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ABSTRACT

Nicotinamide adenine dinucleotide (NAD) is a biological redox mediator responsible for a
large number of chemical reactions necessary for life. About 15% of documented enzymes rely on
NAD" or the related nicotinamide adenine dinucleotide phosphate (NADP™). Both cofactors have a
redox-active nicotinamide site, which can undergo a net two-electron-one-proton reduction to form
a high-energy 1,4-dihydropyridine, NAD(P)H. This dihydropyridine can reduce a substrate of
interest through a net hydride transfer, regenerating NAD(P)* in the process. As the chemical
industry looks increasingly to bioderived compounds, the ability to control reactions involving
NAD(P)H is a potential market opportunity, not only for their ability to transform biological
feedstocks, but also for their safety (operating at or near room temperature) and their selectivity
(reacting with high regio- and stereoselectivity). However, the cost of these cofactors — tens to
hundreds of thousands of dollars per mole — is prohibitively high. Researchers have explored ways
to regenerate NAD(P)H from NAD(P)*, which would make the cofactor more accessible for
industry by enabling a catalytic amount to be used. An appealing way to regenerate NAD(P)H is
by electrochemical reduction of NAD(P)"; however, the reduction is often intercepted after the first
electron transfer to give an enzymatically-inactive (NAD(P)). dimer. The ability to design systems
for regenerable NADH is hindered by a lack of understanding of which structural features correlate
with dimerization, and which features correlate with reduction to NAD(P)H. Cofactor mimetics
(mNAD), which retain the redox active nicotinamide site but have variable molecular structures,
have been explored as a platform for understanding the structure-function relationships governing
the redox behavior of these cofactors.

The purpose of the present thesis is to explore the electrochemistry of mNAD™, to
understand which structural features correlate with dimerization, and how systems can be designed
to favor reduction to mMNADH over mNAD dimer. There are four chapters in this thesis. The first
chapter is a literature review of the electrochemistry of NAD* and mNAD?, with a special emphasis
on methods of quantifying dimerization rates. The second chapter explores the effect of supporting
electrolyte on the electrochemical reduction of MNAD™, and it is shown that sodium pyruvate favors
the reduction of MNAD™ to a new product that has the same electrochemical oxidation signature as
a sample of chemically-prepared mMNADH. The third chapter explores the effect of both the
molecular structure and the counterion of mMNAD" on the dimerization rate. It is shown that

dimerization is faster at lower reduction potentials and, counterintuitively, when sterics at the 1-



position are larger. This last trend suggests dimerization takes place preferentially at the 4-position,
and that large 1-substituents favor arrangements in solution that place these redox-active sites close
to each other. The electrochemistry data suggest that the reduction is more likely of mMNAD* X ion
pairs than of lone MNAD" ions, and NMR data reveal ionic interactions between mNAD™ and X
that are localized at the pyridinium 2- and 4-positions. The fourth chapter explores the mechanism
of interaction between MNAD™ and pyruvate when they are reduced together. Evidence is provided
in support of a mechanism whereby the intermediate mMNAD radical mediates electron transfer to
pyruvate, and that a pyruvate radical interacts with an mNAD radical to form mNADH in a non-
catalytic way. Efforts to characterize the desired MNADH were unsuccessful, although NMR data
show the appearance of a new CH. unit with nonequivalent protons when mNAD* and N,N-
dimethylpyruvamide (DMP) are reduced together compared to when they are reduced separately.
The major product of MNAD" reduction without DMP is the 4,4’-dimer, consistent with the findings
of Chapter 3. However, mMNADH could not be conclusively identified by NMR. It is suggested that
bulk electrolysis conditions mirror cyclic voltammetry conditions in every way possible to

maximize mMNADH formation.
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CHAPTER 1: BACKGROUND

INTRODUCTION

Nicotinamide adenine dinucleotide (phosphate) (NAD(P)") is a ubiquitous enzymatic
cofactor, necessary for fundamental biological reactions like DNA replication and protein
synthesis.! It is known for its redox behavior, acting as a net hydride donor/acceptor? according to
the following reaction (Scheme 1):

NAD* + 2e~ + H* 2 NADH

The equilibrium for this reaction lies strongly on the side of the oxidized NAD(P)", which is about
60 kJ/mol lower in energy than NAD(P)H at pH 7 (the reduction reaction has a formal reduction
potential £” of -0.31 V at this pH).? As a result, NAD(P)H is unstable, and it seeks to give its

hydride away to a suitable substrate, so that it may return to NAD(P)".
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Scheme 1.1. Reduction of NAD* (left) to NADH (right) involves the transfer of two electrons and
one proton. NADPH has a phosphate group in place of the bottom-right -OH group.

Fortunately, substrates abound. Indeed, the NAD(P)"/NAD(P)H redox couple is used by
roughly 15% of documented enzymes, with a substrate scope including ketones, alkenes, arenes,
amines, organic halides, inorganic anions, and even transition metals.! A couple example reactions
include the oxidation of 2-hydroxybiphenyl to 2,3-dihydroxybiphenyl with hydroxybiphenyl
monooxygenase,’ and the stereoselective hydrogenation of activated alkenes with enoate
reductase.* The large diversity of substrates, combined with the inherent specificity of enzymatic
reactions, make NAD(P)H an appealing target for industrial chemistry: if this redox cofactor can
be harnessed, it opens up a large fraction of nature’s chemical toolkit, and these reactions have an

added safety benefit because they occur near ambient temperature and pressure. The chemical

2 Experimental data suggest the hydride transfer may be concerted in some reactions and sequential (one electron
followed by one H atom) in others. 589192



industry is looking increasingly toward biorenewable chemicals,’ and cofactors like NAD(P)H
will become more relevant to transform natural feedstocks into value-added products.® However,
the cost of the cofactor obstructs its immediate scale-up. At the time of this writing (Jan 2024),
from Sigma Aldrich, NAD" is $28,000/mol ($1010/25g, #N0632), and its cousin NADP™ is
$318,000/mol ($2020/5g, #fNADP-RO). Oakwood Chemical offers NADP" at a slightly lower
price, $280,000/mol ($95/250mg, #103189); clearly, though, the price of the cofactor is very high.

There are two main areas of research to circumvent the cost barrier. One method is to use
low-cost NAD" mimetics (mnNAD") instead of NAD" itself. Particular attention is being given to
structurally simple mNAD", such as 1-benzyl pyridinium-3-carboxamide (Scheme 1.2A),%6%
which are cheap® and which can demonstrate enzymatic activity on par with NADH.*° These
mimetics retain the redox-active nicotinamide site while replacing the complex adenine
dinucleotide group with a simpler 1-substituent, such as benzyl. However, such dramatic structural
changes can render the cofactor inactive with many enzymes, and it is still not possible to predict
in general which mimetics will be compatible with which enzymes. While some trends are known
— for example, changes to the redox-active site are likely to lower activity, and the diphosphate
group can help NADH bind to enzyme active sites'® — there is still a need for structure-activity
relationships to inform the design of low-cost mNADH, so that the list of active mimetic-enzyme
matches can be further expanded.

Another way to circumvent the cost barrier is to regenerate NADH from NAD™, which
would allow a catalytic amount of NADH to drive a reaction, rather than a stoichiometric amount.
An example reaction that can be driven in this way is the selective ortho-hydroxylation of 2-
hydroxybiphenyl, catalyzed by hydroxybiphenyl monooxygenase (HbpA)® (Scheme 1.2B). The
cost may be lowered still further by regenerating mNADH, for example using the 1-benzyl
mimetic in place of NADH itself.!! A few NADH regeneration methods are chemical,'? 1
photochemical,'®!” and electrochemical®'® 2 regeneration. These will be described here, and the

electrochemical regeneration section will be used to introduce a more general discussion of the

electrochemistry of mNAD". The reader is directed to a review by Shi and colleagues for a more

b The flavor industry is one example, customers will pay a premium for flavors derived from fermentation instead of
from petrochemicals, and the industry is responding accordingly.

¢ By comparison with the costs for NAD(P)" above, the materials required to make 1-benzyl nicotinamide bromide
cost $35/mol from Sigma Aldrich (nicotinamide: $14.4g/mol, $118/kg, #N3376; benzyl bromide: $20.7/mol,
$302/2.5kg, #B17905) (Accessed 15 Jan 2024).



comprehensive review of other NADH regeneration methods.?'? After describing the behavior of
the mNAD"/mNADH redox couple, experimental methods for studying electrochemical mNAD"

reduction will be described, and then an overview will be given of the remaining chapters in this

thesis.
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Scheme 1.2. A) Structures of NAD" and of 1-benzyl nicotinamide, a representative mNAD". B)

Schematic of an NADH-promoted reaction, the 3-hydroxylation of 2-hydroxybiphenyl, catalyzed

by hydroxybiphenyl monooxygenase (HbpA). Molecular oxygen (not shown) is consumed in the
reaction.
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NADH REGENERATION METHODS

One of the oldest reagents used to reduce NAD' to NADH is hexose monophosphate
(presumably glucose-6-phosphate).!? This reaction is fast, however it requires an enzymatic
catalyst. An alternative is to use sodium dithionite, which can reduce NAD" to NADH without an
enzyme. The mechanism for this reaction appears to involve a sulfinate adduct at the pyridine 4-
position, which hydrolyzes to release the 1,4-dihydropyridine and one equivalent of sulfite.!?
Sodium borohydride may be used instead of sodium dithionite, at the cost of reaction selectivity,
forming a mixture of ortho- and para-dihydropyridines.'? Other 1,4-dihydropyridines may also be
used to reduce NAD" to NADH, for example, 1-benzyl-1,4-dihydropyridine can regenerate NADH
during the reduction of cyclohexanone, with modest yields.'* Of the chemical reduction methods,

dithionite is preferred for its availability, simplicity, and selectivity; the main disadvantage is the

4 Of course, the reaction may be driven in the opposite direction, where NAD™ is regenerated from NADH. This
latter reaction is energetically downhill, and may find applications in biofuel cells.?”3
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need to introduce stoichiometric amounts of reducing agent, which can interfere with enzyme
function.'®

Light is another reagent that can regenerate mNADH from mNAD". Kalyanasundaram and
colleagues found that a family of 1-alkyl mNADH could be prepared from mNAD" with ruthenium
and rhodium hydride transfer catalysts, with triethanolamine as the terminal electron donor.'¢
Wienkamp and Steckhan used the same triethanolamine-ruthenium-rhodium system to reduce
NAD" itself to NADH.!” Although the idea of visible light as a free energy source is appealing for
NADH generation, the photochemical method cannot be recommended for industrial use, due to
low quantum yields (~0.002), slow conversion (10-15 pmol/h), instability (NADH itself degrades
under visible light®), and the need for super-stoichiometric amounts of amine waste.

In electrochemical NAD" reduction, the stoichiometric reducing agent is no longer an
amine or an inorganic salt; instead, only electrons are used, delivered through an electrode. These
electrons may flow to the substrate indirectly through a mediator, or directly from the electrode to
the substrate. Steckhan and colleagues used mediated electron transfer for the oxidation of 2-
hydroxybiphenyl, with a rhodium hydride-transfer catalyst similar to the one used in
photochemical reduction of NAD*;*> however, the reaction is slow (~2 pmol min™), and the enzyme
tended to be deactivated by adsorption onto the electrode surface. The authors suggested protecting
the enzyme by immobilizing it onto a solid matrix at the electrode, a method which has been
realized with dehydrogenase enzymes in the bioelectrocatalytic oxidation of methanol to CO».%

In contrast to mediated NAD" reduction, direct electrochemical reduction is appealing for
its operational simplicity (does not require a mediator). However, it often fails to proceed to
NADH; instead, the electrons are transferred one at a time, and two singly-reduced NAD radicals

may dimerize according to the following reaction:

NAD* + e~ - NAD

kp
2 NAD — (NAD),

¢ Kalyanasundaram and colleagues used this instability to their advantage, reducing methyl viologen and a Zn-
porphyrin by illuminating mNADH with visible light.'®

fEvidence has repeatedly favored the dimerization of pyridyl radicals,?*?¢-2%* disfavoring alternative mechanisms
such as radical-cation or anion-cation dimerization.?’



where kp is the dimerization rate constant.9 The dispersion force that attracts pyridine radicals
together is very strong, strong enough even to overpower the coulombic repulsion between like
charges. For example, non-covalent dimers, coined “pimers”, have been observed between
viologen radical cations.?® The attractive force is independent of both sterics and electronics of
either member of the pair.

In order to regenerate NADH from NAD" with direct electrochemical reduction, a second
electron and a proton must be transferred to the NAD" radical, according to the following reaction:
NAD + e~ + H* - NADH
Evidence for a sequential two-electron reduction comes from Burnett and Underwood, who
reduced 1-methyl nicotinamide to its dimer at -1.2 V vs SCE, and to its dihydropyridine at -1.8 V
vs SCE. The participation of a proton in the second step was deduced from a shift of -27 mV per
pH unit in the reduction event (theoretical -29.5 mV per pH unit for a 2 electron/l proton

process).?*

While the reduction of NAD" to NADH may be coerced at low applied potentials, dimer is
frequently formed alongside the desired NADH. Higher selectivity may be obtained at more
modest potentials by altering the electrode surface. For example, Omanovic and colleagues
recovered 100% yield of NADH after reduction of NAD" on a glassy carbon electrode patterned
with either Pt or Ni nanoparticles, with an optimum yield near -1.2 V vs SCE.!® They also found a
96% yield of NADH on a bare Ti electrode near -1.0 V vs SCE.!” Rashid-Nadimi and colleagues
showed that electrode morphology also affected NADH yields; by switching from copper foil to
copper foam, they increased NADH recovery from 54% to 80% near -1.1 V vs SCE.? In all cases,
the yields depended on the applied potential; however, no general relationships between electrode
structure and yield were extracted which could inform industrial design.

A discussion of the electrochemical reduction of mNAD™ would be incomplete without
also addressing the oxidation of mNADH. Briefly, the direct electrochemical oxidation of 1,4-
dihydropyridines follows a sequential electron-proton-electron pathway, similar to the pathway for

reduction. Haas and Blaedel observed two one-electron oxidation events by CV for mNADH in

9 The dimerization rate constant kp is here defined by the equation % [NAD] = —k,[NAD]? , where [NAD] is the

concentration of radical. An alternative definition is based on the appearance of dimer, % [(NAD),] = k,,[NAD]?.

The radical disappears twice as fast as the dimer appears, so kp = 2k p . It is not always clear in the literature which
convention is used.



unbuffered acetonitrile, which afforded mNAD™ in 40% yield. In basic acetonitrile a single two-
electron wave was observed, with quantitative mNAD" regeneration.?> They proposed the
following mechanism:
mNADH —» mNADH™* + e~
mNADH* + B - mNAD" + BH*
mNAD - mNAD* + e~
where B is a base. The lower yield of mNAD" without base was attributed to an acid-promoted
decomposition of mNADH (which takes the place of B in the second reaction above). Savéant and
colleagues deduced an alternative second oxidation step for 10-methylacridan in buffered
acetonitrile. Based upon double potential step chronoamperometry data, they inferred that the
intermediate mNAD" radical is oxidized in solution by mNADH™, rather than by the electrode
surface, according to the following reaction:*°
mNAD' + mNADH* —» mNAD* + mNADH

The chemical reactions associated with mNADH oxidation and mNAD™ reduction are very rapid.
The following section will describe some of the experimental methods researchers have used to
find the chemical reaction rates that accompany electrochemical mNAD" reduction.
STUDIES OF ELECTROCHEMICAL mNAD DIMERIZATION

Although there have been several studies of mNAD" electrochemical reduction and
dimerization, comparatively few rate constants have been determined precisely in the literature.
One method of determining rate constants is cyclic voltammetry (CV), where the voltage is swept
from high to low to form the radical, and then from low to high to re-oxidize the radical. If the
potential is swept too slowly, no radical oxidation peak will be observed, but as the sweep rate
becomes faster both reduction and oxidation events will become visible. Elving and colleagues

1

used this method to determine a dimerization rate constant of 5 x 10° M s for 1-methyl

nicotinamide in pH 9 carbonate buffer.?” Savéant and colleagues also used this method in a study
of 10-methylacridinium reduction, reporting a dimerization rate constant of 3 x 10’ M! s in
acetonitrile.?® Besides the ratio of oxidizing current to reducing current, another observable in CV
is the shift in potential at peak current as a function of scan rate: slower scan rates will shift the
reduction event to more positive potentials, but at fast scan rates the potential at which reduction
occurs will remain constant. If both regions can be accessed, CV will provide both the reduction

potential and the dimerization rate constant, but if only the slow region can be accessed, one of



these parameters will need to be determined from a different experiment. Elving and colleagues
used the peak potential method to complement the peak current ratio method in a study of NAD™
reduction, and both afforded kp near 3 x 10’ M! s71.28

An alternative experimental method is rapid potential step chronoamperometry, where the
potential is held at a reducing potential for a short time ¢ (on the order of us) and then immediately
switched to an oxidizing potential. The current is measured at times 2¢ and ¢, and the ratio of these
values is used to identify the chemical reaction mechanism and rate constant. The procedure
requires very large potential jumps, so that any effects of electron transfer kinetics or ohmic
resistance can be neglected. Savéant and colleagues used double potential step
chronoamperometrv to complement their CV studies of 10-methylacridinium reduction,
mentioned in the previous paragraph. Hermolin and colleagues used a related technique, reverse-
pulse voltammetry, to study the reduction of 1-alkyl-4-z-butyl pyridinium ions in acetonitrile. In
this method, an initial reducing potential E;, is pulsed to an oxidizing potential E,, and a range of
oxidizing potentials E, is swept. Similar to the previously mentioned study, fitting the current
afforded both the mechanism for reduction and the reaction rate constant. A radical-radical
coupling m + m' - m, was favored over radical-cation m- + m* — mJ}" and anion-cation m~ +
m* — m, coupling mechanisms. The dimerization rate constant kp was measured between 1 x 10°
and 6 x 10° M 57!, depending on the pyridinium 1-substituent.?"

A third experimental method is electrochemical impedance spectroscopy (EIS), which
measures the alternating current response to a sinusoidal alternating potential input. At small
alternating potential magnitudes, there is a single alternating current response at the same
frequency as the alternating potential (larger potential amplitudes may induce current responses at
integer multiples of the applied frequency for a faradaic process). The difference in time between
the two sine waves is measured as a phase angle, and the amplitude of the current sine wave is
measured as a magnitude. The phase angle offers a wealth of information about the system under
study: if the redox event is reversible, the current and voltage will be offset in time, but if some
resistance is introduced (perhaps through a chemical reaction or through slow charge transfer), the

current and voltage will be more closely aligned in time. Numerical simulations often accompany

" Incidentally, Savéant and colleagues reported the same dimerization rate constant as Hermolin and colleagues for
1-methyl-4-¢-butyl pyridinium, 6 x 10® M! 57!, in dimethylformamide, by using double potential step
chronoamperometry.*® However, their kp value is defined by the appearance of dimer, while the value of kp reported
previously in acetonitrile appears to be defined by the disappearance of radical.

7



such experiments to solve the nonlinear equations that describe dimerizing systems. Rueda and
colleagues used EIS to study the reduction and subsequent dimerization of methyl viologen
dications, reporting a dimerization rate constant of 10* M™!' s in water.’® Using only the phase
angle, Pospisil and colleagues reported a dimerization rate constant of 9 x 10° M s! for 1-
dodecylpyridinium in acetonitrile.>! While these latter results are doubtful because the
concentration of the pyridinium starting material was used in the equations in place of the
concentration of neutral radical, the paper still offers a valuable insight that the data historically
obtained from numerical simulations can in fact be derived from experimental data.

The potential input signals for each of the above experimental methods are illustrated
schematically in Figure 1.1, along with the potential input for alternating current voltammetry

(described below).
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Figure 1.1. Schematic illustration of the potential waveforms for several electrochemistry
experiments used for studying systems with rapid dimerization rates (not to scale).



FOCUS OF THE PRESENT THESIS

The focus of the present thesis is twofold. First, which factors influence the dimerization
rates of mMNAD"? Second, how can systems be designed for regenerable mNADH? The studies
here that attempt to answer these questions rely heavily on NAD" mimetics. Not only are mNAD"
low-cost (and occasionally enzymatically active), but they are easy to make, easy to purify, and
stable for years at ambient conditions. They also offer a platform from which a variety of structural
features can be investigated, to understand which interactions govern the electrochemical
reduction mechanism. Additionally, emphasis in this thesis is placed on direct electrochemical
reduction of mNAD" over mediated electrochemical reduction, primarily because the former is
easier to model.

Regarding the question of dimerization rates, the major hurdle to studying dimerization of
nicotinamide-based radicals is simply that they react too quickly to be observed with conventional
electrochemistry techniques. As seen in the previous section, dimerization rate constants are on the
order of 10’ M™! s'!; by comparison, dimerization rate constants can only be resolved up to ~10° L
mol s with a CV sweep rate near 500 V s’! (the limit of the potentiostat in the present writer’s

laboratory).*? Resolution improves with fast-scan CV,2%33-34

which can reach scan rates beyond
100 kV s™'. However, it can cost tens of thousands of dollars to add a fast-scan potential generator
to an existing potentiostat,’ and the technique can suffer from a low signal/noise ratio. The rapid
potential pulse techniques also described above can theoretically discern dimerization rate
constants on the order of 108 L mol''s™!*® but these techniques can also have a low signal/noise
ratio, and can require several scans at different concentrations and even differently-sized
electrodes. The fast-scan CV and pulse techniques operate on the principle that, in order to access
shorter timescales, the potential needs to change more quickly, but this principle does not apply
uniformly to all experimental techniques.

The alternating current methods described above operate on a different principle, namely
that measurement of a new dimension of data (in this case the phase angle) increases the kinetic

resolution at slow scan rates.) In EIS, the alternating potential is added to a constant applied

" One can circumvent the sticker price by making a rapid-scan setup at home, for a few hundred dollars.**

I No advantage comes without a cost, and alternating current techniques are no exception. The major price tag of
obtaining rapid kinetic data at slow scan rates is theoretical complexity. The theory of ACV, admirably developed by
D. E. Smith,*’ can yield equations which require a full page simply to write out, and data representation implicitly
relies upon complex numbers. If a scientist is not comfortable with the math used to derive the solution (a process



potential, although the alternating potential may instead be added to a linear sweep potential, as is
the case with alternating current voltammetry (ACV). The theoretical foundations of the two
experiments are similar, but EIS generally operates under steady-state conditions, whereas ACV is
an inherently transient experiment, like CV. The transient nature of ACV keeps experiments short,
which not only saves time but also allows the assumption of 1-D semiinfinite diffusion to remain
valid, so that techniques like convolution voltammetry (described in the appendix to Chapter 3)
may be used to find concentrations of redox-active substrates (the method proposed by Pospisil
and colleagues).’!

Chapter 2 of this thesis describes a study of twelve different mNAD X" in acetonitrile,
using ACV for its ability to resolve kinetic parameters at slow scan rates, and for its ability to
predict alternating current data from direct current data. In response to the question about which
structural features of mMNAD"X" control its electrochemical reduction behavior, it is shown that
dimerization is faster when the reduction potential is lower and, counterintuitively, also when out-
of-plane sterics at the 1-position are more pronounced. These results suggest that the true species
being reduced is a cluster of mMNAD X" ion pairs, rather than lone mNAD" ions, and that sterics at
the 1-position favor an arrangement that allows dimerization at the 4-position. The conclusion of
ionic aggregation is consistent with an observed drop in the reduction potential when X = Br is
replaced with X = Cl, and with concentration-dependent NMR data, which show that two disparate
sites on mNAD" interact with X", and that this interaction is stronger with CI" than with Br". The
takeaway is that electrochemical reduction of mMNAD X" should be considered from the standpoint
of ionic aggregates rather than lone mNAD" ions.

Regarding the question of regenerable mNADH systems, a major challenge is the
sensitivity of mNADH regeneration yield to experimental conditions like the applied potential and
the amount of additive. In the electrode studies mentioned above, potentials either lower or higher
than the optimal caused the yield of NADH to drop; this sensitivity can pose challenges for large-
scale electrolyses, where currents of several amperes can cause errors in the measured potential to

exceed the tolerance for optimal potential control. In this thesis, a method of NADH regeneration

which took multiple years for the author of this thesis), there can be a strong preference to avoid it altogether,
instead relying on more familiar techniques which, if experimentally more tedious, are at least more easily grasped.
It is the author’s wish that ACV become an everyday electrochemistry experiment, although before this can happen
the theory will need to be disseminated in a more accessible form to a broader audience than is done at present. It is
hoped that the present thesis accomplishes this to a small extent.
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was sought that was less sensitive to variations in experimental conditions. To this end, several
supporting electrolytes were tested for their ability to alter the mNAD" reduction pathway.

In Chapter 3, sodium pyruvate is shown to promote the formation of a new oxidation event
from mNAD" reduction, with an optimum yield around 50% from mNAD". The oxidation event
(0x2), characterized by CV, appeared at the same potential as the oxidation of a chemically
prepared sample of 1,4-dihydro mNADH. The generation of ox2 is observed with a range of
mimetics, and with NADH itself. No interaction between pyruvate and mNAD" was visible by
NMR or by UV-Vis, consistent with an interaction between the two species that takes place only
when one or both of the species are electrochemically reduced. In fact, the yield of ox2 formation
appears to depend on the extent of overlap of the reduction events of sodium pyruvate and mNAD".
Without pyruvate, the oxidation of mNAD dimer was accompanied by a second oxidation event at
acidic pH or at low potentials, although this other oxidation event was much weaker and could be
an aggregate of multiple oxidation events.

In Chapter 4, the question from Chapter 3 is extended: by what mechanism does sodium
pyruvate enable reduction to the 1,4-dihydropyridine? The ability to generate ox2 is apparently
shared by a variety of vicinal dicarbonyls, including methyl pyruvate and several pyruvamides, so
long as their electrochemical reduction overlaps with the reduction event of mNAD™. Diacetyl is
a notable exception, being electrochemically active in the region of interest but having a negligible
influence on mNAD" reduction. Kinetic isotope studies show negligible effect of the solvent (H,O
or D20O) on the ratio of ox/ to ox2. Concentration studies show a first-order dependence of ox2
formation on both mNAD" and pyruvate, although attempts to find any catalytic behavior of
pyruvate, whereby pyruvate regenerates itself after forming mNADH, were unsuccessful.
Convolution voltammetry shows that the product distribution is nearly statistical (1:1:1 ratio of
mNADH to mNAD dimer to pyruvate reduction product) below the potential where both mNAD*
and pyruvate are being reduced. ACV studies show that electron transfer to pyruvate becomes
much faster in the presence of 5 mol % mNAD", suggesting that mNAD' may act as a mediator
for electron transfer to pyruvate. Such a conclusion would be consistent with the data observed in
Chapter 2, where 2 mol% of mNAD" greatly increases the rate of sodium pyruvate reduction,
especially at acidic pH. Bulk electrolysis experiments show that ox2 is more likely attributable to

oxidation of a heterodimer between mNAD and pyruvate, rather than to oxidation of 1,4-dihydro
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mNADH, for which no spectroscopic evidence could be found. Electrochemistry data in this thesis
are interpreted in light of heterodimer formation.
Chapter 5 is a brief summary of the findings of the present thesis, with several suggestions

for avenues of future research.
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CHAPTER 2: DIMERIZATION RATE CONSTANTS OF NAD" MIMETICS:
ALTERNATING CURRENT VOLTAMMETRY AS AN ELECTROANALYTICAL TOOL

ABSTRACT

Electrochemical structure-activity relationships of NAD® mimetics (MNAD") are
uncommon due to dimerization rates that are beyond the limit of resolution of many analytical
techniques. Here, we demonstrate the ability of alternating current voltammetry (ACV) to shed
light on these Kkinetically challenging systems. Plotting the current in polar form allows
straightforward background corrections and order-of-magnitude estimates for kinetic parameters
upon visual inspection. Best-fit ranges of kinetic parameters are found with a refined ACV theory
that accounts for the dependence of electroactive species concentrations on position. We validate
the method by replicating literature results for a model compound, and we use the method to study
a family of mNAD*X" (X = Br, Cl) in acetonitrile. Combining ACV with quantum mechanical
computations shows that the dimerization rate constants are faster at lower reduction potentials
and, counterintuitively, with larger out-of-plane sterics at the pyridinium 1-position. The trend
suggests that mMNAD*X™ may aggregate into ion pairs in solution, with bulky 1-substituents
favoring arrangements that facilitate dimerization at the pyridinium 4-position. The results shed
light on the structure-activity relationships of MNAD™, and they demonstrate the utility of ACV
for investigating kinetically challenging systems.
INTRODUCTION

Oxidoreductase enzymes catalyze oxidation and reduction reactions in several important
biological pathways and are gaining growing attention for use in large scale chemical synthesis.°
Furthermore, approximately half of oxidoreductase enzymes rely on the cofactor nicotinamide
adenine dinucleotide (NAD*/NADH) and its phosphorylated analogue (NADP*/NADPH).%® As
the commodity chemical industry shifts towards biorenewable feedstocks,® the broad range of
enzyme-catalyzed reactions involving NADH makes it a desirable chemical redox agent for
transforming biomass into value-added products.®-3® Despite the promise of NADH, high costs
limit its present utilization at an industrial scale.?* Electrochemical reduction of NAD* to NADH
is an attractive way to make NADH more cost-effective by regenerating a catalytic amount of the
cofactor while avoiding the buildup of chemical reductants. In practice, however, the two-electron-
one-proton reduction is often intercepted after the first electron transfer to yield an enzymatically

inactive dimer (Scheme 2.1A).24%8 The design of regenerable cofactor systems is hindered by the
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lack of understanding about how different structural features of NAD* influence its reduction and

subsequent dimerization.

A.

o 0
I\ NH, (’]/LNHZ k,>10"M's"  HN
- 7—’
oy Y o

R R "

E,pp N
R

Mimetic cofactors, R =

5?@}

w

Native cofactor, R =

N =N
<1
0=P-0— o N7°N 1
e i ?
OH OH 5 6 7
NAD*

Scheme 2.1. (A) Reaction diagram of the radical dimerization that occurs upon electrochemical
reduction of NAD" (and its analogues). (B) Structures of 1-substituents for the native cofactor,
NAD™ (left) and the mimetic cofactors studied in this work (right).

Recently, low-cost NADH mimetics (NNADH) have gathered attention as a platform for
studying the relationship between cofactor structure and redox behavior. Many of these mNADH
— which include variable 1-substituents attached to the redox-active nicotinamide site (Scheme
2.1B) — display enzymatic activity up to or exceeding that of native NADH.*® However, there is
no general way to predict the redox behavior of mMNADH due to a lack of known structure-function
relationships. In particular, precise electrochemical measurements of mNAD dimerization are
scarce because the dimerization rate constants (kp > 10" M s1) are too fast to be discerned with
traditional experiments like cyclic voltammetry (CV).2° A common approach to increase kinetic
resolution in voltammetry experiments is to increase the potential sweep rate, but the fast scan and
rapid pulse experiments that adhere to this paradigm suffer from low signal/noise due to small
electrode sizes and high charging currents. By contrast, alternating current voltammetry (ACV)
obtains high Kkinetic resolution at slow scan rates by tracking the difference in time between voltage
and current throughout an experiment. Based on this capability, we envisioned a way to utilize
ACV to make precise kinetic studies of biologically relevant mMNAD* more accessible.

Although ACV has been used to study dimerizing systems before, widespread adoption of

the technique has been hindered by a few practical difficulties. One difficulty was the subtraction
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of background current, called “a challenging operation” in a seminal publication.**'* Another
difficulty was the reliance on external simulations to find best-fit parameters, adding an
unnecessary step to the fitting process. A third difficulty was an incomplete theoretical framework;
for example, the concentration of neutral radical was assumed constant with respect to position,
and it was not always differentiated from the concentration of oxidized substrate.3° We
hypothesized that ACV implementation would be faster and more reliable if background
subtractions were straightforward, if data fitting were self-contained, and if the theoretical
framework were refined to include the dependence of the radical concentration on position. Herein,
we synthesize a family of mMNAD" to test this hypothesis, along with a literature control to validate
the method.
RESULTS AND DISCUSSION

To demonstrate our ACV procedure, we used 1-allyl nicotinamide bromide (1-Br) as a
model substrate for its ease of synthesis and good solubility. Figure 2.1A illustrates the input
potential (blue) and the output current (orange) over time during a representative ACV scan of 1-
Br, with an experimental CV superimposed on the ACV for comparison. In ACV, a sinusoidal
potential is added to the linear sweep potential of CV experiments, generating a sinusoidal current
added to the traditional “duck”-shaped current of CV experiments. Three datasets can be extracted
from an ACV experiment: 1) the direct current, Ipc, is the average of the measured current over
each period of the sine wave; 2) the alternating current magnitude, Al, is half the peak-to-valley
current difference in one cycle; 3) the phase angle, ¢, is the difference in time between the current
and potential sine waves (mentioned above; 360° = one cycle). Figure 2.1B illustrates how Al and

¢ are found in a given cycle.
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Figure 2.1. A) Representative cyclic voltammogram (dark orange = current, dark blue = potential)
and alternating current voltammogram (light orange = current, light blue = potential). B) The
alternating current magnitude Al, the alternating potential magnitude AE, and the phase angle ¢
are visible in the inset on the right. The difference in time between the alternating potential and
the alternating current is given by the phase angle ¢ (360° = one cycle). Experimental conditions:
2 mM 1-Br and 200 mM BusNPFs in acetonitrile, with a 3 mm glassy carbon working electrode,
Pt wire counter electrode, and Ag/AgNQOs reference electrode at 22 °C. The solution was purged
with nitrogen before each scan. For CV, v =50 mV s; for ACV, v =50 mV s, AE =5 mV, and
w = 2n*20Hz.

One advantage of adding the sinusoidal potential to a linear sweep potential, rather than to
a constant potential, is that the experiment remains short enough for the approximation of 1-D
semiinfinite diffusion to be valid (< 30 s).** With this approximation, the direct current Ipc can be
separated from the alternating current and used to predict the theoretical alternating current
(described below). Figure 2.2 illustrates this process for 1-Br, showing how a raw dataset is
transformed into a polar plot that allows comparison between theory and experiment. After the
experimental dataset is measured, a Fourier transform shows peaks of the current at integer
multiples of the applied frequency. The direct current is isolated as the peak near 0 Hz, and it is
used to predict the alternating current. Meanwhile, the fundamental harmonic current is isolated
as the peak near the applied frequency. The polar plot is generated from the alternating current by
fitting the current to the form I(w?) = AI*sin(wt+¢), over each cycle of the alternating potential,
with A1 as the radius of the plot and ¢ as the angle. The faradaic current is isolated by subtracting

the effects of cell resistance and background current. Finally, the unknown parameters are iterated
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until the predicted alternating current agrees with the experimental alternating current.

It should be noted that the process of isolating different harmonics is used in Fourier
transform ACV (FTACV), where several harmonics are generated at once from a high-amplitude
sinusoidal potential (4E ~ 50 mV), and 4/ is analyzed for each harmonic.*>** In contrast to
FTACV, here we use a small-amplitude sinusoidal potential (1£ = 5 mV) to generate only the
fundamental harmonic, and we analyze both A7 and ¢. Harmonics arise from a Taylor series

expansion of the exponential terms in the Butler-Volmer equation (see Egs. S19 and S20 in the

appendix).
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Figure 2.2. Schematic of the data extraction/fitting process using representative data from 1-Br.
The direct current is separated from the alternating current, and it is used to predict the theoretical
alternating current. Best-fit parameters are found when the prediction agrees with the isolated
faradaic alternating current. Experimental conditions: 2 mM 1-Br and 0.2 M BusNPFs in
acetonitrile, with a 3 mm glassy carbon working electrode, Pt wire counter electrode, and
Ag/AgNOs reference electrode at 22 °C. The solution was purged with nitrogen before each scan.
For the applied potential, v =50 mV s, AE =5 mV, and v = 2n*20Hz.

Isolating the Faradaic current in the polar plot involves corrections for both cell resistance
and background current, illustrated in Figure 2.3 for 1-Br. The polar plot has the advantageous
feature of retaining the size and shape of the current throughout these corrections. Subtraction of
the cell resistance (along a vector parallel to the measured current but in the opposite direction)

essentially rotates the current counterclockwise, increasing the phase angle from ¢m to ¢’ while
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lowering the alternating potential magnitude from AEn to AE (Figure 2.3A).%° After correction for

cell resistance, the background current can be subtracted.
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Figure 2.3. Experimental corrections for cell resistance and background current, illustrated for 1-
Br. A) Correction for cell resistance. B) Correction for background current. C) Sensitivity of a
polar plot to variations in background subtractions. D) Sensitivity of a cot(p) plot to the same
variations in background subtractions. Experimental conditions: 2 mM 1-Br and 0.2 M BusNPFe
in acetonitrile, with a 3 mm glassy carbon working electrode, Pt wire counter electrode, and
Ag/AgNO:s reference electrode at 22 °C. The solution was purged with nitrogen before each scan.
For the applied potential, v =50 mV s, AE =5 mV, and v = 2n*20Hz.

The polar plots here offer another benefit, immediately revealing the necessary background
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subtraction, which only requires displacing the current to start/end at the origin (Figure 2.3B). The
retention of the shape and size of a polar plot of the current allows qualitative interpretation of
data, even with small variations in these corrections (Figure 2.3C). By contrast, the historically
favored plots of cot(¢) give no indication of how much background current to subtract, and small
changes in the subtraction can cause large variations in the plot for systems with rapid dimerization
kinetics (Figure 2.3D).

Once the faradaic current has been isolated, it can be fit to the theory for electron transfer
with subsequent dimerization. Here, we present a refined theoretical description of the
concentration of the neutral radical cr, accounting for its dependence on position, in contrast to
previous descriptions.-4%45 A full derivation of the fundamental harmonic solution is provided in
the Supporting Information.

The concentration of radical intermediate is governed by the nonlinear equation:

0 _ @
ot T T Y oxz

where D is the diffusion coefficient. The concentration cr can be written as the sum of direct (cro)

Cr — kDCr2

and alternating (cr1) components, analogous to the current. Expanding in this way affords the
governing equations for cro and cr1:

d 0?2 5
acro = Dﬁcro —kpcro

d 0?2
acm = Dﬁcm — 2kpcroCr

assuming that c?; is negligibly small. The first of these equations can be solved analytically for
sufficiently fast kp with a steady-state assumption, d/dt = 0, which gives the following form for
Cro:

_ 6D /kp
Cro = —(x — )2
where A is an arbitrary constant. Incorporating the flux boundary condition (Eq. S6 in the
Supplementary Information) gives an expression for cro at the electrode surface throughout the

experiment:

coleno = (125) " (7o)
rolx=0 T \nFA 2Dk,

In this way, crolx=0 is calculated from the experimental Ipc, instead of from external simulations.

1/3
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The governing equation for cr1 is linear, so a Laplace transform may be taken. Doing so

gives the following equation:

0% (s 2kpceo\
WC”:(BJ’ D )Cﬂ

where s is the Laplace variable and an overbar denotes a Laplace transformed function. If ¢ is
assumed to be constant with respect to position, this equation has a solution of the form

—x %+2kDDCTO
C1 =€

whose inverse transform gives the result previously published.*® By contrast, incorporating the

position-dependent expression for cro above gives the equation

0% /s 12 L

g2 = (5 + m) Cr1
which has a Whittaker function for a solution (see Supporting Information). The full equation used
to predict the fundamental harmonic alternating current is provided in Eq. S117 in the
Supplementary Information.

We used this refined theory to simulate the data shown below in Figure 2.4, which
illustrates the dependence of faradaic AC voltammograms on eight parameters (the diffusion
coefficient D, the alternating potential magnitude 4E, the bulk concentration of substrate c°, the
linear potential scan rate v, the dimerization rate constant kp, the alternating frequency w, the
electron transfer rate constant k° and the symmetry coefficient «). The effects of the different
parameters are tied to the rates of dimerization and charge transfer on the timescale of the ACV
experiment. If less dimerization takes place on the ACV timescale (for example, from a slower kp
or a faster w), the system approaches a flat line at 45° (fully reversible behavior). On the other
hand, if the dimerization rate constant kp is very fast, the loop becomes fat and nearly horizonal,
sitting on the x-axis. A slow electron transfer rate constant k® adds resistance to the experiment,
lowering both the magnitude of the current and its phase angle. As k° is raised, the loop approaches
an upper size limit (this effect is also seen in CV, where the peak current approaches an upper limit
for a "fully reversible" redox system with fast electron transfer kinetics). There are also parameters
which affect the magnitude of the current but have little effect on its phase angle, for example the
diffusion coefficient D, the alternating potential magnitude 4E, the bulk concentration c°, and the
linear potential scan rate v. These parameters all affect the amount of charge passed more than they
affect the relative rates of dimerization and charge transfer on the experimental timescale. Finally,
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the symmetry coefficient o has no significant effect either on the amount of charge passed or on

the relative rates of dimerization and charge transfer.
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Figure 2.4. Simulated ACV polar plots, showing the influence of different parameters on the
fundamental harmonic current. The plots were predicted from Equation 117 in the Supporting
Information, with simulated CV data from DigiElch for Ipc, Coo, and cro. The plot in the center was
produced with the following parameters: ¢c® =2 mM, 4E=5mV, D =10°cm?s?, k® =1 cm s,
w=21*20Hz, a=£=05,v=50mV st kp=10°M?1s? T=295K, n=1, A=0.0707 cm? The
parameters used for the remaining plots are illustrated on the plots.

With this ACV fitting procedure in hand, we synthesized and tested a family of 12
mNAD*X" (X = Br, Cl), including two from the literature with enzymatic activity (2 and 6).* We
also synthesized and tested a literature control, 1-methyl-4-tert-butyl pyridinium perchlorate
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(MP), to validate the fitting method. In order to have a diverse representation of structures, the

mimetics included both X = Br and X = Cl as counterions, as well as a mixture of sp? and sp® C-H

functional groups in the 1-position. Representative fits of the experimental data are shown in

Figure 2.5 (gray circles = experiment, green dots = theory).
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Figure 2.5. Experimental ACV data (gray circles) and representative fits (green dots) for each of
the twelve mMNAD*X", and for the control MP. Experimental conditions: 3 mm glassy carbon
working electrode, Pt wire counter electrode, and Ag/AgNOs reference electrode at 22 °C. The
solution was purged with nitrogen before each scan. Potential input was a 50 mV s linear sweep
potential plus a sinusoidal potential with a magnitude of 5 mV and a frequency of 20 Hz. For
mMNAD*X, the solution was 2 mM substrate and 0.2 M BusNPFs in acetonitrile. For MP, the
solution was 1 mM substrate and 0.25 M LiCIlOg4 in acetonitrile.
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To make the linear scan potential Epc visible in the plot, the potential at peak A/m (peak
signal/noise) was marked with a small indicator (gray “+” for experiment, green “x” for theory).
Thus, not only were the parameters E, k° kp, and « iterated until the loops were the same shape
and size, but they were also iterated until the predicted potential at peak signal was the same
between experiment and theory. In this fitting process, we assumed that the diffusion coefficients
of the oxidized and reduced mNAD were the same. The diffusion coefficient D was found from
convolution voltammetry, by manually iterating D until the change in the convolution integral
equaled the change in the bulk concentration (the method, also called semiintegration, is described
by Oldham and Spainer*®). We also used the corrected potential 4E in place of the nominal
potential 4Em when predicting the fundamental harmonic current. For the 12 mNAD*X", the
experiments were run with 2 mM substrate and 200 mM BusNPFs supporting electrolyte in
acetonitrile. For MP, the experiments were run with 1 mM substrate and 250 mM LiClO4
supporting electrolyte in acetonitrile, according to the procedure of Hermolin and coworkers.?

The experimental plots of the current in Figure 2.5 can be interpreted qualitatively by
reference to Figure 2.4. The broad, horizontal ovals resting on the x-axis for mNAD*X" are
consistent with dimerization rate constants near 10° M s for these compounds. The slight
decrease in 47 when X = Br is replaced with X = Cl is characteristic of a smaller diffusion
coefficient and/or a smaller electron transfer rate constant. The polar plot for MP, in contrast to
those of MNAD™X, rises off the x-axis at a small angle, indicating a dimerization rate constant
near 10° — 10’ M s, The smaller concentration of MP is also visible as a smaller A1.

To quantify the error in the fits as a function of the parameters ko, k°, E°, and «, we took
the mean absolute error of those data points where the faradaic 47 was at least 10% of the maximum
value, and we weighted each data point by the relative intensity of A4/ at that point (see Figure
2.524 in the Supplementary Information). Sweeping the parameter space afforded contour plots
like those in Figure 2.6, which show the error of the fit as a function of the parameters. For the
literature control, MP, the fit converged on a small range of best-fit values around kp = 6 x 10% M-
151 identical with the previously reported dimerization rate constant in acetonitrile.?® In other
cases, for example 1-Br, the fits provided a lower limit for ko and an upper limit for E°. For those
cases when ACV provided only a lower bound for ko and an upper bound for E°, we utilized
density functional theory (DFT) to compute relative values of the reduction potentials E°.#"#8 The

relative reduction potential was computed as the difference in energy between the oxidized and
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reduced forms of a given mNAD?, and the absolute reduction potentials were found by uniform
subtraction of a correction factor until all the reduction potentials were less than or equal to the
experimental upper bound determined by ACV measurements (see Table 2.S8). Because the upper
bound for E° depended on the counterion (compare, for example, Figures 2.527 and 2.534), a
different correction factor was applied for X = Cl and X = Br. Once E° was found for each
compound, the dimerization rate constant kp was taken as the range of kp values at the computed
E° for which the weighted error was less than 0.15 pA. The results for these and other parameters

are listed in Table 2.1.
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Figure 2.6. Weighted error as a function of the unknown parameters E° and kp, for the substrates
A) MP and B) 1-Br. Experimental conditions: 3 mm glassy carbon working electrode, Pt wire
counter electrode, and Ag/AgNO3 reference electrode at 22 °C. The solution was purged with
nitrogen before each scan. The applied potential had v =50 mV s, AE =5 mV, and » = 2n*20Hz.
For MP, the solution was 1 mM substrate and 0.25 M LiCIlOg4 in acetonitrile. For 1-Br, the solution
was 2 mM substrate and 0.2 M BusNPFs in acetonitrile.
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1 alyl  Br  -1515 2 <04 1,50 80+03  81%03 95

2 butyl  Br  -1564 >2 <05 138 86+03  9.0+03 9.4

3 | phenethyl Br  -1534 22 o 116 79+03 8003 9.4

4 isopropyl  Br -1.591 22 (bl 1.49 9.2+0.2 9.1+0.2 9.5

5 hexyl ~ Br 1591 >1 <03 1.42 96403  9.7+03 9.5

6 benzyl  Br  -1505 >2 <04 141 8603 85403 95

7 ethy  Br  -1.567 22 = 143 84+03  87%03 9.5

1 alyl  Cl 1538 1 <06 135 8903 8503 9.4

2 butyl  Cl 1587 21 <03 127 92+02  93%02 9.4

3 | phenethyl CI AB57  1+05 <04 111 85+03 83403 9.4

4 isopropyl ~ Cl 1614 2+¢1 <04 122 9603  94+03 9.4

5 hexyl  ClI 1614 2¢1 <03 1.20 104+03 101+03 9.4

Table 2.1. Best-fit parameters for the family of MNAD* X" under study. Experimental conditions:
3 mm glassy carbon working electrode, Pt wire counter electrode, and Ag/AgNO3 reference
electrode at 22 °C. Solutions were purged with nitrogen before each scan. Potential input was a 50
mV/s linear sweep potential plus a sinusoidal potential with a magnitude of 5 mV and a frequency
of 20 Hz. Compounds 1-7 were run at 2 mM in acetonitrile with 0.2 M BusNPFs, while MP was
run at 1 mM in acetonitrile with 0.25 M LiClO4. [a] Compounds listed are 1-substituted salts of
nicotinamide. [b] In these cases, a did not significantly affect the quality of the fit.

Inspection of the data in Table 2.1 shows that the reduction potential E° becomes more
negative when the counterion X = Br is replaced with X = Cl, and that E° becomes more positive
when sp? carbons rather than sp* carbons are closer to the redox active nicotinamide site. The
ability of the counterion to influence the reduction potential suggests that mMNAD™X" may be
reduced as ion pairs, rather than as lone mNAD* ions.

The best-fit values for k® are rapid in all cases (k®> 1 cm s™%), consistent with the frequently
made assumption of Nernstian electron transfer kinetics in systems with rapid dimerization.*® The
counterion does appear to have a small effect on electron transfer kinetics, however, as evidenced
by best-fit k° values less than about 3 cm s for X = CI, while no upper limit of k® was observed
for X = Br.

The symmetry coefficient « is in most cases less than 0.5, which may indicate a “product-
like” transition state for the one-electron reduction of mMNAD*X".1® However, the effect of a on the
quality of the fit was very small, and in several cases negligible.

The values of the diffusion coefficient D for MNAD* X range between 1.1 — 1.5 x 10° cm?
s, with a slight drop when X = Br is replaced with X = Cl. In the CVs used to determine the
diffusion coefficients, we observed a non-faradaic prewave just before the reduction event for
mNAD*CI, which was virtually absent for mMNAD*Br". By ACV, this prewave had a phase angle
larger than 45°, indicating capacitance-like behavior, perhaps due to adsorption. Differential

subtraction of this prewave from the convolution voltammograms may be a reason for the
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differences in D. An alternative explanation is that a higher extent of ionic aggregation with X =
Cl may cause these mimetics to diffuse more slowly compared to X = Br.

For the dimerization rate constant kp, best-fit values are at or near the respective diffusion
limits in acetonitrile, with 5-CI notably dimerizing faster than the diffusion limit. The diffusion-
limited ko values were found from 4zrDNa, where r is the radius of the compound and Na is
Avogadro’s number.>® We assumed that reactivity was localized to the nicotinamide site,
independent of the mimetic 1-substituent, and therefore that r was the same for all compounds. We
determined a value of r = 2.7 A from the crystal structure for 1-Br, measured as half the distance
between nearest-neighbor pyridinium N atoms; this value agreed with the collision radii of the
similarly-sized benzene (r = 2.7 A) and pyridine (r = 2.9 A).51%2

To investigate which molecular features influence the dimerization rate constant, we turned
to quantitative structure-activity relationship (QSAR) modeling,® and we found that the logarithm
of kp correlated with the steric size of the pyridinium 1-substituent, and inversely with the
reduction potential E® (Figure 2.7; a brief explanation of QSAR is provided with Table 2.S9). The
Sterimol B5 parameter, which measures the largest radius of a group perpendicular to the axis of
attachment, was used as a descriptor of steric size.>**

11.0

10g,(ko) = 0.46B5 - 0.75E
R? = 0.89 #3

9.0

7.0 = ; ; ;
7.0 8.0 9.0 10.0 11.0
predicted logo(kp (M s77))

experimental log,, (kp (M7 s77))

Figure 2.7. Predicted and experimental logio(kp) values from linear regression analysis. The
Sterimol B5 parameter was used as a measure of the steric size of the pyridinium 1-substituent.

The positive correlation between sterics at the pyridinium 1-position and dimerization rate
may indicate preferential dimerization at the 4-position. Dimerization of 1-substituted pyridine
radicals is known to be possible at either the 4-position or the 6-position.?* When the 4-position is
blocked, dimerization at the 6-position is favored, and increasing sterics at the 1-position can slow

down decomposition rates.?®® In our case, the 4-position is available, and bulky 1-substituents
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could force mMNAD*X" aggregates in solution to adopt head-to-head orientations, placing the 4-
positions near each other. Such an explanation would account, for example, for the faster
dimerization of 6-Br over 3-Br: although the phenethyl group of 3-Br is longer than the benzyl
group of 6-Br, the phenethyl group can extend nearly parallel to the axis of attachment, while the
benzyl group must extend away from the axis of attachment at a large angle, giving a faster
dimerization rate.

The data for reduction potential, electron transfer rate constant, diffusion coefficient, and
dimerization rate constant, are all consistent with an electrochemical reduction of MNAD*X" ion
pairs rather than lone mMNAD™ ions. Switching the mimetic counterion from X = Br to the more
strongly coordinating X = Cl causes an increase in the dimerization rate constant kp, and it causes
a decrease in the reduction potential E, in the diffusion coefficient D, and in the electron transfer
rate constant k. These correlations suggest that the electrochemistry of mNAD" is heavily
influenced by ionic interactions in solution; indeed, interactions between mNAD™* and X are
visible in concentration-dependent NMR experiments, shown in Figure 2.8 for compound 2. The
ionic interactions are located at the pyridinium 2- and 4-positions, with the strongest interaction at
an amide proton adjacent to the 2-position. This ionic interaction dominates over complementary
H-bonding interactions between amide groups, which are not observed at these concentrations in
acetonitrile. Crystal structures show that the amide group is sometimes inverted, placing proton
He near the 4-position (see, for example, Figures 2.S17 and 2.S20 in the Supplementary
Information). The possibility for one MNAD" to interact with X" in at least two different locations
suggests that higher order aggregation of mMNAD*X" may indeed be happening in solution,

accounting for the observed trend in dimerization rates.

27



" 0.8mM
A | 0.5mM
1 N 0.1 mM
10 9 8(ppm) g 7 6
Hy O O Hed N
X N‘H” % 2
I 1 "21 “He0
=z He —
H N H Br counterion: H-bondi
D & Weaker onding

not observed
between amides

Figure 2.8. Concentration-dependent NMR data for 2-Cl and 2-Br, showing downfield chemical
shifts of protons in the 2- and 4- positions (Ha and Hg), as well as of the amide proton cis to the
aromatic ring (He), at higher concentrations. Downfield shifts are also observed upon replacing ClI
with Br at a given concentration. The mimetic was diluted with CD3CN to the concentration listed,
and spectra were gathered on an Agilent 500 MHz NMR spectrometer.

self-interaction

CONCLUSION

ACYV is a powerful electrochemical tool, able to probe the challenging kinetic systems
relevant to bioelectrocatalysis. By applying ACV to a family of mNAD?, analogues of one of the
most common biological redox cofactors, we found the rate constants for electrochemical
dimerization were close to the theoretical diffusion limit in acetonitrile (ko = 108 — 10'° M1s™%).
Estimates for these dimerization rate constants could be obtained by visual inspection of polar
plots of ACV data, after familiarization with a few plots of simulated data. This ability to interpret
ACV data intuitively recommends the technique for broad application to electrochemical systems.
The positive correlation between kp and sterics at the pyridinium 1-position, together with the
counterion-dependence of E°, k% and D, all suggest that the reduction of this family of mMNAD*X"
involves the reduction of aggregates of ion pairs rather than the reduction of lone mMNAD* ions,
with preferential dimerization at the pyridinium 4-position. The reliability of ACV results was
validated by replicating literature results for a model pyridinium compound, MP. The combination
of ACV with computational chemistry offers a high degree of insight on the structure-reactivity

relationships of mMNAD?, enabling design of regenerable mNADH systems for bioelectrocatalysis.
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CHAPTER 3: IMPACT OF SODIUM PYRUVATE ON THE ELECTROCHEMICAL
REDUCTION OF NAD* BIOMIMETICSK

ABSTRACT

Biomimetics of nicotinamide adenine dinucleotide (WNNADH) are promising cost-effective
alternatives to their natural counterpart for biosynthetic applications; however, attempts to recycle
MNADH often rely on coenzymes or precious metal catalysts. Direct electrolysis is an attractive
approach for recycling mNADH, but electrochemical reduction of the oxidized mimetic (NNAD™)
primarily results in the formation of an enzymatically inactive dimer. Herein, we find that aqueous
electrochemical reduction of an NAD* mimetic, 1-n-butyl-3-carbamoylpyridinium bromide (1*), to
its enzymatically active form, 1,4-dihydro-1-n-butyl nicotinamide (1H), is favored in the presence
of sodium pyruvate as a supporting electrolyte. Maximum formation of 1H is achieved in the
presence of a large excess of pyruvate in combination with a large excess of a co-supporting
electrolyte. Formation of 1H is found to be favored at pH 7, with an optimized product ratio of
~50/50 dimer/1H observed by cyclic voltammetry. Furthermore, sodium pyruvate is shown to
promote electroreductive generation of the 1,4-dihydro form of several additional MNADH as well
as NADH itself. This method provides a general strategy for regenerating 1,4-dihydro-nicotinamide
mimetics of NADH from their oxidized forms.
INTRODUCTION

Recently there has been a significant expansion in the use of bioelectrocatalysis for
environmentally friendly organic synthesis.®? In bioelectrocatalysis, redox enzymes drive highly
selective redox reactions under mild aqueous conditions, and the corresponding enzyme cofactor
is regenerated with an electrode as the terminal oxidant/reductant. One cofactor, nicotinamide
adenine dinucleotide (phosphate) (NAD(P)*/NAD(P)H), holds special appeal for
bioelectrocatalysis, because it is used by half of documented oxidoreductases®; however, its
commercial utilization is limited by its high cost. A promising step towards low-cost redox
cofactors was demonstrated with simple NADH mimetics (nNADH), such as 1-n-butyl-1,4-
dihydronicotinamide (1H), that were shown to exhibit activity with enoate reductase,
hydroxybiphenyl monooxygenase, and BM3 cytochrome p450.+953-%5 Both the natural cofactor,

NADH, and its mimetics commonly function as hydride donors, undergoing a concerted two-

K This chapter previously appeared in Faraday Discussions, 2023, 247, 87-100. Reprinted with permission.
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electron/one-proton transfer to yield the oxidized form, NAD*; however, direct electrochemical
reduction of NAD™ and its mimetics proceeds via sequential single electron/proton transfers. These
reductions can be intercepted after the first electron transfer, with rapid formation of enzymatically
inactive dimers (rate constant for dimerization exceeds 10’ M1s?).22 The first one-electron
reduction of NAD* occurs between -0.9 V and -1.2 V, and the resulting neutral pyridine radical
can be further reduced near -1.6 V to form the enzymatically active 1,4-dihydropyridine (all

potentials reported vs SCE).%¢

A. Biological reaction of 1,4-NADH in alcohol dehydrogenase

HH O o]
. P
REH N direct hydride " H NG
|‘q transfer |Iq
B. Electrochemical reduction pathways of NAD* and mNAD*
o}
™
| " “NH;
2 dominant
Ne NAD* pathway
R

+NAD*

desired
e NH, pathway
. : _—_————-
' i o

Scheme 3.1. (A) Example biological reaction involving NADH, where alcohol dehydrogenase
catalyzes the reduction of an aldehyde to an alcohol. The reaction proceeds via hydride transfer.
(B) Mechanism for direct electrochemical reduction of NAD™. The reaction proceeds via
sequential electron-proton transfer and is intercepted after the first electron to form dimer rather
than the desired biologically active NADH.

ELECTRODE
+
o

In practice, however, the electrochemical yields of enzymatically-active NADH from
constant potential electrolysis are near 65-76%, and no NADH is observed at moderate reduction
potentials (ca. -1.2 V).?* While methods do exist to optimize the yield of electrochemically
generated NADH above even 90%, for example Rh hydride-transfer catalysts*>®* and Pt-patterned
glassy carbon electrodes®®, these methods are limited by slow turnover rates and a sensitivity to
the precise voltage/metal surface coverage. While the operational simplicity of direct
electrochemistry and its high theoretical (mM)NADH regeneration rate (limited only by mass
transport) hold promise for bioelectrocatalysis, its use is still limited by the undesired dimerization

reaction.
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While it is known that the supporting electrolyte can play a critical role in governing the
product distribution of electrochemically-coupled chemical reactions,%®"# little attention has been
given to the role of supporting electrolyte in the electrochemical reduction of NAD™ or its
mimetics.” In light of this, we considered the possibility that dimerization could be minimized in
electrochemical (m)NAD™ reduction through judicious choice of supporting electrolyte. We chose
1H as a model cofactor, hypothesizing that supporting electrolyte could lower the relative rate of
dimerization and increase the relative rate of 1H formation during electrochemical reduction of
the mimetic’s oxidized form, 1-n-butyl nicotinamide bromide (1*). To test this hypothesis, we
screened the electrochemistry of the bromide salt of 1* in 28 different supporting electrolytes at a
boron-doped-diamond electrode, and we compared this against the electrochemistry of 1H formed
by dithionite reduction. We used cyclic voltammetry for its operational simplicity, and for the ease
with which information about concentration profiles and product distributions could be extracted.
RESULTS AND DISCUSSION

The cyclic voltammogram (CV) for 2 mM 1* in aqueous 200 mM sodium bicarbonate
reveals an irreversible reduction peak at -1.3 V and an irreversible oxidation peak at -0.05 V (ox1)
(all potentials reported vs SCE). The potential of ox1 is consistent with that of a dimer formed by
electrochemically generated neutral radical species of 1* (i.e., 1*).?” By contrast, CVs of the
chemically prepared, pure form of 1H result in no peak at 0 V during the initial scan, but instead
a large irreversible oxidation peak is observed near 0.44 V (ox2) followed by a reduction peak at
-1.3 V matching that of 1*. After the first cycle, an oxidation peak consistent with ox1 becomes

visible (Figure 1). A summary of this general reaction mechanism is given by:

Q 1rSr
@ 1+1 Sy,

L HY/e™
3) 1"— 1H

@) lgm—1"+1"  (ox1)
5) 1H—1"+H" (0x2)
where ldim is the electrochemically dimerized mimetic. The presence of two distinct peaks
corresponding to electrochemical oxidation of the dimer (ox1) and oxidation of the 1,4-

dihydropyridine 1H (0x2) provides a convenient means to measure the relative amounts of dimer

and 1H generated upon electrochemical reduction under variable conditions.
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Figure 3.1. Representative cyclic voltammograms of 2 mM 1-n-butyl nicotinamide bromide, 1%,
(blue) and 2 mM 1,4-dihydro-1-n-butyl nicotinamide, 1H, (red). Solid curves represent the first
CV scans, while dashed lines represent the second CV scans. Experiments were performed using
a 2 mm boron doped diamond working electrode, saturated calomel reference electrode, and
platinum wire counter electrode, with 200 mM agqueous NaHCOs3 purged with N2 and at 25 °C and
800 mV s,

To determine the impact of supporting electrolyte on the distribution of peaks
corresponding to dimer and dihydro species (ox1 and ox2, respectively), CVs of 2 mM 1* were
performed in 28 different supporting electrolytes, including Na*, K*, Li*, Ca%", Mg?*, NH4*, or
organic ammonium cations with halide, sulfate, phosphate, nitrate, carbonate, azide, or borate
anions. Additionally, sodium and potassium salts of several organic anions were tested, including
acetate, citrate, oxalate, gluconate, propionate, and pyruvate. The resulting voltammograms are
summarized in Table 3.1. For most of the electrolytes studied, ldim was the only observable
reduction product. The CVs were qualitatively nearly identical with only small variations in the
reduction event (Epc = -1.3 V, ipc = 35-45 mA) and moderate variations in ox1 (Epar = -0.07-0 V,
Ipa1 = 11-19 mA). A small additional oxidation event (Epaz = 0.35V, ipa2 < 0.1 mA) was observed
in the most acidic solutions (NaH2PO4 and NH4H2PO4, where pH < 5), indicating a general pH
dependence for the product distribution of electrochemically reduced 1*.
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peak current / pA peak potential / V vs SCE[!
1H
dimer oxidation | oxidation dimer oxidation | 1H oxidation

Electrolyte 1* reduction (ox1) (ox2) 1* reduction (ox1) (ox2) pH
Na2COs 425+0.2 17.4+0.1 - -1.295 + 0.001 | -0.049 - 11.2
NaNs 43.76 £0.07 18.22 +0.01 - -1.296 -0.056 - 10.1
Naz2B4O71*! 41.35+£0.03 15.62 + 0.06 - -1.307 -0.049 - 9.6
K2HPO4 41.45+0.01 16.7+0.1 - -1.299 -0.036 + 0.001 - 9.2
NazHPO4 39.7+0.1 14.81 +0.05 - -1.305 + 0.001 | -0.001 +0.001 - 9.1
NaHCO3 42.56 +0.09 17.41 £ 0.05 - -1.295 + 0.001 | -0.052 + 0.002 - 8.9
CaCl2 35.7+0.2 13.35+0.08 - -1.31 0.017 £ 0.002 - 8.8
(NH4)2HPO4 | 40.46 +0.04 15.14 + 0.02 - -1.302 -0.019 - 8.3
Na2S04 41.2+0.1 16.89 + 0.09 - -1.304 £ 0.001 | -0.012 + 0.003 - 7.7
KNO3 43.6+0.2 17.2+£0.04 - -1.301 +£ 0.001 | -0.029 - 7.3
LiBr 43.2+0.1 16.73 £ 0.09 - -1.296 -0.051 + 0.001 - 7.3
KCI 443+0.2 16.95 +£ 0.07 - -1.303 -0.02 + 0.002 - 7.2
MgSOq4 41.1+0.1 16.4 +£0.02 - -1.299 -0.041 - 7.2
KBr 433+0.1 16.59 +£ 0.01 - -1.302 £ 0.001 | -0.032 + 0.001 - 7.1
NaCl 429+0.1 18.06 + 0.09 - -1.293 £ 0.001 | -0.056 + 0.001 - 6.9
NaBr 43.78 £0.05 17.78 £ 0.01 - -1.301 £ 0.001 | -0.039 £ 0.002 - 6.6
NaNO3 42.1+£0.2 17.0+0.2 - -1.3+0.001 -0.038 - 6.5
NH4CI 44.57 +£0.02 16.31 + 0.02 - -1.307 £ 0.001 | 0.000 + 0.001 - 6.2
NH4H2PO4 409+0.1 11.92 +0.02 0.04 -1.312 0.012 +0.003 0.35+0.002 | 4.7
NaH2PO4 38.3+0.2 10.88 + 0.03 0.07 -1.303 -0.025 + 0.001 0.35+0.001 | 4.6
NasCeHs07
(citrate) 42+0.2 16.4+£0.2 - -1.304 £ 0.001 | -0.036 + 0.001 - 8.9
K2C204
(oxalate) 44.49 £ 0.03 18.1+0.1 - -1.301 -0.033 + 0.001 - 7.8
BusNBr 38.1+0.2 14.42 +0.04 - -1.283 -0.001 + 0.001 - 7.2
PrsNBr 39.3+0.2 15.21 + 0.03 - -1.289 -0.025 + 0.001 - 7.2
NaCsHs0s3 0.489
(pyruvate) 44.29 +0.07 12.66 + 0.01 44+01 | -1.314 -0.008 + 0.001 0.002 7.0
NaC2Hs02
(acetate) 41.2+0.1 15.39 +0.09 - -1.309 £ 0.001 | -0.039 - 6.9
NaCsHsO2
(propionate) | 38.88 +0.05 14.85 + 0.02 - -1.309 -0.025 + 0.002 - 6.7
KCesH1107
(D-
gluconate) 40.7+0.2 15.38 + 0.05 - -1.303 -0.037 + 0.003 - 6.7

Table 3.1. CV output data from inorganic (top) and organic (bottom) electrolytes tested with 1*,
including the peak currents and peak potentials for 1* reduction, 1dim oxidation (ox1), and 1H
oxidation (0x2). Values are reported as the average and one standard deviation with n = 3.
Experiments were performed using 2 mM 1* with 200 mM supporting electrolyte purged with N>
and at 25 °C and 800 mV s*. [a] Unless otherwise noted, the standard deviation for a given peak
potential was less than 1 mV. [b] 100 mM Sodium tetraborate decahydrate was used.
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Among the electrolytes tested, sodium pyruvate stood out for its ability to promote 1H
formation, even at neutral pH (Epaz = 0.49 V, ipa2 = 4 mA at pH 7.0). To better understand the
unique effect of sodium pyruvate on the electrochemistry of 1*, we used convolution voltammetry
to compare the product distributions in the presence and absence of pyruvate (see Supporting
Information for a brief description of convolution voltammetry).2>#¢ Convolution voltammetry
shows the effective concentration change of a redox-active substrate at the electrode surface,
assuming that the substrate participates only in diffusion and electron transfer. The height of the
convolution integral is proportional to the number of electrons transferred per molecule. Figure
3.2 shows CVs (top, solid curves) and convolution integrals (bottom, dashed curves) of 1* at pH
7, in 100 mM sodium phosphate (blue) and in 100 mM sodium phosphate plus 100 mM sodium
pyruvate (red). Both graphs show the appearance of ox2 when sodium pyruvate is added. The
convolution integral, when normalized for a one-electron reduction (Figure 3.2B), shows that the
concentration of 1* drops by 2 mM (i.e., the bulk concentration) when reduced without sodium
pyruvate, and that it returns to the bulk concentration after ox1. By contrast, the effective
concentration change with sodium pyruvate is over 4 mM after the reduction event. Part of this
change is attributable to the change in mechanism, from a one-electron reduction (1* to 1gim) to a
two-electron reduction (1* to 1H). However, part of the change is due to the irreversible reduction
of a species other than 1* in the presence of sodium pyruvate, evidenced by an offset in the
convolution integral of ~0.5 mM from the baseline after both oxidation events. With sodium
pyruvate, the concentration changes after ox1 and ox2 are roughly equal, showing that the
concentrations of 1dim and 1H are approximately the same after the reduction event (corresponding
to ~30% selectivity for 1H formation).
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Figure 3.2. (A) Representative cyclic voltammograms and (B) the corresponding convolution
integrals of 2 mM 1* in the absence (blue) or presence (red) of 100 mM sodium pyruvate, or 100
mM sodium pyruvate alone (orange). Experiments were performed using a 2 mm boron doped
diamond working electrode with 100 mM sodium phosphate supporting electrolyte purged with
N2 and at pH 7.0, 25 °C and 800 mV s™.

To better understand the mechanism of action of sodium pyruvate, we studied the
dependence of 1* reduction on the concentration of pyruvate, the reduction potential, and the pH
of the solution. Voltammetry of 1* with variable pyruvate concentration (using sodium bicarbonate
as a co-supporting electrolyte to maintain a total supporting electrolyte concentration of 200 mM)
revealed that trace amounts of 1H are formed with as little as 2 mM sodium pyruvate (1 eqg. with
respect to 1*) (Figure 3.3). Although raising the concentration of sodium pyruvate increased the
yield of 1H at low pyruvate concentrations, too much sodium pyruvate was detrimental to the yield
of 1H. For example, a 50:50 mixture of sodium bicarbonate/sodium pyruvate yielded more 1H
than sodium pyruvate alone, which might suggest a synergistic interaction between pyruvate and
the co-supporting electrolyte. A similar result was also observed with a 50/50 mixture of sodium
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phosphate/sodium pyruvate, which yielded more 1H than sodium pyruvate alone.
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Figure 3.3. Representative cyclic voltammograms of 2 mM 1* with varying ratios of sodium
bicarbonate/sodium pyruvate: 100/0 (darkest), 99/1, 90/10, 50/50, and 0/100 (lightest).
Experiments were performed using a 2 mm boron doped diamond working electrode at 25 °C and
800 mV s, Solutions were purged with nitrogen before scanning.

We next sought to determine the impact of switching potential on the peak currents
corresponding to ox1 and ox2 (ipar and ipa2, respectively) exhibited in CVs of 1*. In sodium
pyruvate (200 mM, pH 7.0), both 14im and 1H are formed in the same reduction event, with 1H
favored at lower potentials and 1dim favored at higher potentials (Figure 3.4A). At a turnaround
potential of -1.25 V (green curve), only a trace amount of 1* is generated during 0x2, but this
amount grows significantly as the potential is lowered to -1.6 V (blue curve). By contrast, the
amount of 1* generated during ox1 grows more slowly at lower turnaround potentials. Without
sodium pyruvate (200 mM sodium phosphate, pH 9.1), no observable 1H is formed by -1.6 V.
Additionally, there is minimal change in product distribution between -1.6 V and -2.1 V (Figure
3.4B). Below -2.1 V, the product distribution shifts away from dimer, yet 1H is not formed
exclusively: at least three new oxidation peaks are observed, and dimer is still the major product.
The comparison of these two electrolytes shows a general pH dependence for the electrochemical
reduction of 1* to 1H, a reaction that happens both more selectively and more quickly with sodium

pyruvate than without it.
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Figure 3.4. (A) Representative cyclic voltammograms of 2 mM 1* with 200 mM sodium pyruvate
with variable turnaround potentials: -1.6 V (blue), -1.4 V (red), -1.3 V (orange), and -1.25 V
(green). (B) Representative cyclic voltammograms of 2 mM 1* with 200 mM NaxHPO. with
different turnaround potentials: -1.6 V (blue), -2.1 V (red), and -2.5 V (orange). Experiments were
performed using a 2 mm boron doped diamond working electrode at 25 °C and 800 mV s™.
Solutions were purged with nitrogen before scanning.

We also explored the pH dependence of 1* reduction in 100 mM sodium phosphate, with
and without 100 mM sodium pyruvate. In the absence of pyruvate, the peak current for ox1l
changed weakly with pH, and only trace evidence of ox2 was observed at more acidic pH (see
Table 3.1 above). Under neutral or slightly basic conditions, there was no impact on the reduction
peak and only ox1 was observed. In slightly acidic solutions, a small oxidation peak near 0.38 V
could be seen; however, this peak represents a negligible fraction of the total products formed

during the electrochemical reduction of 1*. In the presence of 100 mM sodium pyruvate, by
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contrast, the peak reduction current had a pronounced pH dependence (Figure 3.5A, ipc grows from
43 uA at pH 9 to 112 pA at pH 5). The two-electron product 1H was clearly visible at every pH,
although the product ratio 1H:14im exhibited a maximum value at pH 7 (Figure 3.5B). At more
basic pH, the formation of 1H increased with the peak reduction current, but at more acidic pH,
even though the peak reduction current continued to grow, the amount of 1H fell and dimer was
again the major product. It should be noted that the sum of ipaz and ipa2 at each pH was nearly
unchanged; assuming the diffusivities of 1¢im and 1H are independent of pH, this suggests that 1*
IS reacting via only two competitive reaction pathways, one pathway that forms 1dim and one that
forms 1H. The decrease in ox1 at pH 5 may be due to acid-promoted decomposition of the dimer;
for example, the dimer of 1-methyl nicotinamide has a first-order decomposition rate constant of
6400 st at pH 4.4.”7

While the total amount of 1H and ldim formed is approximately constant as the pH is
lowered from 9 to 5, the peak reduction current continues to increase, showing that that the
reduction of the species other than 1* (described as causing the offset of 0.5 M in the convolution
integral in Figure 2B above) is acid-promoted. Additionally, the pH maximum for 1H formation
indicates that the competing reduction event has a higher-order dependence on proton
concentration than the reduction of 1* to 1H, because its rate grows more rapidly with proton
concentration than the rate of formation of 1H. Further inspection of the CVs with and without
sodium pyruvate indicates that this competing reaction may be pyruvate reduction. Control
experiments indicate that sodium pyruvate is electrochemically active, with a peak reduction
potential of -2.2 V at 400 mV/s in pH 7 phosphate buffer. Although this potential is well beyond
the -1.6 V cutoff for the CVs of 1* shown here, the onset of the pyruvate reduction wave is still
visible in background scans (this can be seen in Figure 3.2 above). An alternative explanation is
that a synergistic interaction between 1* and pyruvate may enable electrocatalytic proton
reduction. However, we could not observe an interaction between sodium pyruvate and 1* in bulk
solution by *H-NMR (see Supporting Information). Ongoing research is aimed at understanding

this secondary reaction/interaction.
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Figure 3.5. (A) Representative cyclic voltammograms of 2 mM 1* in 100 mM sodium phosphate
with 100 mM sodium pyruvate, at pH 9 (blue), 8 (red), 7 (orange), 6 (green), and 5 (purple). (B)
Normalized peak currents for ox1 and ox2 at the same pH values, showing a maximum of ox2 (1H)
and a minimum of ox1 (1¢im) at pH 7. Error bars represent one standard deviation from the mean
where n = 3. Experiments were performed using a 2 mm boron doped diamond working electrode
at 25 °C and 800 mV s*. Solutions were purged with nitrogen before scanning.

Finally, we explored the ability for other pyridinium electrolytes to be regenerated by
sodium pyruvate. To that end, we varied the 1-substituent to include ethyl (2), isopropyl (3),and
allyl (4) derivatives, as well as NAD™ itself (5). All of these pyridinium compounds showed both
ox1 and ox2 in a mixture of 100 mM sodium phosphate and 100 mM sodium pyruvate (pH 7). The
effect of sodium pyruvate was most pronounced for the substrate with the smallest 1-substituent, 1-
ethyl nicotinamide bromide (2), and it was least pronounced for the substrate with the largest 1-

substituent, NAD" (5). Although the 1-substituent can have a significant effect on the extent of
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interaction between pyruvate and the pyridinium electrolyte, the interaction appears to be general
for nicotinamide-based electrolytes, suggesting that the ability of pyruvate to promote the
electrochemical generation of 1H from 1* presents a general strategy for direct electrochemical
regeneration of NADH analogues and NADH itself.
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Figure 3.6. Representative cyclic voltammograms of 2 mM pyridinium electrolyte in 100 mM
sodium phosphate in the presence (red) or absence (blue) of 100 mM sodium pyruvate, or 100 mM
sodium pyruvate alone (orange): (A) 1-ethyl nicotinamide bromide, 2; (B) 1-isopropyl
nicotinamide bromide, 3; (C) l-allyl nicotinamide bromide, 4; (D) nicotinamide adenine
dinucleotide, 5. Experiments were performed using a 2 mm boron doped diamond working
electrode at 25 °C and 800 mV s*. Solutions were purged with nitrogen before scanning.

CONCLUSION
We screened the electrochemical reduction of 1-n-butyl nicotinamide bromide (1%) in 28
different supporting electrolytes and compared against the electrochemical oxidation of 1,4-

dihydro-1-n-butyl nicotinamide (1H). While 1* reduction yielded only dimer in most of the
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electrolytes tested, sodium pyruvate gave rise to a significant amount of 1H alongside the dimer.
The interaction with sodium pyruvate is optimized when a large excess of sodium pyruvate is
combined with a large excess of a co-supporting electrolyte, such as bicarbonate or phosphate. The
interaction with pyruvate is also favored at low potentials and at neutral pH; however, it could not
be observed in bulk solution by *H-NMR. Several different pyridinium electrolytes, including
NAD", are susceptible to the interaction with sodium pyruvate, suggesting that addition of sodium
pyruvate can be a general strategy for regenerating NADH analogues and NADH itself from their
oxidized forms.

Experimental:

1-n-butyl-3-carbamoylpyridinium bromide (1*): Nicotinamide (1.235 g, 10.1 mmol), acetonitrile

(10 mL), 1-bromobutane (2.15 mL, 20 mmol), and a stir bar were added to a 20 mL scintillation
vial with a pressure release cap. The mixture was stirred at 50 °C for 2 h and then at 80-100 °C for
10 h. The contents were quantitatively transferred with ethanol to a 100 mL round bottom flask,
and the solvent was removed in vacuo. The soapy residue was crystallized from
cyclohexane/ethanol to afford the product as white crystals (1.457 g, 56%).

1-n-butyl-1,4-dihydronicotinamide (1H): Adapted from a previous procedure®. Water (10 mL),
dichloromethane (5 mL), sodium bicarbonate (390 mg, 4.6 mmol), and and mMNAD* (200 mg,

0.77 mmol) were added to a 25 mL round bottom flask with a stir bar. Dry sodium dithionite
(540 mg, 3.1 mmol) was added to an addition funnel, which was clipped to the top of the flask and
sealed with a rubber stopper. The flask was lowered into an ice bath, and the contents were mixed
while a Schlenk line was used to remove oxygen from the system. The addition funnel was opened
and the dithionite added slowly over 10-15 min. After mixing for 2 h in the dark, the organic layer
was washed three times with cold water, dried over MgSOa, and concentrated in vacuo to yield the
title product as a yellow-orange, semicrystalline residue (25 mg, 18%).

1-allyl-3-carbamoylpyridinium bromide: Nicotinamide (1.241 g, 10.2 mmol), acetonitrile (10 mL),

allyl bromide (0.840 mL, 9.9 mmol), and a stir bar were added to a 20 mL scintillation vial with a
pressure-release cap. The mixture was stirred at 50 °C for 12 h. The contents were quantitatively
transferred with ethanol to a 100 mL round bottom flask, and the solvent was removed in vacuo.
The solid was recrystallized from ethanol/hexanes to afford the product as a light brown crystalline
solid (1.509 g, 61%).

1-isopropyl-3-carbamoylpyridinium bromide: Nicotinamide (122.5 mg, 1.00 mmol), 2-
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bromopropane (0.1878 mL, 2.00 mmol), and acetonitrile (2 mL) were added to a Parr bomb
reactor, and the contents were heated at 100 °C for 24 h. After cooling, the contents were
quantitatively transferred with methanol to a round-bottom flask, the solvent was boiled away, and
the residue was recrystallized from ethanol/hexanes to afford the product as a white powder (84.3
mg, 34%).

Electrochemistry

Unless otherwise noted, supporting electrolyte solutions were prepared by dissolving 2.00
mmol of electrolyte in a small amount of water and diluting to 10.0 mL. (Heat was needed to
dissolve sodium tetraborate decahydrate). Solutions of sodium acetate and sodium propionate were
prepared by combining equal amounts of the acid and sodium bicarbonate.

For electrochemical testing, 6 umol (1.55 mg for 1*, 1.08 mg for 1H) of substrate was
added to a 10 mL glass beaker and dissolved in 3 mL of supporting electrolyte solution (the volume
was scaled accordingly if more or less substrate was added). The solution was purged with nitrogen
for several minutes before scanning and for ~10 seconds between scans. The electrodes were
boron-doped-diamond (working), saturated calomel (reference), and platinum wire (counter).
Unless otherwise noted, scans were run at 800 mV/s between -1.6 V and 0.9 V, starting from the
open circuit potential.
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CHAPTER 4: MECHANISTIC INSIGHTS ON THE CO-REDUCTION OF NAD* MIMETICS
AND PYRUVATE DERIVATIVES

ABSTRACT

In this chapter, the interaction of pyruvate with NAD" mimetics is explored in more detail.
The ability to generate 0x2 is common to several pyruvate derivatives, all of which have vicinal
dicarbonyls; pyruvanilide (P) and N,N-dimethylpyruvamide (DMP) are here given particular
attention. The generation of 0x2 is shown to be first order in both mNAD™ concentration and in
dicarbonyl concentration, and its appearance seems to require mNAD radicals and dicarbonyl
radicals to be present together. Electron transfer to the dicarbonyl becomes faster when a small
amount of MNAD™ is present, suggesting mediated electron transfer from an mNAD radical to the
dicarbonyl. Computations show a stable adduct between an mNAD radical and DMP places the
spin density almost entirely on the DMP unit, consistent with mediation, although the energy of
this structure is too high to support its existence in these experiments. Kinetic isotope experiments
show no significant effect when H20O is replaced with D20, or when the CHz group of sodium
pyruvate is replaced with CDs, although the amount of ox2 does fall when the CHs group of P is
replaced with CDs. Bulk electrolysis shows that the primary product of mMNAD™ reduction is the
4,4’-dimer, and other nicotinamide-based compounds appear as minor products. Electrolysis of
DMP shows that the major products are the dimer and the lactamide, formed in roughly equal
amounts. Electrolysis of a mixture of mMNAD™* and DMP shows formation of a heterodimer, but
no detectable amounts of a 1,4-dihydropyridine corresponding to mNADH. Electrochemical
measurements in this thesis are interpreted in light of heterodimer formation rather than mMNADH
formation.
INTRODUCTION

The findings of Chapter 3 raised more questions than they answered. The two overarching
questions were: 1) How are sodium pyruvate and mNAD" interacting?, and 2) Is ox2 really
attributable to mNADH formation? We sought to answer these questions with a mixture of
electroanalytical experiments and bulk electrolysis experiments. The electroanalytical experiments
were to test for reaction order, kinetic isotope effects, interaction mechanism (radical-radical or
radical-substrate), and catalysis during co-reduction. The bulk electrolysis experiments were to
create enough product to be spectroscopically characterized. Before either of these experiments

were run, however, curiosity invited us to explore the generality of the interaction with pyruvate.
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Sodium pyruvate generated ox2 with several mimetics, but would any other pyruvate derivatives
generate ox2 with a given mimetic? Based upon the compounds tested in Chapter 3, it appeared
that the additive should be redox active in the window where mNAD" is redox active. We
considered that electrolytes with a similar structure to sodium pyruvate — specifically, retaining
the alpha-dicarbonyl group — might have the same effect as pyruvate itself. We use a few different
mimetics in the present chapter— methyl pyruvate, pyruvanilide, and N,N-dimethylpyruvamide
(Figure 4.1) — to test the validity of this idea.

0O o)

NMGz
OMe

A0

o)

Figure 4.1. Pyruvate derivatives used in the present study: methyl pyruvate (MeP, top left), N,N-
dimethylpyruvamide (DMP, top right), and pyruvanilide (P, bottom).

RESULTS AND DISCUSSION

The first new compound we tried was the methyl ester of sodium pyruvate, which indeed
generated ox2 like the parent acid (Figure 4.2). The appearance of ox2 is first order in methyl
pyruvate (MeP) when mNAD? is in excess, and it is first order in MNAD* when MeP is in excess.
The ratio of the peak current of ox2 to the sum of the peak currents for ox1 and ox2 is fairly constant
(near 0.2). Finally, we looked for the involvement of any protons in the rate limiting step of ox2
formation by replacing H-O with D-O; however, any solvent kinetic isotope effect (KIE) was too

small to be detected.
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Figure 4.2. Cyclic voltammetry data for concentration study of methyl pyruvate (MeP) with 1-
butyl nicotinamide bromide (MNAD™). The blue traces correspond to the right-hand y-axis, and
the orange and gray traces correspond to the left-hand y-axes, and the orange and gray traces
correspond with the left-hand y-axes. A) Peak currents as a function of MeP concentration. B)
Peak currents as a function of mMNAD™ concentration. C) Peak currents as a function of the
turnaround potential during the CV. D) Peak currents as a function of the volume % D20.
Experimental conditions: 100 mM pH 7.03 sodium phosphate buffer, boron doped diamond
working electrode, SCE reference electrode, Pt wire counter electrode. Potential sweep rate was
800 mV/s with a turnaround potential of -1.6 V, unless otherwise noted. Solutions were purged
with nitrogen before scanning.

Although MeP is ~10x more effective than sodium pyruvate for ox2 formation (only 5 eq are
needed to reach ~50% ox2 formation, compared to 50 eq of sodium pyruvate, cf. Figure 3.3), it
has the downside of hydrolyzing very quickly in water (CVs decay noticeably within 30 minutes
of solution preparation). As a result, we sought out a synthetic route to new pyruvate derivatives

that were more resistant to hydrolysis. We reasoned that amides are more stable than esters, so we
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found a three-step route to pyruvamides from tartaric acid, initially choosing to make pyruvanilide
(P) for its ease of purification and resistance to hydrolysis (decomposes over 1-3 days in water).
Pyruvanilide also had the benefit of being more active than either sodium pyruvate or MeP, with
only 1 eq. of P affording ox2 in ~50% yield.

With compound P in hand, we explored its effect on the reduction of 1-ethyl nicotinamide
bromide (m*), which had better solubility compared to 1-butyl nicotinamide bromide. We
investigated both the potential dependence and the concentration dependence of ox2 formation
(hereafter called mH). In one set of experiments, we kept the concentration of m* constant at 1
mM, and we varied the concentration of P from 0 mM to 1 mM. In another set of experiments, we
kept the concentration of P constant at 1 mM and varied the m* concentration from 0 mM to 1
mM. The products were assigned as shown in Figure 4.3 below, based on the change in the
convolution integral during each redox event. The reduction products of P are denoted P2, although
the identity of the reduction product was not confirmed for these experiments (reduction of pyruvic
acid may afford either pinacol dimer or lactate, depending on the reduction conditions®?); the label

P2 is meant to include all non-oxidizable reduction products of P.
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Figure 4.3. Assignment of redox events for concentration study. A) Representative CV of a
mixture of 1 mM m* and 1 mM P. B) Convolution of the same CV, showing how the relative
concentrations of different species were assigned. Scan was taken at 800 mV st in 0.1 M pH 7.10
sodium phosphate buffer at a boron doped diamond electrode, with Pt counter electrode and SCE
reference electrode. Sample was purged with nitrogen before scanning.

We hypothesized that mH formation involved a reaction between a mimetic radical (m-)

and a pyruvate radical (P and/or PH:). This hypothesis was based on observations in Chapter 2,
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where we showed that ox2 formation is favored at lower potentials, where sodium pyruvate was
reduced more quickly, and on observations with MeP, which is reduced at more positive potentials
and which gives mH in higher yields. To test this hypothesis, we explored the potential dependence
of m* reduction with P, which has a reduction event onset at more positive potentials than m*
reduction. If the interaction between m* and P required both radicals to be present, we would
expect mH formation to be favored over m2 formation at more positive potentials. As shown in
Figure 4.4, this is indeed the case. At the start of the reduction event (E > -1.25 V), the amount of
P2 formed is the same in a mixture of m* and P compared to a solution of only P, but at lower
potentials — where m* is reduced under normal circumstances — the rate of P2 appearance starts to
fall, and mH starts to appear. The small amount of m2 dimer that forms near -1.25 V is suppressed
in the mixture of m* and P, first appearing at -1.30 V. As the potential sweeps lower, the amount

of mH, mz, and P2 all grow together, eventually approaching a 1:1:1 ratio.
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Figure 4.4. Cyclic voltammograms (solid curves) superimposed on the potential-dependent yields
(dashed curves) for A) pyruvanilide dimer (P2), B) mimetic dimer (mz2), and C) 1,4-dihydro
mimetic (mH). The three scans in each plot correspond to 1 mM m* (black), 1 mM P (brown), and
combined 1 mM m* /1 mM P (orange). Plot D) shows the potential-dependent yields of mz, Pz,
and mH for the combined 1 mM m* /1 mM P sample, with the CVs of the pure compounds shown
for comparison. All scans were taken at 800 mV s in 0.1 M pH 7.10 sodium phosphate buffer at
boron-doped-diamond electrode, with Pt counter electrode and SCE reference electrode. Samples
were purged with nitrogen before scanning.

The reaction order of the m/P- interaction appears to be first order in both compounds,
(Figure 4.5), similar to the results for MeP above. At a large excess of pyruvanilide, the appearance
of mH is first order in the concentration of m*. As the concentration of m* increases, the rate of
m2 formation grows faster than the rate of mH formation, consistent with a second order

dimerization outpacing a first order mH formation. A similar trend holds for P when m* is in
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excess, the appearance of mH is first order in pyruvanilide, although the appearance of P2 may
also be first order in P, based on the smaller curvature of the graph.

We also sought evidence for catalytic behavior of P, whereby P might regenerate itself
after the reduction of m* to mH. We reasoned that, if catalysis were happening, the total number
of electrons passed should be greater when m* and P are reduced together compared to when they

are reduced separately, as the overall reactions

1
P+ne‘—>§P2

m++e‘—>lm
2 2

(for which n + 1 electrons are passed per molecule) would instead become

1
P+ne‘—>§P2

m*+2e”+H" > mH

(for which n + 2 electrons are passed per molecule). Assuming a 50% yield of mH, this means the
convolution integral of the mixture should be about 1.3x or 1.2x the sum of the independent
convolution integrals (according as n = 1 or n = 2, respectively). However, convolution integral
for the reduction event grows only to 0.8x the sum of the independent convolution integrals (from
~1.1to 1.8), as shown in Figure 4.5B. The same trend is seen on the oxidation end in Figure 4.5A,
where the total amount of products (m2 + P2 + mH) grows to 0.9x the sum of the independent
convolution integrals. As such, we could not conclude that P-- or PH- were acting as a catalyst to
a significant extent during CVs.

Evidence does suggest mediated electron transfer in the opposite direction, however, from
m- to the pyruvate derivative. Alternating current voltammetry (ACV) revealed that m* increases
the effective rate of electron transfer to P, with the addition of only 5 mol % m* to a solution of P
increasing the alternating current magnitude by ~35% (Figure 4.6), characteristic of an increase in
k (see Figure 2.4 above). The same phenomenon was also visible in studies from Chapter 2, where
a small amount of m* increased the rate of electron transfer to sodium pyruvate. Here we reproduce
amodified form of Figure 3.2 (Figure 4.7) to illustrate this point, including the convolution integral
of the sodium pyruvate baseline. The convolution integral offset — a measure of the amount of
reduced sodium pyruvate — increases 3.5x (0.14 to 0.5) in the presence of 2 mol % mNAD™ (Figure

4.7). In summary, when a pyruvate derivative is reduced at more positive potentials than m*, the
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mediated reduction by m- appears as a faster effective k% and when the pyruvate derivative is
reduced at more negative potentials than m*, the mediated reduction by m- appears as a larger

amount of the pyruvate derivative reduced.
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Figure 4.5. A) Concentration-dependent yields for mH (orange), m2 (blue), and P2 (green), along
with their combined yields (P2 + mH in brown, m2 + mH in purple, P2 + mz + mH in gray). B)
Concentration-dependent yield for the total amount of material reduced. All scans were taken at
800 mV stin 0.1 M pH 7.10 sodium phosphate buffer at boron doped diamond electrode, with Pt
counter electrode and SCE reference electrode. Samples were purged with nitrogen before
scanning.
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Figure 4.6. ACV data for the concentration study with pyruvanilide (p) and 1-ethyl nicotinamide
bromide (m). The numbers in the legends are the concentrations of substrate (mM) in each scan.
The “+” tick marks indicate -1.3 V, -1.25 V, and -1.2 V vs SCE, going clockwise from the top of
the graph. A) The addition of m to p shows a large increase in electron transfer rate. B) The addition
of p to m introduces a shoulder in the graph, showing a change in reduction mechanism. All scans
were taken at 800 mV s in 0.1 M pH 7.10 sodium phosphate buffer. Electrodes: boron doped
diamond working, Pt counter, SCE reference. Samples were purged with nitrogen before scanning.
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Figure 4.7. Representative cyclic voltammograms and (B) the corresponding convolution integrals
of 2mM 17 in the absence (blue) or presence (red) of 200 mM sodium pyruvate, or 100 mM sodium
pyruvate alone (orange). Experiments were performed using a 2 mm boron doped diamond
working electrode with 100mM sodium phosphate supporting electrolyte at 800 mV s2, purged
with N2 and at pH 7.0, and 25 °C. Adapted from Reference 8 with permission.

Another mechanistic question is the source of the H atom transferred to m- during

reduction. Based upon the lack of solvent KIE observed with MeP above, we hypothesized that

the reduction of m- to mH could take place by H atom transfer from the methyl group of the

pyruvate derivative, according to the following reaction (shown for the pyruvanilide radical PH"):
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Scheme 4.1. Hypothesized H-atom transfer pathway to generate a 1,4-dihydropyridine.

To test this hypothesis, we deuterated the methyl groups of two compounds, pyruvanilide
and sodium pyruvate, by heating in D20 until the methyl groups were silenced on *H-NMR. We
compared against controls in D20 that were not heated, and against two additional controls in H.0
with and without heat, to isolate the effect of heat from the effect of H/D exchange. The results are
shown below in Figure 4.8. The data for pyruvanilide are consistent with H atom transfer from the
methyl group. The relative amounts of mz, mH, and PH are roughly the same in H>O as in D-0O,
and heating the sample increases the mH/m2 ratio in H20 (due to more dissolved pyruvanilide)
but decreases the mH/m: ratio in D20 (consistent with the hypothesized mechanism). In contrast
to the data for pyruvanilide, the data for sodium pyruvate do not support the H atom transfer
hypothesis: heating the sample has a very small effect in both H.O and D0, and the mH/m: ratio
is uniformly lower in D20 compared to H20. The different conclusions suggest that the mechanism
of interaction between P- and m- may depend on the identity of P-.

A) B)
70 4 BN m; 70 EE m;
s mH s mH
60 -| Wmm PH 60 mm PH

50 A

40

% Yield
% Yield

30 1

20 1

10 A

H,0 H,0 D,0 D,0 ° H,0 H,0 D,0 D;0

sonicated heated sonicated heated no heat heated no heat heated
Figure 4.8. Relative product yields for the KIE studies for 1 mM m™* with A) 1 mM pyruvanilide,
and B) 50 mM sodium pyruvate. Experimental conditions: 100 mM NaHCOs, boron doped
diamond working electrode, SCE reference electrode, Pt wire counter electrode. Potential sweep
rate was 800 mV/s with a turnaround potential of -1.6 V. Solutions were purged with nitrogen
before scanning. Note that P was poorly soluble without heat, so the concentration of P in the
sonicated samples in A) is less than 1 mM.
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Because the poor solubility of pyruvanilide complicated electrochemical modeling, we
turned to other more soluble pyruvate derivatives. We synthesized pyruvanilide-4-carboxylic acid,
which was indeed more soluble, but which had the downsides of hydrolyzing in minutes in water
and adsorbing onto the electrode surface during each CV cycle. We also tried diacetyl (2,3-
butanedione), which was more soluble and resistant to hydrolysis. However, diacetyl did not afford
a significant amount of mH, and determination of product yield was complicated by a small

oxidation peak near 0.4 V after the reduction of diacetyl alone (Figure 4.9).

—-10 -

Current (MA)

—20 -

_30 -

-15 -1.0 -0.5 0.0 0.5
E (V vs SCE)

Figure 4.9. Potential dependence of cyclic voltammetry of m* with diacetyl (solid blue traces)
compared with a cyclic voltammogram of diacetyl alone (orange dashed trace). Experimental
conditions: 1 mM m*, 1 mM diacetyl, 0.1 M pH 7.10 sodium phosphate buffer, boron doped
diamond electrode, Pt counter electrode, and SCE reference electrode. Scan rate 800 mV s™.
Samples were purged with nitrogen before scanning.

We finally settled on N,N-dimethylpyruvamide (DMP), which is effective at mH
formation (Figure 4.10), very soluble in water, resistant to hydrolysis, non-adsorbing, and non-
hydrating (many of the other pyruvate derivatives, including pyruvic acid, hydrate to give a

geminal diol, which is not redox active and which also complicates electrochemical modeling).
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Figure 4.10. Cyclic voltammograms of m* with DMP. Experimental conditions: 1 mM m*, 5 mM
DMP, 0.25 M agqueous NaHCO3, boron doped diamond electrode, Pt counter electrode, and SCE
reference electrode. Scan rate 800 mV s*. Samples were purged with nitrogen before scanning.

The observation that m- could speed up electron transfer to a pyruvate derivative sparked
interest in the possibility of a covalent adduct between the two species. We turned to computational
chemistry to model an adduct between a neutral m- radical and a neutral DMP molecule at the
pyridine 4-position (the same site where sulfinate attaches during the reduction with dithionite’83).
Computations showed that, for an interaction between m- radical and neutral DMP, two stable
structures were possible, bound through the O atoms of DMP, with the radical density residing
almost entirely on the DMP fragment (Figure 4.11). While the energy of these structures was too
high to support their existence in solution (~30 kcal/mol higher than the energies of m- and DMP
alone), they do offer an interesting perspective on the possibility of homogeneous electron transfer
from m: to P. Computations did not converge for a 1-electron adduct bound through the acetyl
C=0 carbon of DMP. In contrast to computations for a 1-electron adduct, computations for an
adduct between m- and P showed that a bond through the acetyl C=0 carbon was more favorable
than a bond through either oxygen atom, by about 18 kcal/mol. Structures and relative energies
are provided in the Supporting Information. Transition state computations were not included as
part of this study, although they would be needed for more decisive claims about mechanistic

pathways.
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Figure 4.11. A) Optimized geometry for one of the adducts between dimethylpyruvamide (DMP)
and the neutral radical of 1-ethyl nicotinamide. B) The electron spin density of the adduct resides
almost entirely on the DMP unit. Computations were carried out with Gaussian 16, Revision C.01,
with the following input: opt freq=noraman b3lyp/6-31+g(d,p) scrf=(cpcm,solvent=water)
pop=nbo geom=connectivity.

Finally, we turned to bulk electrolysis as a way to characterize the effect of DMP on the

reduction of m*. We here echo the insightful words of Petrovich and Baizer:

Any mechanistic study requires an unequivocal identification of the reaction products. A controlled
potential electrolysis on a scale sufficiently large to allow identification of reaction products is
imperative. Without this tool mechanistic studies are largely speculative; with it interpretations must
be cautious.®

To this end, we undertook five different electrolysis experiments: three in H.O (one of m*, one of
DMP, and one of a mixture of m* and DMP) were extracted with CDCIs and subjected to 1D and
2D NMR experiments, and two kinetic studies of a mixture of m* and DMP (one in H2O and one
in D20) were monitored in real-time with a flow 1D NMR setup. In all of the electrolyses, a
complex mixture of products formed, and characterization was necessarily limited to major
products.’

''UV-Vis could not characterize mH formation as both the dimer m; and the 1,4-dihydro mNADH have UV
absorption peaks at 361 nm (a region characteristic of 1,4-dihydropyridines).
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Before describing the results, a brief explanation of 2D NMR may be helpful for those
unfamiliar with the technique. The classic 1D experiment, *H-NMR, provides information about
the chemical environment of protons on a molecule. The 2D NMR experiments can tell which
protons are connected to which carbons (HSQC), which protons are adjacent to which other
protons (COSY), and which carbons are close to a given proton (HMBC). The process of
interpreting the spectra starts with identifying a proton-carbon fragment on HSQC. Once a proton-
carbon fragment is identified, COSY is used to find nearby protons (usually on neighboring carbon
atoms). Next, HMBC is used to find which carbons are close enough to “see” the proton of interest
(usually 2-3 bonds away). Then, the *H spectrum is consulted for splitting type and coupling
constants for the proton peak of interest. Once the fragment and its neighbors are identified, a new
HSQC peak that matches one of the peaks on COSY and/or HMBC is identified, and the process
repeats. The process continues to repeat until no new fragments are found to connect with the ones
already identified. If protons do not appear on HSQC — for example, OH and NH protons, which
are not bound to carbon — HMBC can provide connectivity information by revealing which carbons
are close to these protons. Once all of the connected fragments are known, the fragments are
assigned to molecular groups (for example a tertiary alcohol, or an amide C=0) based upon
literature assignments of similar compounds. Finally, the groups are connected to each other based
upon the NMR data (here HMBC is particularly helpful) and a healthy dose of intuition.

In the electrolysis of m*, the major product is the 4,4’-dimer m2 (Table 4.1). This is
consistent with the findings of Chapter 3, where a positive correlation between steric bulk at the
1-position and dimerization rate suggested that dimerization preferentially occurs at the 4-position.
This reactivity is also consistent with the observed reactivity of related mMNAD™* at the 4-position
during dithionite reduction, and with the observed dimerization of electrochemically-reduced 1-
propyl nicotinamide at the 4-position. Another product appears to be the 4,4’-dimer after expulsion
of two equivalents of ethane, to form 4,4’-bipyridine- 3,3’-dicarboxamide (Table 4.2). A third
product was inferred to be 2,5-dicarboxamidopyrazine, from fusion of two nicotinamide rings
(Table 4.3)
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H bound to 3C next to *H network to $3C Assignment
1.18 (t, J=7.2 H2) 154 (3°/1°) [3.22(q,J=7.2Hz) | 489 Ethyl CH3
3.22(q,J= 7.2 Hz) 48.9 (2°) 118 (t, J=7.2 Hz) 15.4,129.2, 138.2 Ethyl CH2
596 (dd,J=7.8 Hz, 1.6 | 129.1 (3°/1°) | 4.68(dd,J=7.9Hz, |39.6,489, 104.1,1382 | Pyridine C6-H
Hz) 4.7Hz);7.01(d,J =
1.5 Hz)
7.01(d, J=1.5 Hz) 138.3(3°/1°) | 5.96 (dd, J=7.8Hz, | 39.6,49.0,101.2,129.2, | Pyridine C2-H
1.6 Hz) 170.9
4.68 (dd,J=7.9Hz,4.7 | 104.1(3°/1°) 3.48 (d, J = 4.7 Hz); 39.6,101.2,129.2,170.9 | Pyridine C5-H
Hz) 5.97 (dd, J = 7.8 Hz,
1.6 Hz)
3.48 (d, J = 4.7 Hz) 39.6 (3°/1°) | 4.68(dd,J=7.9Hz, |39.6, 1012, 104.1,129.2, | Pyridine C4-H
4.7 Hz) 138.2,170.9
5.82 (brs) - - - Amide NH2
- 101.2 (4°) - - Pyridine C3
- 170.9 (4°) - - Amide C=0

Proposed structure: 4,4’-dimer of 1-ethyl-1,4-dihydro nicotinamide (A1)

Table 4.1. NMR data for the assignment of structure Al from the electrolysis of m*. See
Supporting Information for experimental conditions.
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H bound to 3C | nextto 'H network to $3C Assignment
8.40 (dd, J=1.7Hz, 0.5

Hz) 130.1 (3°/1°) | - 132.0, 136.7, 166.0 Pyridine C2-H
8.21 (dd, J=8.0 Hz, 1.7 7.76 (dd, J = 8.0 Hz,

Hz) 132.0 (3°/1°) | 0.5 Hz) 130.1, 136.7, 166.0 Pyridine C6-H
- 136.7 (4°) - - Pyridine C3
7.76 (dd, J=8.0 Hz, 0.5 8.21 (dd, J = 8.0 Hz,

Hz) 128.8 (3°/1°) | 1.7Hz) 132.0, 167.3 Pyridine C5-H
- 166.0 (4°) - - Amide C=0

- 167.3 (4°) - Pyridine C4

Proposed structure: 4,4'-bipyridine-3,3'-dicarboxamide (A2)
M

Table 4.2. NMR data for the assignment of structure A2 from the electrolysis of m*. See
Supporting Information for experimental conditions.

H bound to 3C next to 'H network to 3C Assignment
8.09 (s) 129.5(3°/1°) | - 129.5, 134.3, 166.0 Pyrazine C3-H
- 134.3 (4°) - - Pyrazine C2
- 166.0 (4°) - - Amide C=0

Proposed structure: 2,5-dicarboxamidopyrazine (A3)

8]
M
_ ])LNHZ
HaN
2 HN
O

Table 4.3. NMR data for the assignment of structure A3 from the electrolysis of m*. See
Supporting Information for experimental conditions.

In the electrolysis of DMP, the major products are the pinacol dimers of DMP (the meso
dimer (R,S) and the chiral dimers (R,R) and (S,S)) and the two electron product N,N-
dimethyllactamide. The dimer with the more downfield hydroxyl *H chemical shift was assigned
to be the chiral dimer, and the dimer with the more upfield hydroxyl *H was assigned as the meso
dimer. These structures were assigned based upon the cooperativity between sterics and internal
hydrogen bonding in the chiral dimer, where the repulsion between dimethylcarboxamide groups
places the hydroxyl groups near each other, deshielding the hydroxyl protons. In the meso dimer,

by contrast, steric repulsion places the hydroxyl groups apart from each other, making internal
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hydrogen bonding less probable. The formation of a mixture of dimer and lactamide is consistent

with the observed reactivity of sodium pyruvate during electrochemical reduction, which can yield

a mixture of lactate and pinacol dimer.®!

H bound to *C next to *H network to $3C Assignment
3.42 (s, 3H) 38.4 (3°/1°) - 37.5,1785 Amide N-CH3
2.94 (s, 3H) 37.5(3°/1°) - 38.4,178.5 Amide N-CH3
- 178.5 (4°) - - Amide C=0
1.47 (d,J=1Hz 3H) 18.4 (3°/1°) 6.17 (9, 1.1 Hz) 80.0,178.5 C(4°)-CH3
6.17(9,J=1.1Hz, 1H) |- 1.47 (d,J = 1 Hz) 18.4, 80.0, 178.5 C(4°)-OH
- 80.0 (4°) - - C(4°)
Proposed structure: meso dimer of N,N-dimethylpyruvamide (B1)
OH | OH
NN N CONMe,
~ Me,NOC
| OH © OH

Table 4.4. NMR data for the assignment of structure B1 from the electrolysis of DMP. See
Supporting Information for experimental conditions.

/' |
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H O
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0] O

OH
H

H bound to 3C next to 'H network to 3C Assignment
3.43 (s, 3H) 39.2 (3°/1°) - 37.8,176.0 Amide N-CH3
2.98 (s, 3H) 37.8 (3°/1°) - 39.2,176.0 Amide N-CH3
- 176.0 (4°) - - Amide C=0
1.61 (s, 3H) 22.4 (3°/1°) - 80.0, 176.0 C(4°)-CH3
6.82 (s, 1H) - - 80.0,176.0 C(4°)-OH
- 80.0 (4°) - - C(4°)
Proposed structure: chiral dimer of N,N-dimethylpyruvamide (B2)
(@)
CONMGQ

Table 4.5. NMR data for the assignment of structure B2 from the electrolysis of DMP. See
Supporting Information for experimental conditions.
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H bound to 3C next to *H network to $3C Assignment
3.03 (s, 3H) 35.9 (3°/1°) 36.4, 175.1 Amide N-CH3
3.01 (s, 3H) 36.4 (3°/1°) 35.9,175.1 Amide N-CH3
- 175.1 (4°) Amide C=0
1.35(d,J=6.6 Hz,3H) |21.0(3°1°) |4.48(p,J=6.7Hz) |64.2,175.1 C(3°)-CH3
3.84(d,J=73Hz, 1H) |- 448 (p,J=6.7Hz) | 64.2,175.1 C(3°)-OH
1.35(d, J = 6.6 H);
4.48 (p,J=6.7Hz, 1H) | 64.2 (4°) 3.84(d,J=7.3Hz) [21.0,175.1 C(3°)-H
Proposed structure: N,N-dimethyllactamide (B3)
~
NJJ\T/
| OH

Table 4.6. NMR data for the assignment of structure B3 from the electrolysis of DMP. See
Supporting Information for experimental conditions.

The electrolysis of m* with DMP afforded a new set of peaks on the HMBC spectrum
(Figure 4.S21), corresponding to the C4 proton of a 1,4-dihydropyridine (a proton near 4.00 ppm
resonating with carbons near 99, 102, 130, and 140 ppm, corresponding to a proton at the C4
position able to “see” the pyridine C5, C3, C6, and C2 carbons, respectively; compare with Table
4.1 above). In addition to resonating with dihydropyridine carbons, this proton at 4.00 ppm also
resonated with carbons near 22 and 81 ppm, in the same range as the C(4°)-methyl and the C(4°)
carbons from the DMP dimers (compare with Tables 4.4 and 4.5 above). The visibility of all of
these carbons from a single proton suggested the formation of an m-DMP heterodimer. The NMR
assignments for this compound are given in Table 4.7 (the two amide methyl groups were unable
to be assigned, however). Although NMR suggested formation of a heterodimer, there was no
evidence for mH formation by HMBC. That is, no protons resonated with pyridine C2, C3, C5,
and C6 carbons, other than those protons attributable to the m2 homodimer and the m-DMP

heterodimer.
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H bound to *C next to *H network to $3C Assignment
4.00 (d, J=5.8 Hz) 40.9 (3°/1°) 4.73 (dd, J = 5.7 Hz, 22.1,81.2,99.3,102.5, Pyridine C4
7.6 H?) 129.8,139.9,172.1
4.73(dd,J=5.7Hz, 7.6 | 102.4 (3°/1°) | 4.00(d,J=5.8 Hz), 40.9,99.3, 129.8 Pyridine C5
Hz) 6.09 (dd, J=7.6 Hz,
1.3 H2)
6.09 (dd,J=7.6 Hz,1.3 | 129.8(3°/1°) | 4.73(dd,J=5.7 Hz, 40.9, 49.1, 102.5, 139.9 Pyridine C6
Hz) 7.6 Hz)
7.20 (t, J=1.1Hz) 139.9 (3°/1°) | - 40.9, 49.1, 99.3, 129.8, Pyridine C2
172.1
3.31(q,J=7.2Hz) 49.1 (2°) 1.23(t,J=7.1Hz) 15.4,129.8, 139.9 Ethyl CH2
1.23(t,J=7.1Hz) 1.54 (3°/1°) 3.31(q,J=7.2H2) 49.1 Ethyl CH3
- 99.3 (4°) - - Pyridine C3
- 172.1 (4°) - - Amide C=0
(pyridine)
5.11 (s) - - 22.0,40.9,81.2,174.4 C(4°)-OH
- 81.2 (4°) - - C(4°)
1.39 (s) 22.0 - 40.9,81.2,174.4 C(4°)-CH3
_ 174.4 (4°) - - Amide C=0
not assigned not assigned not assigned not assigned Amide N-CH3
not assigned not assigned not assigned not assigned Amide N-CH3

Proposed structure: m-DMP heterodimer

OH
N O

Table 4.7. NMR data for the assignment of structure C1 from the electrolysis of a mixture of m*
and DMP. See Supporting Information for experimental conditions. [a] This peak could not be
assigned directly from HSQC due to low signal/noise in the region of interest.

We sought further spectroscopic evidence for mH formation by comparing electrolyses in
H>0 and D.O. We hypothesized that, if mH were formed in the reduction of m* with DMP,

electrolysis in D20 should afford the deuterated mD, which would have a characteristic peak near

3 ppm in a 2H-NMR spectrum. We tested this hypothesis by monitoring bulk electrolyses with a

flow NMR setup, taking *H-NMR spectra before, during, and after the electrolyses, and ?H-NMR

spectra before and after the electrolysis in D2O. The only peaks that were visible on 2H-NMR,

however, were from the deuterated acetyl methyl groups of DMP and its reduction products
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(Figure 4.525). Neither was mD able to be distinguished from m2 in the *H-NMR spectra of the
electrolysis in D.O. We considered that comparison of electrolyses in H20 and D20 could reveal
the mH peak by inspecting which peak was present in the H>O sample that was absent (or weaker)
in the D20 sample. In fact there are two small peaks, at 2.697 ppm and at 2.734 ppm, which are
present in the H2O electrolysis but which are nearly absent in the D20 electrolysis (Figure 4.S23).
These peaks are in the same region as the hydride peaks for NADH in D,O (~2.70 ppm).%
However, the peaks were unable to be assigned without accompanying 2D spectra.

Taken together, the bulk electrolysis experiments suggest that the oxidation event called
mH is more probably due to an m-DMP heterodimer than to mH. No detectable amount of mH
was found by 1D or 2D NMR experiments, either during real-time monitoring or in extracts after
the electrolysis was complete. By contrast, NMR evidence does support the existence of an m-
DMP heterodimer, albeit in low yields under the given conditions. The formation of a heterodimer
rather than the protonated 1,4-dihydropyridine would explain much of the electrochemistry data
in this thesis. For example, no significant solvent KIE would be expected for heterodimer
formation, and none is observed. The lack of KIE for the sodium pyruvate CH3/CD3 exchange also
makes sense in light of this explanation — no H atom would be transferred. The convolution data
for reduction (Figure 4.5B) are also explained. From bulk electrolysis experiments, the reduction
of DMP affords dimer and lactamide in roughly equal amounts, corresponding to n ~ 1.5 in the
equations on p.121 above. If the presence of m* causes heterodimer formation, some of the DMP
would be intercepted after one-electron reduction to form the heterodimer, causing n to fall closer
to 1.0. If n did fall from 1.5 to 1.0 for P, the total number of electrons transferred to m* and DMP
would drop from 2.5 (1 for m* reduction + 1.5 for P reduction) when reduced separately to 2.0
when reduced together, affording an 80% growth in the convolution integral, close to the measured
value. Heterodimer formation also helps explain electrochemistry data from Chapter 2, for
example the difference in peak currents between the oxidation of chemically prepared 1H (near 75
MA at 2 mM, Figure 3.1 above) and ox2 (no greater than 15 HA near 1 mM, see figures in Chapter
2). Finally, the conclusion of heterodimer formation makes sense from the perspective of the
inherent reactivities of the two species: pyridine radicals are reactive at the 4-position, and
pyruvate radicals are reactive at the acetyl C=0 carbon, so when they are together it would make
sense for them to react at these positions. In light of these observations, we suggest that, for

mNADH formation to be favored by direct electrochemical reduction, an ideal co-reductant should

62



place radical density on a hydrogen atom, so that an H- radical would be transferred to the pyridine
C4 position, rather than the acetyl C- radical as is currently done with pyruvate.
CONCLUSION

In this chapter, we investigated the mechanism of pyruvate-promoted mMNADH formation
with cyclic voltammetry, alternating current voltammetry, quantum mechanical computations, and
bulk electrolysis. The reduction mechanism appears to involve an interaction between mNAD and
pyruvate radicals, and the interaction is common to many pyruvate derivatives, including pyruvate
itself, methyl pyruvate, and several pyruvamides. The mNAD radical increases the rate of electron
transfer to the pyruvate derivative, suggesting mediated electron transfer, although a covalent
adduct between an mNAD radical and a neutral pyruvate compound was too high in energy to
support its existence in these experiments. Bulk electrolysis experiments showed that the major
product of mMNAD™ reduction is the 4,4 dimer, and that the major products of pyruvamide
reduction are a mixture of dimer and lactamide. Electrolysis of a mixture of mMNAD" and a
pyruvamide afforded what was characterized as a heterodimer between the two species, bound
between the pyridine C4 carbon and the pyruvamide acetyl C=0 carbon. By contrast, no evidence
was found for a 1,4-dihydropyridine corresponding to the protonated mNADH. In light of these
observations, we suggest that the new oxidation peak from the co-reduction of mMNAD" with
pyruvate derivatives is in fact due to the heterodimer, and not due to mNADH. Such a conclusion
explains other electrochemistry data in this thesis, including the apparent drop in the number of
electrons transferred when m* and DMP are reduced together, the lack of observation of a
significant solvent KIE, and oxidation peak currents that are significantly lower than the two-
electron oxidation event observed for chemically prepared mNADH. Finally, the formation of a
heterodimer makes sense in light of the inherent reactivity of pyruvate and mNAD radicals. We
suggest that, for direct electrochemical reduction of mMNAD™* to mMNADH, an ideal co-reductant
would transfer radical density onto a hydrogen atom, instead of (as is the case with pyruvates) onto

an acetyl carbon.
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CHAPTER 5: SUGGESTIONS FOR FUTURE WORK

The experimental work in this thesis might be summarized with the following sentence:
Electrochemical reduction of NAD* mimetics generates radicals that react rapidly, and
indiscriminately, with other radicals, preferentially at the pyridine 4-position. While some progress
was made in this thesis toward understanding the structural features that correlate with
dimerization rates (Chapter 2), namely that out-of-plane pyridine 1-substituents afford faster
dimerization rates, a method to regenerate mMNADH from mNAD™ has not yet been found. The
overlap of the potential of 0x2 with the potential of MNADH oxidation (Chapter 3) appears to have
been a coincidence, with bulk electrolysis experiments showing formation of a pyridine-pyruvate
heterodimer but no detectable amounts of mMNADH (Chapter 4). The study of NAD*™ mimetics may
be continued in several directions, a few of which will be suggested here. It goes without saying
that the suggestions below are only prompts to spark thought in a given direction. A creative mind
can certainly conceive of many other approaches besides the ones proposed here. A conversation
between creative minds would beget still more research ideas.

One method invited by the summary sentence at the start of this chapter would be to explore
H atom transfer reagents as co-reductants alongside mMNAD™. If the co-reductant could localize
radical density on a hydrogen atom, perhaps this hydrogen atom would react with the mMNAD
radical to form the desired MNADH. One example of an H atom transfer reagent is 4-cobaltocenyl-
N,N-dimethylaniline, which upon reduction can donate an H atom to a nickel catalyst for
hydrogenation of alkenes and alkynes.®® Certainly many other H atom transfer reagents could be
found with a good literature search. Once a suitable H atom transfer reagent is found, it may be
desirable to attach this to the mimetic, creating a self-recycling NADH analogue. As an alternative
to homogeneous co-reductants, the electrode surface itself could be modified to place labile,
adsorbed H atoms near to the mNAD radical.!8

Instead of H atom transfer to an mNAD: radical, research could explore mediated hydride
transfer to mNAD*, reducing a homogeneous mediator (a rhodium catalyst, for example®) that
reduces MNAD™ directly, or a mediator that reduces mMNAD* with the help of an enzyme catalyst
(for example, pyruvate - lactate, then lactate + mNAD* - pyruvate + mNADH, with help of
lactate dehydrogenase). Other schemes can also be envisioned. Perhaps the mediators could be co-
localized with the mNAD"* in a polymer hydrogel, bound to an electrode surface.®®

A third avenue for future work would be to more fully characterize the heterodimer from
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bulk electrolysis of mMNAD* with pyruvate. While the NMR data in Chapter 4 support the
formation of a pyruvate-mNAD heterodimer more than they support the formation of a protonated
MNADH, the most certain test to correlate ox2 with the heterodimer would be to purify the
heterodimer, characterize it by NMR, and run electrochemistry on it. However, the fruitfulness of
such an endeavor is questionable. The experiment would undoubtedly require extended
troubleshooting of reaction and, especially, separation conditions, and even if the assignment were
made with certainty it would not address the question of how to regenerate mMNADH from mNAD".
In spite of these reservations, characterizing the heterodimer may still be a useful endeavor, if only
for developing in the scientist an ability to isolate and characterize bulk electrolysis products. This
skill would be most useful for convincing a skeptical reviewer of mMNADH formation, in the event
that electrolysis conditions that favor its formation are found.™

A fourth avenue for future work could be to explore synthetic applications of the (NNAD).
dimer. For example, it may be capable of acting as a reducing agent, akin to mNADH. However,
it is difficult to see what advantage an (MNAD). dimer could offer as a reducing agent over more
conventional choices such as hydrogen gas and sodium borohydride, especially considering that
the dimer is enzymatically inactive. A different application of the 4,4’ dimer could be as an
electrode film during bulk electrolysis; for example, the 4,4’ dimer of 1-(p-tolyl)pyridine mitigated
proton reduction during the reduction of CO,.%° Certainly other possible applications of the dimer
could be envisioned.

Yet another avenue for future work could be in a different direction, extending the theory
of alternating current voltammetry to account for more interesting electrochemical systems.
Analytic solutions of the ACV equation are frequently only available for first-order reactions, with
second-order reactions requiring either quasi-first-order experimental conditions (where one of the
two reagents is present in large excess) or numerical modeling to obtain a solution. A simulation
software such as COMSOL could be used to model electrochemical systems with an arbitrary
number of components that interact with each other in arbitrary ways. If such a model could be

obtained, it would allow kinetic and thermodynamic values to be extracted from ACV data of

™ A quick-and-dirty test for mNADH formation could be HSQC NMR of the electrolysis mixture (or an extract
thereof). HSQC reveals carbon-hydrogen connectivity, and CH, groups appear as downward-facing peaks while CH
and CH3 groups appear as upward facing peaks (carbon atoms not bound to a proton are silent on HSQC). If the
mNAD" has no CH, groups — for example, 1-methyl nicotinamide, or 1-isopropyl nicotinamide — it would make the
dihydropyridine CH; group a little easier to identify in a crude sample.
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mixtures of redox-active compounds; alternatively, it could allow reaction schemes to be identified
for an unknown experimental system based upon the progression of the alternating current. While
such an endeavor would not directly answer the question of how to regenerate mMNADH from
mNAD?, it would become another electrochemical tool for interpreting rapid chemical reactions
like those involved in radical dimerization (and presumably also in mMNADH formation). The
greater electrochemistry community may also appreciate a computational model to predict the
alternating current for an arbitrary electrochemical reaction scheme.

It is hoped that the findings in this thesis, and the suggestions offered in this last chapter,
point future research in a direction that intersects an answer to the fascinating and challenging

question of how to regenerate MNADH from mNAD*.
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APPENDIX FOR CHAPTER 2
Experimental:

Unless otherwise noted, all electrochemistry experiments were performed in acetonitrile
with 2 mM mNAD*X" and 0.2 M tetrabutylammonium hexafluorophosphate. All samples were
run in an airtight Dr. Bob cell (Gamry), and data were gathered on a BioLogic VSP potentiostat.
A glassy carbon working electrode (3 mm diameter), a platinum wire counter electrode, and a
silver/silver nitrate reference electrode (0.01 M AgNOz with 0.2 M tetrabutylammonium
hexafluorophosphate in acetonitrile) were used. Solutions were purged with nitrogen before
scanning, and if necessary the glassy carbon electrode was polished between scans (usually needed
for X = CI; a "throwaway" scan is needed after polishing, to clean the electrode). Cyclic
voltammograms were run at 800, 400, 200, 100, and 50 mV/s. Electrochemical impedance
spectroscopy (1 Hz to 1 MHz at the open circuit potential) was used to find the cell resistance Ry,
as the high-frequency limit of the real part of the impedance. Alternating current voltammetry was
run from the open circuit potential to -1.8 V vs reference, with a potential sweep rate of 50 mV/s,
an alternating potential magnitude of 5 mV, and a frequency of 20 Hz. At the conclusion of the
alternating current voltammetry scan, the potential was immediately held at +0.1 V vs reference
for 10 seconds, to minimize buildup of dimer in solution. Finally, a small amount of ferrocene (<1
mg) was added after all the scans were finished, and the oxidation potential of ferrocene was found
with square wave voltammetry. For 1-methyl-4-tert-butyl pyridinium perchlorate, 1 mM substrate
was used in acetonitrile with 0.25 M lithium perchlorate, according to the procedure of Hermolin
and coworkers.?

Crystals were grown either by slow evaporation of an acetonitrile solution of the mimetic,
or by vapor diffusion of diethyl ether into a solution of the mimetic in acetonitrile. For this latter
method, a 4 mL vial was filled halfway with a solution of mimetic in acetonitrile, and this vial
was placed upright, uncapped, into a 40 mL vial containing ~5 mL of diethyl ether. The large
vial was capped and left undisturbed at room temperature for several days, during which crystal
growth could be observed in the small vial. Crystal structures were obtained on a Rigaku
Synergy S Diffractometer.

NMR spectra were gathered on an Agilent 500 MHz NMR spectrometer in DMSO-d6.
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Synthesis:
1-(2,4-dinitrophenyl) nicotinamide chloride (9-Cl): Adapted from a previous procedure.’’ 1-
Chloro-2,4-dinitrobenzene (2.026 g, 10 mmol), nicotinamide (1.221g, 10 mmol), and ethanol (0.5

mL) were sealed in a glass vial with a pressure-release cap at 90 °C for 21 h, to give a dark red
solid. After this time, a small amount of boiling ethanol was added to the vial, saturated with the
crude product, and transferred to a 250 mL round bottom flask with a stir bar on a hot sand bath.
This process was repeated until all of the product had been dissolved and transferred to the round
bottom flask (83 mL ethanol needed in total). The clear orange solution was brought to a boil with
stirring, and cyclohexane was added dropwise until the solution remained imperceptibly cloudy
(25 mL cyclohexane needed). Then, the stir bar was removed, the heat was turned off, and the
flask was covered with aluminum foil and left on the sand bath to cool overnight. The flask was
then cooled in an ice bath to precipitate more product. The liquid was decanted, and the solids
were rinsed with a 1:1 v/v mixture of ethanol/cyclohexane (3 x 3 mL). The solids were transferred
to a 20 mL collection vial with a minimum amount of methanol, and dried overnight on a rotary
evaporator (95 mbar, 40 °C). The final product was collected as a dark red-orange foamy solid
(1.658 g = 51%).

'H NMR (500 MHz, dmso) & 9.84 (t, J = 1.6 Hz, 1H), 9.49 (dt, J = 6.2, 1.3 Hz, 1H), 9.29 (dt, J =
8.3, 1.4 Hz, 1H), 9.11 (d, J = 2.5 Hz, 1H), 8.98 (dd, J = 8.7, 2.5 Hz, 1H), 8.78 (s, 1H), 8.53 (dd, J
=8.2, 6.1 Hz, 1H), 8.42 (d, J = 8.7 Hz, 1H), 8.29 (s, 1H).

Notes:

e The shelf-life of 9-Cl is less than one year. However, old product can be re-purified by
dissolving as much as possible in boiling ethanol, decanting the liquid away from any
insoluble residue, and recrystallizing the product with cyclohexane as before.

1-(2,4-dinitrophenyl) nicotinamide bromide (9-Br): 1-Bromo-2,4-dinitrobenzene (2.51 g, 10.2

mmol) and nicotinamide (1.24 g, 10.2 mmol) were dissolved in ethanol (20 mL) in a 250 mL round
bottom flask. The contents were mixed overnight at 100 °C without a reflux condenser. The
following morning, the deep orange-red solution was brought to a boil, and it solidified to a dark
red, bubbly resin over 2 h. Then, 120 mL ethanol was added to the flask and brought to a boil with
mixing. Once the resin was dissolved, cyclohexane was added dropwise until the solution remained
imperceptibly cloudy (21 mL cyclohexane was needed). Then the stir bar was removed, the heat

was turned off, and the flask was covered with aluminum foil and left on the sand bath to cool to
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room temperature. Once cooled, the flask was stoppered and placed in the freezer overnight. Then,
the liquid was decanted, and the solids were rinsed with a 1:1 v/v mixture of ethanol/cyclohexane
(3 x 7 mL). The crystalline yellow solid was dried on high vacuum while still in the flask, then
transferred to a 20 mL collection vial and dried further under high vacuum. The final product was
collected as a fluffy yellow solid (3.052 g, 83%).
'H NMR (500 MHz, dmso) & 9.78 (t, J = 1.6 Hz, 1H), 9.49 (dt, J = 6.2, 1.3 Hz, 1H), 9.25 (dt, J =
8.2, 1.5 Hz, 1H), 9.11 (d, J = 2.5 Hz, 1H), 8.98 (dd, J = 8.7, 2.5 Hz, 1H), 8.66 (s, 1H), 8.54 (dd, J
=8.2,6.1 Hz, 1H), 8.41 (d, J = 8.7 Hz, 1H), 8.29 (s, 1H).
Notes:
e The reaction does not need to proceed overnight; essentially identical yields are achieved,
so long as the ethanol is boiled away to leave a hard resin (take care not to burn the product).
e 9-Br is hygroscopic and has a shelf-life of less than 6 months (somewhat longer if stored
in a desiccator). The purity of the product corresponds with its solubility in methanol.
Making a fresh batch is recommended instead of purifying old product.
1-allyl nicotinamide bromide (1-Br): Allyl bromide (840 pL, 9.9 mmol), nicotinamide (1.241 g,

10.2 mmol), and acetonitrile (10 mL) were added to a 20 mL vial with a pressure release cap, and
mixed at 50 °C for 12 h. The contents were transferred to a 100 mL round bottom flask, using
ethanol as needed to dissolve solids. The product was crystallized from ethanol/hexanes, and was
collected as a light brown crystalline solid (1.509 g, 61%).

'H NMR (500 MHz, dmso) & 9.45 (t, J = 1.6 Hz, 1H), 9.15 (dt, J = 6.1, 1.3 Hz, 1H), 8.97 (dt, J =
8.1, 1.5 Hz, 1H), 8.60 (s, 1H), 8.29 (dd, J =8.1, 6.1 Hz, 1H), 8.19 (s, 1H), 6.18 (ddt, J = 16.7, 10.4,
6.3 Hz, 1H), 5.50 — 5.42 (m, 2H), 5.33 (dt, J = 6.2, 1.4 Hz, 2H).

1-allyl nicotinamide chloride (1-ClI): Nicotinamide (0.122 g, 1 mmol) was dissolved in acetonitrile
(2 mL) at 70-80 °C in a 20 mL vial. Then, allyl chloride (89.6 puL, 1.1 mmol) was added, and the

mixture was capped and heated at 55 °C for 15 h. The product was crashed out with a 1:1 viv

mixture of diethyl ether/tetrahydrofuran (15 mL). The liquid was decanted, and the solids were
rinsed with a 1:1 v/v mixture of diethyl ether/tetrahydrofuran (3 x 5 mL), using a centrifuge to help
separate the solids. The title product was collected as a fluffy, cream-colored powder (9 mg, 4.5%).
'H NMR (500 MHz, dmso) & 9.48 (s, 1H), 9.14 (d, J = 6.1 Hz, 1H), 8.98 (d, J = 8.1 Hz, 1H), 8.66
(s, 1H), 8.28 (ddd, J = 7.9, 6.1, 1.3 Hz, 1H), 8.18 (s, 1H), 6.17 (ddt, J = 16.8, 10.5, 6.3 Hz, 1H),
5.48 — 5.42 (m, 2H), 5.31 (dd, J = 6.2, 1.4 Hz, 2H).
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Notes:
e Heat in excess of 55 °C tends to burn the allyl chloride.
e 1-Cl has an extremely high affinity for polar solvents. If dissolved in methanol, the
methanol will not come off, even under vacuum.
e During crystallization, if the polarity of the antisolvent is too different from the polarity of
the solvent (e.g. hexanes and ethanol, or diethyl ether and acetonitrile), the crystallization
will fail, and instead of one phase there will be two liquid phases.

1-benzyl nicotinamide bromide (6-Br): Adapted from a literature procedure.* Benzyl bromide (280

uL, 2.35 mmol), nicotinamide (0.287 g, 2.35 mmol), and acetonitrile (10 mL) were added to a 50
mL Erlenmeyer flask. The liquid was brought to a boil with gentle swirling for 5 min, during which
time a white crystalline solid precipitated. The mixture was cooled to room temperature, and the
solids were vacuum filtered over filter paper, rinsed with diethyl ether (~5 mL), and dried under
vacuum. The title product was collected as a fluffy white, static-y, crystalline powder (0.239 g,
35%).

'H NMR (500 MHz, dmso) & 9.60 (t, J = 1.6 Hz, 1H), 9.27 (dd, J = 6.2, 1.4 Hz, 1H), 8.94 (dt, J =
8.2, 1.6 Hz, 1H), 8.58 (s, 1H), 8.27 (dd, J = 8.1, 6.1 Hz, 1H), (s, 1H), 7.60 — 7.51 (m, 2H), 7.49 —
7.38 (m, 3H), 5.90 (s, 2H).

Notes:

e The yield can be increased substantially with a longer reaction time.

1-phenethyl nicotinamide bromide (3-Br): Phenethylamine (63.0 pL, 0.5 mmol) was added to a

solution of 9-Br (73.7 mg, 0.200 mmol) in methanol (3 mL). The contents were mixed at room
temperature for 8 minutes, after which diethyl ether (25 mL) was added to crash out the product.
When the solid had settled, the contents of the flask were filtered through a plug of sand, and the
plug was rinsed with diethyl ether until the eluent was colorless. The plug was flushed with
methanol into a collection vial, and the solvent was removed in vacuo to yield the title product as
a yellow crystalline solid (54.6 mg, 89%).

'H NMR (500 MHz, dmso) & 9.49 (s, 1H), 9.11 (d, J = 6.1 Hz, 1H), 8.91 (dt, J = 8.2, 1.5 Hz, 1H),
8.56 (s, 1H), 8.23 (dd, J = 8.1, 6.1 Hz, 1H), 8.17 (s, 1H), 7.28 (m, J = 28.6, 8.0, 6.0 Hz, 5H), 4.91
(t, J=7.6 Hz, 2H), 3.29 (t, J = 7.6 Hz, 2H).

1-phenethyl nicotinamide chloride (3-Cl): Phenethylamine (63.0 puL, 0.5 mmol) was added to a

solution of 9-Cl (64.5 mg, 0.199 mmol) in methanol (3 mL). The contents were mixed at room
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temperature for 11 minutes, after which diethyl ether (25 mL) was added to crash out the product.
When the solid had settled, the contents of the flask were filtered through a plug of Celite, and the
plug was rinsed with diethyl ether until the eluent was colorless. The plug was flushed with
methanol into a collection vial, and the solvent was removed in vacuo. The product was redissolved
in methanol and passed through a short silica plug to remove traces of Celite, and the solvent was
again removed in vacuo. The title product was collected as an orange crystalline solid (43.0 mg,
82%).
'H NMR (500 MHz, dmso) § 9.58 (s, 1H), 9.14 —9.09 (d, J = 6.1 Hz, 1H), 8.95 (dt, J=8.1, 1.5
Hz, 1H), 8.70 (s, 1H), 8.22 (dd, J = 8.1, 6.1 Hz, 1H), 8.17 (s, 1H), 7.34 — 7.21 (m, 5H), 4.90 (t, J
=7.6 Hz, 2H), 3.30 (t, J = 7.6 Hz, 2H).
Notes:

e The need for a second filtration may be omitted by replacing Celite with silica gel in the

first filtration.

1-butyl nicotinamide bromide (2-Br): Adapted from a literature procedure.* 1-Bromobutane (2.15

mL, 19.9 mmol), nicotinamide (1.235 g, 10.1 mmol), and acetonitrile (10 mL) were added to a 20
mL vial with a pressure-release cap. The contents were mixed at 50 °C for 2 h, then at 80-100 °C
for 10 h. The contents were transferred to a 100 mL round bottom flask, using ethanol as needed
to dissolve solids, and the solvent was removed under vacuum to yield a white soapy residue. The
residue was crystallized from cyclohexane/ethanol. The title product was collected as off-white
crystals (1.457 g, 56%).

'H NMR (500 MHz, dmso) & 9.48 (t, J = 1.5 Hz, 1H), 9.20 (dt, J = 6.1, 1.3 Hz, 1H), 8.91 (dt, J =
8.2, 1.5 Hz, 1H), 8.55 (s, 1H), 8.25 (dd, J = 8.1, 6.0 Hz, 1H), 8.16 (s, 1H), 4.64 (t, J = 7.5 Hz, 2H),
1.91 (dg, J =9.3, 7.6 Hz, 2H), 1.29 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H).

1-butyl nicotinamide chloride (2-ClI): Butylamine (49.4 pL, 0.5 mmol) was added to a solution of

9-Cl (64.9 mg, 0.200 mmol) in methanol (3 mL). The contents were mixed at room temperature
for 10-14 minutes, after which diethyl ether (25 mL) was added to crash out the product. When
the solid had settled, the contents of the flask were filtered through a plug of Celite, and the plug
was rinsed with diethyl ether until the eluent was colorless. The plug was flushed with methanol
into a collection vial, and the solvent was removed in vacuo. The product was redissolved in
methanol and passed through a short silica plug to remove traces of Celite, and the solvent was

again removed in vacuo. The title product was collected as a flaky orange soapy solid (35.9 mg,
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84%).
'H NMR (500 MHz, dmso) & 9.56 (s, 1H), 9.21 (d, J = 6.1 Hz, 1H), 8.96 (d, J = 8.5 Hz, 1H), 8.69
(s, 1H), 8.32 — 8.22 (dd, J = 8.0, 6.3 Hz, 1H), 8.17 (s, 1H), 4.65 (t, J = 7.5 Hz, 2H), 1.92 (p, J =
7.6 Hz, 2H), 1.30 (h, J =7.4 Hz, 2H), 0.91 (t, J = 7.5 Hz, 3H).
Notes:

e The need for a second filtration may be omitted by replacing Celite with silica gel in the

first filtration.

1-isopropyl nicotinamide bromide (4-Br): 2-Bromopropane (540 uL, 5.75 mmol), nicotinamide
(0.140 g, 1.15 mmol), and acetonitrile (1 mL) were heated in a Parr bomb reactor at 100-110 °C

for 24 h. After cooling to room temperature, the contents were transferred to a 50 mL round bottom
flask, using methanol as necessary to dissolve solids (~10 mL needed). The contents were
concentrated to a powder in vacuo, and recrystallized from ethanol/hexanes. The title product was
collected as a flaky, fluffy white crystalline solid (152 mg, 54%).

'H NMR (500 MHz, dmso) & 9.49 (s, 1H), 9.32 (d, J = 6.1 Hz, 1H), 8.92 (d, J = 8.0 Hz, 1H), 8.59
(s, 1H), 8.31 -8.24 (dd, J = 7.7, 6.6 Hz, 1H), 8.18 (s, 1H), 5.10 (hept, J = 6.8 Hz, 1H), 1.63 (d, J
= 6.6 Hz, 6H).

1-isopropy! nicotinamide chloride (4-Cl): 2-Aminopropane (42.8 uL, 0.5 mmol) was added to a

solution of 9-ClI (65.0 mg, 0.200 mmol) in methanol (3 mL). The contents were mixed at room
temperature for 55 minutes, after which diethyl ether (25 mL) was added to crash out the product.
When the solid had settled, the contents of the flask were filtered through a plug of sand, and the
plug was rinsed with diethyl ether until the eluent was colorless. The plug was flushed with
methanol into a 25 mL round bottom flask, and the solution was passed twice through a short silica
plug before being concentrated in vacuo. The title product was collected as an orange crystalline
solid (34.9 mg, 87%).
'H NMR (500 MHz, dmso)  9.61 (s, 1H), 9.32 (d, J = 6.2 Hz, 1H), 8.95 (d, J = 8.7 Hz, 1H), 8.78
(s, 1H), 8.27 (dd, J = 8.0, 6.1 Hz, 1H), 8.18 (s, 1H), 5.10 (p, J = 6.9 Hz, 1H), 1.64 (d, J = 6.6 Hz,
6H).
Notes:

e The need for a second filtration may be omitted by replacing Celite with silica gel in the

first filtration.

1-ethyl nicotinamide bromide (7-Br): Bromoethane (1.50 mL, 20.1 mmol), nicotinamide (1.239 g,
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10.1 mmol), and acetonitrile (10 mL) were heated in a Parr bomb reactor at 90 °C for 41 h. After
cooling to room temperature, the contents were transferred to a 100 mL round bottom flask, using
methanol as needed to dissolve solids. The solvent was removed under vacuum, and the residue
(0.426g) was crystallized from ethanol (42 mL) and hexanes (9.6 mL). The title product was
collected as large white crystals (1.91 g, 82%).

'H NMR (500 MHz, dmso) & 9.48 (t, J = 1.8 Hz, 1H), 9.21 (dt, J = 6.1, 1.3 Hz, 1H), 8.91 (dt, J =
8.1, 1.5 Hz, 1H), 8.55 (s, 1H), 8.26 (dd, J = 8.1, 6.1 Hz, 1H), 8.17 (s, 1H), 4.68 (q, J = 7.3 Hz, 2H),
1.56 (t, J = 7.3 Hz, 3H).

1-hexyl nicotinamide bromide (5-Br): Hexylamine (66.6 pL, 0.5 mmol) was added to a solution

of 9-Br (73.7 mg, 0.200 mmol) in methanol (3 mL). The contents were mixed at room temperature
for 8 minutes, after which diethyl ether (25 mL) was added to crash out the product. When the
solid had settled, the contents of the flask were filtered through a short plug of silica, and the plug
was rinsed with diethyl ether until the eluent was colorless. The plug was flushed with methanol
into a collection vial, and the solvent was removed under vacuum. The product was soaked in
diethyl ether to remove any residual 2,4-dinitroaniline. The title product was collected as a
brownish-white, soapy, semicrystalline residue (48.1 mg, 84%).
'H NMR (500 MHz, dmso) & 9.50 (s, 1H), 9.21 (d, J = 6.1 Hz, 1H), 8.92 (dd, J = 8.1, 1.6 Hz, 1H),
8.57 (s, 1H), 8.26 (dd, J = 8.1, 6.1 Hz, 1H), 8.18 (s, 1H), 4.64 (t, J = 7.6 Hz, 2H), 1.92 (m, 2H),
1.28 (m, 6H), 0.85 (m, 3H).
Notes:

e The diethyl ether soak did not appear to be necessary.

1-hexyl nicotinamide chloride (5-Cl): Hexylamine (66.6 uL, 0.5 mmol) was added to a solution of

9-Cl (64.7 mg, 0.199 mmol) in methanol (3 mL). The contents were mixed at room temperature
for 13 minutes, after which diethyl ether (25 mL) was added to crash out the product. When the
solid had settled, the contents of the flask were filtered through a plug of Celite, and the plug was
rinsed with diethyl ether until the eluent was colorless. The plug was flushed with methanol into a
collection vial, and the solvent was removed in vacuo. The product was redissolved in methanol
and passed through a short silica plug to remove traces of Celite, and the solvent was again
removed in vacuo. The title product was collected as a soapy, orange, semicrystalline solid (37.0
mg, 77%).

'H NMR (500 MHz, dmso) & 9.59 (s, 1H), 9.22 (d, J = 6.0 Hz, 1H), 8.96 (d, J = 8.4 Hz, 1H), 8.71
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(s, 1H), 8.26 (dd, J = 8.1, 6.1 Hz, 1H), 8.17 (s, 1H), 4.64 (t, J = 7.6 Hz, 2H), 1.94 (m, 2H), 1.28
(m, 6H), 0.88 —0.81 (m, 3H).
Notes:
e The need for a second filtration may be omitted by replacing Celite with silica gel in the
first filtration.

1-methyl-4-tert-butyl pyridinium perchlorate (MP): Adapted from a literature procedure.®® 4-tert-
Butyl pyridine (0.135 g, 1 mmol) and methyl iodide (0.71 g, 5 mmol) were heated together at 60
°C for 2 minutes in a closed vial, then left uncovered overnight at room temperature. The orange-
yellow resinous fluid was dissolved in a trace amount of acetonitrile (< 1 mL), and the pyridinium
salt was crashed out with a mixture of ethyl acetate and diethyl ether. This process was repeated
once to yield an orange resinous fluid (0.223 mg, 79% yield), which was dissolved in methanol (5
mL). In a separate container, silver perchlorate hydrate (0.23 g, 1 mmol silver perchlorate) was
dissolved in methanol (10 mL). The silver solution was added dropwise to the pyridinium solution,
until no additional silver iodide formed (ethyl acetate and acetonitrile were also added to help with
solubility). The fluid was decanted from the silver iodide, passed through a small plug of silica,
and concentrated in vacuo. The crude product was dissolved in dichloromethane (10 mL) and
washed once with water (10 mL) to remove excess silver salts. The dichloromethane layer was
dried over magnesium sulfate, and the product was crashed out by the addition of hexanes (10
mL). The liquid was decanted away from the product, which was briefly concentrated under
vacuum and finally collected as a hygroscopic, yellow-orange fluid (73 mg, 26%).

'H NMR (500 MHz, dmso) & 8.85 (d, J = 6.6 Hz, 2H), 8.13 (d, J = 6.8 Hz, 2H), 4.26 (s, 3H), 1.34
(s, 9H).

Notes:

e The ethyl acetate and acetonitrile did not significantly affect the solubility.
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Figure 2.S1. *H NMR spectrum of 1-(2,4-dinitrophenyl) nicotinamide chloride (9-ClI).
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Figure 2.53. 'H NMR spectrum of 1-allyl nicotinamide bromide (1-Br).
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Figure 2.54. 'H NMR spectrum of 1-allyl nicotinamide chloride (1-Cl).
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Figure 2.57. 'H NMR spectrum of 1-phenethyl nicotinamide chloride (3-ClI).

90



Vp6_1-Et_NA_Br_PROTON_01

[T

DMSO

water

3.04¢

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5

500

450

400

350

300

250

200

150

100

50

~-50

Figure 2.58. 'H NMR spectrum of 1-ethyl nicotinamide bromide (7-Br).
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Figure 2.59. 'H NMR spectrum of 1-butyl nicotinamide bromide (2-Br).
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Figure 2.510. 'H NMR spectrum of 1-butyl nicotinamide chloride (2-Cl).
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Figure 2.513. 'H NMR spectrum of 1-hexyl nicotinamide bromide (5-Br).
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Figure 2.514. 'H NMR spectrum of 1-hexyl nicotinamide chloride (5-Cl).
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CRYSTAL STRUCTURES

Figure 2.517. Stereo image of the crystal structure of 2-Br.
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Figure 2.518. Stereo image of the crystal structure of 3-Br.

Figure 2.519. Stereo image of the crystal structure of 4-Br.

100



Figure 2.520. Stereo image of the crystal structure of 7-Br.

Figure 2.521. Stereo image of the crystal structure of 3-CI.
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Figure 2.522. Stereo image of the crystal structure of 4-ClI.
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FUNDAMENTAL HARMONIC EQUATION DERIVATION

The following derivation is based on the derivations outlined by D.E. Smith.* The general
ideas are the same, but here we account for the fact that cro is a function of position, whereas the
treatment of Smith and coworkers assumed that the concentration of the radical cro was constant
with respect to position.*® Familiarity with the theory of residues and with Laplace transforms will
be helpful in following the mathematical development. The convolution theorem, which is
frequently invoked in the derivation, will be stated here to assist the reader (a formal derivation is
provided by Churchill®®).

The convolution theorem:

If £(t) and g(t) are two functions of time, with Laplace transforms L{f(t)} = f(s) and
L{g(t)} = g(s), then the inverse Laplace transform of the product of the two Laplace-domain

functions equals the convolution integral of the two time-domain functions. That is:
t
LF©56) = | fe- g
0
S1

Derivation of Fundamental Harmonic Current:

The system under consideration has irreversible dimerization following the charge transfer step:

0+ne or

52

2r->y
S3

where 0 is the pyridinium ion, r is the pyridine radical, and y is the dimer. The governing equations

are.
d 0?2
aco = DOWCO
S4
d 0?2 )
acr = Drﬁcr — kpc,
S5
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where t is time, x is position, kp is the dimerization rate constant of the radical r, ¢, and c; are the
concentrations of o and r, and D, and Dy are the diffusion coefficients of o and r. The boundary
conditions are, for one-dimensional semiinfinite diffusion:

t=0allxandt > 0,x = oo:

c, =c%c, =0

t>0,x=0:
L=—D ic =D ic
nFA °ox ° Tox "
S6

where F is Faraday's constant and A is the electrode surface area. The Butler-Volmer equation is

assumed to apply at the electrode surface (x = 0):
(—naF(E—E°)> <n,8F(E—E°)>
I = nFAK® {—focoe RT + fic,el BT }

S7
where k° is the heterogeneous electron transfer rate constant, f, and fr are the activity coefficients
for o and r, E is the applied potential, E? is the thermodynamic potential, R is the ideal gas constant,
T is the temperature, and o and S are symmetry coefficients suchthata + f=1and 0 <a<1,0<
B=<1.

The potential E can be written as the sum of a linear sweep (Epc) and an alternating (AE
sin(wt)) component, that is:

E = Ep¢ + AE sin(wt)

S8
where it is assumed that Epc is constant on the AC timescale. Plugging this expression into the

Butler-Volmer equation yields:

—-naF

T(EDC'FAE sin(wt)—EO) Tl’i

> + frcre< RT

Epc+AE sin( t)—EO)
I = nFAK® {_focoe< (Epc sin(w ) }

S9

We make an additional substitution for the reversible half-wave potential E"y/2:
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RT ,
E° =E;, + ln j]:r
o

S10
which yields:
[ = nFAkO f fﬁ ’D a e< ;l,?F(EDC+AEsm(wt) E1/2)>
- T o O
B (ﬂ Epc+AE sin(wt)—ET )
/
+frfo’ﬁreRT( 12)
O
S11

We also make a substitution for the dimensionless direct potential j:

nkF
= ﬁ (EDC - E1r/2)
S12

which, after some rearrangement, yields:

I — O fr fo _C_oe_aje(_ng;AEsin(wt)) + & oBig ( BRFTAEsin(wt))
nFAcO\/— DT“DOB co D, co
S13
Finally, we introduce the abbreviations:
f=r%"
S14
D = D,*D,?
S15
I
B nFAcO\/D_O
S16
_ nFAE
RT
S17

which affords the following form of the Butler-VVolmer equation:
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0
:k f _C_Oe—aje—aésin(wt)_i_ & C_’(;eﬁje/?é‘sin(wt)

V=5 o D,

S18
In essence, these transformations were carried out so that the alternating potential (J sin(w?)) and
direct potential (j) terms would be separated in the exponential terms.

The theory behind alternating current voltammetry rests on a Taylor series expansion of

the alternating potential terms e~#8sin(@t) gnd gBSsin(wd) | general, e* =1 +x+%x2 +

1 R
;x3 + ---, and so we can write:

. 1 1
e~@8sin(@t) — 1 _ g5 sin(wt) + o [a6 sin(wt)]? — 30 [a6 sin(wt)]® + -
S19
B6 sin(wt) : 1 : 2 1 : 3
e =1+ pdsin(wt) + e [BS sin(wt)]* + 3 [BS sin(wt)]® + -+

S20
Each additional term of the Taylor series introduces a higher harmonic into the experiment. For
example, if 6 = 0, only the first term is significant, and the Butler-VVolmer equation simplifies to
the DC solution only. If the first two terms are significant (6 > 0, but 6> ~ 0), then the solution has
both DC and fundamental harmonic components. If the first three terms of the Taylor series are
significant, the solution has DC, fundamental harmonic, and second harmonic components, etc.
The alternating potential magnitude AE controls the value of ¢, and by extension the number of
harmonics one will observe in an experiment.

For the fundamental harmonic experiment, we choose AE such that only the first two terms
are significant. We also observe that the current and both concentration profiles can be written as

the sums of direct (subscript 0) and fundamental harmonic (subscript 1) components, that is:

Y =9+
S21

Co = Coo T Co1
S22

Cr = CrO + Crl
S23

We plug these into the Butler-Volmer equation to give:
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kO Cop +C . D, \cyo+c ;
f _ oo Ole_“f(l—QSSin(wt))+ _r ueﬁ1(1+ﬁ6sin(a)t))

\/E cO D, c?

Yo+, =

S24
The DC terms can be gathered into one equation and the fundamental harmonic terms into another
equation. The products of two fundamental harmonic terms (that is, Co1adsin(w?) and cr1dsin(wt))

are assumed to be vanishingly small (otherwise they would produce a second-harmonic term). The

result is:
0
¢0=ﬂ _Co0 ,—qj br ro ,pj
VD c? D, | c°®
S25
0 . _ .
P, = u -y Coo0 sm(;ut) Co1 N D, Y crofB6 sm(éut) + ¢
VD c D, c

S26

The goal is to predict y1, the fundamental harmonic alternating current. A straightforward way to
accomplish this is to set

Y, = A, sin(wt) + B;cos (wt)
S27
then to express Co1 and cr1 in terms of sine and cosine functions, and finally to equate the sine terms
and cosine terms to find A; and B1. We will also need to find coo and cro from wo.

To find coo, Cot1, Cro, and cr1, We turn to the governing equations above. For ¢o, we write:

a 2
a(coo + Col) =D, ﬁ (COO + Col)

S28
We again collect DC and fundamental harmonic terms, which affords the two equations:
a0 02
E Coo = Dy W Coo
S29
0 02
a Co1 = D, W Co1
S30
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These equations can be solved with Laplace techniques. For the first, we define the deviation
variable Coo = Coo — ¢°, and then a Laplace transform yields:

62

sC,o =D, Eye] C
S31
where an overbar denotes a function in the Laplace domain, and s is the Laplace variable. This
equation has the solution:
Coo = a,XVS/Po 4 g,e=xVs/Do
S32
where a; and a are constants. The boundary condition Cq = 0 at x = o« forces a1 = 0, and so the
solution becomes:

Coo = aze™*Vs/Po

S33
The concentration can be expressed in terms of the faradaic current through the flux boundary
condition:
i=—D iC = (Dos)Cosl
nFA o ax =0 o 001x=0
S34
———— = Coolx=0
nFA.\/D,s
S35

The convolution theorem allows us to take this function from the Laplace domain back into the
time domain, affording":

Io(t - T)

dt

Coolx=0 = ¢ —o—c’= J
00lx=0 001x=0 \/—
S36

or

" The convolution integral here is a half-order integral, or a semiintegral. (A semiintegral is an operation that, when
performed twice on a function, returns the integral of that function. )Application of the convolution integral to
electrochemical systems has been called "convolution voltammetry"” or "semiintegral electroanalysis"*® by
different authors.

108



Coolx=0 — 1+ftlp0(t_r)d‘[

CO
S37
By a similar transformation, we find:
Co1|x 0 f 1/11(t - T)
S38
To express —— "1'" 2 in terms of sine and cosine functions, we rewrite the integral:
Cotlx=0 tA;sinw(t — 1) + Bycos w(t — 1)
0 fo Vrt
S39

With a steady-state approximation, fot dt = f0°° drt, and the integral becomes:

dt

Corlx=0 _ [T Arsinw(t — 1) + Bycos w(t — 1)
@ fo Vrt
S40
We can expand the sine and cosine functions with the difference-of-angles formulae:
sinw(t — 7) = sin wt cos wT — cos wt sin Wt
S41
cos w(t — T) = cos wt cos wT + sin wt sin wt

S42

which gives the integral:

Co1lx=0 f‘” A (sin wt cos wt — cos wt sin wt) + B;(cos wt cos wt + sin wt sin wT) p
= T
c? 0 VrT
S43
The integrals [ ST e and [ % dt can be found with Laplace methods, by writing the sine

and cosine functions as their complex Euler identites. In general:

@ @ x\"dx T(n+1)
—Sstsn —_ —-X
Joe t dt—f0 e (s) S —sn“
S44

assuming the integral converges. By substituting n = -1/2 and s = *iw, the following solution can

be obtained for the above integrals:
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®sin wt ® cos wT 1

—dt = dt =
o Vmt o Vmt V2w

S45
This solution affords the following expression for Co1:

Cotlx=0 _Aisinwt Ajcoswt Bjcoswt Bjsinwt

= + +
co V2w V2w V2w V2w

S46
Now that co1 has been expressed in terms of the current, with the coefficients A; and By,
we can turn our attention to cr. To find cro and cr1, We return to the governing equation, writing cr

as the sum of direct and fundamental harmonic components:
2

r W (CTO + Crl) - kD (CrO + Crl)z

d
a(cro + Crl) =D

S47
We assume cri? =~ 0, so that the equation can be broken into direct current and fundamental
harmonic components only. Collecting the direct current terms affords:
0 02
ECTO = Drﬁcro —kpcro®
S48

which, for sufficiently fast ko, can be solved by the steady-state approximation:
2
Dr WCTO = kDCrOZ

S49
which has the solution
_ 6D,
Cro = m
S50
where A is some constant. The value of 4 can be found from the flux boundary condition:
I 0 12D?

nFA - U ax 0l T Al
S51
which, upon rearrangement, affords:

~ <12nFADr2>1/3
Iokp
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S52
(note that 4 < 0 because lo < 0 for reduction). Plugging this expression for A back into the equation

for cro affords:
2/3

- (72 (om)
rolz=0 =\ ra)  \2D.k,
$53

so that cro can be expressed in terms of the direct current lo.

1/3

Meanwhile, the equation for the fundamental harmonic term cyy is:

0 02
c

Frace. =D, ﬁcm — 2kpCroCry
S54
We plug in the known expression for ¢ to find:
GE 12D,
&Cn =D, Ax2 Cr1— (x — A)? Cr1
S55

To solve this equation, we take a Laplace transform, which yields:

0> /s 12
2 1= Cn (D_r + m)
S56
which has a Whittaker function as a solution.?®%! To find the Whittaker function, make the

z=2jDEr(x—A)

0> /1 12
9721 = ﬂ(z+z—z>

substitution

S57
which affords the equation

S58

which has Wo,7/2(z) as a solution:

_ _ 2 120 60 12
Cr1 = Wo,—7/2(2) = e (2_3 + 77 + - + 1)
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S59°

To express this concentration in terms of the current, use the flux boundary condition:

I. 120,60, 12
I _ im _ %i[e—%ﬂn (Z—3+Z—2+7+1)]
nFAD, 0x “l,—, 0x0z z=-24 |5
S60
_ 360 120 12
L ([, 1.z @ *ee -
- T
nFAD, D, 2 122_304_%_'_12_2_*_1 i ZA\/?
N Dr
S61

Rearranging yields:

o —I A*s3/2 — 6A3sD,Y? + 154%2s1/2D, — 15AD,>/?

chF_ZA\/DET B nFA\/D, [/14'52 — 64353/2D,"? + 21A2sD, — 45A51/2D,3/* + 450rzl
S62
The term in brackets is a fraction of two polynomials in s2. We will expand it by partial fractions
so that the inverse Laplace transform can be taken more easily. Evidently the term in brackets can
be expanded into the form (after dividing the numerator and denominator by 4%):

s%/2 — 6A71sD,"/* + 15472s%/2p, — 15472D,*/*
s2 — 6A~1s3/2D Y2 4 21A-2sD, — 45A~351/2D,3/% + 454-4D,?

o n a " as " Ay
Vs+b, s+b, s+b; +s+b,

S63
The roots of the polynomial in the denominator -bx (k = 1, 2, 3, 4) can be found numerically with
a coding script. Once the by are found, the coefficients ax can be found from the following four
equations, which are obtained after bringing all of the partial fraction terms over a common
denominator and equating coefficients of like powers of s:

a,ta,+az+a,=1

S64

5

° Strictly speaking, ¢,; = a; Wy, _7/2(2), where a, is an arbitrary constant. Incorporation of the flux boundary
condition amounts to finding a;, although the constant is not explicitly identified as such.
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S65

D,
+ ay(bib, + bibs + bybs) = 15—

AZ
S66
3/2
S67
Expressing these equations in matrix form affords the following equation:
1 1 1 1 a,
b, + b; + b, by + bz + b, by + b, + b, by + b, + bs a,
b,bs + b,by + b3by, bibs + biby + b3b, bib, + biby + byby  bib, + bibs + bybs || a3
b2b3b4 b1b3b4 b1b2b4 b1b2b3 a4
[15/0 }
S68
where
_ kpcrolx=o 12 __V D,
P=\" 6 A
S69

Finally, we need to take the inverse Laplace transform of the concentration:

Cr1|x=0 — m|x=0} —
=Lt =L" Z =L Z
c® { c® {nFAeO,/ \/'+ bk lpl,/ \/'+ by

S70

which requires us to know the i

that
1 1 by 1 by by’

stbe Vs Vs(s+be) V5 s—be  Vs(s—bsd)

S71
With the help of the convolution theorem, we find the inverse Laplace transform to be:
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1 1 by, bkz } 1 ) tebkz(t—‘f)
L1 =L —— + = — bpebk’t + b % | ———dx
{\/E + bk} {\/E s—b’ Vs(s—hb?)) At k “l, vt

S72

The right-hand side of the equation can be written more compactly:

1 5 t e—bkz‘r 1 5 00 e—bkz‘r
—— — p bt 1—bf drt =——b2ebkff dt
V1t , ( k o VTT 4 t

S73

observing that the term in parentheses is the complementary error function of byz*?

. TO express Cr1
in terms of sine and cosine functions, we again write ¥, = A; sin(wt) + B;cos (wt), and again

making use of the convolution theorem and the steady-state assumption we find:

Crilx= ’D @
r1c|(;)c_o = — D—ij;) (A;sinw(t — ) + Bycos w(t

))i L bszfooe_bkzod d
-7 ar | ——=— b€ o|dr
] “\vmr : mo

S74

The sum on the right can be broken into two parts, the reversible component \/% and the

e—bik’o
Vro

integral is identical to the solution above for co1, affording:

Doi j""(Alsina)(t—T)+B1 cosw(t—r))d
—|=) a T
D, 4 0 vVt
k=1
D, 24: (A1 sinwt A coswt N B, cos wt N B, sin wt)
—_ — —_— a —_

Dy &4 “\' V2o V2w V2w V2w

S75

To solve the convolution integral for the irreversible component, we use the difference-of-angles

. . 2 . .
irreversible component —b, 2e?x’® f:o do. For the reversible component, the convolution

formulae to write:
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’D - e
D—OZ ai by’ f (A1 (sin wt cos wT — cos wt sin wT)
" k=1 0
2

2 ooe_bk (o2
+ B, (cos wt cos wt + sin wt sin a)r)) ePk Tf do |dt
: \mo

S76
e—bkzrr

Vo

The integral fT°° do may be found by switching the bounds of integration, observing that

T=00 ,0=00 0=00 ,rT=0 . . . . . .
Jo_y [ _, dodt=[_ " [_  drdo (the domain being integrated is the gray triangle shown in

o=T o=0

Figure 2.523 below).

L4 >
o
Figure 2.523. The domain being integrated during the inverse Laplace transform of cr1|x=o.

With this transformation, and with the complex Euler identities for sine and cosine, this integral

can be solved. Taking e in place of, for example, sinwz, we find:

T=00 g=0 —bkzcr g=00 —bkza =0
iwt [ ,bx’t € € (b’ +iw)
e e’k do |dt = et\Vk dtdo
7=0 7=0

o=t VIO c=0 VIO
o= e—bkza e‘r(bk2+iw) =9

= Nl do
=0 o ( [ Lw) =0

S77
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1 g=00 eiwcr e—bkza
= 2—f ———do
(bk + lw) o=0 VIO Vo
S78
_ 1 ( 1 1 )
B (bk2 + ia)) V—iw bx
S79

In a similar fashion, e’ affords:

1 ( 1 B l)
(ka — l(,l)) M bk
S80

Combining these as needed for sinwz, we find:
” b2 @ e_bkzo
sinwt| e’** do |dt
-’;) T VIO

1 1 1 1 1 S
- z_i{(bk2 +iw) (\/—_lw - E) (b - iw) (‘/E l b_">}

S81
Rearranging affords:
® . [P bK’e 1 V2w
fo sma)‘r(ebk TJ; N da)drzm(bk4+w2){bk2—bkw+ b }
S82
Similarly, we find for coswz,:
jm oS Wt (ebsz jmﬂcw) dr = - {bi* = b20 + 0}
0 : no \/%(bk4 + wz)

S83
Finally, we can plug these identities back into the equation above for ¢, |,=o. Returning to the

total expression, we can write:
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D, Z { f A, (sin wt cos wt — cos wt sin wt) + B; (cos wt cos wt + sin wt sin wt) p
__ |Ze T

Vit

— J. [A; (sin wt cos WT — cos wt sin wT)
0

(o) —bkzd
+ B;(cos wt cos wT + sin wt sin w‘r)]bkzebsz.f dadr}
 Vmo
S84
Crilx=0 Doi{ (A1 sinwt A cos wt+B1 cos wt+31 sin wt)
— — a —
c? D, ] , V2w V2w V2w V2w
A sin wt
< ,_(bk +w2){ bk V +bk (l)}
Aq cos wt
s
B, cos wt
\/_Eb + wZ) {bk4 - bk3 V 2w + bkza)}
k
B, sin wt
\/_Eb T a)z){ — b lw + bkw\/Zw}>}
k
S85
That is:
| fD g 1
Crilx=0 o . z ag
= — |—1{A,; sinwt — 1l -— —b.3\V2w + b 2w
c® Dr{ ! £t (\/Za)l (b* +a)2){ “ e o) )
4 _
—A cosa)t2<ak 1-— ! {b — b 2w + bwV2 })
' L\V2e| (bt +wr) " «
4 _
+ B costh(ak 1-— ! {b4—b3\/2w+b2w}l>
' L\V2e| (bt +wr) " «
4
+ B smth(ak ll— ! {b4—b2w+bw\/2 })
' L\V2e| (bt +wr)t " «
S86
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Writing
= i ( [ 1 ){bk4 — b lw + bkan/%}l)

i<(b +w2){w + brw(by — x/_)}>

s87 -
Lc = Z(ak I1 - m{bk“ — b* V2w + bkza)}D
i ( 5+ o?) {w? + b2 (bV2w — a))})
s88 -

we have finally:

c / /
Tllx 0 _ |22 {A L sinwt — A Lg cos wt + B L cos wt + B Lg sin wt}

We can plug the expressions for co1 and cr1 into the Butler-Volmer equation above, which

S89

yields:
Y, = A, sin(wt) + B; cos(wt)

_k°f _aj [ €008 sin(w?)

[A1 sinwt A;coswt Bjcoswt B;sinwt )

V2o | Ve | Ve | Ve

4 o D, Crof0 sin(wt)
D, cO

D, {AlLC sinwt A;Lgcoswt N B,L cos wt N B;Lg sin wt}

.U VZe = Vi V2w Ners

S90

Equating sine and cosine terms gives two equations for the two unknowns A; and Bz:
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0 ,
A = ﬂ o= (C00a5 Ay B, )+ B %CroﬁfY AjLc  BiLg
o

VD co _\/Zw_\/Za) co _\/Zw_\/Za)
S91
0
Bl = u{e_a]( A1 —_ Bl ) + eﬁj (AlLS —_ BlLC)}
VD V2w V2w V2w V2w
S92

Solving for By in terms of Az, we find:

k°fe~ . kOfe~® .
Bl<1+ fe (1+e1Lc)>— fe A {1+ e/}

VD\V2w B VD\V2w
S93
_ 1+ ellg
Bl = Al = Al .
VD\2w 414 el VD\2w 1+ell;
kOfe~ai ¢ kOf(e—% +ePi)  1+el
S94

Solving for Az in terms of By yields:

kOfe~ .
A1 (1 + W(l + eJLC)>

k°fe=% \ (cooad V2w [ |D;, croBEV2w
= — B || |[LEOTE

~ VDV2w c® D, «¢° v
S95
1 Coo®OV2w + Dy croBOV2w o) — B 1+e/Lg
p 1+ e/ c0 D, c0 L' 1+e)
v VDV2w 1+ell,
kOf(e=% +ePi) = 1+e/
S96
The absolute solutions for both coefficients will be easier to follow with a few shorthand
notations:
_ VD\V2w 4 1+elL¢
Uk (e +eBl) T 1+el
S97
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S98

S99

Then we have

S100

S101
Solving for B; affords:

5102

S103

S104

And solving for A; affords:

S105

At this point, the equation for 1 has technically been solved — both the sine and the cosine

coefficients are known. However, it remains to put 1 into the magnitude/phase angle form:

Y, = A; sin(wt) + B; cos(wt) = /Alz + B, % sin(wt + 6)

S106

1+e/Lg
u=———-——-
1+4+¢e/

1+e/ cO cO

1 c00a6\/2w+ D, ¢, o6V2w i
——e
JDO

v2 + y?

4 Bv Hv
P77y 7 2 2
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A
= -1 —1
6 = cot ( B1>

S107
Plugging in the results for A; and By, we find:
H :
Y, = ﬁsm(a)t + @)
S108
v
@ = cot™! (ﬂ)
S109

We are almost at the final solution. We write out H:

V2 w |[coad D, c,. o5 .
P, = Vo 0 4 D_r rof el | ¢ sin(wt + @)
(o]

VvZ+uz|1+e’ cO 0
S110
P, = V2 |&vVw(1+e™) e [0 e
Y vzt uz | 4cosh2(j/2) | D, ¢0
S111
Denoting
. Cooa DT CTOﬁ .
= -] T j
F(t) (1+€ ) CO + ’DO Co e
S112
and
G(w) = [ 2 ]1/2
R CEEYE
S113
we have
nFAEVw .
1~ 4RT cosh2(j/2) F(t)G(w) sin(wt + @)
S114

L n?F?Ac®(wD,)"/?AE
17 4RT cosh?(j/2)

F(t)G(w) sin(wt + ¢)
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S115
Finally, by setting
n?F?Ac®(wD,)Y?AE

I, =
rev 4RT cosh?(j/2)

S116
we have the solution in the final form:
I} = L, F(t)G(w) sin(wt + @)
S117
The shorthand notation here was chosen to coincide with the literature notation.*° It should
be observed that the only changes we made were to the definitions of Ls and Lc (Eqgs. S87-S88),
which appear in u and v (S97-S98). Equation S117 may be expanded partially to illustrate more

thoroughly what is being computed:

n2F2Ac°(wD,)Y2AE [ coo D, c .
11 — ( o? " (1 + e_]) 00 + -r roﬁ e]
4RT cosh?(j/2) c D, c°

|
I

11/2
2

* . 2 . 2
[( VD\2w 1+ eJLC> N (1 + e1L5>

kOf(e=® +ebi) " 1+el 1+el

VDV2w 1+ellL;
kOf(e=% +ePi) = 1+el
1+ellg
1+el

* sin | wt 4 cot™!

S118

Sample python script for implementing this code, and for computing the error in the ACV
fit (described on the following page), may be found on Github: <https://github.com/Chase-

Bruggeman/Electrochemistry>. Representative ACV and CV data for 1-Br are also provided in

this repository.
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ERROR CONTOUR PLOTS

The error ¢ (units of pA) for the ACV fits was found with the following equation:

N
1 Algyp i

€ \/Alezxp,k + AItzheor,k - ZAIexp,kAItheor,kCOS ((Pexp,k - (ptheor,k)

"N L Blerpma
where N is the number of data points, Alep IS the experimental faradaic alternating current
magnitude, Almeor IS the theoretical faradaic alternating current magnitude according to Eq. 117
above, gexp IS the experimental faradaic phase angle, and gweor is the theoretical faradaic phase
angle according to Eq. 117. The square root term is the offset between theoretical and experimental
data points on a polar plot of the current. The preceding term inside the sum weights the offset by
the intensity of the measured signal. Only those data points where Alexp > 0.1*Alexpmax Were
considered in the sum.

An equivalent expression for the error is:

N
1 Algxp i

€ J(Ir,exp,k - Ir,theor,k)2 + (Ij,exp,k - Ij,theor,k)2

B N =1 AIexp,max
where I and Ij are the real and imaginary components of the current (I, = A7*cos(p), lj = AI*sin(p)).

The error is illustrated schematically in Figure 2.S24.

—— —
e —
—

#obt

e YT latara10Y0)0)

0 2 4 6 8
Al (LA)

00

Figure 2.524. Illustration of the error as the magnitude of the difference between the theoretical
(green dots) and experimental (gray circles) alternating current.
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Figure 2.525. Contour plot of error in ACV fit for 1-allyl nicotinamide bromide (1-Br).
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Figure 2.526. Contour plot of error in ACV fit for 1-butyl nicotinamide bromide (2-Br).
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Figure 2.S27. Contour plot of error in ACV fit for 1-phenethyl nicotinamide bromide (3-Br).
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Figure 2.528. Contour plot of error in ACV fit for 1-isopropyl nicotinamide bromide (4-Br).
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Figure 2.529. Contour plot of error in ACV fit for 1-hexyl nicotinamide bromide (5-Br).
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Figure 2.S30. Contour plot of error in ACV fit for 1-benzyl nicotinamide bromide (6-Br).
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Figure 2.S31. Contour plot of error in ACV fit for 1-ethyl nicotinamide bromide (7-Br).
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Figure 2.S32. Contour plot of error in ACV fit for 1-allyl nicotinamide chloride (1-Cl).
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Figure 2.S33. Contour plot of error in ACV fit for 1-butyl nicotinamide chloride (2-Cl).
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Figure 2.S34. Contour plot of error in ACV fit for 1-phenethyl nicotinamide chloride (3-Cl).
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Figure 2.S35. Contour plot of error in ACV fit for 1-isopropyl nicotinamide chloride (4-Cl).
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Figure 2.S36. Contour plot of error in ACV fit for 1-hexyl nicotinamide chloride (5-Cl).
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Figure 2.537. Contour plot of error in ACV fit for 1-methyl-4-tert-butyl pyridinium perchlorate
(MP).
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OPTIMIZED MOLECULAR COORDINATES

Computations were carried out with Gaussian 16, Revision C.01. The following input was used:

opt freg=noraman b3lyp/6-31+g(d,p) scrf=(cpcm,solvent=acetonitrile)
pop=nbo geom=connectivity

The redox potential was computed as the difference between the summed electronic and thermal

energies of the cationic and neutral species.

1* 1

Atom X Y Z X Y YA

0.232059  -0.558299 0.299642 0.239064 -0.534619  0.283813
-1.104145 1.371103 0.099148 -1.104215  1.452562  0.144038
0.004971 2.139066  -0.211525 0.027966  2.192119 -0.134390
1.260066 1.534968  -0.259329 1.293402  1.600035 -0.217410
1.377739 0.161601  -0.016706 1.384830 0.167688 -0.010492
0.245433  -1.613425 0.539723 0.244837 -1.596776  0.498846
-2.106324 1.776120 0.155532 -2.101983  1.861211  0.214277
-0.120741 3.196955  -0.405320 -0.088150  3.260651 -0.290650
2.149924 2.112877  -0.481557 2.184842  2.172811 -0.433885
2.751932  -0.467773  -0.038276 2.707828 -0.494439 -0.064526
3.734276 0.211233 0.267971 3.760594  0.163690  0.021405
2.823484  -1.772230  -0.380009 2.751698 -1.860316 -0.184150
2.058405  -2.271569  -0.809585 1.980066 -2.378473 -0.577013
3.737699  -2.203361  -0.421253 3.668143 -2.269861 -0.303151
-0.973518 0.049072 0.358099 -0.985239  0.062940  0.370249
-2.199643  -0.744193 0.720243 -2.189495 -0.707213  0.712643
-1.843164  -1.730664 1.022243 -1.856678 -1.691213  1.056979
-2.650861  -0.259817 1.588498 -2.693828 -0.215236  1.552702
-3.161076  -0.834309  -0.431228 -3.134913 -0.854032 -0.453762
-2.781739  -1.301360  -1.338163 -2.715764  -1.312067 -1.349230
-4.425734  -0.411671  -0.358961 -4.415864 -0.475960 -0.428336
-4.825250 0.052280 0.539503 -4.855623 -0.012841  0.452449
-5.104363  -0.528752  -1.198061 -5.067444 -0.622932 -1.284716
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Table 2.S1. Optimized coordinates for the 1-allyl nicotinamide cation (1*) and neutral radical
(1) (units of A).
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2" 2
Atom X Y VA Atom X Y z
0.638301 -0.253733 0.440519 0.688749 -0.304692  0.412040
-0.094781 1.942943 0.014587 -0.149528  1.924312  0.112408
1.154757 2.294641 -0.469251 1.093517 2.326878 -0.335692
2.170288 1.341783 -0.488126 2.167676  1.435306 -0.427303
1.906674 0.040746 -0.041546 1.936998  0.055289 -0.043162
0.367131 -1.222540 0.840713 0.460693 -1.306676 0.757236
-0.922777 2.638202 0.065107 -1.005103 2.577260 0.211940
1.321556 3.306671 -0.816338 1.220093 3.368048 -0.617937
3.164156 1.590980 -0.842242 3.143907 1.743327 -0.776197
3.028016 -0.972515 -0.037471 3.053120 -0.913865 -0.093182
4.189671 -0.593963 0.126805 4.236247 -0.532121 -0.162545
2.678839 -2.266577 -0.201651 2.760180 -2.254315 -0.033793
1.763931 -2.551793 -0.519609 1.857112 -2.604369 -0.317511
3.414658 -2.960433 -0.224356 3.538732 -2.885812 -0.164016
-0.331095 0.689466 0.465082 -0.342374  0.582307 0.508880
-1.696201 0.330159 0.956437 -1.671093  0.150697  0.958014
-1.565778 -0.454799 1.702816 -1.541522 -0.745062 1.572467
-2.093586 1.213898 1.458872 -2.074467  0.935576 1.608040
-2.608992 -0.126890 -0.185406 -2.637872 -0.132114 -0.200137
-2.692895 0.676190 -0.927886 -2.721325 0.764168 -0.828365
-2.155507 -0.988523 -0.690476 -2.214674 -0.924459 -0.831565
-4.004396 -0.503193 0.333357 -4.029750 -0.547470  0.293705
-3.910140 -1.296893 1.085662 -3.938759 -1.439138 0.928734
-4.447519 0.361330 0.844109 -4.439369  0.246430 0.932712
-4.937301 -0.969395 -0.789957 -5.006365 -0.834762 -0.852522
-5.924073 -1.230808 -0.394493 -5.989975 -1.127833 -0.470225
-5.074580 -0.183959 -1.541850 -5.143342  0.049761 -1.485588
-4.534333 -1.853315 -1.297347 -4.639332 -1.647670 -1.489984
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Table 2.S2. Optimized coordinates for the 1-butyl nicotinamide cation (2*) and neutral radical
(2)) (units of A).
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3* 3
Atom X Y VA Atom X Y z
-1.753619 -0.252526 -0.302383 1.795531 -0.269511  0.329078
-1.262272 2.043435 -0.113142 1.235456  2.058504  0.130815
-2.586501 2.329521 0.176658 2.551443  2.345023 -0.168429
-3.513960 1.291401 0.216538 3.528527 1.342945 -0.230203
-3.091482 -0.024477 -0.011432 3.112076 -0.022166  0.019465
-1.356645 -1.233267 -0.530893 1.426865 -1.259811 0.570333
-0.495386 2.805273 -0.170980 0.450861  2.798467  0.205808
-2.878426 3.356603 0.356713 2.816767 3.381364 -0.355963
-4.561427 1.485055 0.417831 4561951 1.559330 -0.463865
-4.119689 -1.132528 -0.006383 4,119789 -1.109040 -0.011148
-5.277369 -0.886439 -0.351161 5.336702 -0.859050  0.055023
-3.695564 -2.359965 0.364324 3.680971 -2.405110 -0.090899
-2.812689 -2.520780 0.827145 2.767918 -2.631848 -0.455491
-4.375848 -3.108139 0.394743 4392367 -3.115618 -0.194297
-0.870030 0.771027 -0.353678 0.859750 0.724931  0.407237
0.568073 0.484894 -0.638387 -0.547840 0.410563  0.656090
0.597232 -0.374744 -1.309040 -0.593458 -0.509176 1.245665
0.965396 1.348561 -1.172499 -0.971241 1.213984  1.267230
2.814494 -0.064740 0.352418 -2.821364 -0.043562 -0.367276
3.744214 0.983910 0.281943 -3.745993 1.001075 -0.207887
3.256760 -1.375459 0.117520 -3.275357 -1.364758 -0.227004
5.085785 0.729264 -0.017233 -5.087226  0.734308 0.083336
3.419054 2.004291 0.469512 -3.414660 2.030765 -0.319666
4.597733 -1.633358 -0.181861 -4.615707 -1.636295 0.064112
2.550292 -2.199794 0.176386 -2.575265 -2.187232 -0.353374
5.516100 -0.580847 -0.250820 -5.526744 -0.586524  0.220890
5.793471 1.551963 -0.062622 -5.788088  1.556480 0.197729
4.924432 -2.654491 -0.355829 -4.948106 -2.665784  0.163707
6.558802 -0.780272 -0.479837 -6.569029 -0.795653  0.443619
1.356274 0.215631 0.656764 -1.363335  0.248514 -0.647387
0.909163 -0.637139 1.177907 -0.921494 -0.563354 -1.235861
1.269228 1.086224 1.315038 -1.269585 1.167291 -1.236833
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Table 2.S3. Optimized coordinates for the 1-phenethyl nicotinamide cation (3*) and neutral
radical (3) (units of A).
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4" 4

Atom X Y YA Atom X Y z

0.159026 -0.560977 0.059910 -0.003971 -0.358722 -0.073099
-1.149350 1.377025 -0.179723 -1.044014 1.789479 -0.280584
-0.014125 2.164355 -0.277299 0.196340  2.392782 -0.239730
1.240471 1.564941 -0.192041 1.375727 1.646980 -0.121609
1.332178 0.177155 -0.036697 1.251127 0.204659 -0.047717
0.149065 -1.631608 0.218290 -0.153167 -1.424917 0.037359
-2.146558 1.792221 -0.229654 -1.977093 2.326192 -0.380009
-0.121968 3.233323 -0.412005 0.236563 3.476278 -0.305297
2.147642 2.156005 -0.245602 2.351799 2.110997 -0.082639
2.698848 -0.456164 0.085594 2.465473 -0.627697 0.107176
3.621932 0.183756 0.593883 3.539726 -0.135458 0.498287
2.826425 -1.723592 -0.362986 2.375821 -1.969831 -0.165590
2.133641 -2.171856 -0.944693 1.664879 -2.330989 -0.784093
3.738749 -2.157620 -0.311503 3.240988 -2.491524 -0.131184
-1.050639 0.038945 -0.006296 -1.144480 0.381765 -0.205494
-2.305534 -0.801711 0.126248 -2.488623 -0.232109 -0.060437
-1.931043 -1.819102 0.249697 -3.177931  0.520388 -0.454547
-3.129008 -0.727047 -1.160308 -2.823413  -0.474405 1.418266
-3.956895 -1.436413 -1.079427 -3.851920 -0.836264 1.515222
-3.557096 0.267203 -1.317893 -2.155507 -1.226535 1.852544
-2.528225 -0.997953 -2.032365 -2.727899  0.449570 1.996700
-3.078963 -0.399502 1.382962 -2.643555 -1.495322 -0.913921
-3.909997 -1.097727 1.513431 -3.691634 -1.808056 -0.897674
-2.445324 -0.449532 2.272418 -2.357091 -1.306907 -1.952847
-3.499212 0.607099 1.301340 -2.049722 -2.331970 -0.532327
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Table 2.54. Optimized coordinates for the 1-isopropyl nicotinamide cation (4*) and neutral
radical (4) (units of A).

140



5* 5
Atom X Y VA Atom X Y YA
-1.644042 -0.211066 0.487205 -1.700290 -0.247378 0.493693
-1.140534 2.054306 0.086968 -1.088451 2.050906 0.171632
-2.378422 2.252715 -0.502636 -2.301345 2.282619 -0.447267
-3.263078 1.181822 -0.604474 -3.248026 1.266345 -0.616416
-2.899411 -0.068578 -0.088736 -2.926996 -0.050788 -0.099145
-1.274652 -1.150652 0.877878 -1.374849 -1.216760 0.853903
-0.406384 2.842843 0.192809 -0.330317 2.804041 0.334388
-2.635294 3.236472 -0.875304 -2.507705 3.288148 -0.802351
-4.233010 1.300820 -1.073819 -4.196356 1.438733 -1.106955
-3.861184 -1.225335 -0.233988 -3.895136 -1.156768 -0.261853
-4.622329 -1.262677 -1.203124 -4.829711 -1.080466 -1.081052
-3.815663 -2.183218 0.716950 -3.725606 -2.292549 0.491411
-3.340605 -2.060637 1.599401 -3.228305 -2.267371 1.369215
-4.468730 -2.952696 0.647154 -4.456668 -2.986956 0.418455
-0.791934 0.836684 0.562546 -0.786977  0.754028 0.643600
0.575657 0.633583 1.130384 0.555505  0.475940 1.167600
0.491230 -0.147223 1.887927 0.485411 -0.403814 1.814021
1.591507 0.260546 0.046847 1.601290 0.249386 0.067048
1.274448 -0.667531 -0.444019 1.290963 -0.605795 -0.547587
1.606000 1.043783 -0.720726 1.622762 1.124992 -0.594410
2.997942 0.085576 0.637030 3.001945 -0.001193 0.640413
3.300698 1.015316 1.137760 3.298776  0.855361 1.262262
2.975168 -0.693830 1.410759 2.971189 -0.873052 1.309400
4.041767 -0.282342 -0.426181 4.064479 -0.231780 -0.442530
3.736939 -1.211944 -0.927492 3.767120 -1.087507 -1.065778
4.058567 0.496369 -1.201929 4.094746  0.640424 -1.111496
5.454948 -0.456161 0.145722 5.468979 -0.483115 0.122029
5.757553 0.472767 0.648329 5.764880 0.371074 0.746720
5.437368 -1.233979 0.921443 5.438750 -1.355507 0.789437
6.494559 -0.821577 -0.920139 6.525767 -0.709468 -0.965449
7.491328 -0.938228 -0.481023 7.515488 -0.886292 -0.530179
6.236343 -1.764238 -1.417335 6.274243 -1.577833 -1.586216
6.558595 -0.045412 -1.692146 6.603314 0.160899 -1.628112
0.848004 1.564226 1.630832 0.846009 1.322358 1.800093
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Table 2.S5. Optimized coordinates for the 1-hexyl nicotinamide cation (5*) and neutral radical
(5) (units of A).
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6* 6

Atom X Y VA Atom X Y YA

1.428573 -0.384023 0.557620 1.347367 -0.221053 0.614040
0.089555 1.453276 -0.051018 0.197562 1.766057 -0.093972
1.156706 2.047939 -0.703128 1.322977 2.163328 -0.788519
2.393229 1.406436 -0.714191 2.486706 1.386898 -0.812510
2.530458 0.161799 -0.088593 2.478688  0.133758 -0.083666
1.467040 -1.322602 1.095309 1.294674 -1.115741 1.223173
-0.894454 1.900702 -0.005934 -0.724390  2.327769 -0.048721
1.011601 3.004622 -1.189263 1.283247 3.107521 -1.323830
3.251233 1.854218 -1.202696 3.372670 1.692298 -1.352387
3.884136 -0.509870 -0.084871 3.698160 -0.705161 -0.059209
4.904788 0.181475 -0.087027 4.807691 -0.237408 -0.373580
3.895179 -1.860031 -0.059255 3.584049 -2.011278 0.344714
3.076878 -2.418855 -0.252853 2.705707 -2.504231 0.282100
4.791268 -2.329165 -0.079815 4.417642 -2.577915 0.268274
0.240565 0.261330 0.570595 0.220240  0.549248 0.624472
-0.915500 -0.329006 1.344376 -0.953242  0.176282 1.424106
-0.615240 -1.345565 1.598718 -0.675600 -0.700010 2.015943
-0.994387 0.248998 2.267435 -1.169608  0.989635 2.126425
-2.212378 -0.315631 0.572532 -2.187610 -0.120087 0.588058
-2.412564 -1.205934 -0.494439 -2.167558 -1.129481 -0.387018
-3.237587 0.570166 0.931520 -3.372518  0.595995 0.798331
-3.617730 -1.200042 -1.197858 -3.310820 -1.415053 -1.135897
-1.628763 -1.905422 -0.772524 -1.255281 -1.693557 -0.562593
-4.447072 0.571937 0.229085 -4.521409  0.309568 0.051702
-3.095164 1.255132 1.763140 -3.399171 1.381589 1.549379
-4.636844 -0.310415 -0.837232 -4.492497 -0.695957 -0.917597
-3.764948 -1.892681 -2.020827 -3.281934 -2.199544 -1.886583
-5.236014 1.260091 0.516439 -5.432695 0.874244  0.225986
-5.575455 -0.310159 -1.383122 -5.381653 -0.919157 -1.499922
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Table 2.56. Optimized coordinates for the 1-benzyl nicotinamide cation (6) and neutral radical
(6') (units of A).
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7t 7

Atom X Y VA Atom X Y YA

-0.176155 -0.509762 0.310932 0.128983 -0.537975 -0.273347
-1.480618 1.430839 0.033915 1.512773 1.415074 -0.100499
-0.354747 2.174422 -0.281443 0.391998  2.180850 0.157425
0.891075 1.552378 -0.289427 -0.887493 1.618758 0.210917
0.984429 0.184288 -0.003892 -1.008891  0.188508 -0.003415
-0.184445 -1.558092 0.581184 0.104872 -1.600178 -0.488036
-2.475211 1.856344 0.068681 2.519044 1.804494 -0.163174
-0.462620 3.227978 -0.506915 0.529522 3.246181 0.318293
1.793061 2.111156 -0.511675 -1.769526  2.211427 0.411833
2.349230 -0.464836 0.017081 -2.345535 -0.442659 0.019697
3.335275 0.204675 0.332240 -3.382604  0.240756 -0.069274
2.406977 -1.775994 -0.300820 -2.424607 -1.810992 0.114360
1.642400 -2.269168 -0.738353 -1.675910 -2.350166 0.523596
3.314447 -2.222824 -0.315444 -3.353625 -2.194218 0.224016
-1.375459 0.115401 0.329855 1.366089  0.030249 -0.336627
-2.610140 -0.672214 0.640994 2.561730 -0.784517 -0.589907
-2.317972 -1.444706 1.352985 2.240394 -1.693220 -1.105240
-3.297270 0.009650 1.143027 3.202249 -0.227146 -1.281721
-3.226442 -1.269752 -0.620550 3.328717 -1.134435 0.688130
-3.518734 -0.489395 -1.328429 3.659132 -0.232111 1.211839
-2.534280 -1.956989 -1.114884 2.705642 -1.722356 1.369489
-4,121998 -1.829387 -0.336992 4.214974 -1.725174  0.435161

(@]
(@]

I T T OI T OZ2I T Z200IIIIOOOO
I T T OII T OZ2I ITZ200IIIIOO0O0Ono0on

Table 2.S7. Optimized coordinates for the 1-ethyl nicotinamide cation (7*) and neutral radical
(7)) (units of A).

143



COMPUTED REDUCTION POTENTIALS

The potentials computed from Gaussian were uniformly lowered until all were within the

ranges of lowest error from ACV experiments. Compound 3 was used as the reference for both X

= Br and X = Cl, as once the reduction potential for Compound 3 was in this range all of the

remaining reduction potentials were also in the range of lowest error. The dimerization rate

constants that give the lowest error at these potentials are also reported in the table.

X=Br X=Cl
ACV ACV
mNAD* R= C;)TVP) Upper C;gr(t;c:clid Best-Fit ko Upper ngr((i/c:c/(zd Best-Fit ko

Limit E2 (V Fe/Fc) (M1ts?h) Limit 2 (V Fe/Fch) (M1ts?h)

vs Fc/Fc?) vs Fc/Fc?)
1 allyl 3.484 -1.510 -1.515 1.0E+08 -1.511 -1.538 7.5E+08
2 butyl 3.435 -1.542 -1.564 3.8E+08 -1.561 -1.587 1.6E+09
3 phenethyl 3.465 -1.534 -1.534 8.2E+07 -1.557 -1.557 2.9E+08
4 isopropyl 3.407 -1.559 -1.591 1.7E+09 -1.594 -1.614 4.3E+09
5 hexyl 3.408 -1.566 -1.591 4.2E+09 -1.575 -1.614 2.3E+10
6 benzyl 3.494 -1.517 -1.505 3.5E+08 - - -
7 ethyl 3.431 -1.548 -1.567 2.6E+08 = = =

Table 2.58. Computed reduction potentials and corresponding best-fit kp values for all twelve

mMNAD*X".
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LINEAR REGRESSION DATA

Once the reduction potentials were found, they were used along with Sterimol B5
parameters to predict the dimerization rate constants. The datasets were normalized by first
subtracting the average of the dataset from each point, then dividing each point by the standard

deviation of the dataset. The equation used to predict the normalized logio(kp) was:

0.4564 * B5;5rm — 0.7492 * Er?orm = log;o (kp)norm

Calculated Normalized Predicted logio(kp)
mNAD* R= X=

log1o(kp) E° B5 logio(kp) E° B5 Normalized  Full
1 allyl Br 8.0 -1.515 4.090 -1.219 1.374 -0.049 -1.051 8.1
2 butyl Br 8.6 -1.564  4.600 -0.448 0.020 0.331 0.137 9.0
3 phenethyl Br 7.9 -1.534 2.314 -1.363 0.846 -1.374 -1.261 8.0
4 isop ropyl Br 9.2 -1.591 3.290 0.440 -0.729 -0.646 0.251 9.1
5 hexyl Br 9.6 -1.591 5.990 0.990 -0.714 1.368 1.159 9.7
6 benzyl Br 8.6 -1.505 6.040 -0.489 1.646 1.406 -0.592 8.5
7 ethyl Br 8.4 -1.567 3.260 -0.675 -0.072 -0.668 -0.251 8.7
1 allyl cl 8.9 -1.538 4.090 -0.042 0.740 -0.049 -0.577 8.5
2 butyl cl 9.2 -1.587 4.600 0.399 -0.614 0.331 0.611 9.3
3 phenethyl cl 8.5 -1.557 2.314 -0.606 0.213 -1.374 -0.786 8.3
4 isopropyl cl 9.6 -1.614  3.290 0.997 -1.362  -0.646 0.726 9.4
5 hexyl cl 10.4 -1.614  5.990 2.016 -1.347 1.368 1.634 10.1

Table 2.59. Computed and normalized values of E° and B5 used to predict logio(kp).
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APPENDIX FOR CHAPTER 3

CONVOLUTION VOLTAMMETRY

Convolution Voltammetry, also called semiintegral electroanalysis, combines Faraday's
law and Fick's second law to describe the concentration of a redox-active material at the
electrode surface. One particular advantage of the technique is that it is signal-independent; that
is, regardless of the shape of the current function, convolution voltammetry will describe the
concentration (on the timescale of cyclic voltammetry). The principles of convolution
voltammetry have been known since at least the 1950s, "8 although its relevance for cyclic
voltammetry was better recognized in the early 1970s.46798 To help the reader understand the
essence of convolution voltammetry, two derivations will be provided below. The first is

heuristic, and the second is more rigorous, invoking Laplace techniques. Both describe the

equation ox + ne~ — red.

Heuristic Derivation

We start with Faraday's law:
—I 0
nFAD _ dx %%
where 1 is the faradaic current (I < 0 for reduction), n is the number of electrons transferred (n > 0

for reduction), F is Faraday's constant, A is the electrode surface area, D is the diffusion coefficient
of the substrate, and cox is the concentration of the oxidized substrate. We also write Fick's second
law:

02 0
D ﬁcox = acox
2
The key transformation is to observe that, if Da% and % are equivalent operators, they are
2
equivalent at any power. That is, if an operation returns D ;7 when performed twice, it would also

] : .
return > when performed twice. We can write:

0 61/2
\/5 a Cox = W Cox
12 o : . . : .
where ;,:T/z is the semiderivative with respect to time. Plugging this result into Faraday's law above,
we find:
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-1 91/2
S N —
nWFAND ~ 0tl/2 Cox
Taking the semiintegral of both sides affords the expression:
_ 6_1/2 I
vy
0t~ 2 nFAND
where c® is the initial bulk concentration of the substrate. Because the expression being

0

COX

semiintegrated is always negative (I and n have opposite signs), and because c° > cox, we find that
the plus sign is needed. Thus, the concentration is given by:
GRC |
+ 5=
0t=Y2 nFANVD
Reference *® provides a thorough explanation of how to find derivatives/integrals of any order.

0

Cox = C

Formal Derivation

We first define the deviation variable C = cox — c°. Taking the Laplace transform of Fick's
second law converts the equation from a partial differential equation to an ordinary differential
equation:

02 = _—
D FP%) C =sC

where an overbar denotes a function in Laplace space. This differential equation has the solution:

C = a,e™Vs/P 4 q,e=*Vs/D
where a; and a. are unknown constants. Observing that the concentration is finite at large x, we

must have a1 = 0, and so

C = aye™*Vs/P

If we plug this expression into Faraday's law, we find:

1[5
nFAD ~ ND
which upon rearrangement yields:
— i
C=——
nFA+vDs

According to the convolution theorem, the inverse Laplace transform of the product of two

functions in Laplace space, equals the convolution of the two functions in the time domain. As the
1

= we have:

. 1 .
inverse transform of — is
Vs
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I(t—r)
Cox = 0+

nFA\/— f
One of the benefits of the convolution technique is that the integral may be adapted to more
complicated electrochemical systems. For example, if, upon reduction, the species creq decayed by
a first-order reaction (with rate constant k), we should add a chemical reaction term to Fick's second
law, namely:

0 0%
acred = Dﬁcred — KCreq

After the same transformations as above, we find the following expression for the concentration
in the Laplace domain:
—I
nFA\/D(s + k)

Cred =

d
nFAD _ 9xCred

observing that . Upon returning from Laplace space, the concentration of the

reduced intermediate is described by the following convolution integral:
-1 (tI(t—1)e
C =
e T WFAVD Jy Vit

Electrochemical systems with pre- or post- equilibria may be treated in an analogous way.
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NMR SPECTRA
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Figure 3.51: *H-NMR spectrum for 1-n-butyl-1,4-dihydro nicotinamide.
'H NMR (500 MHz, dmso) & 6.84 (d, J = 1.5 Hz, 1H), 6.49 (s, 1H), 5.84 (dd, J = 8.0, 1.6 Hz,
1H), 4.55 (dt, J = 8.1, 3.4 Hz, 1H), 3.05 (t, J = 7.0 Hz, 2H), 2.93 (d, J = 2.0 Hz, 2H), 1.41 (p, J =
7.5 Hz, 2H), 1.24 (h, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H).
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Figure 3.52: HMBC spectrum for 1-n-butyl-1,4-dihydro nicotinamide.
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Figure 3.53: *H-NMR spectrum for 1-n-butyl nicotinamide bromide.
'H NMR (500 MHz, dmso) & 9.48 (t, J = 1.5 Hz, 1H), 9.20 (d, J = 6.0 Hz, 1H), 8.91 (d, J = 8.3
Hz, 1H), 8.55 (s, 1H), 8.25 (dd, J = 8.1, 6.1 Hz, 1H), 8.16 (s, 1H), 4.64 (t, J = 7.5 Hz, 2H), 1.91
(p, J = 7.5 Hz, 2H), 1.29 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H).
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Figure 3.54: *H-NMR spectrum for 1-n-butyl nicotinamide bromide in D20, with and without

200 mM sodium pyruvate.

H NMR (500 MHz, D>0) 6 9.15 (s, 1H), 8.85 (dd, J = 6.0, 1.5 Hz, 2H), 8.72 (dt, J = 8.2, 1.6 Hz,
1H), 8.01 (dd, J = 8.1, 6.1 Hz, 2H), 4.52 (t, J = 7.5 Hz, 4H), 1.85 (p, J = 7.6 Hz, 4H), 1.21 (h, J =
7.4 Hz, 4H), 0.77 (t, J = 7.4 Hz, 5H).
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Figure 3.S5: *H-NMR spectrum for 1-iso-propyl nicotinamide bromide.
'H NMR (500 MHz, dmso) & 9.46 (t, J = 1.6 Hz, 1H), 9.29 (d, J = 5.8 Hz, 1H), 8.90 (dt, J = 8.1,
1.4 Hz, 1H), 8.56 (s, 1H), 8.26 (dd, J = 8.0, 6.1 Hz, 1H), 8.17 (s, 1H), 5.08 (hept, J = 6.7 Hz,
1H), 1.62 (d, J = 6.7 Hz, 6H).
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Figure 3.56: *H-NMR spectrum for 1-allyl nicotinamide bromide.
'H NMR (500 MHz, dmso) & 9.45 (t, J = 1.6 Hz, 1H), 9.15 (d, J = 5.6 Hz, 1H), 8.97 (dt, J = 8.0,
1.3 Hz, 1H), 8.60 (s, 1H), 8.29 (dd, J = 8.1, 6.1 Hz, 1H), 8.18 (s, 1H), 6.22 — 6.12 (m, 1H), 5.47
(s, 1H), 5.45 (dt, J = 6.4, 1.0 Hz, 1H), 5.33 (d, J = 6.3 Hz, 2H).

154



APPENDIX FOR CHAPTER 4
Experimental:

Electrochemistry measurements were taken on a Biologic VSP potentiostat, with a 2 mm
boron doped diamond working electrode, Pt wire counter electrode, and SCE reference electrode.
All samples were purged with nitrogen before scanning. Unless otherwise noted, cyclic
voltammetry (CV) scans were taken at 800 mV s, and alternating current voltammetry (ACV)
scans were taken at 100 mV s with an alternating potential of 8 mV amplitude and 20 Hz
frequency.

Bulk electrolysis experiments were run with a BK Precision 9110 power supply. Unless
otherwise noted, the following conditions were constant for all electrolyses: anode chamber: 1 mL
sat. ag. NaHCOs, 4.95 mL H20, 50 pL sat. aq. Nal, Pt mesh electrode; cathode chamber: 1 mL sat.
aq. NaHCOgz, 1 mL sat. ag. NaCl, 4 mL H-O, boron doped diamond plate electrode, and substrate.
For the three electrolyses, the substrates were (A) 1-ethyl nicotinamide bromide (14.2 mg, 0.061
mmol, 10 mM), (B) N,N-dimethylpyruvamide (13.9 mg, 0.12 mmol, 20 mM), and (C) a
combination of these two substrates (14.2 mg and 13.9 mg, respectively). The two chambers were
separated with a dialysis membrane that had been soaked in brine (sat. ag. NaCl). After preparing
the solutions, the cathode chamber was purged with nitrogen for 5-10 minutes, the cell was blocked
from sunlight, and the power source was switched on. The electrolyses were run at constant
potential (-3.50 V vs counter electrode) for two hours under nitrogen, at which point 1 mL of
CDCIs was added to the cathode chamber to extract the products. The CDCIs was removed and
dried through a plug of Na>SOs directly into an NMR tube, and the extracts were characterized
with *H, COSY, HSQC, HMBC, and *C NMR. For the electrolyses monitored by a flow NMR
setup, electrolysis (D) was identical to electrolysis (C) except the concentration of DMP was 50
mM, and electrolysis (E) was identical to electrolysis (C) except the H.O was replaced with D20.

NMR spectra were gathered on an Agilent 500 MHz or on Bruker Avance 500 MHz or 600
MHz NMR machines.
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Figure 4.S1. Bulk Electrolysis setup.

Synthesis:

1-Butyl nicotinamide bromide:

Prepared according the method described in Chapter 3.
1-Ethyl nicotinamide bromide:

Prepared according the method described in Chapter 3.

Diacetyltartaric anhydride:

Adapted from a previous procedure.®® Tartaric acid (7.51 g, 50.0 mmol) and acetic anhydride
(16.85 g, 165 mmol, 3.3 eq) were added to a 125 mL Erlenmeyer flask. Sulfuric acid (0.25 g, 5
mol%) was added, and then a stir bar was added to the mixture. The mixture was heated to a gentle
boil with mixing (the tartaric acid will dissolve once the mixture has warmed above room
temperature). After boiling for 1 hr, the clear brown fluid was allowed to cool to room temperature,
during which a solid mass crystallized from solution. The precipitate was vacuum filtered and
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rinsed with diethyl ether to afford the title product as fluffy whitish crystals (9.71g, 90%). *H NMR
(500 MHz, cdcls) 6 5.69 (s, 2H), 2.25 (s, 6H).
Pyridinium oxomaleic anhydride:

Modified from a previous procedure.!” Glacial acetic acid (2.60 g, 43 mmol) was added to
diacetyltartaric anhydride (1.08 g, 5 mmol) in a 50 mL round bottom flask to create a slurry.
Pyridine (1.215 mL, 15 mmol) was added, and the flask was immediately stoppered and swirled
gently by hand while being heated in a 60 °C water bath. Once a deep clear red-orange color had
developed (3-5 minutes), the flask was removed from the heat and the stopper removed, and 30
mL of a 4:1 v/v Et,O/THF solution was added. The flask was immediately stoppered again and
immersed in an ice bath. Once an orange precipitate had separated from a clear orange solution,
the solution was decanted, and the precipitate was rinsed with 4:1 v/v Et,O/THF (1 x 10 mL) and
with Et20 (1 x 10 mL). The solid was dried under vacuum and collected as a buff-colored powder
(635 mg, 3.3 mmol, 66%). *H NMR (500 MHz, dmso) & 8.78 (dt, J = 6.3, 1.7 Hz, 2H), 8.26 (tdd,
J=77,42,18Hz, 1H),7.79 (ddg, J=7.9, 4.6, 1.5 Hz, 2H), 4.90 (s, 1H).

Note: Pyridinium oxomaleic anhydride should be used immediately upon preparation. It
decomposes within days at room temperature.

Note: The acetic acid buffers the reactivity of the pyridine, allowing the reaction rate to be
controlled by the temperature.

Note: An alternative synthesis that produces good crystals at a slight cost in yield is as follows:
Diacetyltartaric anhydride (1.08 g, 5 mmol) was dissolved in 2.25 g THF (filtered immediately
beforehand through a plug of silica gel) in a 20 mL scintillation vial. Then, pyridine (1.62 mL, 20
mmol) was added, and the vial was capped and shaken 2-3x over the course of 4 minutes, during
which time a clear deep green color developed. The cap was removed shortly before 4 minutes,
and at 4 minutes exactly, acetic acid (0.575 mL, 10 mmol) was added. The vial was capped and
shaken again, and allowed to stand until orange needlelike crystals had stopped growing in solution
(the fluid slowly turns dark red during crystal growth, which may take anywhere from 30 minutes
to three hours). After this time, the fluid was removed from the crystals with a glass pipette, and
the crystals were washed with 3:1 v/v EtoO/THF mixture (3 x 1 mL), and then with Et2O (3 x 1
mL). The crystals were finally dried under vacuum to afford the title product (45-55% yield). *H
NMR (500 MHz, cdclz) 8 7.64 (s, 2H), 2.25 (s, 6H).
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Pyruvanilide:
Adapted from a previous procedure.®® Aniline (0.30 mL, 3.3 mmol) was added to pyridinium

oxomaleic anhydride (99 mg, 0.51 mmol) in a scintillation vial. The contents of the vial became
warm and released CO- as the powder dissolved. When bubbling had stopped (~5 minutes), the
contents were diluted with Et,O and EtOAc, and the organic layer was washed with 3 M HCI. The
aqueous layer was extracted 3x with EtOAc, and the combined organic layers were concentrated
in vacuo and purified with a silica column (10% - 15% EtOAc/hexanes). The desired fractions
(Rf=0.35in 15% EtOAc/hexanes) were concentrated in vacuo to an ivory-colored crystalline solid
(35 mg, 43%). *H NMR (500 MHz, cdcls) & 7.64 (dd, J = 8.4, 1.1 Hz, 2H), 7.38 (m, 2H), 7.19 (dt,
J=7.5,1.1Hz 1H), 2.58 (s, 3H).

Pyruvanilide-4-carboxylic acid:

Pyridinium oxomaleic anhydride (445 mg, 2.3 mmol) and p-aminobenzoic acid (315 mg, 2.3
mmol) were dissolved in acetonitrile (6 mL) with THF (2 mL) in a 20 mL scintillation vial
containing a stir bar. The contents were mixed overnight at 70 °C, and then the solvent was
removed in vacuo to give a solid orange residue. The residue was combined with EtOAc (20 mL)
in a separatory funnel and washed with HCI (10 mL of 3 M solution). The organic layer was
collected, dried through a MgSOas plug, and concentrated in vacuo to afford an orange powder.*
The crude powder was purified with column chromatography (20% -> 50% EtOAc/hexanes) and
dried under vacuum to afford the title product as a fluffy white powder (92 mg, 19%).

*Note: Another extract was performed here, where the crude powder was dissolved in 15 mL hot
acetonitrile, and then added to a separatory funnel with EtOAc (20 mL), Et.O (20 mL), and HCI
(20 mL of 3 M solution). After extracting, the organic layer was dried through a MgSO4 plug and
concentrated in vacuo to afford an ivory-colored powder. The *H NMR spectra before and after
this second extraction were nearly identical, however.

'H NMR (500 MHz, dmso) & 12.73 (s, 1H), 10.63 (s, 1H), 7.86 (m, 4H), 2.37 (s, 3H).
N,N-Dimethylpyruvamide:

Pyridinium oxomaleic anhydride (193 mg, 1 mmol) was dissolved in acetonitrile (10 mL) in a 50
mL round bottom flask. Dimethylamine (0.7 mL of a 2.0 M solution in THF, 1.4 mmol) was added,
and the solution was stoppered, swirled gently, and left to stand overnight at room temperature.
The following day, 0.3 g silica gel was added to the clear yellowish solution, and the contents of

the flask were concentrated on a rotovap to give a well-behaved orange powder. A silica column
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was prepared (silica gel loaded as a slurry in 10% EtOAc/hexanes), the top of the column was
covered with a small amount of sand, and the orange powder from the flask was charged on top in
an even layer, and then covered with more sand. The column was eluted with 10% - 100%
EtOAc/hexanes, and the product collected in fractions 3-5 (Rf=0.21 in 33% EtOAc/hexanes). The
target fractions were concentrated in vacuo to afford the title product as a pale yellowish oil (55
mg, 48%). *H NMR (500 MHz, cdcls) & 3.03 (s, 3H), 2.99 (s, 3H), 2.43 (s, 3H).
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NMR SPECTRA
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Figure 4.52. 'H NMR spectrum of diacetyltartaric anhydride.
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Figure 4.53. 'H NMR spectrum of pyridinium oxomaleic anhydride.
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Figure 4.54. 'H NMR spectrum of pyruvanilide.
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Figure 4.518. *H-*C HSQC NMR spectrum of CDClI; extract of Electrolysis (C) (10 mM 1-ethyl
nicotinamide bromide + 20 mM N,N-dimethylpyruvamide).

176



.l

AN

LJ' J’J Uil L|' V\

L_

ALI_JMW L, I .lrﬂ

=]
=
o
® 3
o] — [
- m
= = 2
= = g —
o) | =23 g
© @
@
= =z = P —
i
~l L
- — [
3 _ [
- - [—
— =
B =
~ = =
<o f
— L e
o ‘
2 !
L
L
:
(2]
o = E:,_
p
(
/
o \
()
. £
c
- T
o = =
° {
N =
—_ _b L_
o 7 =
T O Cir
&
é’ = — T
i C
=) L
e i £
o | T
=
= j:: —
w = = = = - eaEDme. = B
e == —
== P
o1 = ;L
o - = R _ —
— = —_
o= =
N - —
S| [
S
- \-jz
@ —
= ) —
= ¢
=} —_—
o |
) I
- - Y= — “;:—777

1 (ppm)

Figure 4.519. 'H-'H COSY NMR spectrum of CDCl3 extract of Electrolysis (C) (10 mM 1-ethyl
nicotinamide bromide + 20 mM N,N-dimethylpyruvamide).
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Figure 4.523. *H NMR spectrum of Electrolysis (D) (10 mM 1-ethyl nicotinamide bromide + 50

mM N,N-dimethylpyruvamide in H20).
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Figure 4.524. *H NMR spectrum of Electrolysis (E) (10 mM 1-ethyl nicotinamide bromide + 20
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mM N,N-dimethylpyruvamide in D20).
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Figure 4.525. 2H NMR spectrum of Electrolysis (E) (10 mM 1-ethyl nicotinamide bromide + 20
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mM N,N-dimethylpyruvamide in D20).



OPTIMIZED MOLECULAR COORDINATES
Computations were carried out with Gaussian 16, Revision C.01. The following input was used:

opt freg=noraman b3lyp/6-31+g(d,p)

pop=nbo geom=connectivity

m*
Atom X Y z

Cc -0.176089  -0.509546 0.311412
Cc -1.480684 1.430902 0.034119
Cc -0.354895 2.174575  -0.281232
Cc 0.890954 1.552648  -0.289140
Cc 0.984433 0.184639  -0.003339
H -0.184381  -1.557920 0.581418
H -2.475315 1.856274 0.068713
H -0.462907 3.228039  -0.506970
H 1.792737 2.111519  -0.511862
C 2.348967  -0.464881 0.016881
0] 3.335897 0.204092 0.331259
N 2.405847  -1.775941  -0.300934
H 1.640393  -2.268806  -0.737343
H 3.312939  -2.223488  -0.316277
N -1.375373 0.115508 0.330126
C -2.609972  -0.672248 0.640950
H -2.317890  -1.444594 1.353095
H -3.297397 0.009597 1.142562
C -3.225545  -1.270030 -0.620785
H -3.517620  -0.489746  -1.328829
H -2.532957  -1.957157  -1.114663
H -4.121110  -1.829780  -0.337464

Energy (Hartree) -495.959485

Energy (kJ/mol) -1302142

Energy (kcal/mol) -311219

scrf=(cpcm, solvent=acetonitrile)

Figure 4.526. Optimized structure for
1-ethyl nicotinamide cation (m™*).

Table 4.S1. Optimized coordinates and energy for 1-ethyl nicotinamide cation (m®).
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m

Atom X Y zZ

C -0.129200  -0.538290 0.272834
C -1.512890 1.414681 0.100874
C -0.391929 2.180844  -0.155911
C 0.887464 1.618914  -0.209102
C 1.009160 0.188258 0.003933
H -0.105517  -1.600726 0.486408
H -2.519314 1.803739 0.162917
H -0.529470 3.246274  -0.316129
H 1.769451 2.211930  -0.409241
Cc 2.345428  -0.442746  -0.020204
(0] 3.382822 0.241471 0.065376
N 2.425406  -1.810961  -0.112025
H 1.675860  -2.352560 -0.516475
H 3.354276  -2.194316  -0.222352
N -1.365874 0.029742 0.335929
C -2.561756  -0.785090 0.589215
H -2.240252  -1.694485 1.103120
H -3.201462  -0.228183 1.282085
C -3.329576  -1.133231  -0.688757
H -3.660077  -0.230299  -1.211348
H -2.707150  -1.720816  -1.370980
H -4,.215853  -1.723845  -0.435630

Energy (Hartree) -496.084559

Energy (kJ/mol) -1302470

Energy (kcal/mol) -311298

Figure 4.S27. Optimized structure for
1-ethyl nicotinamide radical (m-).

Table 4.S2. Optimized structure and energy for 1-ethyl nicotinamide radical (m').
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Atom X Y zZ

C 0.116904  -0.597570  -0.145655
C 1.548621 1.346572  -0.513493
C 0.443880 2.138134  -0.015028
C -0.797919 1.635130 0.229765
C -1.043991 0.180452 0.004757
H 0.083756  -1.684011  -0.152550
H 2.536224 1.640379  -0.160190
H 0.633918 3.199881 0.145151
H -1.614119 2.258321 0.576647
Cc -2.351834  -0.372357 0.047010
(0] -3.398964 0.327952 0.235755
N -2.558367  -1.760103  -0.184589
H -1.804783  -2.386336 0.074426
H -3.434033  -2.063754 0.227195
N 1.333555  -0.084256  -0.306544
C 2.495735  -0.964180  -0.438936
H 2.135296  -1.986454  -0.585944
H 3.029318  -0.659621  -1.350128
C 3.444303  -0.915780 0.762996
H 3.836515 0.091975 0.927422
H 2.934712  -1.242627 1.675303
H 4.294403  -1.583263 0.586057

Energy (Hartree) -496.157655

Energy (kJ/mol) -1302662

Energy (kcal/mol) -311344

Figure 4.528. Optimized structure for
1-ethyl nicotinamide anion (m’).

Table 4.S3. Optimized structure and energy for 1-ethyl nicotinamide anion (m").
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mH"*

Atom X Y z
0.169509  -0.529077  -0.307239
1.516739 1.431536  -0.060205
0.428046 2.185911 0.258662

-0.972140 0.146337 0.015480
0.177183  -1.576678  -0.580640
2.518489 1.837310 -0.114954
0.563793 3.239875 0.471609

-2.322109 -0.512786 -0.025018

-3.306045 0.144997 -0.380032

-2.383664 -1.818514 0.317598

-1.624697 -2.298216 0.779178

-3.287458 -2.272801 0.311765
1.393814 0.093681 -0.345055
2.607668 -0.705882 -0.644758
2.311446 -1.487420 -1.346190
3.310079 -0.041371 -1.150192
3.218659 -1.300821 0.626069
3.519083 -0.516094 1.325487

2.516667  -1.973496 1.126342 | &5 —
4107019  -1.874104 0.347166 | Flgure 4.529. Optimized structure

0935668  1.606465  0.321858 | for protonated 1-ethyl nicotinamide
-1.380964  1.802810  1.313447 | radical (mH™).

O

TOIIIOIIOZIITZO0O0IITIOOO

H -1.617556 2.143951  -0.359665
Energy (Hartree) -495.959485
Energy (kJ/mol) -1302142
Energy (kcal/mol) -311219

Table 4.S4. Optimized structure and energy for protonated 1-ethyl nicotinamide radical (mH*).
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mH

Atom X Y Z

C 0.158801  -0.534311  -0.300327
C 1.508519 1.414212  -0.107189
C 0.443730 2.188004 0.151236
C -0.987915 0.154195  -0.030632
H 0.153725  -1.601810  -0.493719
H 2.520954 1.801573  -0.127996
H 0.607719 3.243916 0.343124
C -2.297359  -0.506850 0.028320
(0] -3.350179 0.162924 0.053770
N -2.368123  -1.883058 0.020772
H -1.596450  -2.441310 0.355111
H -3.285827  -2.269468 0.196369
N 1.395317 0.042232  -0.382955
C 2.603448  -0.770713  -0.570001
H 2.321930  -1.650722  -1.155038
H 3.302886  -0.191250  -1.181018
C 3.265653  -1.192177 0.744939
H 3.564473  -0.319695 1.334823
H 2.585123  -1.800838 1.349138
H 4.162620  -1.784757 0.536159
C -0.974557 1.664744 0.161726
H -1.477541 1.935692 1.101903
H -1.570455 2.158431  -0.622173

Energy (Hartree) -496.693273

Energy (kJ/mol) -1304068

Energy (kcal/mol) -311680

Figure 4.S30. Optimized structure for
1-ethyl-1,4-dihydro nicotinamide
(mH).

Table 4.S5. Optimized structure and energy for 1-ethyl-1,4-dihydro nicotinamide (mH).
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DMP

Atom X Y VA

C -0.046029 -0.541015 0.113245
0] -0.046046 -1.771084 0.298530
N -1.156639 0.190407  -0.070995
C 1.330824 0.142931 0.170940
0] 1.604627 0.862518 1.120939
C 2.310470 -0.232094  -0.905340
H 2.386985 -1.321396  -0.976789
H 1.941952 0.126915 -1.874304
H 3.287594 0.205639  -0.695704
C -1.168878 1.628912 -0.342542
H -1.702377 2.157830 0.453390
H -0.154859 2.019901 -0.399256
H -1.671783 1.819986  -1.295267
C -2.447758 -0.505431 -0.034909
H -2.493297 -1.273351 -0.812589
H -2.598564  -0.983687 0.936740
H -3.239595 0.224025 -0.203375

Energy (Hartree) -401.086579

Energy (kJ/mol) -1053053

Energy (kcal/mol) -251686

Figure 4.S31. Optimized structure
for N,N-dimethylpyruvamide
(DMP).

Table 4.S6. Optimized structure and energy for N,N-dimethylpyruvamide (DMP).
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DMP-

Atom X Y Z

[ 0.054342  -0.492016  -0.022972

0 0.054914  -1.761356  0.120584

N -1.184208  0.175732  -0.208610

C 1.286586  0.265251  -0.102174

0 1.359573  1.489761  -0.504806

C 2.574692  -0.464089  0.242297

H 3.277071  0.242374  0.699885

H 2.412946  -1.305885  0.921085

H 3.063068  -0.863628  -0.660500

C -1.425469  1.421544  0.521333

H -1.707945  1.226341  1.571498

H -0.530583  2.040169  0.495670

H -2.249390  1.969275  0.049609

C -2.364620  -0.677007  -0.257750

H -2.189621  -1.529557  -0.915021

H -2.651223  -1.067728  0.733995

H -3.203949  -0.090819  -0.646573 . —
Energy (Hartree) -401.186398 Figure 4.S32. Optimized structure for
Energy (kJ/mol) 1053315 N,N-dimethylpyruvamide radical
Energy (kcal/mol) 251748 anion (DMP-).

Table 4.S7. Optimized structure and energy for N,N-dimethylpyruvamide radical anion (DMP-).
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DMPH"*

Atom X Y YA
C -0.104244  -0.531204  -0.076993
o] 0.036510  -1.753522  -0.242664
N -1.213953  0.179312  0.059851
C 2.172491  -0.071676  1.086161
H 1.928708  0.741682  1.786910
H 1.963424  -1.009049  1.605446
H 3.226365  0.002599  0.812165
C -1.231069  1.635581  0.227044
H -0.219486  2.041752  0.234956
H -1.784690  2.089395  -0.598810
H -1.717492  1.885239  1.173089
C -2.513701  -0.500144  0.033995
H -3.077764  -0.174340  -0.844344
H -2.357926  -1.576764  -0.009004
H -3.069065  -0.241190  0.938799
0 1.640320  0.571219  -1.191666 | == —
H 2593224 0796521  -1.241213 | Figure 4.533. Optimized structure for
C 1276145  0.075342  -0.070592 | Protonated N,N-dimethylpyruvamide
Energy (Hartree) -401.47059 (DMPHY).
Energy (kJ/mol) -1054061
Energy (kcal/mol) -251927

Table 4.S8. Optimized structure and energy for protonated N,N-dimethylpyruvamide (DMPH?).
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DMPH

Atom X Y YA

c -0.011828  -0.553045  -0.002376

0 -0.006360  -1.810691  0.031808

N 1197473 0.147003  -0.087792

c 2553488  -0.528716  0.277671

H 2375154  -1.467160  0.802458

H 3.121788  -0.753382  -0.637331

H 3.185384  0.113859  0.905007

c 1409161  1.476305  0.490421

H -0.464574  1.958187  0.723334

H 1.960988  2.108938  -0.212887

H 2000230  1.389080  1.412323

c 2422014  -0.631341  -0.248229

H 2243290  -1.478318  -0.910150

H 2792821  -1.013182  0.713841

H 3189292  0.014990  -0.683311

0 1.295239  1.419965 -0.519937 | L —

H 2200403  1.765352  -0.493409 | Figure 4.S34. Optimized structure for

c 1.262806  0.146533  -0.034204 | protonated N,N-dimethylpyruvamide
Energy (Hartree) -401.642373 radical (DMPH).
Energy (kJ/mol) -1054512
Energy (kcal/mol) -252034

Table 4.S9. Optimized structure and energy for protonated N,N-dimethylpyruvamide radical
(DMPH).
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m-DMP-1

Atom X Y VA

C 2.463250 0.475384 0.008585
C 1.591961 -1.158260 1.477819
C 0.415236  -0.502785 1.578972
C 1.309656 1.207501 0.053221
H 3.356977 0.837291 -0.486957
H 1.821377  -2.036789 2.070244
H -0.321178  -0.851572 2.294372
C 1.224139 2.573103  -0.519647
(0] 0.387836 3.394049  -0.105371
N 2.117700 2919313  -1.493759
H 2.594442 2.223347  -2.047621
H 2.007656 3.832718  -1.912530
N 2.614796  -0.716611 0.654848
C 3.863455 -1.491968 0.537367
H 4666277  -0.787537 0.305318
H 4.080392  -1.919890 1.520269
C 3.784712  -2.589545  -0.524230
H 2.990955 -3.306715  -0.293074
H 3.591783  -2.164991 -1.514334
H 4734563  -3.132498  -0.562008
C 0.090563 0.652030 0.704027
H -0.486885 1.423195 1.209910
0 -0.820136 0.202187  -0.465182
C -2.044577  -0.313692  -0.190778
0 -4.061835 -0.106122 1.039469
C -3.043904 0.443281 0.515343
N -2.240877  -1.592252  -0.643002
C -3.558133  -2.075445  -1.067556
H -3.635649  -2.026161 -2.162847
H -3.676177  -3.119155  -0.760897
H -4.342945 -1.481582  -0.609482
C -1.129820 -2.346900 -1.221687
H -1.348077 -3.412711 -1.113141
H -1.010702  -2.124921 -2.291551
H -0.200301 -2.116314  -0.707720
C -2.903338 1.952756 0.607389
H -2.743058 2.260257 1.648630
H -2.095494 2.357946  -0.003803
H -3.851420 2.399246 0.286339

Energy (Hartree) -897.115617

Energy (kJ/mol) -2355377

Energy (kcal/mol) -562949

Figure 4.S35. Optimized structure for
an adduct of m and DMP ([m-DMP-

1]).

Table 4.510. Optimized structure and energy for an adduct of m- and DMP ([m-DMP-1]).
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m-DMP-2

Atom X Y VA

C 2.364368 0.184110  -0.590122
C 1.951287  -1.390232 1.124237
C 0.973209  -0.626203 1.654851
C 1.386494 1.021672  -0.131716
H 3.034138 0.466798  -1.394414
H 2.288044  -2.308456 1.591779
H 0.511548  -0.934743 2.586286
C 1.195367 2.388889  -0.670280
(0] 0.599650 3.260748  -0.013052
N 1.725475 2.683535  -1.895106
H 1.945801 1.961879  -2.565143
H 1.524758 3.600445  -2.270176
N 2.624480  -1.034534  -0.034860
C 3.762243  -1.847791  -0.505987
H 3.485903  -2.898203  -0.381501
H 3.868485  -1.668270  -1.578542
C 5.068216  -1.539811 0.228188
H 5.362570  -0.495067 0.087118
H 4974689  -1.731848 1.301622
H 5.867899  -2.176724  -0.163149
C 0.458206 0.579781 0.950563
H 0.207227 1.402899 1.617058
0] -4.345212 0.215337 0.528284
C -3.206110  -0.198861 0.185623
0] -0.843190 0.223222 0.248284
C -2.028654 0.289167 0.894451
N -3.068560  -1.037005  -0.907577
C -2.061116  -2.096931  -0.991911
H -2.513803  -3.065878  -0.736437
H -1.670697  -2.160722  -2.013294
H -1.234141  -1.902880  -0.316269
C -4.272681  -1.311488  -1.685230
H -3.972211  -1.664246  -2.675946
H -4.899110  -2.084848  -1.216673
H -4.867161  -0.404022  -1.789426
C -2.175345 0.990475 2.207239
H -1.944839 2.062597 2.129437
H -3.206397 0.894234 2.546224
H -1.515357 0.571971 2.976686

Energy (Hartree) -897.123053

Energy (kJ/mol) -2355397

Energy (kcal/mol) -562953

Figure 4.S36. Optimized structure
for an adduct of m- and DMP (m-
DMP-2).

Table 4.511. Optimized structure and energy for an adduct of m- and DMP (m-DMP-2).
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[m-DMP-1]

Atom X Y VA

C -2.403664 0.639046  -0.022040
C -1.724667  -1.216575  -1.324735
C -0.498683  -0.687685  -1.513137
C -1.191471 1.251300 -0.172236
H -3.247391 1.138327 0.442537
H -2.055417  -2.123772  -1.819073
H 0.177045  -1.176235  -2.205073
C -1.009107 2.665030 0.225998
(0] -0.197849 3.412779  -0.349007
N -1.802714 3.151671 1.232158
H -2.225140 2.532694 1.908134
H -1.629929 4.101110 1.532973
N -2.682054  -0.600179  -0.525995
C -3.982437  -1.243495  -0.290228
H -4.720421  -0.451942  -0.132664
H -4.264516  -1.770997  -1.206694
C -3.969073  -2.206457 0.898829
H -3.243567  -3.011783 0.745867
H -3.713568  -1.681441 1.824788
H -4.959150  -2.657899 1.021653
C -0.016202 0.506699  -0.749826
H 0.588272 1.161707  -1.384121
0] 0.841444 0.144958 0.403385
C 2.138037  -0.414672 0.174129
0] 4457666  -0.041553  -0.260707
C 3.229332 0.382768  -0.114384
N 2.285439  -1.791887 0.510274
C 1.836409  -2.157944 1.849434
H 0.735865  -2.198419 1.950664
H 2.226593  -3.149665 2.114644
H 2.214931  -1.433170 2.577044
C 1.906624  -2.795735  -0.479713
H 2.351299  -3.764027  -0.211059
H 0.814859  -2.943730  -0.565753
H 2.288665  -2.505899  -1.462449
C 3.043550 1.887220 -0.303674
H 3.315331 2.175448  -1.328781
H 2.034625 2.247625  -0.099601
H 3.744931 2.408356 0.362023

Energy (Hartree) -897.224474

Energy (kJ/mol) -2355663

Energy (kcal/mol) -563017

Figure 4.S37. Optimized structure for
an adduct of m- and DMP- ([m-
DMP-1]).

Table 4.512. Optimized structure and energy for an adduct of m- and DMP-~ ([m-DMP-1]).

195



[m-DMP-2]

Atom X Y VA

C -2.357036 0.040577 0.514021
C -1.497349  -1.476450  -1.089348
C -0.599755  -0.573428  -1.528631
C -1.486098 1.020472 0.133979
H -3.155349 0.226489 1.224591
H -1.627512  -2.447294  -1.555410
H 0.013960  -0.823507  -2.387379
C -1.621105 2.403689 0.641000
(0] -1.216465 3.385440  -0.008891
N -2.256009 2.588257 1.842270
H -2.307405 1.845212 2.523413
H -2.279381 3.532091 2.203481
N -2.347956  -1.220083  -0.016352
C -3.400667  -2.187901 0.333080
H -2.959314  -3.187268 0.278101
H -3.671502  -2.014940 1.377952
C -4.636442  -2.096548  -0.565625
H -5.101004  -1.107648  -0.496683
H -4.379530  -2.285569  -1.612748
H -5.374598  -2.843723  -0.256188
C -0.357412 0.728113  -0.819584
H -0.250167 1.548473  -1.536484
0] 4363453  -0.089942  -0.613824
C 3.137603  -0.123442  -0.178112
0] 0.864859 0.707283  -0.010734
C 2.100360 0.614423  -0.714287
N 2.872136  -0.957398 0.994338
C 1.961645  -2.076715 0.766925
H 2.402816  -2.850008 0.105890
H 1.721897  -2.559081 1.723268
H 1.036449  -1.721978 0.316738
C 4.068030  -1.394815 1.704175
H 3.765317  -1.819325 2.669192
H 4648344  -2.164722 1.164158
H 4732379  -0.548655 1.888688
C 2.303770 1.584321  -1.842318
H 2.107893 2.627925  -1.538919
H 3.343190 1.523255  -2.172852
H 1.668284 1.398825  -2.724661

Energy (Hartree) -897.227954

Energy (kJ/mol) -2355672

Energy (kcal/mol) -563019

Figure 4.S38. Optimized structure
for an adduct of m- and DMP-~ ([m-
DMP-2]").

Table 4.513. Optimized structure and energy for an adduct of m- and DMP-~ ([m-DMP-2]").
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[m-DMP-3]

Atom X Y Z

C -2.352852 0.126316 0.383221
C -1.413962  -1.876503  -0.464200
C -0.373056  -1.210204  -0.990580
C -1.331391 0.878002  -0.119366
H -3.258000 0.580231 0.773984
H -1.597511 -2.929089  -0.653514
H 0.307851 -1.749137  -1.641324
C -1.539681 2.332556  -0.277661
(0] -1.053804 2.978838  -1.226281
N -2.349926 2.968233 0.634492
H -2.482253 2.583383 1.558172
H -2.427478 3.972446 0.549382
N -2.373193  -1.245811 0.344888
C -3.579449  -1.978960 0.744075
H -3.265498  -2.973030 1.078716
H -4.002300 -1.470056 1.615434
C -4.632460 -2.100894  -0.363028
H -4.977710 -1.113694  -0.687577
H -4.231393  -2.628871 -1.234219
H -5.498464  -2.661428 0.005167
C -0.065488 0.231996  -0.665987
H 0.231732 0.753949  -1.579501
0 2.448323  -0.143803  -1.720068
C 2.429522  -0.207566  -0.470776
0 0.947437  -0.307625 1.526465
C 1.183213 0.333914 0.353590
N 3.510380 -0.742978 0.177216
C 4.644881 -1.189505  -0.628692
H 5.312842  -0.355293  -0.887369
H 5.215923  -1.922462  -0.052431
H 4294398  -1.646318  -1.553961
C 3.793635 -0.593672 1.605158
H 4.179232  -1.541180 2.000288
H 4.562030 0.177162 1.763890
H 2.863769  -0.335189 2.112016
C 1.522998 1.844500 0.580120
H 2.421335 1.925385 1.202142
H 1.687171 2.400140 -0.350826
H 0.702380 2.317779 1.129190

Energy (Hartree) -897.257112

Energy (kJ/mol) -2355749

Energy (kcal/mol) -563037

Figure 4.S39. Optimized structure
for an adduct of m- and DMP- ([m-
DMP-3]).

Table 4.514. Optimized structure and energy for an adduct of m- and DMP-~ ([m-DMP-3]").
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[m-DMP-1-enol]H
Atom X Y VA
-2.478602 0.616851 0.004310
-1.836441  -1.222715  -1.334814
-0.605125  -0.705631  -1.528892
-1.258883 1.216475  -0.143646
-3.310717 1.114708 0.489874
-2.180241  -2.119006  -1.839195
0.058390  -1.187843  -2.237149
-1.028853 2.613385 0.291903
-0.148312 3.320452  -0.230120
-1.842352 3.126705 1.264297
-2.344095 2.527200 1.902358
-1.633204 4.060377 1.590174
-2.776797  -0.606416  -0.521605
-4.083962  -1.239847  -0.280870
-4.810354  -0.441603  -0.106602
-4.378694  -1.751468  -1.201777
-4.065968  -2.216677 0.895936
-3.350720  -3.027464 0.725127
-3.795675  -1.705515 1.825311
-5.059310  -2.659096 1.023395
-0.114406 0.473395  -0.760302
0.509643 1.129777  -1.368711
0.764764 0.054033 0.396347
4.346424  -0.043781  -0.349387
3.073023 0.473872  -0.214824
2.431696  -1.696716 0.498018

2.231144  -2.013418 1.920091 3 o
1.166177  -2.076340 2192971 | Figure 4.540. Optlmlzed structure for

2.700919 -2.976683  2.143614 | @ protonated adduct of m- and DMP-
2704496  -1.243813  2.535660 | ([M-DMP-1-enol]H).

1.882999  -2.741504  -0.375082
2.357046  -3.696563  -0.126082
0.793509  -2.856426  -0.269766
2.109901  -2.505377  -1.417956
3.010563  1.936204  -0.509960
3.268585  2.133722  -1.558247
2.023050  2.352544  -0.309095
3.748754  2.463973  0.106775
2.071597  -0.351141  0.161863

(@]

OI I I OIIIOIIIOZO000IOIIIIOIIOZIITIZOOIIITOOON

H 4249192  -0.981235  -0.074647
Energy (Hartree) -897.71017
Energy (kJ/mol) -2356938
Energy (kcal/mol) -563322

Table 4.S15. Optimized structure and energy for a protonated adduct of m- and DMP-~ ([m-DMP-
1-enol]H).
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[m-DMP-1]H
Atom X Y VA
-2.443932 0.692060 -0.114304
-1.978087 -1.447670 -1.006316
-0.677100 -1.139702 -1.184356
-1.146808 1.094980 -0.267533
-3.227707 1.376763 0.190748
-2.409952 -2.379638 -1.354226
-0.036459 -1.839264  -1.707722
-0.753487 2.512612 -0.098080
0.250778 2.979404  -0.663347
-1.551648 3.316710 0.670412
-2.169965 2.931761 1.368895
-1.231875 4.263328 0.823547
-2.875543 -0.566450 -0.416982
-4.268187 -0.973934  -0.171545
-4.885759 -0.072349 -0.204832
-4.579406 -1.611445 -1.004533
-4.452801 -1.702622 1.160708
-3.848938 -2.614813 1.198673
-4.166670 -1.062024 2.000856
-5.503623 -1.983887 1.285114
-0.073813 0.108175 -0.624910
0.657119 0.547791 -1.303997
0.654021 -0.177477 0.656075
3.088710 0.752236 -1.189358
2.806533 0.702098 -0.001011
2.322637 -1.772224  -0.028833

3.762335  -2.065091  -0.066113 3 o
4.208434  -2.111870 0.944737 | Figure 4.541. Optlmlzed structure for a

3.909853  -3.038383  -0.541685 | protonated adduct of m- and DMP-
4296263 -1.317172  -0.652623 | ([M-DMP-1]H).

1.621016  -2.866193  0.655265
1.797091  -3.797201  0.108955
1.976330  -3.001995  1.693752
0.549210  -2.672603  0.677614
3.136976  1.817083  0.956971
2274641  2.052906  1.587601
3.942291  1.482060  1.623671
3.462326  2.704756  0.413113
2.043360  -0.498045  0.621230

(@)

OI I I OIIIOIIIOZO0O0O0IOIIIOIIOZIIZOOIIIOOO

H 2.314576  -0.538790 1.693172
Energy (Hartree) -897.718422
Energy (kJ/mol) -2356960
Energy (kcal/mol) -563327

Table 4.S16. Optimized structure and energy for a protonated adduct of m- and DMP-~ ([m-DMP-
11H).
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[m-DMP-2]H
Atom X Y YA
2.379077 0.113114  -0.571108
1.722295 -1.530477 0.998771
0.818601 -0.699861 1.559110
1.492721 1.022778 -0.070152
3.116259 0.378892 -1.320859
1.947675 -2.508640 1.409172
0.319260 -1.012710 2.469674
1.516203 2.445734  -0.480625
1.067185 3.341309 0.256810
2.087336 2.759807  -1.683368
2.182331 2.072597  -2.416136
2.039366 3.726752 -1.973905
2.464607 -1.174306  -0.119219
3.520100 -2.074075 -0.619417
3.127563 -3.093657  -0.576121
3.678920 -1.836091 -1.674208
4.830778 -1.965649 0.162696
5.242870 -0.953276 0.102844
4.685161 -2.218634 1.217618
5.567086 -2.659744  -0.255167
0.447413 0.602854 0.920574
0.283108 1.389777 1.660088
-3.876691 0.845360 -0.600594
-3.108160 -0.010767  -0.130114
-0.811547 0.481035 0.141852
-3.172571 -1.316714  -0.496809

2.281049  -2.371400  -0.014949 | Figure 4.542.  Optimized
-2.764405 -2.967316 0.769100 structure for a protonated

-2.042207  -3.035042  -0.851630 | adduct of m- and DMP- ([m_
-1.347066  -1.959452 0.358484 DMP-Z]H).

-4.208264  -1.761038  -1.427643
-3.763186  -2.052816  -2.386392
-4.728145  -2.628851  -1.007990
-4.919267  -0.954035  -1.591607
-2.405902 1.717074 1.580058
-2.490111 2.522710 0.847623
-3.368704 1.612368 2.090094
-1.660718 1.990860 2.331308
-2.031871 0.402190 0.900036

(@]

OI I I OIIIOIIIOZ000IOIIIIOIIOZIITZOOIIITOOON

H -1.944641  -0.379709 1.665825
Energy (Hartree) -897.752019
Energy (kJ/mol) -2357048
Energy (kcal/mol) -563348

Table 4.S17. Optimized structure and energy for a protonated adduct of m- and DMP-~ ([m-DMP-
2]H).

200



[m-DMP-3]H

Atom X Y z
-2.340629  0.115783  0.347542
-1.363969  -1.830729  -0.578458
-0.342445  -1.124044  -1.099721
-1.341405  0.912049  -0.126434
-3.255112  0.527406  0.761126
-1.527892  -2.876670  -0.814288
0.329996  -1.614457  -1.795159
-1.547569  2.374529  -0.232840
-0.978411  3.052400  -1.107917
2426100  2.968229  0.635709
-2.656985  2.539849  1.519924
-2.502897  3.974913  0.587988
-2.322465  -1.253794  0.257073
-3.485794  -2.044366  0.689613
-3.119110  -3.032841  0.981303
-3.884056  -1.573608  1.592436
-4.576032  -2.169857  -0.378116
-4.966557  -1.186712  -0.660087
-4.194104  -2.660803  -1.278904
-5.406584  -2.768932  0.009406
-0.065795  0.310346  -0.700046
0.247201  0.890063  -1.569650
2.492048  0.158552  -1.697727
2435769  -0.086822  -0.479216
1.155310  0.351235  0.308205
3.469753  -0.717395  0.143525
4610982 -1.110720  -0.687408 | Figure ~ 4.543.  Optimized
5.301531  -0.271292  -0.840066 | Structure for a protonated adduct
5.145633  -1.917300 -0.180880 | of m- and DMP- ([m-DMP-
4.264400  -1.456719  -1.660458 | 3]H).

3.740339  -0.764745  1.584160
3.982227  -1.792321  1.875309
4.604640  -0.129231  1.814497
2.880015  -0.437307  2.155288
1.407169 1752979  0.876050
2.270559  1.750406  1.546920
1.592037  2.465371  0.069188
0.537714  2.085270  1.448689
0.867724  -0.494230  1.426023

(@]

OIIIOIIIOIIIOZOO0O0IOIIIOIIOZIIZOOIIIOOON

H 0.542550  -1.341959 1.080259
Energy (Hartree) -897.750479
Energy (kJ/mol) -2357044
Energy (kcal/mol) -563347

Table 4.S18. Optimized structure and energy for a protonated adduct of m- and DMP-~ ([m-DMP-
3]H).

201



