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Part I. Fundamentals of Electrosynthesis

1. Historical overview
Electrosynthesis has been an important but underestimated area of synthetic

chemistry. Nowadays, electrosynthesis gains more scientific and social interest due to
the unneglectable advantages it brings along. It offers cost reduction, alternative
reaction pathways with reduced process waste, and sustainable reaction control.[' The
first electro-organic synthesis was reported by Michael Faraday (1843), who
demonstrated the electrolysis of acetic acid, thereby introducing the idea of using
electric charge as a replacement for chemical reagents.l?l Later, Hermann Kolbe
established the Kolbe electrolysis of valeric, butyric and acetic acid in 1847. He
demonstrated that anodic oxidation of aliphatic carboxylic acids can lead to

decarboxylative dimerization in aqueous alkaline solutions.[!

Since the seminal reports by Faraday and Kolbe, electrosynthesis has further evolved
and became an important field of synthetic chemistry, not least due to advances in
reactor technology and electrical engineering. With these improvements, it became
possible to operate at a set working electrode potential (CPE: controlled potential
electrolysis) or cell current (CCE: controlled current electrolysis), and to receive more
insights about the process at the electrode-electrolyte interface by cyclic voltammetry
(CV) and spectroelectrochemical techniques. More electrosynthesis processes were
invented in the second half of the 20t century which are up to this day in industrial

use.l

Nowadays there are many large-scale applications of electrochemical processes in
industry. One example is Baizer’s process that involves the reductive dimerization of
acrylonitrile to adiponitrile, the latter being used to produce Nylon. Simon’s process,
also known as electrochemical fluorination (ECF), is used for the preparation of
perfluorinated hydrocarbons.®! This is performed by electrolysis of aliphatic
compounds in HF/KF electrolyte solutions and nickel as anode material.[®! Other
industrial examples are the anodic methoxylation of 4-tert-butyltoluene to

benzaldehyde dimethylacetal to yield lysmeral after condensation with propanal.l’]

It can be said that after the 60s, the field of electrosynthesis has further picked up pace

in evolving. The advancements in organic and (electro)analytical chemistry provide the

opportunity to induce highly selective structural changes to gain insights into the

reaction mechanisms. Also, the field gained more interest, as it offers substitution of
1



toxic or expensive reagents by traceless electric current. In addition, due to the
increasing importance of sustainable technologies and with the opportunity to utilize
power from renewable resources, electrosynthesis experiences a renaissance

nowadays.

2. Sustainability and Electrosynthesis
Excessive energy consumption and the resulting pollution has been identified as key

problems for our society and economy. Other than using well accessible resources,
minimizing the ecological footprint is the focus of innovation in process development.
The aim to reduce the pollution, carbon dioxide emission and waste generation

reinforces the requirement for renewable energy resources. !

The field of synthetic organic chemistry is always challenged to create complex
molecules with consideration of atom efficiency, sustainability, and time
consumption.l As a result, 12 postulates of sustainable (“green”) chemistry were

established (see Figure 1).I°

There are many ways in which electrochemistry can relate to these principles and help
to preserve the environment.!"- 89 In comparison to traditional oxidation and reduction

in organic chemistry, electrochemistry offers many interesting features.

First, the electro-organic reactions usually proceed under mild conditions (atmospheric
pressure and room temperature). Besides convenient in-situ generation of toxic or
hazardous reagents or intermediates in a controlled fashion under these mild
conditions is a safe and cheap method.® % Second, redox reagents are replaced by
electric current which reduces the amount of generated waste and by this means the
cost efficiency is improved as well as environmental compatibility.[' 11 Another
advantage is the easy control over the reaction’s selectivity by the applied potential at

the working electrode.®

Nevertheless, there are many criteria to assess whether a reaction is green or not and
evaluating its environmental impact in comparison to other reactions. Avoiding the use
of stochiometric number of reagents alone does not guarantee that electrochemical
reactions are sustainable.['? The full set of principles of sustainable (“green”) chemistry
needs to be considered together with the green metrics of electrochemistry to evaluate
the environmental impact of a chemical reaction in comparison to alternative

approaches.["3]



In this context, a few examples will be discussed of how modern electrochemical

methodologies offer a more “green” option in comparison to traditional alternatives.

[ Electrosynthesis ]

Direct, indirect and Solvents: lonic
o . Mediators liquids and
Paired electrolysis

Microemulsions

non-toxic efficient
substances production

low auxiliary
substances

atom
economy

principles of
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(Ilgreen“)
chemistry

degradable
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circumvent
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real time waste

monitoring

renewable energy
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Amino acids, Room temperature, Electro-generated
Electroanalysis Sugar, Paired electrolysis, reagents,

Lignin Mediators Mediators

[ Electrosynthesis ]

Figure 1. Organic electrosynthesis and its relation to principles of sustainable ("green”) chemistry.%

An example of this is selective oxidation of primary and secondary alcohol to the
respective carbonyl group.l'! Due to their pivotal role in organic synthesis and
industrial chemistry, the development of environmentally begin processes is of a great
interest. In conventional methods such as Jones oxidation or Collins-reagent, Cr(+VI)
salts are used, which are highly toxic.[' Moreover, more environmentally compatible
processes were developed which are based on aerobic oxidation in combination
transition metal catalysts (Pd, Ru, Cu and Pt) and further additives.!"®! Despite of the
selectivity these catalysts provide, the reaction can be hindered if a substrate with a

chelating ability bind to the metal. On the other hand, use of metals shows an
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environmental impact that needs additional treatment for disposal. With all the above

mentioned aspects, electrochemistry can offer a metal-free alternative.l'’]

Furthermore, active electrode material can be used for novel electrochemical
conversion that gives high-valent metal species.[' This means an electrically
conductive reagent is immobilized on the electrode surface which is regenerated in-
situ.'¥ An example of this immobilized mediator is NiOOH electrode which forms from
Ni in alkaline media and has an active and stable surface.®! This anodic system is
applied for example for the selective degradation of bio-based mixtures such as

lignin.[20]

It is important to emphasize that electrochemical reactions proceed in pairs, meaning
that the desired reaction at the working electrode is coupled to a reaction at the counter
electrode (depolarization, often leading to waste generation).[® 2" In most cases the
reaction at the working electrode is the subject of interest.[® However, one can design
electrolysis in which conversions on both working and counter electrode lead to a
useful product. This approach is known as paired electrolysis (Scheme 1). By this
approach, up to 200% of Faraday efficiency can be obtained, as for each mole of

electrons passed through the cell, two beneficial products are produced.??

A B A B A
C
OX. red. OX. )k red. OX. red.
C D A* B* B C

Parallel Convergent Divergent

Scheme 1. Variants of paired electrolysis. 2201

An important example of this method is the combined production of phthalic acid
dimethylester and t-butylbenzaldehyde dimethylacetal in an undivided cell from the
respective starting material shown in scheme 2. This procedure can alone offer 4000
metric tons per year of t-butyldimethyl acetal. In this approach, methanol (MeOH)
serves both as the solvent and as one of the starting materials for the anodic half-cell
reaction. The protons produced at the anode are directly used in the anodic half-cell

reaction. This means, both PH and the solvent level are well balanced, as anodically



formed protons are consumed at the cathode and liberated MeOH at the cathode is

used for the anodic process.[?22]

MeO OMe
<] o
. + 2MeOH —— + 4H + 4e
Anodic:
tBu tBu
t-Butyltoluene t-Butylbenzaldehyde dimethylacetal

H,CO,C o . 0
D + 4H o+ 4e —»Oifo + 2 MeOH

Cathodic: H3CO.C

Phthalic acid metylester Phthalide

Scheme 2. Paired electrolysis of phthalic acid and 4-tert-butyltoluene.[228]

Energy efficiency not only ensures sustainability but also enables cost-efficiency.
Therefore, changing to a more affordable and renewable source of energy increases
the efficiency of a process. Replacement of chemical redox agents by electric current
has a significant impact on overall cost and sustainability of a procedure. As mentioned
above, the electrochemical reactions are initiated and processed by applied potential
instead of merely thermal energy. This enables the operation under ambient
conditions. By variation of the current density, optimal operation conditions with
minimized heat production (generated by the Ohmic cell resistance) can be achieved.
The waste production, safety hazard and extra purification steps can be avoided by

replacement of chemical redox agents with electric current.[?2¢ 23]

It is fair to say that electrochemistry provides many advantages and solves major
problems, but the implementation in routine organic synthesis and industry comes with
its own challenges. One of these challenges is that charge transport through the cell
requires supporting electrolyte. Nevertheless, an ideal supporting electrolyte should
provide good conductivity and broad potential range and must be chemically and
electrochemically inert under the chosen reaction conditions. Often it is difficult to fulfill
all these criteria for a single medium.! Aside from the supporting electrolyte issue,
electrodes may be prone to corrosion and deactivation by formation of coatings. Some
of these issues can be avoided by indirect electrolysis (see part |, section 4). These

constitutes to extra purification steps, waste generation and raise of capital costs.!'%2
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It is noteworthy that most of the research has been done for the anodic conversion and

there is still significant demand for research about cathodic transformations.[']

3. Physiochemical Background
In an electrochemical transformation, the conversion is directly proportional to the

amount of charge transferred. This was established by M. Faraday, reported in 1833,

and became later known as Faraday’s Law (eq. (1)),

Q = nzF (1)
whereby F is the Faraday constant and Qi the amount of charge passed in Coulombs
(C) to convert ni moles of substrate i. In this conversion, zi is the number of transferred
electrons per molecule. The Faraday constant equals to 96485 C mol'. In
electrosynthesis, the parameter is frequently used as a charge equivalent that
indicates how much electricity is needed to perform the full conversion of one mole of

a compound in a single electron transfer ("F per mole of substrate”).[?!

From thermodynamic perspective, electron transfer is enabled by application of an
equilibrium potential (Eo) followed by the concentration ratio of the corresponding
oxidized (Cox) and reduced (Cred) form of redox pair. This correlation is defined by the
Nernst equation where Eoo is the standard potential of the redox pair, R the universal

gas constant and T is the temperature (eq. (2)).

RT  Coy (2)
E, = E —1
0 oo T F n Cro

The relationship between the measured current density and the applied overpotential
n (difference between the equilibrium potential Eo and the potential E applied to the
working electrode) is described for the kinetically controlled region by the
Butler - Volmer equation (eq. 3). It shows the influence of the exchange current density

jo and the symmetry factor « on the resulting electrode current density j.1?4]
F 1- F
J = Jo (6%’7 — e_( RaT)Z ’7) (3)

The exchange current density jo is the amount of current flowing in both directions at

E = Eo. The symmetry factor « is between zero and one and determines the rate
difference between anodic and cathodic current. If « is 0.5, both oxidation and
reduction are on equal terms, whereas values between 0.5 and 1.0 indicate that the
anodic current rises much faster than the cathodic one upon deviation from equilibrium

(and vice versa for values between 0 to 0.5).[24-25]
6



In an electrosynthesis reaction there will be lower reactant concentration at the
electrode surface than in the bulk solution. Similarly, there is a higher concentration of
product at the electrode surface in comparison to the bulk solution. This causes a
diffusive flux to the gradient of the concentration which is significant for mass transport
process in an electrochemical cell. This is mathematically described by Fick’s law. The
first law (eq. (4)) relates the diffusion flux through cross section (J) to concentration (c)
gradient and diffusion constant (D).

dc (4)
dx

Fick’s second law (eq. (5)) describes the change of concentration as a function of time.

In this case x is the position relative to the cross section and t is time.[24-2°]

ac d%c (9)

at = 0x2

4. Indirect Electrosynthesis
Bulk organo-electrosynthesis can be performed directly or indirectly. Direct

electrosynthesis refers to direct transformation of substrate molecules at the electrode-
electrolyte interface. Thus, for the electron transfer (ET), it is necessary to have direct
contact between the electrode surface and the substrate. Direct electrolysis frequently
comes with challenges such as low selectivity and kinetic inhibition of the heterogenous
electron transfer.?®! In addition, the electrode could be passivated due to the formation
of non-conductive polymer films on the electrode surface .[?*l In this context, indirect
electrosynthesis is an approach that provides many advantages in comparison to direct
electrosynthesis (Scheme 3). Indirect electrosynthesis can be considered as a hybrid
between direct electrochemical conversion and homogenous redox reaction. The
direct ET between the electrode and the substrate is replaced by a homogenous redox
reaction in the solution. A redox mediator acts as an electron transfer-shuttle between

the electrode surface and the dissolved substrate.[?1: 262l

The application of indirect electrolysis might result in additional costs, waste, and
separation issues, but it provides many advantages as well. The use of a mediator
renders the possibility for circumventing electrode passivation and offers ways to tune
the selectivity. In addition, lower potential is needed, which leads to milder reaction

7



conditions and the presence of a mediator may also help to overcome kinetic inhibitions

associated with the direct ET.[?" 23 26a, 27]

Med Substrate

n+

reactive
Med (Ox.) [intermediatel desired product

Scheme 3. Indirect elecrosynthesis.

A mediator can be used in two different fashions, as so-called in-cell or ex-cell
mediators (Scheme 4). In-cell mediation means that the mediator activation and the
consecutive reaction takes place simultaneously inside the same vessel. After electron
exchange with the substrate, the mediator returns to its original state and is available
for further oxidation or reduction cycles. As it is possible to reactivate the mediator
within the same cell, it can be used in sub-stochiometric amounts. This results in less
waste production, more economical and ecological advantage, and easier work up.
Nevertheless, stable active species can also be used for in-cell processes, for example

oxoammonium in TEMPO oxidations.

In-cell

k Med product
©
-
Med®* substrate

Ex-cell

Med Med product

L
=

Med®* Med®* substrate

R0}

Scheme 4. Comparison between in-cell and ex-cell mediation.

An ex-cell procedure refers to an electrolysis where the mediator is activated in one
vessel and transferred to a different vessel to react with the chosen substrate. This

requires the mediator to be very stable in its activated form for being able to be
8



transferred to a new cell for the next step. Ex-cell mediators cannot be reactivated in-
situ, therefore they need to be used in stochiometric or over-stochiometric amounts. In
general, ex-cell mediators offer two advantages. First, they can be used even if the
redox potential of the substrate is below the one of the mediators. Second, they provide
the opportunity to study and optimize the electrochemical step and the chemical

reaction independently from each other.[?8l

The ET between the mediator and the substrate can progress in two distinct
mechanisms, namely via inner-sphere or outer-sphere ET (Scheme 5). During an
inner-sphere ET, a chemical bond is formed between the mediator and the substrate,
which is cleaved after the ET and the mediator reverts to its inactive form. In outer-
sphere ETs, the exchange occurs directly between the mediator and the substrate,

without any bond-forming event.[?8]

A careful choice of the mediator is very important for a successful application of indirect
electrosynthesis. Therefore, the mediator needs to fulfill certain criteria. First, the redox
potential of the mediator should be less positive than the one of the substrates in case
of oxidation and less negative in case of reduction. Fast and reversible ET between
the electrode and mediator is required and the produced active intermediate should be
inert towards all the processes in the reaction mixture except for the desired ET to
avoid side reactions. For an indirect electrolysis, the mediator should be soluble in the

chosen medium both in oxidized and reduced form.[21]

Outer-sphere

Med + Sub. Med™®d+ Sub. — Product

A anodic oxidation |

Inner-sphere

bond
formation

Med + Sub. Med®* — Sub £, Meded+ Syb.°* — Product

A anodic oxidation |

Scheme 5. Top: Mechanism of an outer-sphere ET. Bottom: Mechanism of an inner-sphere ET.

5. Cyclovoltammetric Analysis of Mediated Processes
Under non-catalytic conditions for a reversible electron transfer, both an oxidation peak

(maximum current density) and a reduction peak (minimum current density) are visible



in the cyclic voltammogram (CV) of a redox couple. The current peaks are caused by
diffusion limitation upon increasing potential (driving force) and a time-dependent
progression of the diffusion profile (non-stationary conditions). Under catalytic
conditions (here: anodic reaction), the intensity of the oxidation peak increase and the
shape of the CV changes with respect to the experimental parameters as shown in the
kinetic zone diagram (see Figure 2). The higher peak arises because the oxidized form
of the mediator undergoes a chemical step that restores the non-oxidized form. In non-
catalytic measurements, the intensity of the oxidation peak (jp) is given by the Randles-

Sevcik equation (eq. (6)).

(6)

zFvD
RT

Jp = 0.4463 zFCJ

With D for the diffusion coefficient, C,° for the initial concentration of the analyte, z for
the electrons required per formula unit. The peak current j, therefore increases with
the square root of the scan rate v. By taking measurements at different v values, one

can determine the diffusion coefficient D from this equation by plotting jp against v.

It can be expected in certain catalytic measurements that if the scan rate is sufficiently
high, there will no longer be an increase in the peak current. Thus, a plateau is reached

with current density jmax, that is defined by:

Jmax = ZFCI\[Dnkops (7)

and,

Kops = ky + Cs (8)
Where ki, is the rate constant of the limiting chemical step, kobs is the apparent (pseudo-
first order) rate constant, and Cs is the concentration of the substrate and D is the
diffusion coefficient of the catalyst.[?] Figure 2 shows a zone diagram with possible CV
shapes under catalytic and non-catalytic conditions. Here, y is the so-called excess

factor defined as the ratio between substrate and mediator concentration, Ca°, and

CrO, while A is defined by 1 = p RT:;, (the “kinetic factor”).

obstpV
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Figure 2. Kinetic zone diagram for homogeneously electrocatalyzed processes.

6. State of the Art in Anodic TEMPO-mediated Alcohol Oxidations
Cyclic nitroxides are mainly known from TEMPO (2,2 6,6-tetramethylpiperidine-1-oxyl)

and their respective derivatives. Due to its unique properties, TEMPO derivatives are

used in a broad range of processes. Some of the most important applications are the

following30:

Organic radical batteries and TEMPO-modified polymers for energy storage (i.e.
redox flow batteries).l3]

Functional group transformation in synthesis such as alcohol and amine
oxidation, C-H and C-N bond formation and natural product synthesis.[3?
Stabilizer, radical trap, polymerization and antioxidant.3

Nitroxide-mediated polymerization (NMP) for synthesis of well-defined
functional polymers with tailored properties.[32a. 34]

Spin labelling in EPR spectroscopy. ]

L

Q
TEMPO

Scheme 6. Structure of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)

In this thesis we focus more on the TEMPO mediated experiments in homogenous

electrocatalysis.
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Catalytic oxidation of alcohols to aldehydes or ketones using the organocatalyst
TEMPO or its derivatives is widely used in the production of fine chemicals and
pharmaceutical ingredients.l3'a 328 This highly selective metal-free method was first
developed by Lebedev and Kazarnowskii in 1960.2¢1 Another method was developed
in 1990 by Anelli and Montanari, in which aqueous NaOCI| was used as an oxidant
under alkaline buffered conditions.*”] In 1983 Semmelhack et al. demonstrated an
efficient electrochemical route for TEMPO-mediated oxidation in which electric current
replaces an oxidant (see Scheme 7). This approach leads to prevention of undesired
waste formation and renders aldehydes and ketones which can serve as drug
precursors, fragrances, and aromas.[32?1 As mentioned earlier in part |, section 4, such
reactions normally require stochiometric amounts of oxidants. Besides that, commonly
used reagents for alcohol oxidation (chromium or ruthenium reagents) are highly toxic
and harmful for the environment.2¢1 With the method suggested by Semmelhack et al,
these challenges can be tackled. Scheme 6 demonstrates the catalytic cycle of anodic
alcohol oxidation mediated by TEMPO.

2 2>(,\Ilj< \_r
’ >(j< >(j<
© ﬁ + l?l
OH

-2e Il
(0]

PN
~0

R
Scheme 7. Catalytic cycle of the TEMPO-mediated alcohol oxidation.

Furthermore, employment of TEMPO for amine oxidation was reported for the first time
by Semmelhack and Schmidt in 1983. Depending on the reaction medium, different

products can be obtained from oxidation of primary, secondary, or tertiary amines.®l
[39]

Xu and coworkers reported in 2017 a TEMPO-mediated oxidative C-S coupling
reactions.l*®1  N-arylthioamides and amino-pyridine thioamides can undergo
electrooxidation to vyield respectively the corresponding benzothiazole and

thiazolopyridine. Furthermore, it has been shown that TEMPO-catalyzed
12
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electrooxidation is useful for oxidation of carbohydrates and other polyols. This
approach exhibits minimum over-oxidation and high selectivity under mild

conditions.[38c. 411 [42]

7. Recycling of Mediators and Supporting Electrolytes
Despite all the advantages that mediators in indirect electrolysis provide, they are

usually associated with separation issues, since they typically have similar size and
polarity as the electrolysis products. Additionally, they constitute an extra source of
waste unless they are recovered and reused. To overcome these challenges,
researchers have focused their efforts mainly on the use of homogeneous mediators
which can be conveniently filtered off after completed electrolysis. The reported cases
include poly(styrene)-supported iodobenzene (PSIB) and TEMPO immobilized on
silica gel. The PSIB system was developed by Fuchigami et al. for anodic
fluorodesulfurization of benzophenone dithioacetals, which was performed in Ets-5HF
ionic liquid (Figure 3, top left).*31 TEMPO-modified silica gel was developed for
electrosynthesis by Tanaka et al. and used for anodic oxidation of alcohols in aqueous
electrolyte (Figure 3, top right). Due to low solubility in the aqueous electrolyte, the
starting material needed to be adsorbed on the silica gel prior to the electrolysis. 4
Due to poor kinetics of the ET between electrode and redox-active particle, a halide
salt additive is crucial to activate the mediator units in PSIB as well as in the modified
silica gel particles. The halide salt serves as a co-mediator and requires an additional
separation step after completion of electrolysis. A third approach was developed by
Schille, Francke et al. for homogeneously catalyzed electrochemical conversion using
recyclable polymediators in combination with membrane separation processes for
recovery of polymers (Figure 3, bottom).'] A modified polymer synthesis from
Schubert et al. was employed to gain a polymethacrylate backbone with TEMPO
moieties attached to it.[*l In the seminal study, it was shown that TEMPO-modified
polymethacrylates (TPMA) are well soluble, easy to synthesize and can be recycled

easily by the end of the electrolysis.*"]
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Figure 3. Strategies for immobilization of mediators to enable recovery by filtration techniques.

TPMA offers homogeneously catalyzed electrochemical conversion using recyclable
polymediators in combination with membrane separation process for recovery of the

polymers.

As mentioned earlier, indirect electrolysis using redox mediators is a frequently used
approach toward controlling selectivity and reducing energy consumption of electro-
organic transformations.*6l Although the benefits of mediators are undisputed, they
may be offset by more difficult separation procedures, increasing waste generation,
and additional expenses, which is why concepts to facilitate separation and recycling
deserve more attention.[*”] The main challenge in recovering mediators from reaction
mixtures is the similarity to the product in terms of polarity and molecular size. For
example, column chromatography is required for separation of organic mediators such
as iodoarenes or TEMPO. To overcome this challenge, the installment of mediators on
soluble polymer backbones is an interesting alternative, since the resulting
polymediators can act as classic homogeneous electrocatalysts that are activated at
the electrode surface and react with the substrates in solution. Simultaneously, the
increased molecular size allows the use of size exclusion membrane processes for
mediator recovery (i.e., dialysis and ultrafiltration). Based on the TEMPO-catalyzed

anodic alcohol oxidation, Schille, Francke, et al. have shown for the first time that
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indirect electro-organic reactions can efficiently be coupled to dialysis and ultrafiltration

when polymediators are employed (Figure 4).[4%

Scope / Faradaic efficiencies
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Figure 4. Top: Top: Scope and Faradaic efficiencies of TPMA-mediated electrooxidation. Bottom left: Schematic
illustration of the electrolysis and recycling process. Bottom right: Preparative-scale anodic oxidation of alcohols
using polymediators (TPMA) and polyelectrolytes (PTE).

8. State of the Art in the Field of Hypervalent Bromine(lll) Compounds
Hypervalency refers to a situation in which a main group element has more than eight

electrons in its valence shell. The A notation is given to the compounds with non-
standard bonding numbers according to IUPAC rules. The hypervalent bond is highly
polarized, longer, and weaker than a regular covalent bond. The hypervalent bonding
leads to distinctive structural features and reactivity pattern on the compound..[*® This
provides the opportunity for development of new chemical reagents and specially in
the field of hypervalent halogen compounds. A number of research publications can

be found in literature that exclusively focuses on this topic.[22¢ 480, 49]
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Scheme 8. Left: Common hypervalent iodine compounds. Right: electrochemical generation of iodine(lll) species
for indirect electrosynthesis.

Hypervalent halogen compounds have attracted great attention in organic chemistry
which has been ascribed to their unique properties as reagents and catalysts. 48> 50
Most of this attention and research has been attributed to hypervalent iodine
compounds in recent years, which has led to many novel reactions and new
reagents.82 51 They are a mild, non-toxic, easy to handle, and environmentally benign
class of reagents. The reactivity pattern of hypervalent iodine is similar to heavy
transition metals and are applied in diverse forms of reactions as a non-toxic
reagent.[*®] The nature of these reactions includes oxidative couplings, halogenations,
arylations, oxidative rearrangements, trifluoromethylation, and C-H
functionalization.[*® Additionally, electrochemically generated iodine(lll) derivatives

have been frequently utilized as ex-cell mediators in organic electrosynthesis.[®?

Among the most prominent hypervalent iodine reagents in conventional organic
synthesis are Dess-Martin periodinane, [bis(trifluoroacetoxy)iodolbenzene (PIFA),
(diacetoxyiodo)benzene (PIDA) and diaryliodonium-type compounds (Scheme 8,
left).[53] The corresponding isoelectronic hypervalent bromin(lll) species feature
superior reactivity to that of iodine(lll) counterparts. Hypervalent bromine(lll)
compounds have higher oxidizing ability, stronger electrophilicity and better
nucleofugality.®* Despite these remarkable properties, the chemistry of A3-bromanes
has been rarely investigated. This is mainly due to lack of efficient and user-friendly
preparation methods. Much of the challenge is based on the thermodynamic barrier to
oxidation of Br(l) arising from the properties of the element bromine, namely its great
electronegativity (Br: 2.96 > |: 2.66) and its large ionization potential (IP); e.g. PhBr (IP:
8.98 eV) > Phl (IP: 8.69 eV).[%]
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The superior reactivity has enabled the development of useful synthetic
transformations such as Bayer-Villiger-type oxidations of open-chain aliphatic
aldehydes, metal-free C-O and C-N couplings, oxidative coupling of alkynes and 1°
alcohols, metal-free amination of inactivated alkanes, and thermal solvolysis of
cyclopent-1-enyl- A3-bromaness for generation of vinyl cations.[®!- 34 Undoubtedly, the
development of a convenient synthetic approach to A3-bromanes is the most
challenging part to initiate the rapid development of hypervalent bromine(lll) chemistry.

Herein, the development of investigated methods is described.

Sandin and Hay's protocol

H H cl
Br N i
BN
Frohn's protocol 37%

Frohn's reagent

____________

SiRs | F-Br-F | F,B.F-Br—=—=—R

SeAr : : R—=""SnMes
+ BrFfy — | ]
_78 °C E : BF3OEt2
PTFE vessel | :
----------- 69 - 89%

Scheme 9. Different protocols for synthesis of hypervalent bromine compounds.

The first hypervalent bromonium compound was synthesized by Sandin and Hay in
1952 (Scheme 9). They reported the formation a bromonium salt by intramolecular
nucleophilic bromine attack on an aryldiazonium salt.[®8! As promising as this synthesis
seems, the addition of aryl cations to aryl bromides, regardless of their precursors and
generation methods, leads to poor yields. 71 Another method of synthesis of
hypervalent bromine compounds is ligand-exchange reactions of bromine trifluoride.
The ligand exchange proceeds at low temperature in a rapid addition-elimination
process. Bromine ftrifluoride, a highly toxic and reactive liquid, reacts with
arylstannanes, arylmercury, or arylboron compounds to produce (difluoro)-A3-
bromanes (Frohn’s reagent). Furthermore, Frohn and Giesen developed the use of
alkynylstannanes for ligand exchange on bromine trifuoride to produce aryl (alkynyl)-
A3—bromanes (Scheme 9).158
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Scheme 10. Martin‘s protocol for the synthesis of chelation-stabilized bromanes in comparison to current work.

In 1986, Nguyen and Martin have introduced the bench-top stable chelation-stabilized
aryl A3-bromanes using bromine trifluoride as precursor for synthesis.®® The approach
is, however, not ideal in terms of practicality. BrFs is a highly toxic and extremely
reactive liquid, which is an important limitation of this method. It is required to use
specific experimental techniques, equipment such as PTFE vessels, and very low
temperature to handle this reagent properly and safely. In addition, aryl bromides have
high oxidation potentials (e.g. 2.0 V vs. Ag/0.01 M AgNOs for PhBrin CH3CN. All these
circumstances complicate a two-electron oxidation by a non-electrochemical

conversion.[®%-%0 Possibilities for electrochemical synthesis of Martin’s bromane were

Oxidation with BrF5

(CFCly),, -20°C
PTFE vessel

GC(+) Fﬁ P(-)
r. t. i

0—Br—o0
FsC f CF4
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0—Br—o0
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explored in this work and are discussed in part Ill, section 2.
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Part ll. Goals of the Thesis

In this work, the goal is to generate a better mechanistic understanding of
electrochemical processes involving polymediators and electro-generated bromane

reagents.

The first goal is to develop a comprehensive understanding of reactions mediated by
TEMPO-modified polymethacrylates (TPMA, case studies | and Il). One of the key-
questions is whether mass transfer occurs as a regular diffusion-type process or via
electron hopping between redox-active units. Furthermore, it is important to determine
whether electrocatalysis with TPMA is a homogenous or a heterogenous process, i.e.,
whether adsorption of TPMA on electrode surface plays a role. Next, the influence of
the molecular weight on redox-properties and catalytic activity of TPMA is to be
established, enabling an understanding of the relationship between mediator structure

and kinetics of the catalytic process.

The second major goal is to reveal the mechanisms that are involved in the formation
of hypervalent bromine(lll) compounds and in the reagent applications. For this
purpose, it is necessary to conduct detailed electroanalytical studies, which are
complemented by control experiments and quantum chemical calculations. Another
interesting feature to analyze is the dependency of the oxidizability (half-peak potential)
of A3-bromanes from the electron withdrawing/donating ability of the substituents.
Furthermore, the properties of chelation-stabilized A3-bromanes as chemical oxidants

are to be evaluated, including a mechanistic analysis their activation for synthesis.
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Part lll. Results and Discussion of the Publications

1. Polymediators in Organic Electrosynthesis
Based on previous studies, it is shown that the TEMPO-modified polymethacrylates

(TPMA) is an efficient and recyclable mediator for anodic alcohol oxidation.!*5t1 A
comparative mechanistic study is needed between TMPA and TEMPO with lower
molecular weight. This study can also be extended to TMPA from low to high chain-

length.

In the approach by Schille et. al., free-radical polymerization was employed on 2,2,6,6-
tetramethylpiperidin-4-ylmethacrylate (1) to obtain precursor polymer 2a (Scheme 11,
route 1). 2-Mercaptoethanol was used as a modifier to achieve low molecular mass
and to guarantee solubility for further electrochemical studies. Subsequently, 2a was
oxidized in two steps with H202/Na2WOQO4 and MCPA. This yielded the desired TEMPO-
modified polymer (HP-2) with number average molecular weight (Mn) of 2.9 kDa. This
straightforward procedure has also enabled easy scale-up. However, this method lacks
control over chain growth, which is expressed by the high polydispersity (D = 1.89).14%]
In the present study, the focus is on development of a polymerization protocol that
provides proper control over chain length growth and narrow molecular weight
distribution. Furthermore, it continues by investigating the electrochemical and electro-
catalytical properties of the produced polymer in different molecular weight and
respective comparison with low-molecular model compounds. The goal was achieved
by reversible addition — fragmentation chain transfer (RAFT) polymerization. of

hydrochloride 1-HCI using dithioester 3 as a chain transfer reagent (Scheme 11, route

2).
RAFT reagent:
HOOC S Ph

1 HCI 3

route 1: route 2:

aq. HCI EtOH/H,0 (3:1)
ABVCA AIBN
OH(CH,),SH RAFT reagent 3

¢

1. ag. H,0,/NaOH .
kf NH Na,WO,, EDTA /?f N
fe) (e 2. MCPBA, THF fe) (e}
2a (route 1) HP-2 (route 1)
2b (route 2) TPMA (route 2)

Scheme 11. Comparison of synthesis of TPMA by free-radical polymerization with RAFT polymerization.
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RAFT polymerization is followed by oxidation of intermediate 2b using the
abovementioned two-step protocol, and purification of the TPMA by dialysis. In total,
15 samples with narrow molecular weight distributions were prepared using this
method (see Figure 5), with number average molecular masses between 3.5 to
126.0 kDa, the polydispersity (D) ranging from 1.16 to 1.45, and with isolated yields
between 48% to 94%. The molar mass was adjusted by varying the ratio between
monomer and chain transfer agent. All the samples exhibit a monomodal molecular
weight distribution. Increased dispersity is observed at higher molecular weight
because less control over radical polymerization is possible with lower concentrations
of RAFT reagent.[6
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Figure 5. Molecular weight distributions of representative TPMASs.

For the electrochemical characterization of the TPMAs, cyclic voltammetry (CV) was
carried out in 0.1 M solutions of NBu4ClO4 in CH3CN/H20 (8 :1 vol/vol) using a glassy
carbon working electrode (WE) and a Ag/0.01 M AgNOs reference electrode (RE)
(Eo =87 mV vs. Fc/Fc* couple). Detailed mechanistic studies were first carried out
using 3.6-TPMA, a polymer sample with a Mn value of 3.6 kDa. TEMPO and 4-acetoxy
TEMPO (ACT) were selected for comparison. Some exemplary CVs recorded at
v =100 mV s! are shown in figure 6. For each species, a single reversible redox
couple (R2N O/R2N=0%) with a typical diffusive profile is visible. Consequently, there

is no significant electronic coupling between the TEMPO moieties across the polymer
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chain and the redox characteristics at 100 mV s are essentially the same as those
shown by the monomer. For TPMA (blue line), the redox couple is centered around
Eo = 0.42 V with an anodic shift of 120 mV compared to free TEMPO (green line). The
shift can be ascribed to the presence of the acyloxy linker, which is confirmed by

comparison to the CV of structurally similar ACT (red line, Eo = 0.40 V).[62

TPMA ACT TEMPO
—— TPMA
1.0 —AcT
—— TEMPO
0.5
0]
.::c;
> 0.0
-05
-1.0

DiO Oj2 O?4 DiS Oj8
E (vs. Ag/AgNO,) / V

Figure 6. Top: Structures of the investigated mediators. Bottom left: Background-corrected CV of TEMPO, ACT
and TPMA normalized vs. the anodic peak current density jp.a. Conditions: 0.1 M NBu4ClO4 in acetonitrile/water
(8:1), cru=5mM, v =100 mVs. Bottom right: Comparison between peak current densities (jp) of ACT and
TMPA with respect to square root of scan rate (v).

However, TPMA shows deviation from the linear dependency for scan rates above
250 mV s™'. This effect is due to superposition of adsorptive and diffusive processes,
which means that charge transfer occurs to both dissolved and adsorbed polymer
chains. The linear dependency indicates that at lower scan rates, most of the charge
is transferred via diffusive process. The adsorptive fraction of jp increases at higher v,
since for adsorbed redox-active species, jr increases linearly with v.[3 Furthermore,
the diffusion coefficients (D) were calculated from the slope of j, versus v from Eq.
6. (as explained in part |, section 4). Drpma is one order of magnitude smaller than
Drtempo and Dact. This aligns with the Stokes-Einstein’s equation, which relates the
diffusion coefficient of a molecule to its molecular size. This same effect is observed

by increasing the ctu (TU:TEMPO units).
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Adsorption of TPMA was confirmed by additional CV measurements at cru = 1 mM,
followed by careful rinsing of the glassy carbon electrode with acetonitrile. Then the
electrode was transferred to a blank electrolyte solution, where cycling was repeated.
At 100 mV s, the redox couple appears with weaker intensity and without peak-to-
peak separation, which confirms irreversible adsorption of TPMA on the electrode
surface. By increasing v, well-defined and nearly symmetric CVs were observed that
centered around 0.43 V, which is characteristic for identical and independent redox-

active species that are attached to the electrode surface.

Table 1.Summary of slopes of linear fits of Figure 6 and the corresponding diffusion coefficients.

Compound Slope D
[mA s%° cm? mV9] [cm? s]
TEMPO 0.202 2.26 x 10
ACT 0.166 1.53 x 10
TPMA 0.065 2.35x10°

Additionally, the electrocatalytic behavior of TPMA was investigated. It was found that
the polymer solutions exhibit a high electrocatalytic activity toward oxidation of various
alcohols. A comparison is shown for TPMA, ACT and TEMPO at 100 mV s™'in absence
and presence of 4-methoxybenzyl alcohol (4-MBA). N-methylimidazole (NMI) was

added as a proton scavenger and TBAPC was used as supporting electrolyte.

i /L
7/ 7/

TPMA TEMPO

j/ mA cm?

L L 1 L L L 1 " L L
03 04 05 06 03 04 05 06 02 03 04 05
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Figure 7. Comparison between background-corrected CVs of ACT (left), TPMA (middle), and TEMPO (right) under
non-catalytic and catalytic conditions (ctu = 5 mM, v = 100 mVs™). Electrolyte: 0.1 M NBu4CIO4 in acetonitrile/water
(8:1). Substrate: 0.1 M 4-methoxybenzyl alcohol (4-MBA). Base: 0.45 M NMI.
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The catalytic peak current density (jcat) of TPMA is slightly higher than the one of
TEMPO and lower than the one of ACT. This is due to the electron-withdrawing acyloxy
linker in position 4 of the piperidinyl ring and the curbed mass transfer. The electronic
influence of the acyloxy group results in the increased redox potential of ACT and
TPMA (visible in Figure 7), which adds driving force for alcohol oxidation and thereby
enhances homogeneous kinetics.®2 On the other hand, the increased molecular
weight of TPMA leads to a decrease in activity compared to ACT, as the catalyst moves
slower in the reaction diffusion layer (compare eq 6). It is worthy to mention that in
absence of mediator the direct alcohol oxidation does not proceed within the same

potential window.

The scan rate was increased to achieve S-shaped voltametric profiles where it is a
pure kinetic condition (no substrate consumption), which is a prerequisite for the
quantitative treatment of the kinetics of the catalytic process.®* More detailed
information on this matter can be found in publication I.#’®'The homogenous rate
constant kcat was extracted from these measurements. The calculated homogeneous
rate constant kcat for the oxidation of 4-methoxybenzyl alcohol is 397 L L' s* for TPMA,
330 L mol' s for ACT, and 24 L mol' s™'. (Figure 8)
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Figure 8. Comparison between the catalytic activities of TPMA, ACT and TEMPO for various substrates. Top:
Plateau current densities (jmax) achieved under “no substrate consumption — pure kinetic conditions” (ctu = 5 mM,
csub = 0.1 M). Bottom: Rate constants kcat calculated from the jmax values.
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The relatively small kcat for TEMPO confirms that the homogenous rate of alcohol
oxidation is determined by redox potential of TEMPO unit rather than by its attachment
to the polymer backbone. This «catalytic study was extended to
5 - (hydroxymethyl)furfural (HMF), glycerol, methanol and propan-2-ol. In all cases,
TPMA and ACT exhibit similar rate constants, while TEMPO exhibits distinctively lower
keat values. Consequently, the TEMPO units on the polymer seem well accessible to
the substrate and available for catalysis. The similarity between the results of ACT and
TPMA confirms that the homogenous kinetics are not strongly affected by the

attachment of the TEMPO units to the polymeric backbone.

The main difference within the TPMA is observed between the redox current. At higher
molecular weight the diffusion rate is decreased. This means low-chain TPMA is more
rapidly charged, hence higher currents are observed. This is in agreement with the

Stokes-Einstein equation.[®]
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2. Electrochemistry of Hypervalent Bromine(lll) Compounds
Hypervalent bromine(lll) chemistry appears to be underdeveloped in comparison to

that of the iodine(lll) counterparts. This notable disparity has been ascribed to two
unfavorable factors. First, bromine(lll) reagents exhibit poor stability and high oxidizing
power, which has led to the general perception of difficult-to-control reactivity and poor
compatibility with functional groups.!5% 6% Second, conventional routes to A3-bromane
reagents rely eventually on the use of BrFs, a highly toxic and extremely reactive liquid
that demands for specific equipment and experimental techniques for its safe
handling.] Based on previous work by Francke, et. al. in the electrochemical
generation of hypervalent iodine compounds, it was hypothesized that the
electrochemical oxidation would also be possible for the synthesis of aryl-A3-bromanes,
provided that they are compatible with anodic oxidation conditions.[?®"! For this
purpose, Martin’s bromane was chosen as a model system which is stabilized by
chelation through the ortho substituents. This compound is moisture and air stable
which brings another important advantage. The published conditions for anodic
oxidation of iodoarenes to A3-iodane were used as the foundation for investigation for
preparation of A3-bromane 5. The detailed synthesis of compound 4 is also explained
in publication Ill. to the optimized conditions successfully afforded compound 5a (72%
on a 10 mmol scale) using glassy carbon (GC) as WE, platinum foil as CE in a TBA-
BF4/HFIP electrolyte at 10 mA cm™. The structure of 5a was confirmed with single

crystal X-ray analysis (Scheme 12, right).
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F5C CF,4 F5C
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rt, undivided cell
0.1 M TBA-BF4
HFIP

4a 5a

structure confirmed by X-ray

Scheme 12. Electrochemical generation of a hypervalent bromine(lll) compound.

The optimized conditions were used to prepare six additional products of type 5 with
different substituents in para position to create a reagent variety with tunable activity
and electrochemical properties. Detailed information about the optimization and other
compounds of type 5 are found in publication .

As mentioned before, Martine’s bromane exhibits high stability. This permits
straightforward electrosynthesis and purification, easy handling, and long storage time.

However, the synthetic application of bromanes requires activation to unlock the
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intrinsic reactivity. To this end, oxidative biaryl coupling and C(sp®)-H amidation of
anilines were chosen as model reactions to study the reactivity profile of the
bromane.[”] On the other hand, chelation-stabilized A3-bromanes seem to possess
comparable SET oxidizing ability to that of hypervalent iodine(lll) reagents. This
requires activation by Lewis acid to effect SET oxidation in, for example, oxidative
biaryl coupling®®l, whereas strong Brensted acids such as TfOH turned out to be most

efficient for activation of Martin-type A3-bromanes (Scheme 13).[6°
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Scheme 13. Reactivity and activation of aryl-A3-bromanes.
To understand and characterize the electrochemical properties of the obtained A3-

bromanes redox couples, the synthesized bromides 4a — g were studied by CV.

Table 2. Summary of the half-peak potentials (Ers, determined at v =10 mV s™') and slopes of the j, vs. v®° plots
for the anodic oxidation of 4 in HFIP.

FiC OH Br OHCF3
Compound F4C CF,4 Eo2/ [V] Slope j, vs. v°®
[mA s%5 mV%Scm?]
R
4a R=H 2.27 0.156
4b R=F 2.26 0.161
4c R=Cl 2.22 0.194
4d R =tBu 2.13 0.168
4e R = OMe 1.86 0.088
4f R =CF; 2.54 0.150
4g R = NO, 2.60 0.140

Thus, voltametric analysis of 4 at 10 mV s™! between 0 and 2.7 V versus Ag/0.01 M
AgNOs (Eref= 87 mV vs. Fc/Fc* couple) using an electrolyte consisting of 0.1 M

NBu4BF4 in HFIP showed that each of the bromoarenes exhibits a single irreversible
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anodic feature. The half-peak potentials are positioned between 1.86 V (4e, R = OMe)
and 2.60V (49, R=NO2). A linear correlation between Ei2 and the Hammett
substituent coefficient (o*p) shows that oxidizability is strongly dependent on the
electron donating or withdrawing nature of the R substituent and shows a predictable

behavior.

To understand the mechanism of formation of 5, the scan rate was increased stepwise
from 10 to 1000 mV s'. The voltametric response of 4a—4d, 4f and 4g are
characteristic with a signal shape indicating one or more chemical steps associated to
the electron transfer (chemical irreversibility, Figure 9). In the other case, 4e (R = OMe)
shows an exceptional behavior. At low scan rates, it displays irreversible behavior
which is followed by gradual change to a fully reversible CV profile. Besides that, the
anodic peak current density jp of 4e is significantly smaller. This resulted in having the
slope of the linear fit of j, versus v°° approximately half as high as other compounds.
One-electron oxidation of 4e and two-electron oxidation of the rest of the substituents
is the cause of this effect. More precisely, the majority of the bromoarenes undergoes
a two-electron oxidation in which the second ET is energetically more favorable than
the first one and where a fast chemical reaction is interposed between the two

electrochemical steps.["]
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Figure 9. Background and iR drop-corrected CVs of 5 mM 4a and 56 mM 4e at different scan rates (solvent: HFIP,
working electrode: glassy carbon, supporting electrolyte: 0.1 M BusNBF4). Bottom right: Plot of the peak current
densities (jp) vs. v05.
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Based on the above-mentioned analysis a mechanism for anodic oxidation of
compound 5 was proposed. The bromanes are formed by a two-electron oxidation via
an ECEC pathway (Figure 10). This contains initial one electron abstraction,
deprotonation, second electron transfer which is continued by a second deprotonation
(producing 4, 4°, 5%, 5). Competitive homogeneous disproportionation of 4° (or
between 1°* and 1°) within the diffusion layer would also be in agreement with the
diagnostic criteria (ECEudisp pathway).l”l Nevertheless, if the deprotonation step 4** to
1* is slow caused by stabilization of 4**, the radical cation wins enough time to diffuse
into the bulk solution from the electrode surface. In this case, disproportionation leads
to formation of 5 and 4. The delayed deprotonation explains the distinctive behaviors
of 4e in CV and formation of 5e in preparative scale electrolysis despite the
voltammetry indicating a one electron oxidation. The electron-donating character of the
methoxy substituent is responsible for the prolonged lifetime of 4e*. Further
confirmation of the mechanism was achieved by quantum chemical calculations which

are discussed in detail in publication IV.

diffusion layer : bulk layer
2 4 : alternative disproportionation:
! o+ . +
: 4 + 4 — 4 + 5

-
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\—V (preferred for 4e)
4
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detectable
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¥
5 ; > 5

-H

A) ECEC or ECEdiSp
(preferred for 5a-d, 5f, 5g)

Figure 10. Proposed mechanism for anodic bromane formation.

Furthermore, electroanalytical experiments were conducted on the bromane
compounds. Knowledge of their cathodic behavior is important, as it provides
29



information about the properties of compounds 5 as chemical oxidants. The
electroanalytical studies were performed using the same solvent as in the synthetic
applications (acetonitrile for C — H amidations and dichloromethane for arene — arene
homocouplings).l®% CV studies of the cathodic reduction were thus carried out in each
of these solvents using a glassy carbon working electrode and NBu4BF4 as the
supporting electrolyte, whereby both the shape of the profiles and the half-peak

potentials are quite similar between all of the studied bromanes.

Each of the bromanes exhibits an irreversible one electron reduction preak. The
corresponding Ep2 values are situated in the range between -0.35 V (5g, R = NO2) and
-0.53 V (5e, R=0Me) in acetonitrile. A good match was found between the
experimental half-peak potentials and Ep2 values predicted on the basis of a two-
parameter correlation with or and or substituent constants, the latter two explicitly
accounting for inductive (or) and resonance effects (or) (Figure 11).[’2 Similar to

bromoarenes, a linear correlation can be seen here.
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o DCM i
.
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T -04} °
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Figure 11. Left: Half-peak potentials Ep;z2(obs.) measured in CH3CN and the values predicted using or and or
substituent constants, Ernz(pred.). Right: Correlation between Epp2(obs.) and Ersz(pred.) for 5 in CH2Cl2 and
CH3CN.

To further analyze the reduction mechanism, controlled potential electrolysis was
performed on 5a (CPE, scheme 14). In acetonitrile, bromoarene 4a could be isolated
in 74 % yield after passing 1.0 F at 0.78 V versus Ag/0.01 M AgNOs (11% recovered
5a). This result confirms the one-electron transfer observation that was obtained from
the CV studies. A mechanism that explains this peculiarity is shown in Scheme 14.
Initially, the radical anion 5a* is formed which is followed by hydrogen atom transfer
(HAT) from the from the solvent molecule that leads to formation of 4a.l”®! Further

protonation can happen during the workup or by anodically generated acid.
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Scheme 14. Result of preparative-scale cathodic reduction of 5a in CH3CN.

More detailed information on oxidation of 4 and reduction of 5 are presented in

publication Ill and IV.
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Part IV. Summary

Four case studies on polymediators and electro-generated hypervalent bromine
compounds were presented, significantly improving the mechanistic understanding

and showing promising results for further development of these topics in the future.

In publications | and Il, the electrocatalytic properties of TEMPO-modified
polymethacrylates (TPMA) were investigated in view of anodic alcohol oxidation.
These properties were brought in the focus by a comparison with 4-acetoxy TEMPO
(ACT) and TEMPO. All three species exhibited a single reversible redox couple upon
CV analysis. This indicates that all three redox couples show similar characteristics
such as equilibrium potential, chemical reversibility, and diffusive character (at low
scan rates). For TPMA, it could be clearly established that there is no electronic
coupling between the TEMPO moieties along the polymer chain. A lower diffusion
coefficient was estimated for TPMA, which is explained by the Stokes-Einstein
equation in which the diffusion is decreased by increasing hydrodynamic radius of

diffusing species.

To establish the relationship between the TPMA chain length and the electrochemical
properties, a series of TPMA was synthesized with number average molecular weight
(M) between 2.5 kDa to 126.0 kDa. The diffusion coefficients were estimated by cyclic
voltammetry (CV), and it was observed that with higher molecular weights, lower
diffusion coefficients are obtained. In terms of scaling theory, the observed behavior is
in good agreement with a random coil conformation of the polymers surrounded by a

“good solvent”.[74]

Additionally, it became evident that the polymer tends to irreversibly adsorb on glassy
carbon which forms a redox active layer on the surface of the electrode. These layers
have significant effect on voltametric profiles under typical electroanalytical conditions
(low polymediator concentrations). However, in preparative-scale electrolysis at high
polymediator concentrations, alcohol conversion is mainly a homogeneously electro-

catalyzed process.

Overall, short chain-length polymediators showed useful reaction rates for alcohol
oxidation, while the longer chain TPMAs exhibit only poor catalytic activity. Preliminary
recycling studies using dialysis to recover the polymediators gave promising results. In
contrast, pressure-driven ultrafiltration did not provide the same results, as the short-
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chain TPMAs were not properly retained. Therefore, nanofiltration with dense

membranes appears to be a promising alternative to investigate.

The second study focused upon the mechanistic analysis of electrochemical
generation of A3-bromane using cyclic voltammetry and controlled potential
electrolysis. A series of arylbromides with oxidation potentials ranging between 1.86 V
to 2.60 V were converted into the corresponding A3-bromanes. A good correlation was
observed between the oxidation half-peak potential and Hammett substituent
coefficient. Similar observation was obtained for the reduction half-peak potential of A3-
bromane compounds. This indicated that the half-peak potential is dependent on the

electron donating / withdrawing ability of the substituent.

These studies also showed that the anodic oxidation of parent bromoarenes proceeds
via parallel ECEC and ECEudisp sequences, whereby the initially formed cation radical
intermediate could be detected in the case of the para-methoxy-substituted
bromoarene by UV-Vis spectroelectrochemistry. In contrast, the cathodic conversion
of A3-bromane to the parent boromoarene occurs via single electron transfer reduction

that is followed by hydrogen atom abstraction from the solvent and protonation.

The reactivity of these A3-bromanes can be unlocked by strong Brensted acids for
application in biaryl coupling. On the other hand, the oxidative amidation of anilines

apparently proceeds through an ionic mechanism.

The case studies show how thorough investigations using combined methods can
reveal mechanistic details of electrochemical conversions, thereby enabling
knowledge-based optimization of the system. At this point, the properties of TPMA as
a mediator and A3>-bromane as an electrochemical reagent are much better understood,

on the basis of which future developments can build.
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Part V. Outlook

Both case studies of polymediators in organic electrosynthesis and electrochemistry of

hypevanelnt bromine(lll) compounds show great potential for further research.

In the topic of polymediators, more studies are required on the recycling and recovery
of TPMA. This follows by development of industrial conditions for the application of
TPMA. This can be achieved by when a cross-flow membrane filtration is coupled with

an electrochemical flow reactor.

In the topic of hypervalent bromine(lll) compounds, there needs to be more studies
and investigation done on the mechanistic studies of electrochemical properties and
reactivities of these compounds. First, A3-bromanes with one chelating moiety can be
synthesized instead of two and its effect on stability and activity as oxidant can be
investigated. Furthermore, the effect on electrochemical generation of A3-bromane can
be analyzed. Consequently, this can cause a shift on oxidation potential of
bromoarenes and reduction potential of bromanes. Furthermore, the influence of the
substituent on para position on reaction rate can be investigated and tuned properties

can be introduced to this oxidant.
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Abstract: Homogeneous catalysts (“mediators”) are useful for tuning selectivity in
organic electrosynthesis. However, they can have a negative impact on the overall
mass and energy balance if used only once or recycled inefficiently. In a previous work,
we introduced the polymediator concept, in which soluble redoxactive polymers
catalyze the electrochemical reaction, allowing for recovery by dialysis or pressure-
driven membrane filtration. Using anodic alcohol oxidation as a test case, it was shown
that TEMPO-modified polymethacrylates (TPMA) can serve as efficient and reusable
mediators. In the present study, the properties of a TPMA sample with well-defined
molecular weight distribution were studied using cyclic voltammetry and compared to
low-molecular TEMPO species. The non-catalytic profiles of TPMA are shaped by
diffusive and adsorptiveprocesses, whereby the latter only become pronounced at low
mediator concentrations and high scan rates. Electrocatalytic studies suggest that
under the applied conditions, TPMA catalyzed alcohol oxidation is a predominantly
homogeneous process. The homogeneous kinetics are determined rather by the

mediator potential than by steric influences of the polymer backbone.
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Dedicated to the memory of Jean-Michel Savéant.

Homogeneous catalysts (“mediators”) are useful for tuning
selectivity in organic electrosynthesis. However, they can have a
negative impact on the overall mass and energy balance if used
only once or recycled inefficiently. In a previous work, we
introduced the polymediator concept, in which soluble redox-
active polymers catalyze the electrochemical reaction, allowing
for recovery by dialysis or pressure-driven membrane filtration.
Using anodic alcohol oxidation as a test case, it was shown that
TEMPO-modified polymethacrylates (TPMA) can serve as effi-
cient and reusable mediators. In the present study, the proper-
ties of a TPMA sample with well-defined molecular weight

In organic electrochemistry, indirect electrolysis using homoge-
neous catalysts (“mediators”) is a useful tool for shaping the
course of the reaction and for reducing the energy
consumption. Consequently, mediators are widely used and
find application both in in-cell processes (homogeneous electro-
catalysis) and in ex-cell protocols (transformations with electro-
generated reagents).”” Another key advantage is that a variety
of synthetic challenges can be addressed with a broad range of
well-established mediators including organometallic
compounds,” halide salts,” triarylamines,” iodoarenes,” and N-
oxyl radicals.”’ However, these positive features may be offset
by additional costs, a more complex separation procedure, and
increased waste generation, which is why concepts to improve
separability and recyclability deserve more attention.”

The main cause of separation problems in indirect electro-
synthesis is the similarity between mediator and product in
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distribution were studied using cyclic voltammetry and com-
pared to low-molecular TEMPO species. The non-catalytic
profiles of TPMA are shaped by diffusive and adsorptive
processes, whereby the latter only become pronounced at low
mediator concentrations and high scan rates. Electrocatalytic
studies suggest that under the applied conditions, TPMA-
catalyzed alcohol oxidation is a predominantly homogeneous
process. The homogeneous kinetics are determined rather by
the mediator potential than by steric influences of the polymer
backbone.

terms of polarity and molecular size. For example, column
chromatography is necessary in protocols involving organo-
mediators such as iodoarenes or 2,2,6,6-tetramethylpiperidinyl-
1-oxyl (TEMPO). While this is not a particular problem on a
laboratory scale, more straightforward methods such as extrac-
tion and filtration are required when scaling up. In this context,
tuning of the mediator polarity by attaching charged groups
(“ionic tags”) has turned out as a promising approach,
facilitating recovery by extraction while eliminating the need
for supporting electrolyte additives.”’ In further studies, media-
tor immobilization on suspended particles was attempted.
Using poly(styrene)-supported phenyl iodide™” and TEMPO
attached to silica gel,"" a straightforward recovery via simple
filtration was achieved. However, the use of halide salts as co-
mediators was necessary for activation of the immobilized
mediator units, which is symptomatic for poor kinetics of the
electron exchange between electrode and immobilized phenyl
iodide units.

Compared to the dispersed-phase strategy, the attachment
of a mediator to soluble polymer backbones (polymediators)
leading to homogeneous electrolyte systems represents a
promising approach. Such systems do not require a co-mediator
and allow for recovery via size exclusion membrane processes
(ultra-/ nanofiltration and dialysis)."? Using the example of
TEMPO-catalyzed alcohol oxidation as a test case, we have
demonstrated for the first time that indirect electrosynthesis
can be efficiently coupled to dialysis and ultrafiltration using
polyelectrolyte HP-1 and polymediator HP-2 (see Figure 1). The
polymer solutions are sufficiently conductive and exhibit a high
electrocatalytic activity toward oxidation of various alcohols.
Electrolysis on the preparative scale showed that various

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 1. Summary of our previous study on the use of soluble polymedia-
tors and polyelectrolytes using the TEMPO-catalyzed oxidation of alcohols as
a test case (Faradaic efficiencies determined after passing 1.8-2.0 charge
equivalents)."?

benzylic, allylic and aliphatic alcohols can be selectively
converted to the corresponding carbonyl compounds, and that
the electrolyte solution can be reused multiple times.

Initial cyclic voltammetry (CV) studies on a glassy carbon
electrode showed that compared to “regular” TEMPO, the peak
currents obtained for HP-2 under non-catalytic conditions are
smaller, whereas the catalytic currents are significantly higher.
Furthermore, the voltammetric response of the polymer
exhibited some distinctive features, such as a peak-to-peak
separation (AE,) of 35 mV (at a scan rate of v=50 mVs ™), which
is atypical both for adsorptive and diffusive behavior."® We
believe that a better understanding of the voltammetry of
polymediators is of high importance for future developments in
the area of polymediated electrosynthesis. We have therefore
carried out a detailed electroanalytical study on redox behavior
and electrocatalytic properties of TEMPO-modified polymetha-
crylates, the results of which are presented herein.

1. Results and Discussion
1.1. Polymer Synthesis

In our previous work™ we employed a free radical polymer-
ization of commercially available 2,2,6,6-tetramethylpiperidin-4-
yl-methacrylate (1) for the synthesis of precursor polymer 2a
(see Scheme 1, route 1)." 2-Mercaptoethanol was used as a
modifier to lower the molar mass, to reduce the dispersity, and
ultimately to guarantee sufficient solubility for electrochemical
studies. A subsequent two-step oxidation with H,0,/Na,WO,
(step 1) and MCPBA (step2) yielded the desired TEMPO-
modified polymer HP-2 with a mass average molecular weight
(M,,) of 2.74 kDa."™™ A simple experimental procedure and good
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scalability are among the advantages of the method. However,
the method features only a limited control over the length of
the polymer chain, which is reflected by a relatively high
dispersity (D= 1.89).

For the present study, we intended to reduce the dispersity
to exclude possible influences of large molar mass differences.
We achieved this goal by RAFT polymerization™ of
hydrochloride 1:HCI using dithioester 3 as a chain transfer
reagent (route 2). This approach, followed by oxidation of
intermediate 2b using the abovementioned two-step protocol,
rendered the TEMPO-modified polymethacrylate (TPMA) in 87 %
yield with a higher molecular weight (M,,=4.67 kDa) compared
to HP-2 and to our delight, a much smaller dispersity (D=
1.29).'7 UV vis spectroscopic analysis indicates that intermedi-
ate 2b contains intact thiobenzoylthio end groups, which are
removed during conversion to TPMA. Cleavage under these
reaction conditions is also in agreement with literature reports
on the stability of thiobenzoylthio moieties."® Further details
regarding synthesis and characterization are summarized in the
supporting information (SI).

1.2. Redox Behavior Under Non-Catalytic Conditions

For the electrochemical characterization of TPMA, cyclic
voltammetry (CV) was carried out in a 0.1 M solution of
NBu,CIO, in CH;CN/H,O (8:1 vol/vol) using a glassy carbon
working electrode and a Ag/0.01 MAgNO; reference electrode
(E,=—87 mV vs. Fc/Fct couple).™ The polymer content was
adjusted to a concentration of TEMPO units (cry) of 5 mM.2% To
contrast the voltammetric behavior of TPMA against other N-
oxyl radicals, we chose TEMPO as well as 4-acetoxy-TEMPO
(ACT, Figure 2, top) for our studies. The CVs recorded at v=
100 mVs™' are shown in Figure2 (bottom, for extracted
parameters see Table 1). For each species, the scan reveals a
single reversible redox couple (R,N-O°/R,N=07) with a typical
diffusive profile. With respect to TPMA, this is well worth
mentioning, as it suggests that there is no significant electronic
coupling between the TEMPO motifs across the polymer chain,

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 2. Top: Structures of the investigated mediators. Bottom: Back-
ground-corrected cyclic voltammetry (CV) of TEMPO, 4-acetoxy-TEMPO (ACT)
and TEMPO-modified polymethacrylate (TPMA) normalized vs. the anodic
peak current density j,,. Conditions: 0.1 MNBu,CIO, in acetonitrile/water
(8:1), cry=5mM, v=100 mVs~".

Table 1. Summary of equilibrium redox potentials E,, peak-to-peak separa-
tions AE,, anodic peak current densities j,,, and peak current ratios |j,/j,.a|
obtained from the CVs shown in Figure 2 (bottom).

Compound EO AEp jp,a Up,c/jp,a‘
V] [mV] [mA cm™]

TEMPO 0.30 69 1.94 1.0

ACT 0.40 67 1.73 1.0

TPMA 0.42 46 0.74 1.0

and that the redox characteristics at 100 mVs™'

the same as those displayed by the monomer.?"

For TPMA (blue line), the redox couple is centered around
E,=0.42V with an anodic shift of 120 mV compared to free
TEMPO (green line). The shift can be assigned to the presence
of the acyloxy linker,”? which is confirmed by comparison to
the CV of structurally similar ACT (red line, E,=0.40 V). There
are also significant differences between the peak intensities:
While ACT and TEMPO show comparable anodic peak current
densities (j,.), TPMA achieves only about 40% of these values.
The latter indicates that the availability of TEMPO units at the
electrode surface is lower, which may be attributed to slower
mass transfer (vide infra). Full chemical reversibility on the
voltammetry timescale is confirmed for TPMA, ACT and TEMPO
by calculation of the ratio between the cathodic and the anodic
peak current density |j,/j,.| according to the method reported
by Nicholson and Shain (for details see the SI).?*

For TPMA, the presence of only one redox couple and the
magnitude of the j, values suggest that each polymer chain can
be oxidized multiple times at the same potential, which is
confirmed by a controlled potential coulometry experiment
carried out at E=0.6V in a divided cell (for details see the SI).
The results show that at least 89 % of the available TEMPO units

are essentially
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are oxidized before the current drops from the initial value of
1.6 mA to the baseline.*”

Further differences between TPMA and ACT become
apparent upon variation of v (Figure 3A and Figure 3B). While
ACT exhibits a good linear correlation between j,, and v** in
the entire range, indicating a diffusive process,”*” for TPMA this
is only the case between 5 and approx. 250 mVs™' (Figure 3E).
A possible explanation for the deviation of TPMA above
250 mVs™' is a superposition of adsorptive and diffusive
processes, i.e., charge transfer to both dissolved and adsorbed
polymer chains. Thus, the square root dependency of j, at low
scan rates would indicate that at long time scales, the majority
of the charge is transferred via diffusive processes. As the scan
rate increases, the adsorptive fraction of j, that increases linearly
with v/'¥ would become more pronounced. At this point, the v
range dominated by the diffusive process is evaluated first to
allow a comparison between the transport properties of the
different N-oxyl species, while the unusual behavior of TPMA at
high v will be discussed in detail below. The diffusion
coefficients D were calculated from the slope of j, versus v*°
from Eq. 1,

6
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Figure 3. Top: Background-corrected voltammetry of ACT (A) and TPMA (B)
at ¢ry=5 mM and varying v. Middle: Background-corrected CVs of ACT (C)
and TPMA (D) at 100 mVs™" and varying c. Bottom: Comparison between the
peak current densities (j,) of ACT and TPMA at varying v (E) and ¢y (F).
Electrolyte: 0.1 M NBu,ClO, in acetonitrile/water (8:1).
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where z is the number of transferred electrons (z=1), F the
Faraday constant, R the gas constant, and T the temperature
(the other parameters are defined above). The results are
summarized in Table 2 and more details are provided in the SI.

For TPMA, only the range between 5 and 250 mVs™' was
analyzed, whereas the full range was used for ACT and TEMPO.
With 2.35-107° cm?s™", Dipya is one order of magnitude lower
than Digweo and approximately seven times smaller than Dy
The decrease in D follows the pattern predicted by the Stokes-
Einstein equation in the sense that diffusion is curbed with
increasing molecular size. The same effect is observed upon
increasing ¢y (Figure 3C and Figure 3D), which also leads to a
slower increase of j, for TPMA as compared to ACT (Figure 3F).

To verify the assumption that adsorption of TPMA causes a
deviation of j, from the square root dependency, another
experiment was performed in which CVs were first recorded at

Table 2. Summary of the slopes of the linear fits in Figure 3E and the
calculated diffusion coefficients D (for analysis of TEMPO see the SI).
Compound slope D
[MA s®cm2mV~7] [cm?s™]
TEMPO 0.202 2.26-107°
ACT 0.166 1.53-10°°
TPMA 0.065 235-10°°
A) 2| B)
----1mMTPMA
o 0.1 ——TPMA fim _
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Figure 4. A) CV of 1 mM TPMA (dashed blue line) recorded at 100 mVs™,
repeated scan after replacing the solution with blank electrolyte (solid

blue line), and repeated scan after polishing the electrode (solid black line).
B) CV of the TPMA film at various scan rates. C) CV of 1T mM TPMA recorded
at 1Vs™' (dashed blue line), repeated scan in blank electrolyte (solid blue
line), and CV of 1 mM TPMA after subtraction of adsorption contributions
(solid orange line). D) Plot of j, vs. v** for 1 mM TPMA (hollow circles) and
the TPMA film (filled circles). Electrolyte: 0.1 M NBu,CIO, in acetonitrile/water
(8:1).
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¢ry=1 mM (see Figure 4A, dashed blue line), followed by careful
rinsing of the glassy carbon electrode with acetonitrile, transfer
to a blank electrolyte solution, and repeated cycling (Figure 4A,
solid blue line). At 100 mVs™', the appearance of a redox couple
with weak intensity and without peak-to-peak separation
confirms irreversible adsorption of TPMA on the electrode
surface. Increasing v leads to well-defined and nearly symmetric
features centered around 0.43V with very small splitting
between the oxidative and the reductive peak (AE,<10 mV),
which is characteristic for identical and independent redox-
active species attached to the electrode surface (Figure 4B).*
At constant scan rate, the profiles do not significantly change
over ten cycles (see Figure S7), indicating a good stability of the
TPMA film on the voltammetry time scale. A control experiment
in which the electrode was immersed into the TPMA-containing
solution without applying a potential, followed by transfer to a
blank electrolyte and cycling, gave similar results. This indicates
that the adsorption process is not electrochemically induced
but more likely due to a mixture of physisorption and low
solubility of the polymer. Similar adsorption behavior was
previously observed for other soluble redox-active polymers
tested for energy storage applications.”®

A comparison between the CVs of 1 mM TPMA and of the
TPMA film at 1Vs™' confirms that at higher scan rates, the
contribution of the TPMA film to the overall current response
becomes more pronounced (Figure 4C), thus underlining the
abovementioned responsibility of the adsorptive process for
the deviations from the square root dependency. As expected,
the deviation also increases with decreasing ¢y, (compare ¢y =
1 mM in Figure 4D with ¢;y=>5 mM in Figure 3E).

The key parameters extracted from the film CV recorded at
1Vs™' are summarized in Table 3. Both analysis of the anodic
and cathodic peak charges (g, and g, and calculation of the
peak current ratio indicates a high chemical reversibility of the
adsorbed redox couple (9./q,=1.03, j, /j,.=0.94). The apparent
surface concentration of TEMPO units calculated from g,
corresponds to I'yy=1.44-10""" mol cm™, which is in the same
order of magnitude but well below sterically limited I values
reported for monolayers of other redox-active molecules (e.qg.
ferrocene) covalently attached to smooth surfaces.”” The peak
widths at half of the maximum heights (W,,,) are significantly
smaller than the ideal value of 90 mV.”*

By subtracting the film voltammogram from the one
measured in TPMA solution, a correction for adsorption
contributions was attempted (Figure 4C, orange line). The
resulting profile exhibits a AE, of 34mV. This value is
significantly higher than the AE, of the uncorrected CV (20 mV),
but still well below the 57 mV expected for a purely diffusive
process. Considering that for other redox-active polymers, e.qg.

3840

Table 3. Analysis of the TPMA film CV recorded at v=1Vs™' (see
Figure 4Q).
Peak E, q Jo W,
\Y] [107cl [mA cm™] [mV]
anodic 0.44 2.79 0.35 46
cathodic 0.43 2.86 0.33 49
© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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linear chains carrying ferrocene, anthraquinone, or tris For a quantitative treatment of the kinetics of the catalytic

(dialkylamino)cyclopropenium units, AE, values of 60 mV and
higher have been reported,”® the behavior of TPMA is quite
unusual. While investigations of the unusual peak-to-peak
separation are ongoing, it can already be concluded from the
results presented in this section that i) the high molecular
weight of TPMA reduces the diffusion-controlled current
compared to TEMPO and ACT, ii) TPMA forms a redox-active
film by irreversible adsorption on the glassy carbon surface,
i) the voltammetric profiles of TPMA are shaped both by
diffusive and adsorptive processes, and iv) the influence of
adsorbed TPMA becomes negligible at low v and high cq.

1.3. Electrocatalytic Studies

We continued our investigations by characterizing the electro-
catalytic behavior of TPMA. A comparison between the
voltammetric profiles of TPMA, ACT, and TEMPO recorded at
100 mVs™" in the absence and presence of 4-methoxybenzyl
alcohol (4-MBA) is depicted in Figure 5. To facilitate alcohol
oxidation, N-methylimidazole (NMI) was added as a proton
scavenger. A separate CV recorded in absence of any mediator
confirmed that direct alcohol oxidation does not proceed in the
studied potential regime (see Figure S24). Interestingly, the
catalytic peak current density (j.,.) for TPMA is slightly higher
than for TEMPO, but well below the value of ACT. Moreover, the
ratio j./j, that reflects the rate of the homogeneous reaction, is
significantly higher for TPMA (9.6) as compared to TEMPO (2.5).
In our previous work,"? we attributed this observation to the
electron-withdrawing acyloxy linker in position 4 of the piper-
idinyl ring, the resulting increase of the redox potential and
thereby to a higher driving force for alcohol oxidation. This
conjecture is supported by the similar magnitude of the j./j,
values of TPMA and ACT (9.6 and 7.8), which would also be in
line with a previous report by Rafiee, Stahl et al. that highlights
the strong influence of the redox potential on the electro-
catalytic activity of N-oxyl radicals.*?

TPMA

TEMPO

-2

J/ mA cm

v n Yy

03 04 05 06 03 04 05 O.ESI 0.2 03 04 05
E (vs. Ag/AgNO,) / V

Figure 5. Comparison between background-corrected CVs of ACT (left),
TPMA (middle), and TEMPO (right) under non-catalytic and catalytic
conditions (c;y=5 mM, v=100 mVs™"). Electrolyte: 0.1 M NBu,CIO, in
acetonitrile/water (8:1). Substrate: 0.1 M 4-methoxybenzyl alcohol (4-MBA).
Base: 0.45 MNMI.
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process, v was systematically increased to achieve “no substrate
consumption — pure kinetic conditions”®**® with S-shaped
voltammetric profiles (for details see the SI). For homogeneous
electrocatalysts, the corresponding plateau current densities
(jmax) @re given by Eq. 2,

jmax = ZFCTU V nchatCsub (2)

where k., is the homogeneous rate constant, n the number of
catalyst units required per turnover, and c,, the substrate
concentration (the other parameters are defined above).
A comparison between the catalytic responses of ACT and
TPMA is shown in Figure 6A and B. Linear correlations between
Jmax @nd cqy as well as between j,,, and /¢, (Figure 6C and D)
suggests that i) the TPMA-catalyzed process is at least to a large
extent a homogeneous one" i) ACT- and TPMA-catalyzed
alcohol oxidation is first order both in catalyst and substrate,
and iii), ACT renders higher j., values over the entire v and
c regimes.

The homogeneous rate constants k., calculated from the
Jjmax Values (for details see the SI) amount to 397 Lmol™'s™' for
TPMA and 330 Lmol™"'s™" for ACT. In comparison, the value for
TEMPO (24 Lmol™"s™") turns out to be much lower, confirming
that the homogeneous rate of alcohol oxidation is determined
by the redox potential of the TEMPO unit rather than by its
attachment to the polymer backbone. To generalize the
comparison between the polymediator and the low-molecular
weight benchmark systems, the catalytic study was extended to
5-(hydroxymethyl)furfural (HMF), glycerol, methanol and prop-

7
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14 e
w12 At % s sy
o 10 —25 o —_—25
< < 4} —75
£ g £ —150
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Figure 6. Top: Background-corrected catalytic profiles of 5 mM ACT (A) and
5 mM TPMA (B) in presence of 0.1 M 4-MBA and 0.45 M N-methylimidazole
(NMI) at varying scan rates. Bottom: Comparison between the achievable ji, .,
values of ACT and TPMA at varying substrate concentrations (C) and varying
concentrations of TEMPO units (D). Electrolyte: 0.1 MNBu,CIO, in
acetonitrile/water (8:1).
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an-2-ol (see Figure 7 and the SI). In all of these cases, ACT and
TPMA exhibit similar rate constants, whereas TEMPO shows
comparatively low k., values (Figure 7B).

Considering the similarity between ACT and TPMA, the
impression that the homogeneous kinetics are not strongly
affected by the active centers being attached to the polymer
backbone thus seems to be strengthened. In other words, the
TEMPO units on the polymer appear to be well accessible for
the substrate and thus available for catalysis. Furthermore, it is
worth mentioning that in the cases of 4-MBA, HMF, methanol
and glycerol, despite the much lower diffusion coefficient, the
Jjmax Values of TPMA are significantly higher than the ones of
TEMPO. Thus, in these cases, the higher driving force trumps
the curbed mediator transport, leading to more efficient overall
kinetics.

2. Conclusions

In the present study, progress was made in understanding the
redox behavior and catalytic activity of TEMPO-modified
polymethacrylates in view of their application as mediators in
electrosynthesis. It was found that the polymer tends to
irreversibly adsorb on glassy carbon, thus forming a redox-

25
A) Bl TPVA
B AcT
20t I TEMPO

=
o

0.01

AN\QP\ \’\\\l\? \‘?(O\’\

NS

Figure 7. Comparison between the catalytic activities of TPMA, ACT and
TEMPO for various substrates. Top: Plateau current densities (j,.,) achieved
under “no substrate consumption - pure kinetic conditions” (¢c;y =5 mM,
Coup,=0.1 M). Bottom: Rate constants k, calculated from the j,,, values.
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active layer on the electrode surface. These layers have a
pronounced influence on the voltammetric profiles at high scan
rates and low mediator concentrations. Electrocatalytic studies
at varying concentrations of alcohol substrate and TEMPO units
suggest that TPMA-catalyzed alcohol oxidation is a predom-
inantly homogeneous process.

Although TPMA shows significantly slower diffusive behav-
ior compared to TEMPO and ACT, the catalytic current densities
achievable with the polymer are intermediate between those of
the two low molecular weight mediators for the majority of
substrates. Since the homogeneous rate constants of TPMA and
ACT resemble each other, being well above the ones of TEMPO
for the tested substrates, it can be concluded that the redox
potential of the N-oxyl unit has a more pronounced effect on
the rate of the homogeneous reaction than the active centers
being attached to the polymer backbone. This means that
curbed mass transfer can be compensated by tuning the redox
potential of the catalyst unit, which should be considered as an
important design principle for the development of new
polymediator generations. Tuning the molecular weight distri-
bution may represent a further possibility for optimization of
the overall reaction rate, which is currently under investigation
in our laboratory.
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® TEMPO-Modified Polymethacrylates as Mediators in

Electrosynthesis: Influence of the Molecular Weight on
Redox Properties and Electrocatalytic Activity

Adrian Prudlik,”" Nayereh Mohebbati,™" Laura Hildebrandt,” Alina Heck,'“® Lutz Nuhn,?

and Robert Francke*® !

Abstract: Homogeneous catalysts (“mediators”) are frequently
employed in organic electrosynthesis to control selectivity.
Despite their advantages, they can have a negative influence
on the overall energy and mass balance if used only once or
recycled inefficiently. Polymediators are soluble redox-active
polymers applicable as electrocatalysts, enabling recovery by
dialysis or membrane filtration. Using anodic alcohol oxida-
tion as an example, we have demonstrated that TEMPO-
modified polymethacrylates (TPMA) can act as efficient and

recyclable catalysts. In the present work, the influence of the
molecular size on the redox properties and the catalytic
activity was carefully elaborated using a series of TPMAs with
well-defined molecular weight distributions. Cyclic voltamme-
try studies show that the polymer chain length has a
pronounced impact on the key-properties. Together with
preparative-scale electrolysis experiments, an optimum size
range was identified for polymediator-guided sustainable
reaction control.
)

Introduction

Indirect electrolysis using redox mediators is a frequently used
approach toward controlling selectivity and reducing energy
consumption of electro-organic transformations." To address a
multitude of synthetic problems, a well-established portfolio of
mediators is available including organometallic compounds,”
metal ions,® halides,” triarylamines,” iodoarenes,” and N-oxyl
radicals.”’ Although the benefits of mediators are undisputed,
they may be offset by more difficult separation procedures,
increasing waste generation, and additional expenses, which is
why concepts to facilitate separation and recycling deserve
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more attention.” The same applies to supporting electrolyte
additives, which have to be removed by additional purification
steps after completed reaction and, if not recycled, constitute a
further source of waste.

The main challenge in recovering mediators from reaction
mixtures is the similarity to the product in terms of polarity and
molecular size. For example, column chromatography is
required for separation of organic mediators such as iodoarenes
or 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO). In this regard,
changing the polarity of the mediator by tethering charged
groups (“ionic tags”) has proven to be a promising approach
that enables recovery by extraction while obviating the need
for supporting electrolyte additives.” Further investigations
focused on immobilization of mediators or supporting electro-
lytes on particles for electrolysis to be carried out in the
dispersed phase.®"" While this approach allows for recovery by
filtration or centrifugation, it is associated with drawbacks such
as poor ionic conductivity and difficult electron transfer
between electrode and immobilized mediator, respectively.
Noteworthy, activation of mediators that are attached to
suspended particles requires a homogeneous co-mediator,"*”
partially nullifying the benefits achieved by immobilization.

In view of the difficulties caused by the dispersed-phase
approach, the installment of mediators on soluble polymer
backbones is an interesting alternative, since the resulting
polymediators can act as classic homogeneous electrocatalysts
that are activated at the electrode surface and react with the
substrates in solution. Simultaneously, the increased molecular
size allows the use of size exclusion membrane processes for
mediator recovery (i.e., dialysis and ultra-/nanofiltration).

Based on the TEMPO-catalyzed anodic alcohol oxidation, we
have shown for the first time that indirect electro-organic
reactions can efficiently be coupled to dialysis and ultrafiltration

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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when polymediators are employed (Figure 1A-C)."? Trialkylam-
monium- and TEMPO-modified polymethacrylates (PTE and
TPMA, Figure 1B), which can both be easily prepared on a
decagram scale by free radical polymerization, served as
polymediators and polyelectrolytes, respectively. The resulting
polymer solutions turned out to be sufficiently conductive and
exhibited a high electrocatalytic activity toward conversion of
various alcohols to the corresponding carbonyl compounds.
Recycling tests showed that the polymer solution can be reused
multiple times.

In a subsequent electroanalytical study,’* progress was
made in understanding the redox behavior and catalytic activity
of TEMPO-modified polymethacrylates using a sample with a
number average molecular weight (M,) of 3.6kDa and a
dispersity (D) of 1.29 (3.6-TPMA). First, it was found that the
polymer adsorbs on the carbon electrode surface, which
strongly influences the voltammetric profiles at low mediator
concentration and at high scan rates. However, the linear
relationship between catalytic current and concentration of
TEMPO units suggested that under electrolysis conditions,
TPMA-catalyzed alcohol conversion is predominantly a homo-
geneous process despite polymer adsorption. Second, TPMA
shows a significantly slower diffusion rate compared to low
molecular N-oxyls such as TEMPO and 4-acetoxy-TEMPO (ACT).
Third, on average, the achievable catalytic current densities ji,.,
are intermediate between those of TEMPO and ACT despite the
smaller diffusion coefficient. The homogeneous rate constants
k.t of TPMA and ACT that were extracted from j,, for five
tested substrates are similar to each other and exceed the ones

[13]

A) E =0.56 V/ vs. Ag/AgNO; ' B)
OH 1.8-2F, TPMA, PTE 0 ' )
; CIO,
R" “R? CH3CN/H,0 (95:5) R R? /éﬁ; ®
2,6-Iutidine, ' NEt
E o O/\/ 3

scope / Faradaic efficiencies: PTE

o} (e} n-Hex
Ao R A \g/ :

84-97% 88-94% 84-96%  65% E/éﬁ]/ﬁj;o
TTTTTTTTTITTITTmmmmmm e (0] O

product E TPMA
® :
N/O
membrane .
filtration :
: TEMPO
pyes
E 0~ O
E ACT

electrolysis

Figure 1. Concept of indirect electrolysis using polymediators and
polyelectrolytes.'>'®! A) Preparative-scale anodic oxidation of alcohols using
polymediators (TPMA) and polyelectrolytes (PTE)."? B) Polyelectrolyte and N-
oxyls under investigation in previous works. C) Schematic illustration of the
electrolysis and recycling procedure.
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of TEMPO. This suggests i) that the redox potential of the
mediator unit has a stronger impact on the homogeneous rates
than steric effects of the polymer backbone and ii), that curbed
mass transfer can in part be compensated by tuning the redox
potential of the catalyst unit.

As mentioned above, the results provided by the previous
electroanalytical study were obtained from a single TPMA
sample with a defined M, distribution, whereby the relationship
between the molecular weight and the electrocatalytic proper-
ties thus far remained unknown. Exploring this issue is of great
importance, since the molecular weight seems to exert a
significant impact on the catalysts diffusion, which is why an
impact on the catalytic rate can be expected. Thus, from an
electrocatalytic point of view, polymediators with rather small
molecular weights appear to be advantageous, whereas larger
polymers are desirable with respect to their recovery using size
exclusion membranes. In view of these two opposing trends,
optimization of the molecular weight appears to be of great
importance to find a reasonable compromise between catalytic
rates and recyclability. However, no study is yet available on the
relationship between the molecular weights of polymediators
and their electrocatalytic properties. In general, little is known
to date about the influence of molecular size on the behavior of
redox-active polymers, even though there is currently a high
interest in these materials from further ends, for example in the
fields of bioelectrochemistry™ and electrochemical energy
storage." In a seminal work by Bard et al., the influence of the
molecular weight on the electrochemical properties of dis-
solved poly(vinylferrocene) samples was investigated.'® Later,
Rodriguez et al. characterized soluble viologen-modified poly-
styrenes with varying chain lengths with respect to their redox
activity and transport through porous membranes for potential
application in redox flow batteries."” TPMAs with varying
molecular weights have also been systematically characterized,
however, thus far exclusively in the solid state as part of
composite electrodes with regard to applications in organic
radical batteries."® Given the limited available knowledge, we
have carried out a detailed analysis of the relationship between
the key-properties of TPMA-based polymediators and their
molecular size, the results of which are presented herein.

Results and Discussion
In our initial feasibility study,"” TPMA was synthesized via a free
radical polymerization of commercially available 2,2,6,6-
tetramethylpiperidin-4-yl-methacrylate (1), followed by oxida-
tive conversion of the piperidinyl units into N-oxyl radicals. The
polymerization step involved 2-mercaptoethanol as a modifier,
resulting in an M, value of 1.45 kDa after the oxidation step.'”
In terms of reaction conditions, this approach is very robust,
easy to perform, and well scalable. However, it provides only
limited control over the length of the polymer chain, which is
reflected by a broad molar mass distribution (P =1.89). For our
subsequent investigation,”® the dispersity was reduced by RAFT
polymerization® to exclude possible influences of large
molecular weight differences (M,,=3.6 kDa, ©=1.29). The same
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approach has been used in this work to adjust the molecular
weights properly (see Scheme 1).

Polymerization of hydrochloride 1-HCl was achieved using
AIBN as a radical starter and dithioester 2 as a chain transfer
reagent, followed by oxidation of the resulting intermediate
PTM-HCI to yield the desired TPMAs. Since during oxidation

c®
0”0

1-HCI

RAFT reagent:

S CN
Ph)l\s)2</\COOH

EtOH/H,0 (3:1)
AIBN, 60 °C
RAFT reagent (2)

1. aq. H,0,/NaOH o
N NH Na2W04 EDTA
0% o 2 mCPBA / THF
PTM-HCI TPMA

Scheme 1. Preparation of TPMA from monomer 1-HCI.

Table 1. Results of the two-step polymer syntheses shown in Scheme 1.

Polymer sample 2 [mol-%] M, [kDa] b

2.5-TPMA 3.89 2.5 1.16
3.6-TPMA 1.57 3.6 1.30
11.5-TPMA 1.40 11.5 1.38
14.9-TPMA 1.24 14.9 1.45
15.0-TPMA 0.93 15.0 132
16.0-TPMA 1.09 16.0 1.44
19.6-TPMA 0.62 19.6 1.31
26.6-TPMA 0.83 26.6 1.25
30.0-TPMA 0.32 30.0 1.30
30.8-TPMA 0.46 30.8 1.29
62.0-TPMA 0.18 62.0 1.26
71.3-TPMA 0.24 71.3 1.26
94.3-TPMA 0.12 94.3 134
111.3-TPMA 0.03 111.3 1.99
126.0-TPMA 0.06 126.0 1.68

M, /kDa
100F 36

—— 149
5 ——308
© 80} ——620
~ 943
=2 1.3
[0}
G 60}
S
4
- 40
[0
N
©
E 20}
[e]
c

0 L — = \_
i 10 100 1000
M/ kDa

Figure 2. Molecular weight distributions of representative TPMAs (for a
complete overview, see the Supporting Information).
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with H,0,/NaWO, under alkaline conditions, the intermediate
precipitated prior to complete oxidation, the solid was filtered
off and dissolved in THF, where the conversion was brought to
completion by addition of mCPBA. UV-vis spectroscopic studies
confirmed that PTM-HCl initially contains intact thiobenzoylthio
end groups, which are cleaved off during reaction to TPMA.I"?
End group removal under alkaline and oxidative conditions is
also in agreement with literature reports on the stability of
thiobenzoylthio moieties.”” Further details on preparation,
purification, and characterization of the polymers are provided
in the Supporting Information.

The molar mass of the polymers was adjusted by varying
the ratio between monomer and chain transfer agent, obtaining
a total of 15 samples with M, values ranging from 2.5 to
126.0 kDa (see Table 1) in isolated yields between 48% and
94% calculated with respect to 1-HCI. All TPMA samples
exhibited a monomodal molecular weight distribution as
illustrated by the examples of Figure 2. While the D values
range from 1.16 to 1.45 for the TPMAs with M, < 111.3 kDa, the
two samples with highest M, provided increased dispersities.
The latter is expectable, since low concentrations of RAFT
reagents frequently result in a decreased control over radical
polymerization.

The electrochemical properties of the TPMA samples were
studied by cyclic voltammetry (CV) using a glassy carbon
working electrode and a Ag/0.01 M AgNO; reference electrode
(E;=—87 mV vs. Fc/Fc™ couple).”? A 0.1 M solution of NBu,ClO,
in a mixture of CH;CN and water (8:1 vol/vol) served as the
electrolyte, in which the polymer content was adjusted to an
effective concentration of polymer units (cy) of 5 mM. To allow
a comparison between the TPMAs and low-molecular-weight
TEMPO species, 4-acetoxy TEMPO (ACT) and a TEMPO dimer
(BTM, see Figure 3A) were subjected to the same analysis. The
CVs of ACT, BTM, and four representative polymers (3.6-, 15.0-,
30.8-, and 126.0-TMPA) recorded at 100 mVs~' are shown in
Figure 3(B) (key-parameters are summarized in Table 2). Each
species exhibits a single reversible redox couple (R,N-O°/
R,N=07), which suggests that there is no significant electronic
interaction between the TEMPO units along the polymer
backbone.”® The voltammetric profiles show diffusive character,
high chemical reversibility (peak current ratio j,/j,, close to
unity, see Table S2), and similar equilibrium redox potentials (£,
situated in the range between 0.40V and 0.43 V), suggesting
that at 100 mVs™, the behavior of ACT, BTM, and the PTMAs is
essentially the same. That redox-active polymers can exhibit the

Table 2. Parameters extracted from the CVs of the TEMPO species. The
shown values are mean values of two measurements.

Species Eovs. Ag/AgNO;™ VI ji,,® [mA cm™?] Dlecm?s™
ACT 0.40"™! 1.76® 1.53x 107"
BTM 0.41 1.22 7.76x10°°
3.6-TPMA 0.43 0.65 2.36x10°°
15.0-TPMA 0.41 0.45 1.10x10°¢
30.8-TPMA 0.42 0.36 7.24x1077
126.0-TPMA 0.42 0.16 1.37x1077

[a] Estimated at 100 mVs™". [b] Values taken from Ref. [13].
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Figure 3. Cyclic voltammetry (CV) of selected N-oxyls in a solution of 0.1 M
NBu,ClO, in CH;CN/H,0 (8:1, vol/vol). A) Structures of analyzed species.

B) CVs of ACT, BTM, 3.6-, 15.0-, 30.8-, and 126.0-TPMA recorded at 100 mVs™"
(cry=5 mM). Q) Plot of the anodic peak current densities (j,,) vs. v®. D) CV of
5 mM 16.0-TPMA (red line) recorded at 100 mVs™' and repeated scan after
replacing the solution with blank electrolyte (black line). E) CVs of adsorbed
16.0-TPMA recorded at various scan rates.

same form of current-potential responses as molecules with
only one corresponding center has already been observed in
other studies, for example, in the electrochemical analysis of
poly(vinylferrocene).!”

Large differences are noticeable when comparing the
current densities () of the CVs, which, starting from ACT,
decrease with increasing molar weight. This trend suggests that
the availability of redox-active units at the electrode surface
decreases for the higher-molecular-weight TEMPOs, which may
result from curbed mass transfer. This behavior also becomes
evident upon varying the scan rate (Figure 3C). Furthermore,
with a stepwise increase of v, an additional peculiarity is
noticeable: While up to 250 mVs™', ACT, BTM, and the TPMAs
show a linear relationship between the anodic peak current
density (j,.) and v*%, a deviation from the square root depend-
ency occurs exclusively for the TPMAs above 250 mVs™". This
deviation results from a superposition of adsorptive and
diffusive processes, i.e., from charge transfer to both dissolved
and adsorbed polymer chains, and has been studied in detail in

Chem. Eur. J. 2023, e202202730 (4 of 9)

our previous work."® Consequently, the square root depend-
ency of j,, at low scan rates indicates that at large time scales,
the major part of the charge is transferred in diffusive
processes. On the other hand, the adsorptive fraction of j,, that
increases linearly with v becomes more pronounced at higher
scan rates.

To confirm that adsorption of TPMAs on the electrode
surface is responsible for the deviation from the square root
dependency, additional experiments were performed in which
CVs were first recorded in a TPMA solution (cry=>5 mM),
followed by careful rinsing of the electrode with acetonitrile,
immersion into a blank electrolyte solution, and repeated
cycling. The results are shown exemplarily for 16.0-TPMA: While
at 100 mVs™', voltammetry in the blank electrolyte shows only
an extremely weak signal (Figure 3D, black line), well-defined
and nearly symmetric features centered around 0.43 V become
apparent at high scan rates (Figure 3E). These features exhibit
only a small splitting between the oxidative and the reductive
peak (4E,~15mV), which is typical for independent and
identical redox-active species attached to the electrode
surface.” The apparent surface concentration of TEMPO units
() calculated from the charge obtained via integration of the
anodic peak of the CV recorded at 750 mVs™' corresponds to
1.42x 107" molcm™. This value is in the same order of
magnitude but well below sterically limited I" values reported
for monolayers of other redox-active molecules (e.g., ferrocene)
covalently attached to smooth surfaces.”™ The profiles do not
change significantly over ten cycles, indicating high stability of
the TPMA layer on the experimental time scale (see Figure S3).
The same effect has already been observed in our previous
study on 3.6-TPMA."® Consequently, polymer adsorption seems
to be a general effect that occurs independently from the M,
value of the polymer.

For a quantitative comparison between the transport
properties, the diffusion coefficients D of the different TEMPO
species were calculated from the slope of the j, vs. v*® plot
using Equation (1),

. zFvD
b= 0.4463ZFCTU W (1)

where z corresponds to the number of transferred electrons per
TEMPO unit (z=1), F to the Faraday constant, R to the ideal gas
constant, and T to the temperature (the other parameters are
defined above). It should be noted that ¢y, is kept constant
(5 mM) and that for the polymer samples, the treatment renders
apparent diffusion coefficients that refer to individual TEMPO
units rather than to entire polymer chains.'>"*'! To exclude
influences of adsorption, only the v range dominated by the
diffusive process is evaluated (5-250 mVs™', see Figure 3C). The
resulting D values are summarized in Table 2 for the selected
examples and in Figure 4 for all studied N-oxyl species.

In principle, smaller diffusion coefficients are observed with
increasing molecular weight of the polymer, with a rapid initial
drop that leads to a 95% decrease in D for 19.6-TPMA
compared to ACT (Figure 4A). The profile shown is well
explained when considering the relationship between D and
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Figure 4. Plot of the diffusion coefficients D derived from Randles-Sevcik
analysis vs. A) M, and B) M,,,,/M,. The shown D values are mean values from
twofold estimations.

the hydrodynamic radius r of a diffusing species according to
the Stokes-Einstein equation (D~r"), and substituting r by M,°
using scaling theory with a being the Flory exponent (a=0.5
for ideal random polymer coils in a theta solvent and a=0.6 for
swollen coils in a good solvent).”” In practice, the following
empirical relationship has proven useful,

0.55

D (Mmm) : o
Dmon - Ml’l

which relates D to M,, the (hypothetical) diffusion coefficient,
and the molecular weight of the monomer unit (D,,,, and M.,
respectively).'®' In the context of the abovementioned
Stokes-Einstein equation and scaling relation, the exponent
0.55 would represent a scenario in which the polymer chain is
randomly coiled in a good solvent (0.5 < a < 0.6).

As can be seen from the plot in Figure 4(B), D varies linearly
with respect to the 0.55 power of the ratio between M, and
M, .on- The slope of the linear fit corresponds to D,,,, and with
1.49x10°cm?s™, it is well comparable to the diffusion

coefficient of the model monomer ACT (Dpr=1.72X%
10° cm?s™"). Together with a negligible y-axis intercept
(—=3.52x1077 cm?s™") and an R? value of 0.97, the linear fit is in
good agreement with the behavior predicted by Equation (2).
Since Equation (2) originally refers to regular diffusion coef-
ficients of polymers, and the D values summarized in Figure 4
are to be considered as apparent diffusion coefficients of
individual TEMPO units, some caution must be exercised in
interpreting Figure 4(B). However, it seems reasonable to
conclude that the observed relationship reflects the impact of
the molecular weight on the rate of mass transfer and thereby
on the diffusion-limited peak current density. In other words,
the relationship between M, and D follows the behavior
predicted by the Stokes-Einstein equation in the sense that
diffusion is curbed with increasing molecular size. In view of
applications in homogeneous electrocatalysis, the profile shown
in Figure 4(A) illustrates that polymers with M, values smaller
than approx. 10 kDa exhibit promising diffusion behavior,
whereas diffusion coefficients of larger TPMAs appear rather
unfavorable.

The study was continued by analyzing the impact of the
molecular weight on the electrocatalytic behavior of the TPMAs.
For this purpose, 4-methoxybenzyl alcohol (4-MBA) was used as
a test substrate. A comparison between the voltammetric
profiles of four representative examples, ACT, BTM, 3.6-, and
26.6-TPMA, recorded at 100 mVs™'" in the absence and presence
of the alcohol substrate is shown in Figure 5. N-Methylimidazole
(NMI) was added as a proton scavenger to enable electro-
catalytic alcohol oxidation. A control CV recorded without
mediator confirmed that direct (uncatalyzed) anodic substrate
conversion does not occur in the studied potential range (see
Figure S5). In all cases, a typical catalytic response is seen (solid
line), where indirect oxidation of the alcohol enhances the
anodic current compared to the non-catalytic CV (dashed line),
and where the cathodic peak disappears in the reverse scan.
Upon comparing the profiles, it becomes clear that i) significant
catalytic currents can be achieved both with ACT as well as with

16 /I /I Il /I ll /l
14 BTM 3.6-TPMA
12
10
5
g 8
~ 6 yg—
- /
4 /"/
2 /
, A

02 03 04 05 06

03 04 05 06

03 04 05 O.GI 03 04 05 06

E (vs. Ag/AgNO,) / V

Figure 5. CVs of ACT, BTM, 3.6-TPMA, and 26.6-TPMA, recorded at 100 mV s~". Conditions: ¢ry =5 mM, 0.1 M NBu,ClO, in CH;CN/H,O (8:1, vol/vol) in the
absence (dashed) as well as in the presence of 0.1 M 4-MBA and 0.45 M NMI (solid line).
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higher molecular weight TEMPO species and ii), that the
catalytic peak current densities j, decrease with increasing
molecular size. The latter occurs concomitantly with decreasing
Joa values, whereby the current enhancements do not differ
greatly (j/jp. between 8.2 and 9.6). This suggests that the
overall reaction rate decreases with increasing M, due to a
curbed diffusion of the mediator.

The catalytic behavior was studied in more detail by
variation of the scan rate. In Figure 6(A), the progression of the
catalytic response is shown exemplarily for 15.0-TPMA. While
initially, an increase in v leads to a strong current enhancement,
the profiles remain nearly unchanged at higher scan rates.
Together with the canonical S-shape of the curves, this suggests
that at high scan rates und sufficiently high electrode potential,
only the kinetics of alcohol oxidation determine the current
response (‘pure kinetic conditions’).”® The same progression of
the catalytic profiles is observed for ACT and BTM as well as for
the other TPMAs (see the Supporting Information).

Figure 6(B) shows the plots of j_, vs. v for seven representa-
tive TEMPO species. Comparison between the plots highlights
the relationship between molecular weight and electrocatalytic
activity. In all cases studied, j,; reaches a plateau value (j.,,) at
high scan rates. The plot of j.., against M, (Figure 6C) initially
shows a sharp drop from 16.3 mAcm™? (ACT) to 6.1 mAcm
(15.0-TPMA), whereas the decrease is significantly attenuated
toward higher M, values. Interestingly, even polymers with M,

6 A 16LB) o m ® m macT
15.0-TPMA ﬁ- [ 3
/ (‘}1 u
“-‘g 4 512"...--BTM
< 2\431 E = 5. mm om m25TPVA
E 2| — ~ . ® m §36TPMA
= = B 28 = ® "150TPMA
o T 4L e " om " "308TPMA
1500 126.0-TPMA
0 [ 1 1 |1750 1 1 1
0,30 0,45 0,60 0 750 1500
E/V (vs. Ag/AgNO,) vimVs'
Q) D)
16" 8
(\‘l o~
§ 12}, §6r
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~ 8r - ~ 25-TPMA
£ oy ol
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Figure 6. A) LSVs of 15.0-TPMA, recorded at various scan rates. Conditions:
¢ry=5 mM, 0.1 M NBu,ClO, in CH,CN/H,O (8:1 vol/vol), 0.1 M 4-MBA, and
0.45 M NMI. B) Maximum achievable current densities (j,;) vs. the scan rate
for ACT, BTM, and five representative polymers. C) Plot of the plateau current
densities achieved under pure kinetic conditions (j,,,) against M, (the shown
Jmax Values are mean values from two measurements). D) LSVs of 5 mM 2.5-
TPMA and 71.3-TPMA recorded at 1 Vs~ in presence of 4-MBA and base
(black solid line); repeated scan after replacing the solution with TPMA-free,
substrate- and base-containing solution (red dashed line).
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> 60 kDa achieve appreciable j,,. values despite their extremely
low diffusion coefficients. For example, 126.0-TPMA as the
largest polymer with a D value of only 1.41x107" cm™ (as
compared to 1.53x 107> cm™2 for ACT) still achieves a j,,,, value
of 3.2 mAcm™.

Assuming pure homogeneous electrocatalysis, j., iS given
by the following equation,?%**”

jmax = ZFCTU V nkat Csub (3)

with k_, as the homogeneous rate constant, n as the number of
catalyst units required per turnover, and c,,, as the substrate
concentration (the other parameters are defined above).
Regarding Equation (3), it appears tempting to determine k.,
values for the polymediators. However, in view of the polymer
adsorption described above (Figure 3D), caution should be
exercised in the kinetic analysis of TPMA-catalyzed reactions.
The influence of adsorbed TPMA on the catalytic response is
illustrated in Figure 6(D) using the catalytic responses of 2.5-
TPMA and 71.3-TPMA recorded at 1Vs™' as examples. In both
cases, the measurement was carried out under the same
conditions as in Figure 6(A) (black solid lines), followed by
removal and rinsing of the electrode, and repeated scan after
replacing the electrolyte with a TPMA-free but substrate- and
base-containing solution (red dashed lines). A comparison of
the profiles recorded before and after change of the solution
shows that TPMAs attached to the electrode participate in
substrate oxidation, whereby the heterogeneous contribution
10 j.,; is much more pronounced for 71.3-TPMA (35%) than for
2.5-TPMA (15 %).

Similar to homogeneous electrocatalysts, adsorbed molec-
ular catalysts exhibit S-shaped profiles under pure kinetic
conditions.”®*? An anodic process catalyzed only by adsorbed
TEMPO species would lead to plateau currents given by
Equation (4),2%"!

jmax = nFrTUkcat Csub (4)

where Iy, corresponds to the surface concentration [mol cm™]
of TEMPO units and the other parameters have been defined
above. Assuming that no interactions exist between the
homogeneously and heterogeneously electrocatalytic proc-
esses, the procedure shown on Figure 6(A and D) would in
principle allow separation of the contributions of dissolved and
adsorbed TPMAs (and thus determination of the homogeneous
and heterogeneous k. values). However, since the catalytic
currents of adsorbed TPMAs in TPMA-free solutions are not
stable over several cycles, analysis of the individual contribu-
tions is not feasible. Still, the j,.. values summarized in
Figure 6(C) are well-suited for characterization of the macro-
scopic kinetics since they reflect the overall reaction rate as an
interplay between catalyst diffusion and microscopic rate.

The previously discussed CV results have proven useful in
elucidating the influence of molecule size on redox behavior,
transport processes, and electrocatalytic properties. The knowl-
edge gained and intrinsic parameters determined are important
for the mechanistic understanding and for the comparison of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

2SUDOIT suOWW)) dANEa1) dqeoridde dy) £q PAUIIA0S d1e SN YO AN JO SN J0) ATRIqIT AUI[UQ AS[IAN UO (SUONIPUOD-PUB-SULId) W0 A[1m  AIeIqI[aur[uo//:sdny) suonIpuo)) pue sua ], ay) 99§ [£202/20/S0] U0 Areiqry auruQ Ad[1p ‘AuBwiIan aueiyoo)) Aq 0€LZ0ZZ0T WAYd/Z00 "0 /10p/wod AafimAreiquaurjuo-adomna-Ansiwayay/:sdpy woiy papeojumocfo ‘s9LE1ZS1



Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/chem.202202730

Chemistry—A European Journal

A S AN S —
/O < > 151
4-MBA
| w12p
E =055V, C(+) || Pt(-) -
5 mol% TPMA, NMI g 0.9 ACT
CH3CN/H,0 (8:1) o 2.5-TPMA
NBu4CIO4 0.6 3.6-TPMA
16.0-TPMA
¢ 0.3 71.3-TPMA
126.0-TPMA

O
O@J O'Oo zlt zla 1I2 1I8 2|0
/

3 t/ min

Figure 7. A) TPMA-catalyzed anodic oxidation of 4-MBA to anisaldehyde (3)
under potentiostatic conditions. B) Corresponding charge-time profiles for
ACT and different TPMAs. Electrolyte: 0.1 M Bu,NCIO, in CH;CN/H,0 (8:1, v/
v), anode: carbon roving, divided cell, rt. E=0.55 V vs. Ag/AgNO;, 0.075 M 4-
MBA (batch size: 0.75 mmol), 0.11 M NMI.

the different N-oxyl species. However, it should also be
considered that the conditions in preparative-scale applications
are significantly more complex than in the CV experiments.
Particularly noteworthy are the change of the electrolyte
composition during electrolysis as well as forced convection for
improved mass transfer. To gain a better insight into the
behavior under preparative conditions, controlled potential
electrolyses (CPE) were carried out at E=0.55V with different
TPMAs in the presence of 4-MBA (Figure 7A). A divided cell was
used in combination with a carbon roving anode®™® and a
platinum cathode. An inexpensive size exclusion membrane
made of regenerated cellulose served as a separator (for more
information see the Supporting Information). The correspond-
ing charge-time profiles are depicted in Figure 7(B). The time
periods required to pass 1.8F per mole of substrate are
summarized in Table 3 along with the corresponding Faradaic
efficiencies (FE).

In all cases, FEs between 78% and 95% were achieved. A
comparison of the charge-time profiles demonstrates the effect
of the molecular weight on the reaction rate. While the
electrolysis time differed little between ACT (5.6 h) and 2.5-
TPMA (6.6 h), it increased dramatically upon using longer
polymer chains. When 71.3- and 126.0-TPMA were employed,
electrolysis was stopped after 20 h, achieving a charge transfer
of merely 1.77 F and 1.75F, respectively. Taken together, the
CPE experiments show that smaller TPMAs render attractive

Table 3. Summary of the results of the electrolysis experiments shown in
Figure 7.

Species g per mole 4-MBA [F] Electrolysis time [h] FE [9%]!
ACT 1.8 5.6 78
2.5-TPMA 1.8 6.6 79
3.6-TPMA 1.8 10.2 93
16.0-TPMA 1.8 15.4 95
71.3-TPMA 1.77 20.0 93
126.0-TPMA 1.75 20.0 80

[a] Faradaic efficiency determined via GC-FID analysis using an internal

standard.

Chem. Eur. J. 2023, e202202730 (7 of 9)

reaction times and FE values. Particularly with 2.5-TPMA, only
minimal changes in overall reaction rate can be observed
compared to ACT, a very encouraging result in view of future
synthetic applications. In contrast, the results obtained with the
larger TPMA'’s are less promising. Especially for 71.3-TPMA and
126.0-TPMA, reactions with t >20h are inacceptable. The
experiments thus highlight the outstanding significance of the
M, distribution for the development of polymediator-guided
electrochemical syntheses.

Conclusion

In the present study, progress has been made in understanding

electrocatalysis involving TEMPO-modified polymethacrylates

(TPMA) as mediators. It was shown how the molecular weight

affects the key properties of the polymers, revealing that this

aspect plays an important role in the development of poly-
mediated processes. At this point, it is worth summarizing the
most important findings:

1. Cyclic voltammetry is shown to be a simple and effective
method for studying the key-properties of polymediators. At
low to medium scan rates, the non-catalytic voltammetric
profiles of the studied TPMAs are very similar to 4-acetoxy-
TEMPO (ACT) in terms of equilibrium potential, chemical
reversibility, and diffusive character, indicating a non-
interacting electron exchange between electrode and
TEMPO units attached to the polymer chain. Major differ-
ences between the TPMAs are observed for the achievable
redox currents, which is explained by a decrease of the
diffusion rate with increasing molecular size, following the
behavior predicted by the Stokes—Einstein equation. In other
words, short-chain TPMAs can be more rapidly charged than
the larger polymers.

2. To quantify the effect of number-average molecular weight
(M,) on the diffusion rate, diffusion coefficients (D) conven-
iently estimated via CV turned out useful. For the TPMA
series, the relationship between D and M, is in good
agreement with an empirical equation reported in the
literature representing random coil polymers in good
solvents.l'5?”!

3. The affinity of the polymer to the electrode surface should
be taken into account when studying reactions involving
polymediators. In the present case, all TPMAs tend to adsorb
on the electrode surface regardless of molecular weight.
Polymer adsorption affects the non-catalytic voltammetric
response, especially at low TPMA concentrations and high
scan rates. Both dissolved and adsorbed TPMAs participate
in the catalytic process, whereby the relative heterogeneous
contribution is small for short-chain TPMAs and increases
with increasing M.,

4. The catalytic currents diminish with increasing molecular
weight, which can be assigned to the decreasing diffusion
coefficients. The maximum achievable catalytic current
under pure kinetic conditions (j,,,) is a parameter that can
be conveniently determined for all N-oxyl species and
reflects the interplay between catalyst diffusion, homoge-
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neous rate, and catalysis by adsorbed TEMPO units. It can

therefore serve as a useful measure for comparing the

activity of the polymediators. Compared to ACT, the long-
chain TPMAs provide only about one-fifth of the j.., value.

In contrast, good results are achieved with shorter chains

(2.5 and 3.6 kDa).

5. The trends observed in the CV studies translate well to
controlled potential electrolysis. While all polymers provide
good to very good Faradaic efficiencies, the electrolysis time
prolongs with increasing molecular weight. Promising results
were obtained with short-chain polymers (2.5 and 3.6 kDa),
whereas the large TPMAs tend to give low currents and long
reaction times.

Together with our previous mechanistic work on the
subject,” it is now possible to assemble a coherent picture.
From the insights gained, important criteria and design
principles can be derived for future developments.

The current work clearly shows that short-chain polymedia-
tors are needed to achieve useful reaction rates, with
consequences for coupling between electrolysis and membrane
filtration (the latter serving to separate and recycle the
polymers). Preliminary recycling studies on short-chain TPMAs
using dialysis with commercially available porous size-exclusion
membranes (regenerated cellulose, molecular weight cut-off:
1 kDa) already yielded promising results."”? However, in pres-
sure-driven ultrafiltration using the same membrane material,
short-chain TPMAs were not sufficiently retained to enable
multiple reuse with stable electrolysis performance. Thus, nano-
filtration with dense membranes seems more suitable for
quantitative recovery. However, more studies on polymer
recovery and recycling are needed before applying the concept
under industrially relevant conditions. For the latter, a continu-
ous process in which an electrochemical flow reactor is coupled
with a cross-flow membrane filtration cell appears particularly
promising. Efforts to advance polymediator-guided electrosyn-
thesis are ongoing in our laboratory.

Experimental Section

General remarks: All chemicals were purchased from Alfa Aesar,
Sigma Aldrich or TCl and used as received. The supporting
electrolyte (tetrabutylammonium perchlorate) was purchased from
Sigma Aldrich in electrochemical grade. Acetonitrile was purchased
in HPLC grade from Acros Organics and used as received. Synthesis
and spectroscopic characterization of the TEMPO catalysts is
described in the Supporting Information.

Size exclusion chromatography (SEC): The polymer samples were
dissolved in 1,1,1,3,3,3-hexaflouropropan-2-ol (HFIP) (Fluorochem,
Hadfield, UK) containing 3 gL™' of potassium trifluoroacetate. The
SEC instrument was equipped with a PU2080+ pump, an auto
sampler AS1555 and an RI-detector RI2080 + from JASCO. Columns
packed with modified silica were obtained from PSS (Mainz,
Germany): PFG columns, particle size 7 um, porosity 100 A and
1000 A. The column was kept in an oven at constant temperature
of 40°C. Calibration was carried out with poly(methyl methacrylate)
(PMMA) standards, purchased from PSS (Mainz, Germany). The
samples were prepared at 1-2 mg mL™" and filtered through PVDF
syringe filters (pore size 0.2 um) prior to analysis.

Chem. Eur. J. 2023, e202202730 (8 of 9)

Cyclic voltammetry (CV): The experiments were carried out in a
custom-made three-electrode cell using a PGSTAT 302N (Metrohm
Autolab) or a PGSTAT 128N (Metrohm Autolab). A glassy carbon
disk (diameter: 1.6 mm) served as the working electrode and a
platinum wire as the counter electrode. The glassy carbon disk was
polished using polishing alumina suspension (0.05 um) prior to
each experiment. As reference, a Ag/AgNO; electrode (silver wire in
0.1 M NBu,ClO,/CH;CN solution; c(AgNO;) =0.01 M; E,=—87 mV vs.
ferrocene/ferrocenium couple)? was used, and this compartment
was separated from the rest of the cell with a Vycor frit. NBu,ClO,
(0.1 M, electrochemical grade) was employed as supporting electro-
lyte in an acetonitrile-water mixture (8:1, vol./vol.). The electrolyte
was purged with Ar for at least 5 min prior to recording. In order to
account for the iR drop at high catalytic currents, positive feedback
iR compensation was used. The resistance R was determined by
electrochemical impedance spectroscopy prior to each experiment.
Background corrections were made by subtracting the blank
voltammograms from the CVs of the analytes.

Controlled potential electrolysis (CPE): The electrolyses were
carried out in an H-type divided cell using a Vionic Potentiostat
(Metrohm). A size exclusion membrane (regenerated cellulose, MW
cut-off: 1 kDa, Merck) was used as a separator, a carbon roving
wrapped around a PTFE sheet as a working electrode, and a Pt
sheet as a counter electrode. A solution of 0.1 M NBu,ClO, in
CH,CN/H,O (8:1) served as the electrolyte, whereby 75 mM 4-
methoxybenzyl alcohol, 110 mM 1-methylimidazol, and 5 mol-%
TPMA (with respect to starting material and TEMPO units) were
added to the anolyte. The anolyte and catholyte solutions (10 mL
each) were prepared separately and filled simultaneously into the
corresponding half-cells with syringes. During electrolysis, the
working electrode potential was maintained at 0.55 V vs. Ag/0.01 M
AgNO; using the same reference electrode as described for the
cyclic voltammetry experiments. The yields were determined with a
calibrated GC-FID (Trace 1310, Thermo Fisher) equipped with a HP-
5 column (Agilent) using an internal standard (1,3,5-trimethoxy
benzene).
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The polymeric electrosynthesis
mediators: Polymediators are soluble
redox-active polymers applicable as
catalysts in electrosynthesis. Their dif-
ference in size relative to typical
product molecules enables recovery
by dialysis or membrane filtration.
Using anodic alcohol oxidation as an
example, the relationship between
the molecular weight of TEMPO-
modified polymethacrylates and their
catalytic properties was elaborated
using cyclic voltammetry and prepara-
tive-scale electrolysis.
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Electrochemical Generation of Hypervalent Bromine(IIT) Compounds
Igors Sokolovs, Nayereh Mohebbati, Robert Francke,* and Edgars Suna*

Abstract: In sharp contrast to hypervalent iodine(Ill) com-
pounds, the isoelectronic bromine(Ill) counterparts have been
little studied to date. This knowledge gap is mainly attributed to
the difficult-to-control reactivity of A>-bromanes as well as to
their challenging preparation from the highly toxic and
corrosive BrF; precursor. In this context, we present a straight-
forward and scalable approach to chelation-stabilized 7’-
bromanes by anodic oxidation of parent aryl bromides
possessing two coordinating hexafluoro-2-hydroxypropanyl
substituents. A series of para-substituted }’-bromanes with
remarkably high redox potentials spanning a range from
1.86V to 2.60V vs. Ag/AgNO; was synthesized by the
electrochemical method. We demonstrate that the intrinsic
reactivity of the bench-stable bromine(IIl) species can be
unlocked by addition of a Lewis or a Brgnsted acid. The
synthetic utility of the A*-bromane activation is exemplified by
oxidative C—C, C—N, and C—O bond forming reactions.

The chemistry of hypervalent halogen species has experi-
enced tremendous development in the last decades, and
hypervalent iodine(IIT) compounds have become mainstream
reagents in contemporary organic synthesis.!'! Recent selected
applications of hypervalent iodine(III) compounds involve
oxidative heterocycle formation,” atom transfer reactions
such as alkynylation!*! and trifluoromethylation,” oxidative
rearrangements,’! and C—H functionalization.”’ Additionally,
electrochemically generated iodine(I1I) derivatives have been
frequently utilized as ex-cell mediators (electro-generated
reagents) in organic electrosynthesis.®! The corresponding
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isoelectronic hypervalent bromine(III) species feature supe-
rior reactivity to that of iodine(IIT) counterparts owing to the
higher oxidizing ability, stronger electrophilicity and better
nucleofugality of the bromanyl unit.”) Not surprisingly, the
unique properties of bromine(IIT) reagents have allowed for
the development of unprecedented synthetic transformations
such as Hofmann rearrangement of sulfonamides to the
corresponding N-arylsulfamoyl fluorides,'”’ unusual Bayer—
Villiger-type oxidation of open-chain aliphatic aldehydes,™
oxidative coupling of alkynes and primary alcohols to form
conjugated enones!'!! as well as transition metal-free regiose-
lective C-H amination of non-activated alkanes.'” Although
these notable accomplishments highlight the remarkable
synthetic potential of bromine(IIT) species,'™! the hyper-
valent bromine chemistry appears to be significantly less
developed as compared to that of iodine(IIT) compounds. This
striking bias apparently is to be attributed to the relatively
poor stability and the high oxidizing power of bromine(I1I)
reagents,*® properties that have created a common percep-
tion of difficult-to-control reactivity and poor functional
group compatibility. Furthermore, there is an apparent lack of
convenient methods for the synthesis of bromine(III) species.

The synthesis of Br'! reagents is typically accomplished by
a ligand exchange reaction between bromine trifluoride
(BrF;) and nucleophilic arene derivatives such as arylsilanes
and arylstannanes.™” For example, BrF; reacts with phenyl
trifluorosilane to form a relatively unstable phenyl-A*-bro-
mane 1" that is suitable both as reagent and as entry point
for the synthesis of other derivatives via ligand exchange
(Figure 1, top).l>19

Previous approach (Martin et al.)

OH Br OH
SiFs FaC CF,
. FaC CF,
Ro | 0—Br—o
F-Br-F Bu 2d FiC CF,
«— FBr-f —m8—» F.C CF
= ° ° ° 3 3
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1 3d
Present work
OH Br OH 3 0—Br—o0
GC(+) Pt(-)
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FsC CF, LCCE FaC CF,
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TBA-BF,, HFIP R
2 3
air & moisture stable
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. O—Br----0 substrate product
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acid activation
enhanced reactivity
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Figure 1. New approach to aryl-A*-bromanes.
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Bromine trifluoride has been also used by Martin et al. for
the preparation of chelation-stabilized aryl-A*-bromane 3d.!"”!
However, an important limitation of these approaches is the
use of BrF;, a highly toxic and extremely reactive liquid that
requires dedicated equipment (such as PTFE vessels etc.) and
specific experimental techniques for its safe handling. Nota-
bly, high oxidation potentials of aryl bromides (e.g. 2.0 V vs.
Ag/0.01 M AgNO; for PhBr in CH;CN)™ and poor stability
of the resulting bromine(III) species complicates the direct
two-electron oxidation by chemical oxidants, a method that is
routinely employed for the synthesis of hypervalent iodine-
(IIT) counterparts from iodoarenes." Clearly, the develop-
ment of a convenient synthetic approach to A*-bromanes
would open the door for the rapid development of hyper-
valent Br' chemistry. Herein we report a straightforward and
high yielding synthesis of Martin’s hypervalent bromine(III)
species 3 by anodic oxidation of the parent aryl bromide 2
(Figure 1, bottom). The extremely high reactivity of arylbro-
monium species!'® is tamed by the two coordinating ortho
substituents, allowing 3 to be stored as a bench-stable reagent
for extended periods of time. However, the reactivity of the
electrochemically generated Br'™ species can be unlocked by
a Lewis acid (such as TMSOT{ and BF;-OEt,) or a Brgnsted
acid (TfOH) additive as described below.

Recently we reported on electrosynthesis of hypervalent
iodine(III) species by anodic oxidation of aryl iodides in an
undivided cell using HFIP as solvent.™ We hypothesized that
the electrochemical oxidation would be suitable also for the
synthesis of aryl-A*-bromanes provided that they are compat-
ible with anodic oxidation conditions. Hence, the air- and
moisture-stable'™ aryl-A>-bromane 3a was chosen as the
target substrate to verify the feasibility of its electrochemical
synthesis. The published conditions for anodic oxidation of
iodoarenes into A*-iodanes were used as the starting point for
the preparation of A>-bromane 3a (Table 1).

Table 1: Optimization of the electrochemical synthesis of 3a.

OH Br OH r'-f] 0—Br—0 @ %
FiC ek, el [Po Fc cFy e
@ g

FsC CFy ————— = FC CF3
t, undivided cell e e e

2.0F, 10 mAcm?
28 0.1 MHTFE\;I;\VBH 3a structure confirmed by X-ray

Entry Deviations from 2a 3a Mass balance
standard conditions  [%]" [%] [%6]
1 none 43 55 98
2 TFE 40 52 92
3 CH,CN 93 6 99
4 BDD(+) 54 46 100
5 RVC(+) 60 40 100
6 0.1 TBA-CIO, 50 44 94
7 0.1 TBA-PF, 44 55 99
8 j=5mAcm™ 51 47 98
9 j=15mAcm™ 38 56 94
10 j=20 mAcm™? 37 60 97
1 q/mol=3.0F 30 67 97
12 q/mol=4.0F 17 75 (63)® 92
13 q/mol=5.0F 18 Al 89

[a] Yields and mass balances determined by '"H NMR spectroscopy of the
post-electrolysis solution using 1,2,3,4-tetrafluorobenzene as the inter-
nal standard (0.3 mmol scale). [b] Isolated yield.
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Gratifyingly, electrochemical oxidation using glassy
carbon (GC) as the working electrode and platinum foil as
the counter electrode in a TBA-BF,/HFIP electrolyte at
10 mA cm 2 afforded the desired 3a in 55% yield (entry 1)
after passing 2F per mole of starting material. The molecular
structure of 3a was confirmed by single crystal X-ray analysis
(Table 1, graphics). Although the use of 2,2,2-trifluoroethanol
(TFE) as a solvent gave similar results (entry 2), we refrained
from using it in further experiments because of its high
toxicity. In contrast, acetonitrile turned out to be unsuitable
due to anodic degradation (Supporting Information, p. S47),
resulting in poor conversion to 3a (entry 3). The replacement
of working electrode material to BDD or RVC (entry 4 and 5)
gave no increase in product yield. TBA-PF, can be used as an
alternative to TBA-BF, (entry 7 vs. 1), whereas TBA-CIO,
turned out to be inferior in terms of yield (entry 6). Lower
current density (5 mA cm?) resulted in two-fold increase of
the reaction time and slightly reduced product yield (entry 8
vs. entry 1). Higher current densities (15 and 20 mAcm™2,
entries 9 and 10, respectively) led to increased conversion at
the expense of selectivity. Thus, a current density of
10 mAcm™2 was used in further optimization experiments.
The increase of passed charge equivalents from 2.0F up to
3.0F resulted in the increase of A*-bromane 3a yield from
55% to 67% (entry 11 vs. 1). Higher yields of 3a and
improved conversion was observed after passing 4.0F. Never-
theless, further increase of the passed charge amount did not
result in significant improvements, and a concomitant for-
mation of degradation products was observed (entry 13 vs.
12).

With the optimized conditions in hand (entry 12), the
scalability of the developed electrochemical synthesis of 1°-
bromane 3a was examined. We were pleased to find that the
galvanostatic electrolysis in an undivided electrochemical cell
could be readily performed on a 10 mmol scale to afford
350¢g of 3a in a single-batch (72% yield). Notably, 1°-
bromane 3a was isolated from the electrolysis mixture as
>95% pure (‘H-NMR assay) pale-yellow solid by simple
filtration through a short silica plug followed by extractive
workup (see Figure 2, bottom right).

After elaboration of the electrochemical protocol for
synthesis of A’-bromane 3a, we intended to vary the
substitution in para position to create a reagent platform
with tunable reactivity and electrochemical properties. To
establish access to compounds 3a-f, the synthetic routes
depicted in Figure 4 were developed. Introduction of 2-
hydroxy-1,1,1,3,3,3-hexafluoropropanyl group in positions 2
and 5 of an aryl bromide was readily accomplished in two
steps from 2-bromoisophthalic acids Sa—f. The first step
involved elaboration of acids Sa—f into the corresponding acid
chlorides, followed by the reaction with 2,2 2-trifluoroethanol
to afford bis-trifluoroethyl esters 6 a—f. Subsequent treatment
of esters 6a,d,e with TMSCF; (7 equiv) in the presence of
catalytic TBAF (10 mol % )" afforded the desired alcohols
2a,d,e in 57-72 % yields. The synthesis of 2b,c,f required the
addition of excess (4equiv) of TBAF?! and TMSCF;
(6 equiv)® to furnish products in 62-69% vyields. The
nitration of 2a afforded bromide 2 f. The starting 2-bromoi-
sophthalic acids Sa—e were obtained by the oxidation of the
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1. SOCI, (excess)
Br (o] Br DMF (cat.) (o] Br O
KMnOy (4.2 equi benzene, reflux, 3 h
Me Me 4 quiv) HO OH e e, o o
t-BUOH:H0 (1:1) 2. CF3CH,0H (2.5 equiv) cr,) '\CF
reflux, 18 h pyridine (3.0 equiv) 2 8
R CH,Cly, 0 °C to t R
4 no. R yield [%] no. R yield[%]
5a H 77 6a H 92
5b F 66 6b F 95
5¢  Cl 75 6c Cl 86
5d t-Bu 72 6d tBu 89
5¢e OMe 53 6e OMe 85
6f CF; 81 (from 5f)
i i O B O
| Br | = SiMe; Me3Si Br P SiMe; r
(2.0 equiv) KMnO. (5.3 equiv)  HO OH
— e
Pd(PPh3);Cl; (2 mol%) t-BUOH:H,0 (1:1)
Fi Cul (4 mol%) CF 80°C,2h CF,
NEts, 1t, 18h
7:89% 8: 95% 5. 78%
1. TMSCF3 (7.0 equiv)
BugN-F (0.1 equiv)
toluene; 0 *Ctort
6a,d,e OH Br OH 0—Br—o0
2. Aqueous 6N HCI CF CF CFa CF
THF, 1t 12 h . s hp,_ : :
CFs CFa (*) (-) CFs CF3
———— -
TMSCF3 (6.0 equiv) R 4.0 F, 10 mA cm™ R
6b,c,f 1 rt, undivided cell
HisEF (A equi) no. R yield [%] 0.1 M TBA-BF, no. R yield [%]®
o 2a H 72 HFIP 3a H  63(72)°
DME, -40 °C to rt, 18 h » F 62 b F 64
2 Cl 69 3¢ Cl 61
,:‘2"3%1 2d tBu 57 3d tBu 65
it 18h 2e OMe 63 Je OMe 40
' 2f CF; 69 3f CFy 47
20 NO, 78 W He 2 3.50 g of 3a

Figure 2. Synthesis of bromides 2a—g. [a] Average yield of two runs on 0.3

corresponding commercially available 2-bromo-m-xylenes
4a-e with KMnO,.** Acid 5f was synthesized by chemo-
selective cross-coupling of the two iodo-moieties in 7
(prepared by iodination of 4-bromobenzotrifluoride)®! with
ethynyltrimethylsilane under Sonogashira cross-coupling con-
ditions,®®! followed by oxidative cleavage of the acetylene
subunit in 8 with KMnO, (Figure 2). Finally, application of the
optimized electrolysis conditions (Table 1, entry 12) to the
oxidation of 2b-g rendered A*-bromanes 3b—g in 24-66%
yields. It should also be noted that attempts toward oxidation
of 5a and bromoarene related to 2a carrying one chelating
moiety remained unsuccessful (for details see the Supporting
Information, p. S21).

For characterization of the electrochemical properties of
the bromoarene/A*-bromane redox couples, all synthesized
bromides 2a-g were studied by cyclic voltammetry, using
a 0.1 M NBu,BF,/HFIP electrolyte, a glassy carbon working
electrode and a Ag/0.01 M AgNO; reference (E,=—87 mV
vs. Fc/Fc* couple;” for more details, see p. S43). In the range
between 0 and 2.7V, each of the bromoarenes exhibits
a single irreversible feature associated with the oxidation of
Br' to Br'™. The corresponding half-peak potentials (Ep,) are
situated in the range between 1.86 V (2e, R=0OMe) and
2.60 V (2g, R=NO,; see table in Figure 3). It follows that
i) the anodically generated bromanes can be considered as

15968 www.angewandte.de
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in a single-batch

mmol scale. [b] Yield on 10.0 mmol scale.

strong oxidants due to the high Ey, values and ii) that with the
compounds synthesized thus far, the potential of 2 is flexibly
tunable within a range of 0.66 V. A Hammett treatment
(Figure 3, bottom right) using o, substituent coefficients!
shows that Ep, is dependent on the electron donating or
withdrawing ability of the substituent R and follows a linear
trend according to Equation (1),

Epp(2) =225V 4+ 047 Vop* 1)
wherein the slope provides a measure of the influence of the
substituents upon the observed potential, while the intercept
refers to the Ep, of the unsubstituted compound of the
series.[*’)

The stabilization of the characteristic pseudo-trigonal
bipyramidal geometry of A*-bromanes 3 by 2-benzobromaox-
ole rings (for X-ray structure of 3a, see Table 1 graphics)*”
endows Martin’s bromine(III) species with remarkable sta-
bility. Given the high oxidizing power and strong electro-
philicity of 2’-bromanes,'*! the observed stability is striking.
Not only it allowed for the electrosynthesis, isolation and
purification of A°>-bromanes 3a-g, but also made possible their
convenient handling and storage for extended periods of time.
In the meantime, the synthetic application of A*-bromanes
3a—g would require activation to unlock their intrinsic
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1.0 2a
—2b
0.8 2¢c
—2d
2e
06 o
X 29
=
0.4
0.2
0.0
14 16 18 20 22 24 26 28

E (vs. Ag/AgNO,) / V

compound Eprz ot
2a(R=H) 227 0
2b(R=F) 226 -0.07
2c(R=Cl) 222 0.1
2d(R=1Bu) 213 -0.26
2e(R=OMe) 1.86 -0.78
2f(R=CF,) 254 061
2g(R=NO,) 2.60 0.79 10 05 00 05

Figure 3. Top: Background and iR drop corrected linear sweep voltam-
mograms (LSV) of aryl bromides 2a—g (¢=5 mM) recorded at

10 mVs™". Bottom: Plot of the half-peak potentials Ep, (extracted from
the LSVs) vs. the 0," substituent constants.

A: Oxidative biaryl coupling

3a (0.55 equiv)
R = TMSOTf (1 equiv)
& CH,Cls, -30 °C; 3h
9
Br OMe
O MeO O OMe
MeO Cl

10b (86%) 10c: X=Br (93%)

10d: X=I (91%)

MeO
OMe OMe
OMe OMe
10e: R= N\ (61%)
10£:R= N g (91%)

10a (98%, 93%°)

10g (68%) 10h (61%)

OMe

O N,CbZ
MeO ‘ Nech

OMe
10i (43%)

MeO

Z

2 Activation with 1.05 equiv. TfOH; ©

Zuschriften

reactivity. To this end, oxidative biaryl coupling®! was chosen

as a model reaction to develop the in situ bromane activation
(Figure 4). As anticipated, the non-activated 3a did not effect
the homocoupling of benzodioxole 9a in DCM at room
temperature after 18 h. We envisioned that the reactivity of
/-bromane 3a could be enhanced by weakening the stabiliz-
ing effect of the two chelating ortho-substituents using
a suitable Lewis acid."? Indeed, a nearly quantitative
formation of biaryl 10a (98 % yield) was observed after 3 h
at —30°C (Figure 4) when 3a was used together with
TMSOTI™! (1:2 ratio, respectively). Alternatively, BF;OEt,
could be employed for the activation of bromane 2a in HFIP
as the solvent (35 % yield of 10a). Finally, TfOH as additive
(1.05 equiv) also effected the 3a-mediated biaryl formation in
DCM (93 % yield of 10a). Hence, both Lewis and Brgnsted
acids are suitable for the enhancement of A*-bromane
reactivity possibly by increase of cationic character of 3a
upon interactions with the Lewis basic oxygen atom.’>3
Noteworthy, CV studies showed that an in-cell mediated
biaryl coupling is not possible, since the substrates are easier
to oxidize than the bromoarenes (for details see the Support-
ing Information, p. S46).

The scope of substrates for the A’-bromane-mediated
biaryl formation was briefly explored using TMSOTY as the
activator (Figure 4 A). The reaction features remarkable
functional group compatibility. Not only halides are tolerated
(biaryls 10a-d) but also allylic and propargylic subunits as

B: Oxidatilve amidation of saturated Csp*-H bonds

12a: R=H (71%, 80%")
Me.. .Me phlhallmlde 12b: R=Me (61%)°
N (1.1 equiv) ENTN 12c: R=Br (70%)°
3a(1equ) 12d: R=OMe (41%)°
MeCN 12e: R=C(H)O (71%, 71%°)
60°C.2h 12f: R=(CH3);0H (52%, 36%")
12g:
11a-h 12a-h )
12h: R= \"Xx (71%)>e¢
(o]
Me. -~/
N e

(o] [e]
//N)b N b
(0]

15a (67%)

ONAQ

13a (63%) 16a (60%)

R= -IE (77%)° ]
14a (66%)

C: Oxidative cyclization of Schiff bases to benzoxazoles

18b: R=NO> (55%)

"2 ArcHO VA T 331 equiv) NN i
| L =\ — | L
OH - OH rtor 60 °C R !

i R MeCN !
17a-c 18a-c !

R o Me0,C
o CH-O=

N i

18a: R=H (75%) 18c (84%) i

with K-phthalimide (1.1 equiv); ¢ "H-NMR yields (mesitylene as an internal standard); ¢ 51% isolated yield.

Figure 4. Synthetic applications of electrogenerated bromane reagent 3a.
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well as primary alcohols (10 e f,g, respectively) are compatible
with the 3a-mediated biaryl formation. Biaryls 10h and 10i as
well as bi-isoflavone derivative 10j can be also obtained using
TMS-OTY activation of A*-bromane 3a (Figure 4 A).

We were pleased to find that A*-bromane 3a also effected
the oxidative amidation of N,N-dimethylanilines 11a-h with
imides (phthalimide and succinimide) as well as with various
amides such as pyrrolidin-2-one, oxindole and cinnamamide
(Figure 4B).) Relatively electron-rich anilines 11a,b,d are
suitable as substrates. Notably, the oxidative amination with
2’-bromane 3a is compatible with the presence of vinylic,
propargylic and primary alcohol moieties in anilines (11 f-h)
as well as with bromine and aldehyde substituents (11c,e).
Finally, A*-bromane 3a was also found to be suitable for the
oxidative cyclization of Schiff bases 17a—¢ to benzoxazoles
(18 a—c; Figure 4 C). Further studies to expand the application
scope of A*-bromane 3a are ongoing in our laboratories.

In summary, an efficient, reliable, and inexpensive
approach to Martin’s hypervalent bromine (III) species is
reported. The key step of the synthesis is anodic oxidation of
the parent aryl bromides in an undivided cell using a glassy
carbon as the working electrode, platinum as the counter
electrode, TBA-BF, as the supporting electrolyte and HFIP
as the solvent. The use of an undivided cell under constant
current conditions allowed for easy scale-up of the electrolysis
as demonstrated by the preparation of the bench-stable A°-
bromane in multi-gram quantities. A series of aryl bromides
with oxidation half-peak potentials spanning the range from
1.86 V to 2.60 V were converted into the corresponding 1°-
bromanes. Cyclic voltammetry studies showed good correla-
tion between the half-peak potentials and Hammett substitu-
ent coefficients for aryl bromides. The aryl bromides could be
readily obtained from 2-bromoisophthalic acids in three steps.
The reactivity of Martin’s A’-bromane is sufficient for
oxidative amidation and benzoxazole formation and could
be further enhanced by Lewis or Brgnsted acid additives as
demonstrated by the successful application of the reagent in
the biaryl coupling. The developed electrochemical approach
to A*-bromanes offers considerable advantages as compared
to the existing methods that rely on highly toxic, hazardous,
and difficult-to-handle BrF; as the key reagent. Therefore, we
believe that our approach may open the door to the develop-
ment of unprecedented synthetic transformations that would
benefit from the unique properties of hypervalent bromine-
(TIT) species.
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Abstract: Hypervalent bromine(lll) reagents possess a higher electrophilicity and a
stronger oxidizing power compared to their iodine(lll) counterparts. Despite the
superior reactivity, bromine(lll) reagents have a reputation of hard-to-control and
difficult-to-synthesize compounds. This is partly due to their low stability, and partly
because their synthesis typically relies on the use of the toxic and highly reactive BrFs
as a precursor. Recently, we proposed chelation-stabilized hypervalent bromine(lll)
compounds as a possible solution to both problems. First, they can be conveniently
prepared by electro-oxidation of the corresponding bromoarenes. Second, the
chelation endows bromine(lll) species with increased stability while retaining sufficient
reactivity, comparable to that of iodine(lll) counterparts. Finally, their intrinsic reactivity
can be unlocked in the presence of acids. Herein, an in-depth mechanistic study of
both the electrochemical generation and the reactivity of the bromine(lll) compounds
is disclosed, with implications for known applications and future developments in the
field.
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Electrochemistry and Reactivity of Chelation-stabilized
Hypervalent Bromine(lll) Compounds

Nayereh Mohebbati,®" Igors Sokolovs, Philipp Woite,'” Mart Lékov,™ Elisabeth Parman,®
Mihkel Ugandi,” Ivo Leito,*™ Michael Roemelt,*¥ Edgars Suna,*” and Robert Francke*® '

Abstract: Hypervalent bromine(lll) reagents possess a higher
electrophilicity and a stronger oxidizing power compared to
their iodine(lll) counterparts. Despite the superior reactivity,
bromine(lll) reagents have a reputation of hard-to-control and
difficult-to-synthesize compounds. This is partly due to their
low stability, and partly because their synthesis typically relies
on the use of the toxic and highly reactive BrF; as a precursor.
Recently, we proposed chelation-stabilized hypervalent
bromine(lll) compounds as a possible solution to both
problems. First, they can be conveniently prepared by

electro-oxidation of the corresponding bromoarenes. Second,
the chelation endows bromine(lll) species with increased
stability while retaining sufficient reactivity, comparable to
that of iodine(lll) counterparts. Finally, their intrinsic reactivity
can be unlocked in the presence of acids. Herein, an in-depth
mechanistic study of both the electrochemical generation
and the reactivity of the bromine(lll) compounds is disclosed,
with implications for known applications and future develop-
ments in the field.

/

Introduction

The chemistry of hypervalent halogen species has experienced
tremendous progress in recent decades, with hypervalent
iodine(lll) compounds playing an increasingly important role in
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modern organic synthesis."’ The related isoelectronic hyper-
valent bromine(lll) reagents exhibit stronger electrophilicity,
better nucleofugality of the bromanyl unit, and more driving
force for oxidations,*™ as evidenced by a series of unprece-
dented synthetic transformations involving oxidative coupling
of alkynes and primary alcohols to conjugated enones,”
Hofmann rearrangement of sulfonamides to the corresponding
N-arylsulfamoy! fluorides,® regioselective C—H functionalization
of non-activated alkanes,”® and a rare Bayer-Villiger-type
oxidation of open-chain aliphatic aldehydes.” Recently, the
application of diaryl-A*-bromanes in catalysis"” and in cyclo-
addition reactions"" was also reported. Although these notable
achievements underscore the remarkable synthetic potential of
this reagent class, hypervalent bromine(lll) chemistry appears to
be underdeveloped in comparison to that of the iodine(lll)
counterparts. This notable disparity has been ascribed to two
unfavorable factors. First, bromine(lll) reagents exhibit poor
stability and high oxidizing power, which has led to the general
perception of difficult-to-control reactivity and poor compati-
bility with functional groups.”® Second, conventional routes to
A3-bromane reagents rely eventually on the use of BrFs, a highly
toxic and extremely reactive liquid that demands for specific
equipment and experimental techniques for its safe handling.”

Recently, a chelation-stabilized A*-bromane reagent"? (Mar-
tin’s bromane 2, Scheme 1) was proposed as a possible solution
to both the stability and the accessibility issue. Inspired by the
successful insitu generation of reactive hypervalent iodine
species via anodic oxidation of iodoarene precursors,*'¥ we
presented a convenient electrochemical approach toward syn-
thesis of 2. The method is based on the anodic oxidation of
parent aryl bromides 1 containing two coordinating hexafluoro-
2-hydroxy-propanyl substituents under galvanostatic conditions
in an undivided cell (Eq. (1) in Scheme 1). The protocol was
used to prepare a series of para-substituted derivatives of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Electrochemical generation of aryl-A*-bromanes 2 (Eq. (1)) and
applications as reagent (Eq. (2)).

Martin’s bromane 2 that revealed remarkably high redox
potentials covering a range from 1.86V to 2.60V versus Ag/
AgNO;. The compounds are benchtop-stable and have proven
useful as reagents in various transformations. Thus, A>-bromane
2a (R=H) was shown to be sufficiently reactive to effect clean
oxidative amidation of aniline derivatives (Eq. (2a) in Scheme 1).
Furthermore, the intrinsic reactivity of hypervalent bromine(lll)
species can be unlocked by addition of Brgnsted or Lewis acids,
for example to achieve dehydrogenative homocoupling of
substituted anisoles (Eq. (2b) in Scheme 1). Herein, mechanistic
insights into both the electrochemical generation and the
reactivity of chelation-stabilized bromine(lll) compounds are
disclosed.

Results and Discussion
Anodic bromane generation
To better understand the mechanism of bromane formation, we

intended to combine detailed electroanalytical studies with
quantum chemical modeling. In our previous work,""® we have

Table 1. Summary of the half-peak potentials (E;, determined at v=
10 mVs™') and slopes of the j, vs. v** plots for the anodic oxidation of 1 in
HFIP.
compound R E slope j, vs. v*°
V] ImA 95 my—°s Cmfz]
Ta H 2.27 0.156
1b F 2.26 0.161
1c cl 2.22 0.194
1d tBu 2.13 0.168
Te OMe 1.86 0.088
1f CF, 2.54 0.150
19 NO, 2.60 0.140

already obtained some information about bromoarene oxida-
tion by performing preliminary electroanalytical experiments.
Thus, voltammetric analysis of 1 at 10 mVs™' between 0 and
2.7V versus Ag/0.01M AgNO; (E=-87mV vs. Fc/Fc*
couple)' using an electrolyte consisting of 0.1 M NBu,BF, in
HFIP showed that each of the bromoarenes exhibits a single
irreversible anodic feature. The corresponding half-peak poten-
tials (Epj,) are situated between 1.86 V (1e, R=OMe) and 2.60 V
(19, R=NO,), which means that the potential of 1 is flexibly
tunable within a range of 0.74 V (see Table 1). A linear relation-
ship between E,, and o, substituent coefficients showed that
the oxidizability is dependent on the electron donating or
withdrawing ability of the substituent R and that the redox
potential of the 1/2 couple thus exhibits a somewhat predict-
able behavior.

For the present study, one of the aims was to learn more
about the mechanism of the formation of 2. For this purpose,
the scan rate v was increased stepwise from 10 mVs™' to
1Vs'. The observed voltammetric responses of 1a are
characteristic for the bromoarene series with the signal shape
indicating that one or more chemical steps are coupled to the
electron transfer (“chemical irreversibility”, see representative
CVs in Figure 1A)."” Bromoarenes 1b-d, 1f and 1g exhibit
analogous behavior (see the Supporting Information), whereas
the voltammetry of 1e (R=OMe) is rather exceptional (Fig-
ure 1B). Initially, 1e displays irreversible behavior at low scan
rates (dashed curve), followed by a gradual change to almost
full reversibility with increasing v (dotted and solid lines, for
Jooxljpred Yatios see Table S2 in the Supporting Information),

(A) (B) (©)
— 200 mVs™ —200mV s’ 5r O 1a (anodic)
20f ... s0mv s 10l 2 @ 1e (anodic)
15l 10mVs? 'O 1e (cathodic)
" 5t o a3t
: £
§ .ol § osf 5,
< < < 0
£ £ £,
Z 05t < o0 < 1}
~ Y &
0.0} or
1a o5l 1e Af
05} R=H 08 ok
2.0 22 24 14 16 18 20 22 0 5 10 15 20 25 30 35
E (vs. Ag/AgNO,) / V E (vs. AgiAgNO,) / V PP mvee s°®

Figure 1. A and B: Background and iR drop-corrected CVs of 5 mM 1a and 5 mM 1 e at different scan rates (solvent: HFIP, working electrode: glassy carbon,
supporting electrolyte: 0.1 M Bu,;NBF,). C: Plot of the peak current densities (jp) vs. v*°.
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indicating that the intermediate formed upon electron transfer
is stable on the voltammetry time scale.

Another striking difference between 1e and the other
bromoarenes is that the anodic peak current density j, of the 4-
OMe-substituted compound is significantly smaller. Both j, and
the slope of the linear fit of j, versus v°* are approximately half
as high as the average values for the other compounds (see
Figure 1C and Table 1). One-electron oxidation of 1e and two-
electron oxidation of the other bromoarenes, provide a
reasonable rationale for this difference. In fact, it is well-
established that a j, value (and a j, vs. v** slope, respectively)
twice as high as for a comparable one-electron transfer is
characteristic of a two-electron process in which i), the second
oxidation is energetically more favorable than the first one and
ii), in which a fast chemical reaction is interposed between the
two electrochemical steps."®

A mechanism consistent with the observations described
above is shown in Figure 2. Accordingly, bromanes 2 are
generally formed via two electrochemical oxidation steps in an
ECEC pathway, which includes initial electron abstraction,
deprotonation, further oxidation, and a second deprotonation
(leading to 1°%, 1°, 2%, and 2, respectively). Competitive
homogeneous disproportionation of 1° (or between 1°* and 1°)
within the diffusion layer would also be in agreement with the
diagnostic criteria (ECEy,, pathway).” However, when the
deprotonation step 1°*—1° is slow due to a stabilization of 1°7,

bulk
electrolyte

diffusion
layer
@ H

14

alternative disproportionation:
17+ 1" —1 + 2°F

B) ECEjsp,
(preferred for 1e)

-\

A) ECEC or ECE s
(preferred for 1a-d, 1f, 1g)

'
detectable !

byCcVv | 1
2¥ ————=2
5 not detectable
-HY by CV

Figure 2. Proposed mechanism for anodic bromane formation.

the radical cation has sufficient time to diffuse into the bulk
solution, where 1° is slowly formed (Figure 2, pathway high-
lighted in blue). Subsequent disproportionation again leads to
the formation of 2 and 1 (2* and 1, respectively). Such a
delayed disproportionation would explain the distinct behavior
of 1e, as it is in agreement both with the one electron peak in
the CV and the observed formation of 2e in the preparative-
scale electrolysis. Here, the electron-donating ability of the 4-
methoxy substituent seems to be responsible for the
enhancement of the lifetime of 1e°".

Further probing into the mechanism of bromane formation
was carried out with a series of quantum chemical calculations
using a state-of-the-art combination of density functional
theory and coupled cluster methods (see computational details
in the Supporting Information). The obtained results presented
in Table 2 confirm the feasibility of the reaction sequence 1—
1°*—1°—=2%—2 in terms of reaction free energies for all
investigated derivatives. For all proton transfer reactions,
cathodically generated HFIP anions have been assumed as
proton acceptors, as has been established previously."¥ The
investigated deprotonations occur spontaneously without any
barrier in silico. Similarly, the outer sphere electron transfer is
expected to be associated with reaction barriers that are readily
overcome under the given reaction conditions, since the redox-
active sites are well accessible in all cases.

A closer look at the individual reaction steps yields
interesting insight into certain aspects of the observed
reactivity and provides further support for the proposed
reaction mechanism (Table 2). For example, in good agreement
with the experimental observations, the calculated ionization
energy of 1° is lower than that of 1, rendering the second
electron transfer more favorable than the first one. In contrast,
the ionization free energy of 1°* is predicted to be significantly
higher. On the basis of these results, the possibility for
formation of 2 via an EEC mechanism appears unlikely.

It is furthermore interesting to consider the calculated free
energy of the disproportionation reactions 1°* 4+1°—2+2% as
well as 2 1°—>1+2, which are favorable for all investigated
derivatives with predicted free energies of approx.
—30 kcalmol™. Only for 1e*t+1e* —2e+2e™ the reaction
free energy is significantly less negative (—14.5 kcalmol™). This
finding can be attributed to the relative stability of 1e** that
originates from the electron-donating character of the 4-meth-
oxy group. The spin density plots shown in Figure 3 reflect this
assessment. Moreover, our calculations indicate that 1e** is
less prone to deprotonation than all other 1*° derivatives
(—34.0 kcalmol™" vs. approx. —50 kcalmol™) and thereby cor-

Table 2. Calculated [DFT +DLPNO-CCSD(T)] reaction free energies (in kcal mol~') for all elementary steps of the electrochemical conversion of 1 to 2.
Derivative 110 1t 1ot 12t 1°=27 2752 1-2 21° =142 1% 41°—242°"
a 169.9 —49.2 180.3 139.2 —495 210.5 —31.1 —30.7

b 170.8 —49.8 1814 1414 —50.1 2124 —29.6 —294

C 170.4 —494 180.8 141.8 —51.3 2115 —30.5 —28.6

d 169.0 —48.0 178.9 139.7 —49.1 211.6 —30.3 —29.3

e 154.5 —34.0 169.6 140.0 —-50.0 210.5 —-30.5 —14.5

f 170.9 —50.5 180.5 143.0 —52.7 210.7 —30.1 —28.0

g 171.5 —51.3 182.2 1435 —523 2114 —29.1 —28.1
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Figure 3. Comparison between the spin density distributions of 1a** and
1e*”.

roborate the proposed mechanism for the formation of 2e.
Considering the significant driving force for both disproportio-
nation reactions, we assume that the predominant reaction
type will most likely be determined by the availability of the
involved species (1e** vs. 1e°) rather than by thermodynamic
factors.

Another experimental observation supports the proposed
ECEgi,, mechanism for 1e—2e. During preparative-scale elec-
trolysis of 1, the electrolyte solution usually remains colorless
or, sometimes, becomes slightly yellowish. Only the oxidation
of 1e leads to a deep red coloration of the electrolyte solution,
which disappears shortly after switching off the current. This
prompted us to perform a spectroelectrochemical (SEC) analysis
of the oxidation of 1e (see Figure 4). After applying a potential
of 2.0V, two bands arise simultaneously at 336 nm and 534 nm
(Figure 4, bottom) in addition to the band of 1e at 288 nm. An
apparent increase of the latter can be assigned to formation of
2e, which absorbs at similar wavelengths (284 nm, see pure
component spectrum in Figure 4, top). The new features are in
good agreement with the bands predicted by quantum

284 nm
288 nm 321 nm
1.0

1e
----- 1e** (calc.)

487 nm
—2e

——E off (£ = 0)
2.0F [ —— E=2V (¢ =14.7 min)
— £ off (£ = 15.3 min)

Ala.u.

300 350 400 450 500 550 600

Alnm

Figure 4. Top: Absorption spectra of pure 1e (green line) and 2e (blue line)
recorded in HFIP along with the predicted spectrum of 1e°** (dotted red
line). Bottom: Spectroelectrochemical analysis of the anodic oxidation of 1e
at E=2.0V vs. Ag/AgNO; (anode: Pt grid).
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chemical calculations (321 nm and 487 nm). Noteworthy, no
bands in the respective energy regimes are predicted for 1e*
and 2e* (see Table S8 in the Supporting Information). After
switching off the potential, the bands at 336 nm and 534 nm
rapidly disappear, while the signal for 2e continues to increase,
which is further evidence for the proposed disproportionation
mechanism.

Cathodic reduction of bromanes

As described in the previous section, the CVs of the bromoar-
enes recorded in HFIP show that with the exception of 1e, the
compounds are irreversibly oxidized, meaning that there is no
associated reduction peak in the reverse scan. Thus, the
anodically generated bromanes appear to be surprisingly robust
toward reduction at the cathode. Knowledge of the cathodic
behavior is still desirable, as it allows conclusions to be drawn
about the properties of 2 as a chemical oxidant (see below). In
this regard, an electroanalytical study demands for employing
solvents that were used in the synthetic applications, that is,
acetonitrile for C—H amidations and dichloromethane for arene-
arene homocouplings (Eq.(2a) and (2b) in Scheme 1).'* Cv
studies of the cathodic reduction were thus carried out in each
of these solvents using a glassy carbon working electrode and
NBu,BF, as the supporting electrolyte, whereby both the shape
of the profiles and the half-peak potentials are quite similar.

In the range between 0.1 and —0.9 V, each of the bromanes
exhibits a single irreversible feature, indicating that electron
transfer is followed by a rapid chemical step. The forward scans
are shown in Figure 5 exemplarily for acetonitrile (for full CVs,
see the Supporting Information). The corresponding E;,, values
are situated in the range between —035V (2g, R=NO,)
and—0.53 V (2e, R=OMe; see table in Figure 5). It follows that /)
electrochemical reduction of 2 is relatively difficult, ii) with
0.18 V, the range of reduction potentials covered by series 2 is
relatively narrow compared to the range of oxidation potentials
of 1 (0.74V). A good match was found between the
experimental half-peak potentials and E,, values predicted on
the basis of a two-parameter correlation with o and oy
substituent constants (Figure 5, bottom right; for details see
Tables S5 and S6 in the Supporting Information), the latter two
explicitly accounting for inductive (o:) and resonance effects
(0R)."" Accordingly, there is a correlation between E,, and
electron-donating/withdrawing ability of R, indicating the
inclusion of the aromatic ring in the reduction process (albeit,
apparently, to a much lesser extent than for the oxidation of 1).

Surprisingly, further analysis of the reduction peaks shows
that the process, both in CH;CN and CH.,Cl,, is associated with
merely a single electron exchange (see the Supporting
Information). To better understand the underlying mechanism,
2a was subjected to controlled potential electrolysis (CPE,
Scheme 2). In acetonitrile, bromoarene 1a could be isolated in
74% vyield after passing 1.0 F at —0.78 V versus Ag/0.01 M Ag-
NO; (11% recovered 2a). This result is in agreement with the
one electron peak observed in the CV experiments, and can be
explained by initial formation of radical anion 2a*", followed by

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Top: Background and iR drop corrected linear sweep voltammo-
grams (LSV) of bromanes 2a-g (c = 5 mM) recorded at 10 mVs™' in CH,CN.
Bottom left: Half-peak potentials E;,(obs.) measured in CH;CN and the values
predicted using g and o; substituent constants (Ey,(pred.), for details see
the Supporting Information). Bottom right: Correlation between E;,(0bs.)
and E;(pred.) for 2 in CH,Cl, and CH,CN.
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Scheme 2. Results of preparative-scale cathodic reduction of 2a in CH;CN.

hydrogen atom transfer (HAT) from a solvent molecule leading
to 1a @ The latter is protonated either by anodically
generated acids (the anodic half-cell reaction is electrolyte
degradation)®" or during workup.

lonic versus radical reactivity
The results of the cathodic scans and CPE suggest that although
formation of 2a* is in principle feasible, the one electron

reduction is unfavorable and proceeds at negative potentials.
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For applications in synthetic organic chemistry, A>-bromane 2a
can thus be considered a poor single electron oxidant. This
important finding prompted us to study mechanisms of the
recently published reactions involving 2a, such as oxidative
amination of N,N-dimethylanilines 3 (Eq. (1), Scheme 3)."* The
oxidative amination apparently proceeds through the addition
of phthalimide 5 to iminium ion 4a that is formed in situ from
parent aniline 3a and hypervalent bromine(lll) reagent 2a. A
calculated free energy of —19.3 kcalmol™" confirms the thermo-
dynamical feasibility of iminium 4a formation induced by 2a.
However, a literature survey returns controversial mechanisms
for iminium 4a formation from aniline 3a and hypervalent
iodine(lll) species, related to 2a. Thus, a single electron transfer
(SET) from aniline 3a to hydroxybenziodoxole® or PIDA® was
proposed to generate transient radical cation 3a** en route to
the iminium ion 4a (Eq. (2), Scheme 3). An alternative mecha-
nistic scenario towards iminium ion 4a involves [-deprotona-
tion of transient aniline-containing iodine(lll) species TS-2
(Eq. (3), Scheme 3).”" Given the apparent inconsistency in the
mechanism of the iodine(lll)-mediated oxidative amination
reaction, we decided to examine in more detail the reaction of
aniline 3a with A*-bromane 2a.

The comparison of the measured oxidation potential for
aniline 3a (E,;,=0.40V) with the reduction potential of A°-
bromane 2a (E,,=—0.50V) in MeCN shows a large potential
gap of 0.9V, suggesting that SET oxidation of aniline 3a by 2a
is thermodynamically unfavorable. This assessment is supported
by calculations showing that the formation of 2a*~ and 3a** is
endergonic (AG=20.1 kcalmol™"). Of note, electrochemically
generated radical cation 3a** was found to be highly unstable
and short-lived in MeCN with a half-life on the order of
microseconds.” Furthermore, radical cation 3a*" was reported
to undergo rapid dimerization to N,N,N,N-tetramethylbenzidene
(TMB; see Scheme 2, Eq.(2)) with an extremely high rate
constant (k=2.5x108M~"s7").2% The lack of evidence for the
formation of TMB upon mixing the equimolar amounts of 2a
and 3a in MeCN (in absence of 5) renders highly unlikely the
involvement of radical cation 3a°t in the oxidative
amination.””!

Additional experimental evidence against the intermediacy
of radical cation 3a°* in the oxidative amination was obtained
by a control experiment using aniline 3b as the radical clock
probe.”® Assuming that SET between 3b and A*-bromane 2a is
feasible, the generated radical cation 3b** should feature aryl
radical character (shown are only two resonance forms for
3b*t; see Eq. (4), Scheme 3). The O-allyl-substituted aryl radicals
such as 3b** are well-known to undergo the radical 5-exo
cyclization to 7°* with an extremely high rate constant (k=
6.3x10°s™" at 30°C).”” Subsequent deprotonation and hydro-
gen atom transfer from MeCN would furnish 2,3-dihydrobenzo-
furane 8. Notably, the formation of 8 was not observed in the
crude reaction mixture of the oxidative amination. Instead, the
desired oxidative amination product 6b was isolated in 63%
yield (Eq. (1), Scheme 3). Finally, important evidence against the
intermediacy of radical cation 3a°* was obtained by EPR
studies. Specifically, the formation of radicals could not be
observed upon mixing A*-bromane 2a (0.1 M solution in MeCN)
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Scheme 3. Mechanistic studies of oxidative aminations induced by 2a (calculated free energies in kcal mol™).

with aniline 3a (0.1 M solution in MeCN) at room temperature.
In striking contrast, the formation of a persistent radical
intermediate from 2a and 3a was clearly observed when HFIP
was used as the solvent at room temperature (for details see
Figure S5 in the Supporting Information). Furthermore, the
oxidative amination experiment in HFIP using aniline 3b as the
radical clock probe (Eq.(4), Scheme 3) returned a highly
complex mixture of unidentified products. This result implies a
change of the reaction mechanism upon replacing MeCN by
HFIP as the solvent. Consequently, the combined mechanistic
evidence suggests the SET oxidation of anilines to radical
cations 3°% by A>-bromane 2a is unlikely under the published
oxidative amination conditions in MeCN as the solvent."™ The
formation of iminium ion 4a in MeCN apparently follows an
ionic pathway, involving intramolecular 3-deprotonation within
a transient [12-Br-4] complex TS-1 between aniline 3a and
Lewis acidic A*-bromane 2a (Eq. (3), Scheme 3). In agreement
with the abundant experimental evidence, quantum chemical
calculations suggest that an ionic pathway to 6a via 4a is
thermodynamically well feasible as illustrated by Figure S8 in
the Supporting Information.

Acidic bromane activation

In contrast to the efficiency of A*-bromane 2a in the oxidative
amination of anilines, the activation of bromine(lll) reagent 2a

Chem. Eur. J. 2022, 28, €202200974 (6 of 9)

by the addition of Lewis or Brgnsted acids was found to be
necessary to accomplish the homocoupling of arenes such as 9
to biaryl 10 in CH,Cl, (Eq. (1), Scheme 4)."" Importantly, the
closely related hypervalent iodine(lll)-mediated oxidative biaryl
coupling was shown to proceed through SET oxidation of
electron-rich arenes to the corresponding cation radicals 11°*
(Eq. (2), Scheme 4),°% and Lewis acid additives such as BF;-OFEt,
were required to enhance the SET oxidizing ability of
PhI(OCOCF,),.2"*? Assuming a similar mechanism for iodine(lll)
and bromine(lll)-mediated biaryl coupling, the requirement for
a Lewis acid additive to enhance the SET oxidizing ability of A3
bromane 2a becomes evident given its more negative reduc-
tion potential (Ep,,=—0.57 V) compared to Phl(OCOCF,), (E,=
—0.20 V, see the Supporting Information).

TMS-OTf was chosen as Lewis acid additive for the
bromine(lll)-mediated biaryl coupling.”® A nearly quantitative
formation of biaryl 10 (98% yield) was observed after 3 h at
—30°C (Eq. (1), Scheme 4), when 2a was used together with
1 equiv. TMS-OT.2¥ It should be noted that the formation of 10
was not observed with added TMS-OTf in the absence of 2a.
Importantly, TfOH as the additive (1.05 equiv) also resulted in
the 2a-mediated formation of biaryl in DCM as the solvent
(93% yield of 10). This observation led us to hypothesize that
partial hydrolysis of TMSOTf by traces of water under the biaryl
coupling conditions may take place to form TfOH, which is the
actual activator of 2a.”" To verify this hypothesis, the TMSOTf-
mediated biaryl coupling was performed under standard
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Scheme 4. Activation of 2a for oxidative biaryl homo-coupling.

reaction conditions in the presence of sub-stoichiometric
amounts of DTBP (0.2 equiv) as a proton scavenger (Eq. (1),
Scheme 4). The formation of 10 was not observed with the
added DTBP. Furthermore, the biaryl coupling also did not
proceed in the presence of 2,6-di-tert-butylpyridinium triflate
(1.0 equiv; prepared in situ from equimolar amounts of TfOH
and DTBP), a relatively weak Brensted acid that is generated
upon proton quench by DTBP. However, biaryl 10 was slowly
formed in 79% yield using TMSOTf (1 equiv) with added DTBP
(0.2 equiv) and water (0.2 equiv) at room temperature. Possibly,
a small excess of TfOH (trace amounts of the acid present in
TMSOTf combined with TfOH that was formed upon hydrolysis
of TMSOTY) with respect to DTBP was sufficient to catalyze the
formation of biaryl 10. Taken together, these experiments
provide evidence favoring the activation of the biaryl coupling
by TfOH that is generated in situ from TMS-OTf.

Additional support for the acid-base interactions between
A3-bromane 2a and Breonsted acid was obtained by NMR
experiments. Thus, a downfield displacement of 'H NMR signals
(6=0.03 and 0.04 ppm) and '*F NMR signal (6 =0.19 ppm) for
A3-bromane 2a was observed upon addition of two equivalents

1:10 2a:TfOH

of TfOH (see table, Figure 6B). In sharp contrast, the addition of
TMSOTf (2 equiv) or BF;-OEt, (2 equiv) did not lead to noticeable
changes in the NMR spectra of 2a. Apparently, TMS-OTf is not a
sufficiently strong Lewis acid to form a stable complex with the
moderately Lewis basic oxygen atom of the bromaoxole
subunit in 2a. Overall, the experiments above provide evidence
that the activation of 1’-bromane 2a requires protonation by a
strong Brgnsted acid such as TfOH (Figure 6A).

Quantum chemical calculations were performed to provide
additional insights into the protonation of A>-bromane 2a with
TfOH. According to our results on the local coupled cluster level
of theory, the protonation of 2a to 2a-TfOH is associated with
a free reaction energy of AG=5.8 kcalmol™' and virtually no
reaction barrier (see Figure 6A; the optimized geometry of the
adduct is shown in Figure 6C). This implies that only a small
fraction of 2a is protonated by added stoichiometric TfOH
which agrees well with the relatively small displacements in
chemical shifts observed in "F and 'H NMR spectra for the 1:2
mixture of 2a:TfOH (Figure 6B). In contrast, the computed "F
and 'H chemical shift values for 2a-TfOH show more
pronounced displacements; the calculated average displace-

1:8 2a:TfOH

1:5 2a:TfOH

1:3 2aTfOH

U
)

1:2 2a:TfOH 02N

1:12aTfOH

A) T+ D)
O—Br—0 O—Br HO
CF c
FsS 2 s qron M€ 3
FsC CF3 FsC CFs3
; 3 AG =58
t_
2a 46" =0 2a-TfOH
B) ) y
1:2 2a:TfOH 2a:TfOH )
NMR DFT®
2a
9F  +0.19 +3.12
H®  +0.03 +0.45
H*  +0.04 +0.66

2a-TfOH

NC {
. . . . . . OMe
-78.85 -78.95 -79.05 -79.15 -79.25 -79.35 NC

S (ppm) CN 14

Figure 6. A) Adduct formation between TfOH and 2a with calculated Gibbs free energy in kcal mol™'. B) Comparison between the observed shifts of 'H and
'9F signals for 2a upon the addition of TfOH (2.0 equiv) in CD,Cl, (trifluorotoluene as the internal standard) and the computed shifts. The positive signs refer
to downfield displacements. “ Averaged chemical shifts. C) Computed optimized geometry of 2a-TfOH. D) Displacement of 'F chemical shifts for 2a in the
presence of various amounts of TfOH. E) Reference compounds for titration experiments.

Chem. Eur. J. 2022, 28, €202200974 (7 of 9)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200974

ment value for chemical shifts of the two protons at position 3
amounts to & = 0.45 ppm when going from 2a to 2a-TfOH,
while that for a proton at position 4 amounts to 0.66 ppm.
Furthermore, an average shift of 6 = 3.12 ppm is predicted for
the °F signals. When compared with the observed displace-
ments of the 'H and '""F NMR shifts for a 1:2 mixture of 2a:
TfOH, the computed values have the correct sign and roughly
the correct relative size. Therefore, taking into account the small
fraction of formed 2a-TfOH under these conditions and
considering the progression of the signal position for higher
acid concentrations shown in Figure 6D, the computed NMR
shifts agree well with our experimental observations and thus
support the proposed mechanistic picture of equilibrium
protonation of 2a by the added TfOH. These findings, together
with the absence of any displacement of the NMR shifts for a
1:2 mixture of 2a:;TMSOTf, provide further evidence for the
indirect role of TMSOT( in terms of activating 2.

The observed equilibrium protonation of A*-bromane 2a
called for additional experiments to estimate the approximate
acidity of the solution needed for protonating 2a, in terms of
the unified pH (pHC) scale.’ The term “pH!%” stands for
unified pH (pH,,,) “aligned” with the aqueous pH scale, that is,
the pH2® values in any solvent are directly comparable with
the conventional aqueous pH values. In other words, in a
solution with a given pH'2%, made in any solvent, the chemical
potential of the solvated proton is equal to the chemical
potential of solvated proton in water at the same value of
conventional pH.%”

The acidity necessary for protonation of 2a is expressed as
“buffer point pH® “, that is, pH2®, at which approximately half
of 2a is free and half has TfOH added (2a-TfOH, Figure 6A).
Experiments for determination of the buffer point were carried
out in 1,2-dichloroethane, where a self-consistent acidity scale
has been previously established and linked to the unified pH
(pH®) scale.® The experiments consisted in titration of a
mixture of 2a and a reference compound, for which the pK,
and buffer point pHJ® estimates are available in 1,2-
dichloroethane.®® Different reference compounds were tried.
The titration experiments gave a clearly interpretable outcome
only with 13 (monitored by '*F NMR) and 14 (monitored by UV-
Vis spectrometry; see Figure 6E and the Supporting Informa-
tion). The obtained buffer points are as follows: the buffer point
pH!2C from titration of 13 was —6.8 and from titration of 14 was
—8.5. Thus, the average value of the buffer point pH?,
together with an uncertainty estimate would be (—7.7+1.2).
This value has high uncertainty but allows qualitative interpre-
tation: it means that by its acidity, in terms of the chemical
potential of the solvated proton, such solution corresponds
approximately to a hypothetical aqueous solution with pH
—7.7. The uncertainty estimate embraces the full range of
variability that we have seen in our experiments. Additional
explanations, descriptions of experiments, and the obtained
NMR and UV-Vis spectra are presented in the Supporting
Information.
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Conclusion

A combination of experimental and quantum chemical methods
provided important insight into electrochemical properties and
reactivity of chelation-stabilized A*-bromanes. Cyclic voltamme-
try studies in HFIP show that the anodic oxidation of parent
bromoarenes that are equipped with coordinating hexafluoro-
2-hydroxy-propanyl units in positions 2 and 6 proceeds via
parallel ECEC and ECEy, sequences, whereby the initially
formed cation radical intermediate could be detected in the
case of the para-methoxy-substituted bromoarene by UV-Vis
spectroelectrochemistry. In contrast, cathodic conversion of the
chelation-stabilized A3-bromanes to parent bromoarenes in
acetonitrile occurs via single electron reduction, followed by
hydrogen atom abstraction from the solvent and protonation.
The corresponding half-peak potentials indicate that Martin’s-
type A*-bromanes are rather poor single electron oxidants. This
important finding was corroborated by mechanistic studies of
bromine(lll)-mediated oxidative amidation of N,N-dimeth-
ylanilines in MeCN that provided compelling evidence against
the involvement of a SET mechanism. The oxidative amidation
in MeCN apparently proceeds through an ionic mechanism,
involving an inner-sphere redox process within a transient [12-
Br-4] complex. On the other hand, chelation-stabilized 1*-
bromanes possess comparable SET oxidizing ability to that of
hypervalent iodine(lll) reagents such as PIFA. The latter requires
activation by Lewis acid to effect SET oxidation in, for example,
oxidative biaryl coupling, whereas the activation by a strong
Brgnsted acid such as TfOH turned out to be the most efficient
for Martin’s-type A3-bromanes. The observed displacements of
chemical shifts in 'H and 'FNMR spectra for A’-bromane
suggests its equilibrium protonation by the added TfOH with a
buffer point pH2® determined to be —7.7+1.2 by titration
experiments in 1,2-dichloroethane. The protonation presumably
leads to the cleavage of benzabromooxole ring and the
formation of more reactive bromonium(lll) triflate that features
enhanced [Ar—Br]™ cationic character as reflected by a LUMO
energy reduction of 1.01eV and a slight increase of the
Mulliken charge population by 0.07 units and, hence, increased
Lewis acidity and oxidizing ability.?? Overall, we believe that
the detailed mechanistic understanding of electrochemical
properties and reactivity of the chelation-stabilized A*-bromanes
will help to widen the use of hypervalent bromine(lll) species in
contemporary organic synthesis and accelerate the develop-
ment of unprecedented synthetic transformations. Our ongoing
work on the electrochemical synthesis of various bromine(lll)
species and their application in organic synthesis will be
reported in due course.
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