ACID
SYNTHESIS VIA RADICAL INTERMEDIATES

A.1 Materials
Name Specifications Vendor
Acetone ACS, >99.5% Thermo Fisher Scientific
N,N-Dimethylformamide Anhydrous, 99.8% Sigma Aldrich
(DMF)
Acetonitrile (MeCN) Anhydrous, 99.8+% Thermo Fisher Scientific

Dimethylsulfoxide (DMSO)
Propylene carbonate (PC)
Ethyl acetate (EtOAc)
Acetonitrile-ds (MeCN-d3)
Milli-Q Water

Nitric acid (HNO3)
Hydrochloric acid (HCI)
Phosphoric acid (H3PO4)
Carbon dioxide (CO»)
Argon (Ar)

Tin (Sn)

Palladium (Pd)
Cobalt (Co)

Silver (Ag)

Copper (Cu)

ACS, >299.9%
Anhydrous, 99.5%
99.5+%

99.96%

18.2 MQ cm

ACS, 67-70%

ACS, 36.5-38.0 wt.%

85 wt% solution in water
99.5%

99.9999%

0.1 mm thick, 99.95%

metals basis
0.025 mm thick

0.127 mm thick, 99.9%
metals basis

99.998% metals basis, 0.1
mm thick, hard, Premion
0.15 mm thick, 99.9%
metals basis

Macron Fine Chemicals

Thermo Fisher Scientific
Thermo Fisher Scientific
Cambridge Isotopes Lab
EMD Millipore

Thermo Fisher Scientific
VWR

Thermo Fisher Scientific
Airgas

Airgas

Goodfellow

Beantown Chemical
Alfa Aesar

Goodfellow



Iron (Fe)

Zinc (Zn)
Titanium (T1)
Nickel (Ni)
Platinum (Pt)
Aluminum (Al)
Magnesium (Mg)

Glassy carbon (GC)
Graphite (Gr)

Platinum
electrode

wire counter

1,3,5-Trimethoxybenzene
(TMB)

Benzaldehyde

Mandelic acid (MA)
Meso-Hydrobenzoin (HB)
Benzyl alcohol (BA)
Magnesium sulfate (MgSO4)
Magnesium chloride
(MgCl,)

Magnesium bromide
(MgBr)

Magnesium triflate
(Mg(OTt)2)

Aluminum chloride (AICI3)
Aluminum triflate
(AL(OT1)3)

Zinc chloride (ZnCly)

Tetra-n-butylammonium
tetrafluoroborate (TBABF4)

0.1 mm thick, 99% metals

basis
0.2 mm thick, 99% metals
basis
0.25 mm thick, 99% metals
basis
0.025 mm thick, 99%

(metals basis)

99.99% trace metal, 0.025
mm thick

0.25 mm thick, Puratronic,
99.997% metal basis

0.05 mm thick, 99.9%
metals basis

2 mm thick,

0.1 mm thick

0.5 mm diameter
99%

>99.5%

>99%

95%

Anhydrous, 99.8%
Anhydrous, 99.44%

Ultra dry, 99.99% (metals
basis)
Anhydrous, 98%

>298.0%

Anhydrous, 99%
99.9%

Anhydrous, 99.95% (metals
basis)
>98%

Alfa Aesar

Amazon

Alfa Aesar

Thermo Fisher Scientific
Beantown Chemical
Thermo Fisher Scientific
Alfa Aesar

Alfa Aesar
Alfa Aesar

CH Instruments
Thermo Fisher Scientific

Sigma Aldrich

Fluka Chemicals
Thermo Fisher Scientific
Simga Aldrich
Chem-Impex Int’L Inc.

Thermo Fisher Scientific
Thermo Fisher Scientific
TCI America

Sigma Aldrich
Sigma Aldrich

Thermo Fisher Scientific

TCI America
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Tetra-n-butylammonium >98.0% Sigma Aldrich
hexafluorophosphate

(TBAPF)

Tetra-n-butylammonium 98+% Alfa Aesar

bromide (TBABY)

Tetra-n-butylammonium >98% TCI America

iodide (TBAI)

Decamethylferrocene 99% Thermo Fisher Scientific
(MejoFc)

Molecular sieves (3A) 4 to 8 mesh Thermo Fisher Scientific
Oxalic acid Anhydrous, 98% Beantown Chemical

Table 2. List of materials used for electrochemical benzaldehyde carboxylation for
sustainable mandelic acid synthesis via radical intermediates.

A.1.1 Electrolyte Salts

Electrolyte salts (TBABF4, TBAPFs, TBABr, TBAI, Mg(OTf),, and AI(OTf)3) were dried
overnight in a vacuum oven (80 °C) and stored in an argon-filled glovebox (Vacuum
Atmospheres Genesis). TBABF; can also be dried in a regular drying oven at 100 °C. MgBr>,
MgCl,, AlCI3, and ZnCl, were purchased anhydrously and brought directly into the glovebox

after receiving.
A.1.2 Solvents

Anhydrous solvents (DMF, MeCN, DMSO, PC) were brought into the glovebox after
receiving. They were stored over 3 A molecular sieves for at least 12 hours before use. The
molecular sieves were activated by drying at 350 °C for at least 4 hours, cooling to 100 °C
in the furnace, then cooling under vacuum and filling with argon before being brought into

the glovebox.

A.1.3 Substrate

Benzaldehyde was brought into the glovebox after receiving and stored under septa seal until

use.
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A.2 Experimental Methods

A.2.1 Electrochemical Cell Setup
Electrochemical Cell Component Preparation

Before experiment, the PEEK cell components were rinsed with water and acetone before
being stored in a drying oven (100 °C). Tubing was stored outside. The cell parts were
allowed to dry for at least 3 hours before use, due to the water sensitive nature of the

chemistry.

Cells were also cleaned with acid on a regular basis. The cells were sonicated in a solution
of 20 wt% nitric acid (HNO3) for at least 5 minutes. The cells were removed from the
sonication bath, washed with copious amounts of Milli-Q water, and sonicated in Milli-Q
water for 5 minutes. After sonication, the cells were washed with acetone and stored in a

drying oven (100 °C) until use.
Electrochemical Cell Assembly

A PEEK sandwich cell was used for all electrolysis reactions. Aluminum foil was taped onto
the PEEK backing plates to be used as current collectors. All cell parts were stored in the
oven (100 °C) and assembled right before use. Cells were hand-tightened with socket head
screws and wingnuts. The assembly procedure is shown in Figure A1 for a one-compartment

cell.



Aluminum current collector

CO; inlet tubing and
Ag/AgCl reference electrode

Cell compartment Platinum anode CO, outlet tubing and wingnuts

Figure Al. Assembly procedure for a one-compartment cell.

After the cell was assembled, it was connected to a gas source (either CO; or argon) via 1/16”
O.D. FEP tubing through a side port closest to the cathodic side. A piece of 1/16” FEP O.D.
tubing was used as an outlet on the anodic side. All other opening were closed with TEFZEL
(ETFE) plugs. The cell was allowed to purge with gas for 2 minutes before the electrolyte
was added. The electrolyte was allowed to saturate with the gas for 15 minutes before running

the reaction.
A.2.2 Reference Electrode

A leakless Ag/AgCl reference electrode (eDAQ Incorporated, ET072-1) was used for all
experiments involving a reference electrode. When not in use, the reference electrode was
stored in Milli-Q water. The electrode was wiped with a KimWipe before use. The reference
electrode was inserted into a flangeless fitting that was wrapped with Teflon tape to ensure

secure positioning within the cell (see Figure Al).
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The reference electrode was calibrated daily before use by referencing against the

MeioFc”* couple. The reference was done by performing 5 cyclic voltammetry (CV) cycles
of a solution of MeioFc dissolved in the electrolyte (usually 100 mM TBABF4 and 100 mM
of the appropriate Lewis acid). MeioFc was sparingly soluble in DMF so only a small amount
was added with some solid particles remaining undissolved; this was enough to give well
defined CV data. The reference potential was determined by calculating the average of the
peak potentials (cathodic and anode) to determine the Ei value for that one scan, then
averaging the Ei values across all the scans of the CVs. The first scan was not included in

the calculation.
A.2.3 Chronopotentiometry

Chronopotentiometry experiments were performed in one-compartment cells in a three-
electrode setup (Figure Al). A BiolLogic SP-200 potentiostat was used for all
electrochemical experiments. After the cell was assembled, 4 mL electrolyte was added into
the cell and purged with 20 sccm CO; for 15 min. The uncompensated resistance (Ru) was
then measured using the electrochemical impedance spectroscopy. 85% Ru was
compensated by the IR compensation function of the potentiostat and the final 15% was

corrected manually during data processing.
A.2.4 Cyclic Voltammetry

Cyclic voltammetry experiments were performed in two-compartment cells with Daramic
separator similar to the cell in the protocol described in Figure Al. After the cell was
assembled, the cathodic chamber was purged with 20 sccm gas (Ar or CO») for 2-3 minutes
before the electrolyte was added. 2 mL and 2 mL electrolyte were then added to the cathodic
and anodic chambers, respectively. The electrolyte was purged for 15 minutes with 20 sccm
gas. Voltammetry experiment was performed without IR compensation and 100% IR

compensation was performed manually in the data processing step.

A.3 UPLC-UV Vis
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A.3.1 Reaction Workup and Product Quantification

After electrolysis, a known amount of TMB stock solution (0.25 M in DMF) was added
directly to the cell and was incorporated into the electrolyte by careful mixing via pipetting
at least 10 times. Then, this mixture solution was diluted 1:19 into Milli-Q water. Products
were identified and quantified on a UPLC-UV Vis spectrometer (Waters ACQUITY) fitted
with a BEH C18 sorbent column (Waters ACQUITY) and photodiode array detector (Waters
ACQUITY).

A.3.2 Calibration Curve

Calibration curves were constructed by making a stock solution of known compositions of
the desired compounds in DMF. DMF was used to dilute the stock solution to generate
standard solutions of various product concentrations. The typical work up procedure for
UPLC-UV Vis was performed for each of the standard solution. Calibration curves were fit

by using the area and moles of each compound relative to TMB.

(a) (b) (c)
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Figure A2. UPLC-UV Vis calibration curves for (A) mandelic acid, (B) hydrobenzoin, and
(C) benzaldehyde.

A.4 Additional Optimization Data
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Figure A3. Effect of a) working electrode, b) counter electrode, and c¢) Lewis acid additive
on the Faradaic efficiency of main product (mandelic acid) and side products
(hydrobenzoin and benzyl alcohol).

Figure A4. a) Scanning electron microscopy (SEM) image and b) EDX spectroscopy of
the Sn electrode before electrolysis. c) SEM image and d) EDX spectroscopy of the Sn
electrode after electrolysis.
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Figure AS. Carbon balance of the reaction as a function of counter electrode material.
Standard reaction conditions: Sn working electrode, Al counter electrode, 100 mM
benzaldehyde, 100 mM TBABF4, 100 mM MgCl, 20 sccm CO2, 4 mL DMF, -2.9 V vs.
MeioFc?*.
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Figure A6. Solvent screening data. a) Effect of solvents on the FE and partial current
density of mandelic acid. b) Effect of solvents on the FE of the main product (mandelic
acid) and side products (hydrobenzoin and benzyl alcohol). Standard reaction conditions:
Sn working electrode, Al counter electrode, 100 mM benzaldehyde, 100 mM TBABF4, 100
mM MgBr3, 20 sccm CO», 4 mL solvent, —2.9 V vs. MejoFc”*for 30 minutes.
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Figure A7. Electrolyte salt screening data. a) Effect of electrolyte salts on the FE and
partial current density of mandelic acid. b) Effect of electrolyte salts on the FE of the main
product (mandelic acid) and side products (hydrobenzoin and benzyl alcohol). Standard
reaction conditions: Sn working electrode, Al counter electrode, 100 mM benzaldehyde,
100 mM electrolyte, 100 mM MgCly, 20 sccm CO», 4 mL DMF, -2.9 V vs. MeoFc” for
30 minutes.
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A.5 Substrate Scope

A preliminary substrate scope was performed to investigate the electronic and steric effects
of different substituents on the aromatic ring. Due to challenges in acquiring products
standards for proper UPLC-UV Vis quantification, 'H NMR was employed to perform

quantification of the extracted product.

Al||Sn
-2.9V vs. MegFc?*, 30 min OH
o -
)L Undivided cell R)}(OH
R H TBABF, (100 mM)
(100 mM) MgCl, (100 mM) o

DMF, CO, (20 sccm)

OH Cl OH OH CF; O OH
OH OH Cl OH OH F3C OH
(0] O (o} (0] (0]

FE = 21% 18% 37% 1% 4%
™0  OH | OH OH OH
OoH 0 OH OH OoH
o) o) 0 o)
9% 13% 56% 55%

Figure A8. Substrate scope of the electrochemical carboxylation of aryl aldehydes. FEs
are reported below each product. Standard reaction conditions: Sn working electrode, Al
counter electrode, 100 mM benzaldehyde, 100 mM TBABF4, 100 mM MgCl,, 20 sccm
CO2, 4 mL DMF, —2.9 V vs. MejoFc”".

A.6 Cyclic Voltammograms
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Figure A9. Cyclic voltammograms (CVs) of 100 mM benzaldehyde at 20 mV/s in DMF
with various concentrations of MgCly, purged with argon. Reaction conditions: Sn working
electrode, Al counter electrode, divided cell, 100 mM TBABF4, DMF.
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A.7 Electron Paramagnetic Resonances Spectroscopy
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Figure A10. Simulated (black) and real (blue) EPR spectrum of an electrolytic cell
containing only benzaldehyde at —2.9 V vs. MeoFc”" after 30 minutes (t = 30 min) in the
presence of DMPO as a radical trapping agent. The simulated spectrum is of the DMPO-
ketyl species. Spectrum was collected at a frequency of 9.865624 GHz.
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Figure A 11. Simulated (black) and real (blue) EPR spectrum of an electrolytic cell
containing only CO; at —2.9 V vs. MeioFc?" after 30 minutes (¢ = 30 min) in the presence
of DMPO as a radical trapping agent. Notably, the DMPO-COx signal is quite small and is
similar in intensity to background signals corresponding to DMPO-trapped superoxide
species (DMPO-OOH) and the oxidation product of DMPO (DMPOX). These background
species were not considered in EPR spectra containing benzaldehyde due to the large signal
of the DMPO-ketyl radical. Spectrum was collected at a frequency of 9.865553 GHz.

A.8 Density Functional Theory

Density functional theory (DFT) calculations were performed to estimate the standard
reduction potential for the one-electron reduction of benzaldehyde to its corresponding ketyl
radical anion in solution, with and without the presence of Mg?" ions. All calculations were
carried out using Gaussian 16 at the M06-2x/def2-TZVPD level of theory. Solvent effects
(e.g. DMF) were included using the implicit solvation model (SMD).
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For both the free and Mg?*-coordinated forms, the Gibbs free energy in solution was

computed as:
Gso1 = Eetectronic + Gthermal + AGsowation
The reduction free energy in solution was obtained via:
AG,oq = Ggo(reduced species) — G, (0xidized species)

The standard reduction potential (versus SHE) was calculated using:

o . AGre‘d

+ Esyg

where F is Faraday’s constant and Egy; is the absolute potential of the standard hydrogen
electrode (take as 4.28 V). Potentials were converted to the saturated calomel electrode (SCE)
scale by subtracting 0.241 V.



A.9 Supplementary Data and Figures
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Figure A12. Partial current density of mandelic acid at varied CO; flow rates.
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Figure A13. Partial current density towards hydrobenzoin as a function of benzaldehyde
concentration.
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A.10 Minor Mechanistic Pathways
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Scheme 5. Proposed minor mechanistic pathway proceeding via CO; reduction.



APPENDIX B:

ADDITIONAL CONSIDERATIONS
ELECTROCHEMICAL CARBOXYLATION

FOR TOWARD

OF ALIPHATIC ALDEHYDES

WITH CO;
B.1 Materials
Name Specifications Vendor
Acetone ACS, >99.5% Thermo Fisher Scientific
N,N-Dimethylformamide Anhydrous, 99.8% Sigma Aldrich
(DMF)
Acetonitrile (MeCN) Anhydrous, 99.8+% Thermo Fisher Scientific

Dimethylsulfoxide (DMSO)
Chloroform-d (CDCls)
Acetonitrile-ds (MeCN-ds)
Milli-Q Water

Nitric acid (HNO3)
Phosphoric acid (H3PO4)
Carbon dioxide (CO»)
Argon (Ar)

Tin (Sn)

Palladium (Pd)
Cobalt (Co)

Silver (Ag)
Copper (Cu)
Iron (Fe)
Zinc (Zn)
Titanium (T1)

Platinum (Pt)

ACS, >299.9%

99.96%

99.96%

18.2 MQ cm

ACS, 67-70%

85 wt% solution in water
99.5%

99.9999%

0.1 mm thick, 99.95% metals

basis
0.025 mm thick

0.127 mm thick, 99.9%
metals basis

99.998% metals basis, 0.1
mm thick, hard, Premion
0.15 mm thick, 99.9% metals
basis

0.1 mm thick, 99% metals
basis

0.2 mm thick, 99% metals
basis

0.25 mm thick, 99% metals
basis

99.99% trace metal, 0.025
mm thick

Macron Fine Chemicals

Cambridge Isotopes Lab
Cambridge Isotopes Lab
EMD Millipore

Thermo Fisher Scientific
Thermo Fisher Scientific
Airgas

Airgas

Goodfellow

Beantown Chemical
Alfa Aesar
Goodfellow

Alfa Aesar

Amazon

Alfa Aesar

Beantown Chemical
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Aluminum (Al) 0.25 mm thick, Puratronic, Thermo Fisher Scientific
99.997% metal basis

Glassy carbon (GC) 2 mm thick, Alfa Aesar

Platinum  wire  counter 0.5 mm diameter CH Instruments

electrode

1,3,5-Trimethoxybenzene 99% Thermo Fisher Scientific

(TMB)

3-phenylpropanal (3P) 95% Thermo Fisher Scientific

2-hydroxy-4-phenylbutanoic 97 Sigma Aldrich

acid (3PCOOH)

Magnesium bromide Anhydrous, 98% Thermo Fisher Scientific

(MgBr)

Tetra-n-butylammonium >98% TCI America

tetrafluoroborate (TBABF4)

Tetra-n-butylammonium >98.0% Sigma Aldrich

hexafluorophosphate

(TBAPF¢)

Tetra-n-butylammonium 98+% Alfa Aesar

bromide (TBABTF)

Tetra-n-butylammonium >98% TCI America

iodide (TBAI)

Decamethylferrocene 99% Thermo Fisher Scientific

(MejoFc)

Molecular sieves (3A) 4 to 8 mesh Thermo Fisher Scientific

Table 3. List of materials used for toward electrochemical carboxylation of aliphatic
aldehydes with COa.

B.1.1 Electrolyte Salts
Electrolyte salts (TBABF4, TBAPFs, TBABr, TBAI) were dried overnight in a vacuum oven
(80 °C) and stored in an argon-filled glovebox (Vacuum Atmospheres Genesis). TBABF4

can also be dried in a regular drying oven at 100 °C. MgBr,, was purchased anhydrously and

brought directly into the glovebox after receiving.

B.1.2 Solvents
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Anhydrous solvents (DMF, MeCN, DMSO) were brought into the glovebox after

receiving. They were stored over 3 A molecular sieves for at least 12 hours before use. The
molecular sieves were activated by drying at 350 °C for at least 4 hours, cooling to 100 °C
in the furnace, then cooling under vacuum and filling with argon before being brought into

the glovebox.

B.1.3 Substrate

3-phenylpropanal was brought into the glovebox after receiving and stored under septa seal

until use.
B2. Experimental Methods

Experiments were conducted according to the procedures outline in Chapter 3 (see Chapter

3, 3.5 Methods) and Appendix A (see Appendix A, A.2 Experimental Methods).
B3. UPLC-UV Vis
B.3.1 Reaction Workup and Product Quantification

After electrolysis, a known amount of TMB stock solution (0.25 M in DMF) was added
directly to the cell and was incorporated into the electrolyte by careful mixing via pipetting.
Then, this mixture solution was diluted 1:19 into Milli-Q water. Products were identified and
quantified on a UPLC-UV Vis spectrometer (Waters ACQUITY) fitted with a BEH C18
sorbent column (Waters ACQUITY) and photodiode array detector (Waters ACQUITY).

A.3.2 Calibration Curve

Calibration curves were constructed by making a stock solution of known compositions of
the desired compounds in DMF. DMF was used to dilute the stock solution to generate
standard solutions of various product concentrations. The typical work up procedure for
UPLC-UV Vis was performed for each of the standard solution. Calibration curves were fit

by using the area and moles of each compound relative to TMB.
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Figure A14. UPLC-UV Vis calibration curves for 2-hydroxy-4-phenylbutanoic acid

(3PCOOH).
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B.5 Nuclear Magnetic Resonance Spectra
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Figure A15. 'H NMR spectrum of polymer formed during electrolysis in chloroform-ds.
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Figure A16. '"H NMR spectrum of 3-phenylpropanal in chloroform-ds.
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Figure A17. Overlay of '"H NMR spectra from Figure A15 and A16.
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APPENDIX C: ADDITIONAL CONSIDERATIONS FOR ENANTIOSELECTIVE
ELECTROCHEMICAL CARBOXYLATION OF BENZALDEHYDE USING
CHIRAL METAL SALEN CATALYSTS

C.1 Materials
Name Specifications Vendor
Acetone ACS, >99.5% Thermo Fisher Scientific
N,N-Dimethylformamide Anhydrous, 99.8% Sigma Aldrich
(DMF)
Chloroform-d (CDCl3) 99.96% Cambridge Isotopes Lab
Acetonitrile-ds (MeCN-d3) 99.96% Cambridge Isotopes Lab
Dichloromethane-d; (CD2CL)  99.9% Millipore Sigma
Milli-Q Water 18.2 MQ cm EMD Millipore
Nitric acid (HNO3) ACS, 67-70% Thermo Fisher Scientific
Carbon dioxide (CO») 99.5% Airgas
Argon (Ar) 99.9999% Airgas
Tin (Sn) 0.1 mm thick, 99.95% Goodfellow

metals basis

(R,R)-(—)-N,N -Bis(3,5-di-tert- 98% Sigma Aldrich
butylsalicylidene)-1,2-
cyclohexanediamine
(R,R)-(—-)-N,N -Bis(3,5-di-tert- Sigma Aldrich
butylsalicylidene)-1,2-
cyclohexanediaminocobalt(Il)
(S,5)-N,N -Bis(3,5-di-tert- Sigma Aldrich
butylsalicylidene)-1,2-
cyclohexanediaminoaluminum
chloride
(R,R)-(—)-N,N’-Bis(3,5,-di- Sigma Aldrich

tert-butylsalicylidene)-1,2-
cyclohexanediamino
manganese(III) chloride



100

Platinum (Pt) 99.99% trace metal, 0.025 Beantown Chemical
mm thick

Aluminum (Al) 0.25 mm thick, Puratronic, Thermo Fisher Scientific
99.997% metal basis

Platinum wire counter 0.5 mm diameter CH Instruments

electrode

4-chlorobenzoic acid (CBA) 98+% Thermo Fisher Scientific

Benzaldehyde >99.5% Sigma Aldrich

Mandelic acid (MA) >99% Fluka Chemicals

(R)-(-)-Mandelic acid >99% Sigma Aldrich

(S)-(+)-Mandelic acid >99% Simga Aldrich

Tetra-n-butylammonium >98% TCI America

tetrafluoroborate (TBABF4)

Tetra-n-butylammonium 98+% Alfa Aesar

bromide (TBABTF)

Tetra-n-butylammonium >98% TCI America

iodide (TBAI)

Decamethylferrocene 99% Thermo Fisher Scientific

(MeioFc)

Molecular sieves (3A) 4 to 8 mesh Thermo Fisher Scientific

Table 4. List of materials used for enantioselective electrochemical carboxylation of
benzaldehyde using chiral metal salen catalysts.

C.1.1 Electrolyte Salts

Electrolyte salts (TBABF4, TBABr, TBAI) were dried overnight in a vacuum oven (80 °C)
and stored in an argon-filled glovebox (Vacuum Atmospheres Genesis). TBABF4 can also

be dried in a regular drying oven at 100 °C.
B.1.2 Solvents

Anhydrous DMF was brought into the glovebox after receiving. DMF was stored over 3 A
molecular sieves for at least 12 hours before use. The molecular sieves were activated by
drying at 350 °C for at least 4 hours, cooling to 100 °C in the furnace, then cooling under

vacuum and filling with argon before being brought into the glovebox.
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B.1.3 Substrate

Benzaldehyde was brought into the glovebox after receiving and stored under septa seal until

use.
C.2 Experimental Methods

Experiments were conducted according to the procedures outline in Chapter 3 (see Chapter

3, 3.5 Methods) and Appendix A (see Appendix A, A.2 Experimental Methods).
C.3 UPLC-UV Vis
C.3.1 Reaction Workup and Product Quantification

After electrolysis, a known amount of CBA stock solution (0.25 M in DMF) was added
directly to the cell and was incorporated into the electrolyte by careful mixing via pipetting
at least 10 times. Then, this mixture solution was diluted 1:19 into a H;PO4+/MeOH solution
(90% H3PO4 pH 3 buffer and 10% MeOH). The sample was spun down in a centrifuge for
15 minutes at 9000 rpm. Products were identified and quantified on a UPLC-UV Vis
spectrometer (Waters ACQUITY) fitted with a CHIRALPAK ID-U 3.0 x 100 mm, sub-2
micron column (Daicel Chiral Technologies) and photodiode array detector (Waters

ACQUITY).
A.3.2 Calibration Curve

Calibration curves were constructed by making a stock solution of known compositions of
the desired compounds in DMF. DMF was used to dilute the stock solution to generate
standard solutions of various product concentrations. The typical work up procedure for
UPLC-UV Vis was performed for each of the standard solution. Calibration curves were fit

by using the area and moles of each compound relative to CBA.
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Figure A18. UPLC-UV Vis calibration curves for (a) (R)-(—)-mandelic acid and (b) (S)-
(+)-mandelic acid.

C.4 Cyclic Voltammograms
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Figure A19. Cyclic voltammograms (CVs) at a scan rate of 20 mV/s in DMF for (a)
Ni(salen) and (b) Ni(salen) in the presence of benzaldehyde and CO,. Reaction conditions:
Sn working electrode, Al counter electrode, 100 mM TBAI, 5 mM substrates in DMF.
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Figure A20. Cyclic voltammograms (CVs) at a scan rate of 20 mV/s in DMF for Co(salen)
with and without benzaldehyde. Reaction conditions: Sn working electrode, Al counter

electrode, 100 mM TBAI, 5 mM substrates in DMF.
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Figure A21. Cyclic voltammograms (CVs) at a scan rate of 20 mV/s in DMF for Mn(salen)
with and without benzaldehyde. Reaction conditions: Sn working electrode, Al counter
electrode, 100 mM TBAI, 5 mM substrates in DMF.

C.5 Synthesis of Salen Complexes

Ni(salen) complex was synthesized following reported synthetic procedures.5®!% In a three-
neck round-bottomed flask, 1.3 mmol of Ni(OAc), - 4H>O was mixed with 1 mmol of the
chiral ligand in 40 mL of EtOH. The solution was allowed to reflux overnight at 80 °C.
Following the reflux, the reaction was left to cool to room temperature. The resulting solid
was collected via vacuum filtration and washed with ethanol. The solid was dried overnight

in a vacuum oven at 80 °C to give the chiral metal catalyst.

(R,R)-(—)-N,N -Bis(3,5-di-tert-butylsalicylidene)- 1,2-cyclohexanediaminocobalt(Il)



'H-NMR (CD,CL): §=7.44 (s, 2H), 7.29 (s, 2H), 6.95 (s, 2H), 2.99 (s, 2H), 2.44 (s, 2H),

1.90 (s, 2H), 1.38 (s, 18H), 1.32 (m, 4H), 1.27 (s, 18H).

C.6 Nuclear Magnetic Resonance Spectra
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Figure A22. 'H NMR spectrum of Ni(salen) complex in CD,Cl..
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