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Abstract

This Ph.D. work focused on the development of new synthetic approaches in direct
electrochemical bromination and bromine-mediated synthesis. The superiority of
electrochemical bromination over the traditional methods was demonstrated using a
safe and inexpensive alternative, sodium bromide, as an in-situ-generated bromine
surrogate and supporting electrolyte in a dual role. A more sustainable and greener
electrochemical dibromination method was successfully developed, focusing on
naturally derived alkenes as precursors. The applicability of a terpene-based
organobromine was demonstrated via a subsequent functionalization to an
o,pB-unsaturated nitrile for the first time. These results encouraged further studies for
the bromocyclization of alkenoic acids and the selective a-bromination of electron-
deficient enones. Finally, a possible bromine-mediated electrochemical Hofmann
rearrangement of urea derivatives to hydrazines was investigated, furnishing the

unexpected azobenzene products.
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“Legnagyobb cél pedig, itt, e foldi létben,
Ember lenni mindég, minden kérilményben.”

Arany Janos
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1. Introduction and Overview

Halogenation reactions represent a fundamental part of today’s chemical industry, and
the forming organohalides have been a center of attention as commercially important
compounds. Among all the halogens, organochlorides and -bromides emerged as
industrially significant entities. The highly versatile organobromides are widely used
as synthetic intermediates in natural compoundst and pharmaceuticals.!?l Especially,
1,2-dibromides are crucial intermediates in the synthesis of fine chemicals and trivial
patterns in fire retardants./*l While the latter has been gradually outspelled due to their
toxicity and biopersistance, bromination reactions remain the center of attention.
Most bromination reactions are conducted with toxic and corrosive elemental bromine.
Besides creating hazardous reagent waste, these reactions are considered low atom
economic as the maximum of bromine incorporation barely exceeds 50%.

Due to its pitfalls, the scientific community is urged to research economically and
environmentally greener alternatives to elemental bromine as a brominating agent and

to provide synthetic routes to more sustainable methodologies.

1.1 Bromine and its applications

Bromine is a dark brown-red, noxious, and high-density liquid at room temperature
with a high vapor pressure of 0.30 atm (228 mmHg) at 25 °C. It is the third lightest
element of halogens (group 17) in the periodic table, and its name originates from the
Greek Bpwpog¢ (bromos) word meaning “stench” referring to its pungent and
unpleasant smell. Bromine was first discovered by Carl J. Lowigi®4 and Antoine J.
Balard® independently in 1825 and 1826. The highly reactive halogen is mainly found
as its alkali salts and minerals in brines, Earth’s crust, and seawater. One of the richest
sources is the Dead Sea, with an overall bromide concentration of 5.2 g/L, placing the
Jordan Valley and the Middle East as one of the economically most significant bromine
providers.ll Currently, the global bromine market volume is estimated to be 962

thousand metric tons, and it is predicted to rise consistently.l’]
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1.1.1.Industrial production of bromine

The industrial production and utilization of bromine can be divided into the production
of elemental bromine and bromine compounds.® Elemental bromine is manufactured

via brine or seawater oxidation with chlorine gas (Equation 1).
Clz) + 2 Br(ag) = Brzg) + 2 Cl(aq) (1)

Bromine can also be recovered from the quench water of waste incinerators and
industrial by-products. In terms of the industrially established techniques, air blow-out
(Figure 1A) and steaming out (Figure 1B) techniques are the most significant.®10 A

simplified schematic representation of the processes is presented in Figure 1.

A. Cold Process B. Hot Process
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Figure 1. Schematic representation of industrial bromine production: cold or air blow-out

process (A) and hot or steaming-out process (B).'Y

Acidified brine is led into the stripping reactor and treated with dry chlorine gas and
low-pressure air to liberate elemental bromine. Then it is carried into the absorption
tower, where the bromine content is enriched by reducing bromine to bromide and
bromate accordingly. The resulting solution mixture is then acidified back to bromine
in the liberation tower, which is subsequently condensed and separated from the
aqueous solution. The remaining chlorine is distilled off and supplied back to the
stripping tower. Finally, bromine is purified by treating it with concentrated sulfuric acid.
In the steaming out or hot process, the bromine carrier is the hot steam, directly
leading to the condenser and phase separator without the bromine enriching step
(Figure 1B).
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Other recovery techniques, such as ion-exchange resins, %2 gasl*3! or liquid emulsion
membranes,i’# selective electrochemical oxidation,*>-21 and high-gravity air
stripping!®18l also exist. However, due to their limitations, they have not progressed
into industrially established techniques yet.

1.1.2. Synthetic utility and reactivity of bromine compounds

Elemental bromine is the starting point of a wide range of bromine compounds that
are extensively utilized from flame retardants,*%2% agricultural products,?°-22l through

biocides,!*?% as well as chemical commodities (Figure 2).[%:2]

Industrial segmentation of bromine products
20%

4% Iy 44%

11%

21%

= Flame retardants = Drilling fluids = Biocides = Pesticide/Bromomethane = Other

Figure 2. Global bromine market represented according to industrial applications.?®

Compared to the more available and low-cost alkyl chloride derivatives, alkyl bromides
show enhanced selectivity and reactivity as intermediates, contributing to increased
sustainable utilization with reduced waste and environmental impact.’% These
preferential properties are allocated to the different bond enthalpies between the
haloalkyl compounds, with the carbon-bromine (C-Br) bond being significantly
weaker, and therefore, more reactive than the carbon-chlorine (C—CI) bond (Figure
3).124]
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C-Br c-Cl ' Bond D° ,9g/kJ mol™! !
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7777777777777 e P Clepdl 238.9 £ 2.1

Figure 3. Representative molecular energy diagram of the carbon-bromine (left) and carbon-
chlorine (middle) bonds. BDE = bond dissociated energy (D°). The corresponding carbon-

halogen bond dissociation energies are included on the right (298 K).!24

As a result of that, C(sp®)-Br bromides readily undergo displacement reactions by
other nucleophiles or metals to form the corresponding C-C, C-N, C-O, C-S, C-X
(iodine or fluorine) and C—M (magnesium or lithium) bonds or elimination reactions (E1
or E2) to form alkenes and alkynes respectively. Scheme 1 represents the diversity of

the obtainable products from a simple alkyl bromide.

C-N formation C-0O formation
/ OR/O5R

|
~ ' <
N N ' ~o ~o
~ ~

AN ] /
NH, NO,~ ~OH/OR/-O,R SHISR
\\)\ 2\ | / 2 1)\
™\ NH; sR” |

™~ ~

C-S formation

CN - !
\) “CN I \)
NS N, —————— N N
Base AgF
T M
elimination . / g \ C-X formation
: MgBr h

Cc-M
organolithium and Grignard reagent

Scheme 1. Versatility of the C—Br bond functionalization. Respective carbon atom is labelled

in blue. X = iodine, fluorine. M = metal.l?%

Substitution of C(sp?)-Br is also feasible in the presence of a metal catalyst or a

reactive metal (Cu, Fe, Li).2>2"1In addition to that, the efficient C—C bond formation
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ability of aryl bromide species has been established via transition-metal catalyzed
coupling reactions.[8]

In the light of their broad applicability and chemistry, the synthetic production of
organobromine compounds has been the center of attention in recent decades. The
two most established synthetic routes for forming alkyl bromide compounds are

conducted via substitution or addition reactions.

1.2 Bromination of olefins via addition reactions

The saturation of alkenes proceeds readily with elemental bromine. Depending on the
reaction conditions, dibromination, bromofunctionalization, and hydrobromination

products can be obtained (Figure 4).

. o Hr
dibromination bromofunctionalization
: x| s
Br H Br
e hydrobromination

Figure 4. Dibromination, bromofunctionalization and hydrobromination of alkenes. The blue

circle represents the co-nucleophile in the form of solvents or nucleophilic functional groups.

The addition of bromine to the alkene is a conjugated process. A nucleophilic attack
on the polarized bromine molecule leads to the bromonium intermediate, which is
subsequently opened by the bromide ion forming an anti-product.?® Figure 5 shows
the overall reaction coordinate for the formation of dibrominated product.

In terms of selectivity, the nucleophilic attack of the alkene can happen on both sides
leading to the top- or the bottom-face bromonium ion intermediate.% The nucleophilic
attack will take place on the opposite side, in case of an asymmetric alkene at the
most hindered carbon that best stabilize the intermediate, leading to a racemic product

mixture.30
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energy

— Reaction coordinate —>

Figure 5. Reaction coordinate of the dibromination of alkene.B%

In the presence of a nucleophilic solvent such as water, alcohols, or dimethyl sulfoxide,
the solvent can compete in a nucleophilic attack leading to the bromofunctionalized
product (Figure 5).13% The same reactivity pattern is observed, where the molecular
structural features allow inductive intramolecular cyclization forming more complex
entities.[? A great example is the well-established early 20" century halolactonization
method using alkenoic acids and elemental iodine or bromine.®¥l Interestingly,
bromine is less frequently used, as the olefin saturation reaction competes with the
cyclization, reducing chemoselectivity.3¥ Nevertheless, the corresponding
bromolactone products are commonly used in total synthesis of pharmaceuticals!®s
and the lactone moieties are regular motifs in natural products. 8]

Selective bromination of electron-deficient olefins has also attracted significant
attention.l37-4% For example, the selective bromination of o,B-unsaturated carbonyls
allow the formation of synthetically useful a-bromoenones that are commonly utilized
in the total synthesis of natural compounds/*#2 or cross-coupling reactions (Figure
6).[4344 Moreover, they are existing moieties in APIs that are currently under
experimental testing.*%! Nevertheless, formation of those regularly require harsh

conditions or toxic phenylselenium halides.70l
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0 2 Pd/Ni assisted 0
. S R cross-coupling . Br
¢ reactions ‘ |
1 -t ] —_—
S b - -
~o- S COZR
1
synthetically relevant intermediate for echinopine
biologically active products and APIs naturally occuring sesquiterpenoid

Figure 6. Synthetic importance of a-bromoenones.44 Blue colour indicates the (former)
C-Br bond.

Hydrobromination reactions of alkenes can proceed via an electrophilic addition or a
free-radical addition of HBr to the olefin.[3%-46.471 The electrophilic addition of HBr follows
the Markovnikov’s rule with bromine attached to the most substituted carbon.% In the
case of free-radical addition, the initiation step forms the bromine radical, which
attacks the alkene and forms the most stabilized radical intermediate leading to the

least-substituted organobromine product (Figure 7).[46:47]

A. Electrophilic addition of HBr to alkene

____________________

oA
1 '/\BF 1 '

c—— P

B. Free radical addtion of HBr to alkene B.
Initiation: ROOR > 2 RO. , \ [
Br/

LN .
ROV H-Br ——= ROH+Br

Propagqation / termination:

-
(L w3 H

Br Br

Reaction follows the anti-Markovnikov's rule.

Figure 7. Representative reaction mechanism for the electrophilic (A) and free-radical addition
(B) of HBr to alkene. Interacting orbitals are labeled in red. General carbon back-bone

structure was labeled with grey and purple for clarity.[647]

The electrophilic addition to alkenes shows excellent selectivity. The outcome of the
reaction is predictable, furnishing highly functional organobromine products.[220:22
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While the synthesis of these is relatively straightforward, in terms of its sustainable

aspects there is still a lot to improve.

1.3 Bromine-mediated rearrangement reactions

In some cases, bromine is used as a mediator for profitable synthetic methodologies,
which has a catalytic effect to induce and accompany the reaction. The bromine-
mediated Hofmann rearrangement allows the formation of primary amine from a
primary amide in the presence of bromine and aqueous sodium hydroxide.[*84°] The
reaction is well-known and is a profound synthetic step in the total synthesis of several
bioactive agents!®>-54 such as (-)-cepharamine (2)®4 and (-)-oxycodone (3, Figure
8).150]

| 0] O
: ®

o

A\
8 N—
N O
O
2 3
(-)-cepharamine (-)-oxycodone
hasubanan alkaloid u-opioid receptor agonist

Figure 8. Naturally derived (—)-cepharamine (2) and synthetic alkaloid (-)-oxycodone (3).

Participating nitrogens are labelled in green.[%54

The reaction proceeds via the oxidation of the primary amide 4 nitrogen to the N-bromo
amide | when treated with bromine and sodium hydroxide (Scheme 2). Upon
subsequent deprotonation, the migration of the carbon atom results in the formation
of the isocyanate intermediate Il, which is scavenged by water to form the
corresponding unstable carbamic acid Ill. Thermal degradation of Il via the liberation
of carbon dioxide affords the desired amine product 5.
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Scheme 2. Reaction mechanism of the Hofmann rearrangement of primary amides to amines

(pathway A) and carbamates (pathway B) respectively.

The isocyanate intermediate 1l can also be trapped by other solvent molecules, such
as alcohols, diverting the product formation to the corresponding carbamates 6
(pathway B, Scheme 2). Other reagents, such as N-bromosuccinimide,[®55€l
hypohalites,®"] lead tetraacetate,®®5% and hypervalent iodine species!®0:6%-65 can also

induce the reaction, with bromine being the most common.

1.4 Challenges and motivation

The major challenges of bromination reactions are associated with the nature of
bromination agents (Figure 9). The frequent bromination methods include using
elemental bromine or hydrogen bromide, which is toxic, hazardous, and corrosive.
Elemental bromine has a high density and volatility, which causes its handling and
guantification challenging. Due to its poisonous nature, its large-scale transportation
and storage also cause concerns.%6:671 Moreover, synthetic methodologies use super
stoichiometric amount in the presence of chlorinated solvents creating hazardous

reagents waste.
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Figure 9. Advantages and disadvantages of different brominating agents.

Bench-stable bromine carriers overcome these disadvantages. These bromine
surrogates liberate bromine in-situ, providing a safer alternative for synthetic
bromination.[®8 Their chemical stability allows them to keep the bromine concentration
low in the solution upon liberation, which makes their handling less complicated.
Moreover, due to their physical and chemical properties, they have a long shelf-life
that overcomes the transportation issues associated with elemental bromine.
Nevertheless, these reagents are hardly atom economic. Their production involves
using elemental bromine under relatively harsh conditions, and after utilization are
often discarded. The recycling of the carrier molecule and reformation of the bromine
surrogate is tiresome and includes the discharge of elemental bromine again.[68l

In the presence of an external oxidizer, metal- and organic bromide salts are an
attractive choice for substituting elemental bromine or low-atom efficiency bromine
carriers.®9 Alkylammonium bromides are favored due to their better solubilities in a
wide range of organic solvents and are frequently adopted as phase transfer
catalysts.l"0.71l Unfortunately, they are economically disfavored due to their high prices
and strenuous recycling methods, accommodating metal bromides as the more
sustainable choice.

In terms of endogenous oxidizers, oxygen or peroxide are preferred substances over
harsh reagents such as Oxone® or hypervalent iodine. The generated by-products are
H* and water, respectively, circumventing the implementation of surplus oxidizers and

their corresponding toxic by-products.[6%.72-74]
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The scope of brominating agents and bromine surrogates is extensive; however, a
green methodology is unavailable without compromising the reaction conditions or the
success of the reaction outcome. Considering the current economic, environmental,
and political pressure, the chemical industry is challenged to deliver a greener and

more sustainable alternative to conventional methods.[”®!

1.5 Synthetic electro-organic chemistry

The genesis of electrochemistry is set to 1800, and pioneering work for the foundation
of synthetic electro-organic chemistry was laid decades later by M. Faraday and
H. Kolbe (Figure 10).I'6-781 The decarboxylative dimerization of carboxylic acids
opened a new synthetic approach that catalyzed the growing interest in the field.[76:77]
In the 1970s, the idea of indirect electrolysis provided the ground for electrochemical
mediators such as N-oxyl radicals!’®®1 and halogenide ions.[f1-83 The anodic
methoxylation of amides by Shono furnished a feasible C-C bond formation
methodology involving an electrochemical step.8+8] Yoshida introduced the
electroauxiliary-concept!®871 and the in-situ electrogenerated cationic reactive
intermediates or “the pool method”[®889 that significantly improved the selectivity of
synthetic electrochemical reactions. These milestones served as the bedrock for

today’s modern electrochemical developments.[?0-9]

Modern electro-organic developments

1
!
1
1
1966: Adams 1983: Semmelhack I 2012: Waldvogel
Triarylamine mediators N-oxyl mediator : Biaryl coupling
1
! X .
1975: Shono ! 2013: YO.ShI(.ja
' C-H amination
1830s: Faraday's law R | .
1840s: Kolbe electrolysis 07N 1986: Yoshida ! 2014: Baran
T Me \EWG Electroauxiliary ' Electrochemistry in tlota/
: ' complex synthesis
| ] t
| ] ] :
1800 ! 1 1 2030
( o o { ._..
] 1
' | !
! | 2018: Ackermann
! 1980: Torii ! Electrocatalytic C-H activation
] . o
. Halofunfch;)r;ghzatron 1999: Yoshida '
1970s: orolefins Pool method 2018: Lin
Lund, Marianovsky, Steckhan Electrocatalytic difunctionalization
Indirect electrosynthesis of alkenes
=N+
\
R

Figure 10. Selected representatives in the development of synthetic electro-organic

chemistry.[96-98
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Electro-organic synthesis as an “electricity-driven” highly functional methodology is a
leading research topic contributing to modern synthetic chemistry.?7:99-1021 Using
“traceless” electrons as sole redox reagents help to reduce the excessive use of
harmful redox chemicals and reagent waste, contributing to higher atom efficiency. %3l
Moreover, a simplified approach can be achieved by electro-generating highly reactive
species and safe surrogates in situ, avoiding hazardous reagents.# Combining these
green concepts with innovative methodologies contributes to the cleaner industrial
productions and helps to raise awareness of the ecological footprint of today’s modern
society.[72104-108] These advantages, in combination with the valorization of renewable
feedstock and “green electricity”, makes electrochemical functionalization particularly

attractive (Figure 11).[108-112]

Renewable Green
resources - . chemistry

.valorization qf ecological footprint

biomass materials reduce of chemical waste
and cleaner production

waste products

Renewable Synthetic < Innovation
energy electro-organic

) T hemi 9 sustainable methodologies

tidal -, hydro-, — chemistry enzymatic catalysis

geother.mal - \—/\\ flow technologies
solar and wind energy outstanding selectivity

Social sustainability

educational outreach
safety
practicability

Figure 11. Sustainability aspects of modern synthetic electro-organic chemistry. License

free icons can be found under https://pixabay.com/.

1.5.1. Basic parameters of electrochemical transformations

Synthetic electro-organic chemistry describes the chemical transformations of organic
molecules forced by electricity. The amount of energy required to achieve the chemical
transformation of interest is related to the cell potential and is described in the
equations below. The free Gibbs energy (AG) is the maximum amount of work (Wmax)
that can be performed with the electrochemical cell (Equations 2, 3), and it is
expressed as the result of the cell potential (E°cen) and the total charge (nF) transferred
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during the reaction in an ideal, reversible system (Equation 3). The n represents the
total number of electrons transferred in the reaction, F is the Faraday constant
(96,485 C/mol), and K represents the equilibrium constant. The standard cell potential

(E°cen) is the difference between the electrode potentials (Equation 4, Figure 12).

Wmax = AG (2)
AG = nFEce )
K
AG = —RTInK °cell = — %
Z Ecen nFan E°cell = E°cathode — E anode (4)
AG AG = —nFEca E® cen

Figure 12. Relationship between activation energy, cell potential and kinetic equilibrium. 3
Adapted from reference [113], creative commons license: CC BY-NC-SA 4.0.

In a non-ideal system, electrode potential depends on the kinetics of the two electrode
reactions, affected by many parameters and various overpotentials () that results in
a voltage divergence.l'+-1171 This potential difference between the actual and the
equilibrium cell potential when an external current is applied, is expressed as the
anodic — and cathodic overpotential difference.

The cell potential is also associated with the ohmic resistance, calculated as the sum
of conductivity loss correlated to the electrolyte, presence of membrane, and cell
design under externally applied current (I, Equation 5).[199.118] Hence, the operating
cell potential (Uceny is the sum of the electrode potentials (Ecer), the electrode
overpotentials (ncen), and the cell resistance (Rceir) when the external current (1) applied

and described as follows (Equation 5):
Ucel = Ecathode — Eanode + Hcell + IRcell (5)

Cell or half-reaction potential is measured against a reference electrode with a stable
and known electrode potential. Standard hydrogen electrodes (SHE), calomel, or
silver/silver chloride electrodes are frequently used reference electrodes.[!19120] The
schematic representation of the overpotentials using a simplified redox reaction is
described in Figure 13.

Introduction and Overview | 13



A. Redox reaction:

Sred Sox+ € Es, = standard oxidation potential
Es, = actual oxidation potential
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Figure 13. Schematic representation of understanding the overpotential of an electrochemical
cell (A). The influencing parameters are summarized in part B."®121 S = substrate.

These single electron transformations (SET) occur at the electrode surface and are
classified as anodic oxidative and cathodic reductive transformations. In terms of an
electrochemical process, the kinetic barrier (7) must be overcome for an electron-
transfer.

Applying positive or negative potential manipulates the energy of the Fermi level of
the electrode, supplying enough activation energy to facilitate the charge transfer
between the electrode and a substrate in the solvent (Figure 14). Therefore, the choice

of electrode and electrolyte combination are determining factors in the success of the
reaction.[100]
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Figure 14. Possibilities of electron transfer in case of an applied potential. LUMO = lowest
unoccupied molecular orbital. HOMO = highest occupied molecular orbital. Adapted from
reference [78].

Regarding the nature of electrodes, inert, active, sacrificial, and high-surface
electrodes are distinguished (Figure 15).117! Inert electrodes serve only as a source
or sink for electrons without chemically participating in the transformation. The
common inert materials are noble metals (Pt), carbon-based electrodes (graphite,
glassy carbon), or superior capacity electrodes (boron-doped diamond).[1%° These
electrodes are robust and electro-chemically stable, providing a convenient and
economically advantageous operation.

Carbon-based electrodes are especially frequently employed due to their accessibility
and low cost. The most common carbon-based electrodes are graphite, glassy carbon,
and reticulated vitreous carbon (RVC) electrodes. Above their economic sustainability,
they explicit versatile utilization and can be applied in exclusive transformations.[103.117]
Graphite is considered a standard anode and cathode material, however, it has low
mechanical stability.l1?2-1241 Glassy carbon electrodes are prepared with thermosetting
resins under controlled pyrolysis.['?5] These types of carbon electrodes exhibit
excellent conductivity, high temperature, and chemical stability, which is attributed to
their tightly curled sp?-carbon layers that are cross-linked via covalent C-C bonds
resulting in fullerene-like microstructures.125-127]

Active electrodes form an immobilized redox-active coating that expresses unique
reactivity, 1281291 while sacrificial electrodes are consumed during electrolysis.[*3% The
ideal electrolyte minimizes the solution resistance and provides a steady flow of
electrons across the bulk. Therefore, the solvent and the supporting electrolyte must
be electro-chemically inert under the condition of interest (Figure 15).[100
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Figure 15. Schematic representation of electrode types, and their overpotentials to hydrogen
evolution reaction (HER, j = 1 mA/cm?, 25 °C, 1 M HCI (or H2S0O.) in solvent specified in
literature).'*”! Solvents are listed according to their increasing permittivity (&) value.*3%132
Protic solvents were indicated with blue colour. Supporting electrolytes were listed according

to their charge.[8:131

The electron transfer reactions can be described as direct electrolysis or indirect
electrolysis (Figure 16). Direct electrolysis is a heterogenous action at the electrode
surface that facilitates the conversion of a substrate into intermediate products. Direct
electrolysis requires the transfer of the substrate of interest from the bulk solution to
the interface region, its adsorption onto the electrode surface, upon which electrode
transfer happens, and the desorption of intermediate product from the electrode and
its migration back to the bulk solution where the subsequent reaction takes place
(Figure 13). This implies that direct electrolysis in some cases can be associated with
large overpotentials or is in danger of compromising the electrolysis via permanent
adsorption on the electrode surface.['%? Regarding to indirect electrolysis, a redox
mediator or an electrocatalyst with a lower redox potential as the substrate of interest
undergoes electron transfer at the electrode forming a highly reactive species that

provokes the reaction of interest.[??133-135 The mediated approach is generally
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favored, as the mediator can be regenerated as part of the electrochemical cycle,

promoting selectivity and reducing the overall cell potential.

A. Direct electron transfer B. Indirect electron transfer

substrate Medgeq. X substrate
intermediate ——>, product Medoy. intermediate ——>

A A

E m= E b N

Figure 16. Schematic representations and simplified energy diagrams for direct (A) and
indirect (B) electrontransfer. Adapted from reference [135].

Electro-organic transformations are carried out in a potentiostatic or galvanostatic
operation (Figure 17). In a potentiostatic mode or a 3-electrode step-up, the working
electrode’s potential is steadily controlled against the reference electrode providing a
stable and selective electrochemical window for synthetic transformations. In a
galvanostatic, 2-electrode set-up, the current flow is maintained between the working
and the auxiliary electrode facilitating a simple operation. The electrochemical reaction
can be controlled by varying the current density (j) and the number of charges applied
(Q). The current density (j) is derived as the applied current (1) per immersed electrode
surface (A, Equation 6). The amount of applied charge required (Q) for the
electrochemical process is determined by multiplying the number of electrons per
substrate (z) with the number of moles (N) and the Faraday constant (F, 96485 C/mol)
(Equation 7).

j=1/A (6)
Q=z*N*F 7)

Attributed to its simplicity, galvanostatic operations are more feasible for scale-up

processes and preferred for industrial transfer.
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A. Constant current electrolysis (CCE): ! B. Constant potential electrolysis (CPE):
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Figure 17. Schematic representation of constant current electrolysis (A) and constant
potential electrolysis (B). The electrolysis time profiles represent the cell potential (E) —
substrate concentration (c) relationship and current (I) — substrate concentration (c)
relationship when constant current electrolysis (A) and constant potential electrolysis (B) are
applied. WE: working electrode, CE: counter electrode, RE: reference electrode. Adapted from
reference [78].

Depending on the nature of the chemical transformation, the reaction can be
conducted in undivided, divided, or quasi-divided cells. Complete sets are
commercially available as the IKA Screening System!36.137 or the ElectraSyn 2.0
Package!!38 promoting harmonization of the reaction conditions.*3% The undivided cell
provides a simple set-up and operation for an anodic or cathodic conversion, if the
reaction remains intact from the counter-reaction, for example, hydrogen gas evolution
at the cathode. In other cases, the counter-reaction is a complementary step in the
reaction mechanism, conducted in a consecutive or convergent manner.l140-1431 |n g
divided cell, the anodic and the cathodic compartment are separated via a membrane,
protecting redox-vulnerable species from the complementary reaction. It is important
to mention that the larger interelectrode distance and the presence of the cell
membrane increase cell resistance.l'd A quasi-divided cell submerges the
advantages of both undivided and divided electrochemical cells. The counter electrode
(wire) usually has a minimal surface-to-current density ratio that hinders the mass
transfer of the starting material or product and promotes the electrolysis of the solvent
rather than the substrate of interest, creating a semi-divided environment.[102]

With careful consideration of the reaction parameters, a plausible synthetic route for
a selective electrochemical process can be engineered. Regarding the oxidative
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galvanostatic electrochemical processes, Figure 18 provides sufficient information

about the basic reaction parameters for electro-organic transformations.

A. Approximate oxidation potential window:
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Figure 18. Schematic representation of approximate oxidation potential window for different
substrates (black), common mediators (blue) and solvents (green, above). Schematic
representation of a galvanostatic, two-electrode set-up with possible optimizable parameters
listed on the right (below).[244-146]

In a nutshell, synthetic electro-organic chemistry demonstrates a highly sustainable
approach that is readily established in research laboratories. The understanding of the
principal reaction parameters and consideration of modern optimization strategies are
crucial for transferring synthetic electro-organic chemistry into industrial

processes.[103,147,143]
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1.5.2. Organic electrochemistry in industry

Electrochemical processes demonstrate broad applicability and utilization in an
interdisciplinary field. Therefore, their scalability in batch and transfer into flow reactors
has been extensively researched.[!4%-151 As well as the new innovative technologies,
the shifting of fossil-based resources to renewables and the already established
industrial processes qualify electrochemical synthesis to be considered as a
commonly accepted synthetic technique.[109-111]

Many electrochemical industrial processes are established on a commercial or pilot-
plant scale. One of the most important ones is the chloralkali process generating
chlorine gas and sodium hydroxide from sodium chloride brine.[52-154 The aluminium
industry relies on the Hall-Héroult process or the electrochemical reduction of
aluminium oxide in a molten cryolite bath using sacrificial carbon anodes.5°!

The most successful commercialized organic electrochemical process is Baizer's
adiponitrile synthesis, which started in the 1960s.[118.156] The electrohydrodimerization
of acrylonitrile occurs at the cadmium cathode in the presence of quaternary
ammonium salts, enhancing the reaction selectivity.[*>"] The product is mainly used to
produce polyamides and polyurethanes.[118.156]

Another significant example was demonstrated by the company BASF, in a paired
electrolysis fashion.[*14158 The simultaneous electrochemical generation of
t-butylbenzaldehyde dimethyl acetate and phthalide takes place respectively in the
unique capillary-gap cell. Methanol has a dual role as a reagent and a solvent, and
the corresponding products are obtained in a combined 180% yield.[114.158.159]

Ontario Hydro and Hydro Quebec, Canada independently developed the cathodic
hydrodimerization of formaldehyde on graphite electrodes.[156:160.1611 The mechanism
of action is comparable to the electrochemical adiponitrile formation.[157.160-162] v/jg this
pilot plant process, ethylene glycol is produced in an aqueous solution at graphite
electrodes with 98% current efficiency.[*%6.160 Table 1 shows a collection of industrial

electrochemical processes on a commercial and pilot plant scale.[118156]
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Table 1. Selected examples of commercial and pilot plant scale industrial electrochemical

processes [118,156,158,163]

Starting material Product Scale [t/a] Company

Ascend Performance
Acrylonitrile Adiponitrile 300,000 t/a Materials, BASF, Asahi
Chemical

Formaldehyde Ethylene glycol 3,000,000 Ontairo Hydro, Hydro

t/a Quebec
L-Cystine L-Cysteine 1500 t/a Wacker Chemie AG
. Phthalide,
Dimethyl phthalate - b v \henzaldehyde 20,000 tia BASF

+ t-Butyltoluene acetal

t/a: tonnes per annum.

The major disadvantage of industrial chemical and electrochemical processes is fossil-
fuel dependence. Currently, the industrial sector contributes to 21% of the global
greenhouse gas emissions.[*%4 In recent years, the development of renewable energy
sources as feasible alternatives and the global action against climate change led to
the desire to decarbonize the industry.['85 This ambition also encloses the shift
towards non-fossil sources, such as carbon dioxide, nitrogen, and biomass sources,
and their conversion into value-added chemicals. Respectively, the valorization of
waste stream materials such as lignin, the electrochemical reduction of carbon
dioxide, and nitrogen fixation are all considered emerging electrochemical

processesl[165,l66]
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1.6 Electrochemical oxidation of bromide

The electrochemical generation of bromine has received increased attention since the
second half of the 20" century, when polybrominated organic compounds were widely
utilized as flame retardants, plastics, and coatings, and later were phased out due to
their environmental damagel?%167.168] and toxic features.[168-170]

The electrochemical method joins the characteristic reactivities of elemental bromine
and the advantages of bench-stable bromine carriers without the associated
drawbacks.[?9:100.103] Bromine can be easily electro-generated via anodic oxidation
from its bromide salts.[*52

The electro-generation of bromine used in industrial flue gas desulfurization.[*52.171]
Bromine is generated at dimensionally stable ruthenium oxide-coated titanium anodes
(DSA) and reacts with sulfur dioxide in an agueous solution to form sulfuric acid and
hydrobromic acid, respectively (Equation 8). HBr is oxidized back to bromine and

supplied back to the cell (Equation 9).

Brz + SOz + 2 H20 — 2 HBr + H2SO0a (8)

2 HBr —» H2 + Br2 (9)

The anodic oxidation of bromide to bromine has been extensively studied at various
electrode materials and solvent systems. Vojinovicl’? and Halasz!'"3! studied the rate-
determining steps of bromide oxidation at single-crystal platinum and polycrystalline
platinum electrodes in non-agueous systems. Conway showed that the rate-
determining step of the electro-generation of bromine depends on the recombination
of bromine radicals to bromine.['”# These independent studies established that the
oxidation of bromide is a two-step process in which bromide is oxidized to bromine
and forms the stable tribromide salts in the presence of a sufficient bromide
concentration. The second oxidation corresponds to the oxidation of tribromide salt to
bromine.[t72173.175.176] Bromide can also be oxidized at various carbon-based
electrodes. Graphite proved to be a versatile electrode material. However, under
certain conditions, it is limited by the electrochemical intercalation of bromine into the
graphite sheets causing corrosion.[*?2 Other carbon-based electrodes, such as glassy
carbon and boron-doped diamond proven to be also suitable.[*77:178]

M. Tarig showed the electro-generation of bromine at platinum and gold electrodes in

aprotic, protic, and mixed media via cyclic voltammetry methods.'”® The study

22 | Electrochemical oxidation of bromide



showed that the ratio of the respectively generated “active bromine species” differ
depending on the solvent system. Figure 19 shows the oxidation mechanism of

bromide ions in different solvents with their respective voltammograms.

Cyclic voltammetry studies of bromide oxidation is different solvent systems:

EPa Oxidation mechanisms of bromide:

1.0 4 Epa1: TN
C 1. 2Brr — Bry+2e

Br,+Br ~—— Brs

current / yA

2. 2 Br3_ —>» 3 Br2 +2e

-1.0 T T T T
0.0 0.2 0.4 06 08 1.0

E (V) vs SCE — 100% CH3;CN ---- 100% CH30OH

Figure 19. Schematic adaptation of cyclic voltammograms of bromide anion in different
solvent systems. Conditions: NBusBr (5 mM), NBusCIlO4 (0.1 M), WE: platinum disk electrode
(d=1.6 mm), RE: saturated calomel electrode, CE: not indicated, scan rate: 50 mV/s,
25 °C.11781

In situ generated bromine is in equilibrium with the corresponding Brs~ when the
bromide concentration is high. The second oxidation peak is governed by the oxidation
of the stable salt to bromine. In acetonitrile, the stability of the tribromide salt is
enhanced, driving the equilibrium towards Brs~. The voltammogram displays a quasi-
reversible sweep which indicates the relatively low concentration of bromine in the
solution. In contrast, the electro-oxidation of bromide in methanol displays different
reactivity with a “one-step” oxidation process. Due to the higher dielectric constant of
acetonitrile than methanol, the tribromide salt can be better stabilized in aprotic
media_[l79—18l]

In terms of an ag. solution, unstable hypobromous acid can form, that easily dissociate

to hypobromite and bromide according to the following equations.[82
Brz + 2 H20 = HOBr + HzO* + Br- (10)

HOBr + H20 = BrO- + HzO* (11)

In this case, the “active bromine agents” are a mixture of hypobromous acid,
hypobromite, and bromine,*8? facilitating possible side reactions and reducing current
efficiency.
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Consequently, the majority of the electrochemically generated bromine is used for the
oxidative electro-bromination of organic material, such as saturation of double bonds

or the mediated synthesis of other synthetically highly relevant molecules.[**?]

1.7. Electrochemical bromination and bromofunctionalization of

alkenes
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The electrochemical bromination and bromofunctionalization of alkenes have been
extensively researched due to the synthetic utility of the forming products.
1,2-dibromides, bromohydrins, and bromoesters are common structural motifs of fine
chemicals and drug-candidate molecules.18] Furthermore, these synthetically
important intermediates can be easily further functionalized, contributing to a diverse

platform of products. Figure 20 represents the comparison of conventional- and
electrochemical bromination.

Conventional bromination: Electrochemical bromination:
Brominating agents: Brominating agents:

elemental bromine, HBr, bromine carrier, HBr, bromide salts, organobromides in
bromide salts + endogenous oxidizer the presence of electricity as "clean" oxidizer

X corrosive, hazardous nature / in-situ generation of bromine

v/ safe and bench-stable bromine source
v/ reduced waste

v/ increased atom economy

v/ cleaner, greener process

X toxic and large amounts of waste

X low atom economy

Figure 20. Comparison of conventional bromination and associated disadvantages with
electrochemical bromination. 12l
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Apart from generating bromine electrochemically in a highly sustainable manner, the
product selectivity and outcome can be influenced depending on the complexity of the
substrate, the presence of a co-nucleophile, or the employed solvent system. For
instance, in the presence of protic solvents, the solvent acts as a co-nucleophile,
affording the highly versatile bromohydrin or bromoester derivative.[184-187]
Furthermore, certain structural features allow the bromine-mediated intramolecular
cyclization, providing synthetically practical derivatives such as indanones, 88l
isoxazolines, and lactones.[188-193]

In addition to the points listed in Figure 20, electrochemical bromination methods
should be investigated on the following aspects: electrode materials, presence or
absence of supporting electrolyte, the dual role of bromine salts, cathodic counter-
reaction, and substrate source. Generally, carbon-based electrodes are favoured due
to their sustainable nature. However, the electrode material and pairing depend on the
nature of the reaction and the solvent.[103.194 Using the bromine source in a dual role
as a supporting electrolyte increases the atom economy of the reaction and simplifies
the system.[*12 |In terms of the cathodic counter-reaction, hydrogen evolution usually
compliments the anodic generation of bromine.'*3! Recently, many innovative
methods aimed to incorporate the cathodic reaction as an inevitable part of the method
to increase current efficiency and atom economy.[195-197]

Several electrochemical protocols touched the electrochemical dibromination of
alkenes, including direct oxidative bromination,198-200] g|ectrocatalytic bromination, 201l

and bromination of alkenes via linear paired electrolysis (Scheme 3).[195-197]
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X Pt electrodes
X Synthetic alkenes
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independent anodic and
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B. I. Wirth (2021)
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cathodic hydrogen evolution

2 H*

graphite anode
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C. G. Hilt (2021)

R? PtIl gC R Br
1§/R3 NBu4Br (4.0 eq.) R3
R 1
. MeCN, 0° C, Oy, R R4
R undivided cell Br
11 12
R'= alkyl, H; 12 examples,
R2%4 = H, alkyl. yields up to 100% (ce: 200%)

v Linear paired electrolysis

v 200% current efficiency

v High functional group tolerance
X Oxygen atmosphere I}

D. Waldvogel / Morandi (2021)

X
i B " (19) o
J\/ s Cgrll Cgr R2
R ° X
RN MeCN/HFIP (1v/v%) Br>\/
NEt,BF, (0.2 M), ., N, R3
13 undivided cell 15

24 examples, yields

X = Br, SPh.
up to 84%

R' = alkyl, aryl; R?>3 = H, alkyl.
v Linear paired electrolysis
v Wide applicability
v Sustainable electrodes
X Synthetic alkenes

cathodic generation of H,O, +
mediated generation of Br,

X Pt electrodes H,0 0,
= Bry

linear paired electrolysis: 28r 2lLiy

anodic generation of bromine 2 Br H,0,

platinum anode
glassy carbon cathode

X Ethene as by-product

linear paired electrolysis:
cathodic reduction of C,H4Br,
anodic generation of bromine

LN

2Br <—— 2Br

Bry Br/\,Br

graphite anode
graphite cathode

Scheme 3. State-of-art electrochemical bromination methods.11219519.198199] Cqr = graphite,

gC = glassy carbon, Pt = platinum (anode Il cathode).

In 2019, the Lei group published a widely applicable method for the electrochemical
dibromination of terminal and internal alkenes 7 using HBr as a bromine source at
graphite anode and platinum cathode. The method furnished a broad substrate scope
of 24 examples with up to 89% yield.[***] Encouraged by these results, Wirth et al.
reported the electrochemical dibromination and bromofunctionalization of activated
and non-activated alkenes 9 in a flow reactor.['%8 The small interelectrode distance
featured a supporting electrolyte-free, single-pass method. Via switching the co-
solvent, the procedure could also be extended to the formation of bromohydrins and

bromoethers 10.
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Different electrochemical bromination methods have been developed within the
concept of linear paired electrolysis.['9-1971 Hilt and his group provided a convergent
strategy for the electrochemical dibromination of alkenes 11 with the realization of
200% current efficiency for stoichiometric transformations in the presence of
oxygen.[*®l NBu4Br is used in a dual role as a bromide source and supporting
electrolyte. Bromine is generated at platihnum anode and formed mediated via the
cathodically generated hydrogen peroxide. This convergent system determines the
theoretical applied charge of 1 F and current efficiency of 200%.

Recently, the merging e-shuttle method for the retro-dibromination of
bromofunctionalization of alkenes was also reported.[*®®! This elegant shuttle reaction
uses 1,2-dibromoethane (14) as a halogen promoter. The organohalide undergoes
reductive dehalogenation at the cathode, and the forming bromide is anodically
oxidized and transferred to the acceptor alkene. This innovative methodology was
extended to the bromofunctionalization of alkenes as well.

While these methods are extensively applicable and provide exceptional selectivity
and yields, they frequently employ dangerous or toxic bromine sources, such as
HBrl198.19] and depleting metal electrodes.[196:198-2001 Moreover, some require lower
temperatures to ensure gas saturation!1®! or the presence of fluorinated solvent
additive to reduce side reactions.['%! In addition, almost all of them are based on fossil-
based substrates.
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1.8. Terpenes as potential substrates sources for electro-organic

synthesis

With more than 50,000 different molecules identified, isolated, and characterized,
terpenes represent one of the largest classes of natural compounds that is broadly
utilized by the pharmaceutical, agricultural, and chemical industries.[292-204 The plant
and fungi synthetized terpenes and terpenoids are considered readily available and
inexpensive biomass from essential oils or as industrial by-products.[?952061 For
example, the citrus juice by-product, limonene is produced on a 60,000 ton/year scale
and used as a solvent.[?97:2%8] Dye to their biological activity!??! and unique structural
features, they became a significant target of the polymer industry.[?1% These diverse
utilization methods promoted terpenes as one of the most significant valorization
sources for preparing fine chemicals and valuable products.

The current functionalization methods are strenuous due to their delicate structures
that result in undesired by-product formation and reduced chemoselectivity. Moreover,
the traditional transformations rely on the use of several metal catalysts, such as Ru,
Rh, Mn, or Ni, which makes the selective transformation of terpenes still challenging.
[211-213]

While the electrochemical bromination of simple alkenes is extensively researched,
the class of naturally derived olefins has been rather ignored. J. Malyszlo studied the
kinetics of the electrochemical bromination of unsaturated fatty acids on a platinum
rotating ring-disk electrode.?'4! In 2005, the electrochemical dibromination of steroid-
like structures 16 was reported (Scheme 4A).[?1%! In the presence of 2.5 eq. NEt4Br in
dichloromethane, the corresponding dibrominated products 17 could be obtained with
up to 91% vyield. In other solvents, the reaction had to be performed at elevated
temperatures and casted only five examples.?'% Medeiros et al. reported the electro-
epoxidation of natural and synthetic alkenes 18 in the presence of sodium bromide at
platinum electrodes (Scheme 4B).[?18 While this mediated approach proved promising
in the case of stilbene and styrene, opposing to naturally derived olefins, it showed
decreased yield and selectivity, forming the undesired brominated or oxidative by-
products.
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A. R. Vukiéevié¢ (2005) B. A. Mendonca (2009
. X 0]
, Pt 1l Cgr R Pt 11 Pt
R ' NE,Br(2.5eq.) NaBr (2.0 eq.)
solvent, r.t.-55 °C Br OH MeCN/H,0 (20 v/v%), r.t. OH
16 divided cell 17 undivided cell
1 18 19
R’ = OAc, OBz, Cl. 5 examples, natural alkenes: 7 examples,
X = Br, OMe (when MeOH is solvent) yields up to 91% yields up to 56%
v Biologically_ active alkenes '—\ v Naturally occuring alkenes
v Excellent yields v/ NaBr in a dual role 2 HB H
X DCM as solvent or 2 HBr Hzﬂ X Moderate yields and selectivity r 2
elevated temperatures X Pt electrodes +
X Ptanode o 24 Brz 2H
anodic generation of bromine graphite anode independent anodic and platinum anode
cathodic hydrogen evolution platinum cathode cathodic reaction platinum cathode

Scheme 4. State-of-art of electrochemical bromofunctionalization of natural alkenes.215:216]

These examples demonstrate the few electrochemical bromination examples
concerning naturally derived olefins shedding light on their challenging
functionalization. In addition, the existing methods are associated with similar
drawbacks emphasized earlier in the previous chapter. Accordingly, electrochemical
dibromination methods are still lacking sufficient sustainability aspects.

1.9. Electrochemical formation of substituted hydrazines and

derivatives

Hydrazine compounds are vital building blocks of synthetic organic chemistry and are
readily used in their free or substituted forms in the pharmaceutical-, agrochemical-,
dye- and energy sectors.[?17-220]

Pioneering work in the establishment of hydrazine chemistry is connected to
E. Fischer and T. Curtius.?*®l The first industrial process was developed by
O. Raschig, employing sodium hypochlorite and ammonia to form hydrazine as a 1:1
azeotrope mixture with water.[?1%2211 Today’s industrial hydrazine synthesis is still
based on the Raschig synthesis, ketazine process, peroxide process, and their

modifications (Scheme 5).1217.218]
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Raschig synthesis Bayer ketazine process

2 NaOH + Cl, —> NaOCI + NaCl + H,0 ‘ >- NH2CI NH; NH
N= I

NaOCl + NH; —> NH,CI + NaOH acetone
ketazine imine

2 NH;3 + NH,Cl —— NyH,4 + NH4CI J hydrolysis

Schestakov synthesis Peroxide process

4_‘ hydrolysis
HN SO H0 '\f H
>:N\N—_< K < = )\

ketazine oxaziridine imine

urea
N,H4 + NaCl + Na,CO3 + H,O

(NH,),CO + NaOCl + 2 NaOH ——» ‘

Scheme 5. Industrial hydrazine synthesis processes.[?17-219.221]

The ketazine or Bayer process is based on the formation of chloramine from ammonia
and chlorine or perchlorate in the presence of acetone, forming ketazine as an
intermediate product.l?17:2181 Subsequent hydrolysis yields the hydrazine hydrate. The
Hayashi process is based on the exact mechanism using cat. ZnCl2 and CuCl, in the
presence of molecular oxygen to form the azine intermediate.?”l The peroxide
process is a modification of the Bayer process that relies on the formation of the
corresponding imine that is oxidized to the oxaziridine intermediate. Subsequent
condensations with ammonia and acetone yield the hydrazone, then the ketazine
derivative.l?17:218] This approach allows the exclusion of chlorine and sodium
perchlorate as oxidizing agents, as a large amount of chlorinated by-products and
NaCl salt reduces the atom efficiency of the reactions.l?!”] Moreover, free hydrazine
and chloramine are unstable at higher temperatures and low pH.[?17:219] Ureas are also
employed as starting materials for commercial hydrazine synthesis.[?17]

While commercial hydrazine synthesis is well-established, only a few electrochemical
protocols are known. This can be reasoned due to the hydrazine species’

electrochemical instability, resulting in the liberation of nitrogen.?22
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1. Oxidative dehydrogenative homodimerization

A. S. Baran (2008)

X =N, C-alkyl. yields up to 66%

B. X. Haichao (2019)

R2 = alkyl, aryl.
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10 examples, R' = alkyl, aryl, F, Cl, Br, [; 20 examples,
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supporting electrolyte

D. Waldvogel (2020)
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NH MeCN/MeOH KOAG (0.01 M) ©/ j(
o)

HTRZ
R@r ;
rt.—45°C 26

R' = alkyl, CN, CF3, F, Cl, Br, I;
24 25, 86% F R2 = alkyl, aryl, CFj.

16 examples,
yields up to 66%

2. Reductive formation

E.Y. Zhao (2022)

Mg Il Pt H
RT _N. DMF, CO 1
NRe oMESQ2 . RN,
NBu,BF, (0.1 M) ;
undivided cell, r.t.
28 29
R' = alkyl, aryl; 30 examples,

yields up to 98%

R2 = alkyl, aryl, Ms, Ts, Boc.

Scheme 6. State of art electrochemical hydrazine formation methods.[®2223-2261 The reactions
of interest take place at the electrodes emphasized in red. Cgr = graphite, gC = glassy carbon,

Mg = magnesium, RVC = reticulated vitreous carbon, Pt = platinum (anode |l cathode).

The electrochemical procedures can be classified into two approaches towards the
formation of hydrazine derivatives (Scheme 6). One conveys the dehydrogenative
homodimerization of diverse protected nitrogen compounds to the tetrasubstituted
hydrazines (Scheme 6, 1.),192223-225] the other involves the reductive formation of
mono- or disubstituted hydrazines (Scheme 6, 2.).[226.227]

P. Baran et al. reported the oxidative dehydrogenative homodimerization of
carbazoles and carbolines 20 via direct oxidation at a carbon anode (Scheme 6A).1°
The reaction worked both using tetraethylammonium bromide or perchlorate as a
supporting electrolyte, furnishing 10 examples with yields up to 66%. This method was
used in the total synthesis of dixiamycin B with a yield of 28%. Similarly, the formation
The anodic oxidation of

of tetrasubstituted hydrazines was reported.l??]

diphenylamine (22) followed by the pyridine-promoted formation of aminyl radicals
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furnishes the desired homodimerized product 23. The oxidative electrocatalytic imine
coupling similar to the Hayashi process was described by Stahl et al.??4l The method
yielded up to 86% of the desired product 25 with under constant potential electrolysis
catalyzed by base, iodine, or copper (Il/l) salt.??sl The electrochemical
dehydrogenative intra- and intermolecular N,N-homocoupling via anodic N-N bond
formation were reported in our group.[?25228.2291 The electrochemical dehydrogenative
coupling of anilides uses graphite electrodes to form 16 different N,N-diarylhydrazines
27 with up to 66% isolated yield.

Verma  published a study of the electrochemical reduction of
1,3-diphenyl-3-hydroxytrianzene and showed the formation of phenyl hydrazine as a
reductive by-product.l??”] The electrochemical hydrogenation of azo compounds 28
was reported in the presence of C0O2.[??6l Carbon dioxide serves as a critical reagent
in the stabilization of highly reactive radical anions. The method features 30
disubstituted hydrazine 29 examples with up to 98% using a platinum cathode and a
magnesium sacrificial anode.

As shown, the electrochemical formation of hydrazines has been investigated, with
oxidative homodimerization (Scheme 6, 1.) being the preferred approach. However,
the methods are somewhat limited to the formation of highly substituted hydrazine
derivates, obligating a subsequent hydrolysis step. Moreover, the cathodic hydrogen
evolution reaction usually requires the use of depleting metals.[?232241 Considering the
structural dependence of hydrazines under electrochemical conditions and the limited
methods available, the investigation of other electrochemical approaches in a more

economical way is highly suggested.
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2. Objectives

This thesis was inspired to provide a greener electrochemical bromination method for
the bromination of olefines, electron-deficient enones, and for the bromocyclization of
alkenoic acids compared to the already existing ones comprising multiple
sustainability aspects (Figure 21):

Br
é v/ simple reaction set-up Br\é

H v/ renewable or natural resources o

@ - B’

terpenes terpenoids, Br- Br . .

phenylpropanoids 4®2—» 1,2-dibromides
a,B-unsaturated o

a-bromoenones

carbonyls

\/H\)J\ v/ sustainable electrode material

h OH fo) [o) . H 2
1 v/ dual role, safe bromine source R. N R
. . R )J\ n N \n/

alkenoic acids N NH, H

H Br (0]
bromolactones .

ureas hydraZIneS

Figure 21. Objectives for the electrochemical bromination reactions.

As part of this methodology-based research, this work is focused on investigating the
electrochemical dibromination of terpenes and naturally occurring olefins utilizing
readily available and bench-stable bromide salt at carbon-based electrodes. The
applicability of this highly sustainable method will be investigated in the frame of
electrochemical bromolactonization of alkenoic acids and the selective a-bromination
of deactivated alkenes. The initial investigation of the method and the optimization of
the reaction parameters are highly desirable as the forming dibrominated products are
of synthetic interest and can be subjected to further functionalization. This
electrochemical methodology moves away from fossil-based dependence by
exploiting terpenes as renewable resources.

Furthermore, the method will be extended to the study of the electrochemically
generated bromine-mediated Hofmann rearrangement reactions involving ureas to the

desired hydrazine compounds.
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3. Results and discussion

3.1. Electrochemical dibromination of terpenes and naturally occurring

olefins

A manuscript was published on this chapter:

L. G. Gombos, L. Werner, D. Schollmeyer; C. A. Martinez-Huitle, S. R. Waldvogel, Selective
Electrochemical Dibromination of Terpenes and Naturally Derived Olefins, Eur. J. Org. Chem. 2022,
€202200857.

DOI: 10.1002/ejoc.202200857
CC BY-NC-ND 4.0

The manuscript was appointed as a very important paper and was highlighted with a front cover picture.

The cover picture was designed by M. Dorr and me and was created by M. Dorr.

Author contributions:

This manuscript was written and finalized by S. R. Waldvogel, C. A. Martinez-Huitle and me. The
optimization reactions were carried out by C. A. Martinez-Huitle and me. Substrates were synthesized

by L. Werner and me. D. Schollmeyer investigated the crystal structure of 30b.

The naturally occurring (4S)-(-)-limonene (30) was chosen as a model substrate due
to multiple functionalizable double bonds that offer regioselectivity issues. The initial
reaction conditions were set to the ones shown in Scheme 7 and were optimized via
the one-variable-at-time (OVAT) approach with respect to the following parameters:
bromide source, cell geometry, solvent systems, electrode material, current density,
applied charge, bromide concentration, and temperature.

Following the optimization process, the optimal reaction conditions were extended on

different terpenes, terpenoids, and naturally derived olefins.

3.1.1.Optimization of the electrochemical reaction conditions

3.1.1.1. Optimization of bromide source

First, the bromide salts were screened under pre-set electrochemical conditions
(Table 2). In this case, the bromide salt was designed to provide high performance in

a dual role as a supporting electrolyte and as a bromine source.
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Cgr Il Cgr Br
bromide salt (3.0 eq.)

MeCN/H,0 (8 viv%),

Br
Br.
+

O
rCs

j =20 mAlcm?, 1.5 F, ANABT
30 °C, undivided cell Br
30 30a 30b

Scheme 7. Screening of bromide salts for the selective formation of 30a. Cgr = graphite
(anode Il cathode).

Table 2. Screening of different type of bromide salts for the electrochemical bromination of
(4S)-(-)-limonene (30).

Entry Bromide salt 30a [%]?2 30b [%]? Conv. [%]P
1* NBu4Br 0 0 n/a
2* NMesBr 0 0 n/a
3* NH4Br traces 0 n/a
4** NBu4Br 0 0 n/a
5 NaBr 30 4 57
6 LiBr 32 6 83
7 NBu4Br 0 0 47
8 NEt4Br 2 0 64

[a] Yields determined by *H NMR (internal standard: CH2Br2); [b] Conversion was determined
via external GC calibration of 30; [*] Conditions: 30 (0.7 mmol), bromide (1.5 mmol),
acetonitrile (5 mL), j =10 mA/cm?, 4.4 F with resp. to 30; [**] Acetone (5 mL) was used as

solvent. n/a = not assessed.

After the initial screening experiments, the highest yields were obtained when metal
bromide salts were employed. Sodium bromide and lithium bromide provided equally
great results in obtaining the desired product 30a with a yield of 30% and 32%,
respectively (Table 2). However, heavy cathode corrosion was observed in the case
of Entry 6 (Figure 22). This could be explained by the possible intercalation of lithium
ions and the formation of lithium graphite intercalation compounds (Li-GIC) between
the graphite layers.[?39231 Similar corrosion behavior was observed when using
tetramethyl ammonium bromide (Entry 2). Interestingly, highly soluble tetraalkyl
bromide salts inhibited the reaction, which could be attributed to the electrochemical

double layer’s altered physical characteristics and the substrate’s solvation effect.[?3?
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The same results were observed in the presence of pure acetonitrile (Entry 1) and
acetone (Entry 4) as well. As a result, further optimization reactions were concentrated

on utilizing metal bromide salts that determined the solvent system’s composition and
the need for the polar additive.

Figure 22. Heavy corrosion of graphite cathodes when LiBr was used.

3.1.1.2. Screening of cell geometry

To examine the effect of the cell geometry on the reaction outcome, the reaction with
conditions from Entry 5 was carried out in a divided screening cell using a glass frit
disk as a membrane (Scheme 8).

Cgr Il Cgr Br Br Br. Br
NaBr (3.0 eq.) o N
T MeCN/H,0 (8 viv%), Y Y
A j=20mAlcm?, 1.5 F, A ~._Br
cell geometry Br
30 30 °C 30a 30b

Scheme 8. Screening of cell geometry. Cgr = graphite (anode Il cathode).

While a significant difference in the formation of 30a was not observed, the formation

of fully saturated product 30b was increased to 8%, decreasing the selectivity of the
reaction (Table 3).
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Table 3. Screening of the cell geometry.

Entry Cell geometry 30a [%]? 30b [%]?2 Conv. [%]®
9 undivided 30 4 57
10 divided 32 8 n/a

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), MeCN/H20 (8 v/v%, 5 mL), graphite electrodes,
j =20 mA/cm?, 1.5 F with resp. to 30, 30 °C; [a] Yields determined by 'H NMR (internal
standard: CH2Br,); [b] Conversion was determined via external GC calibration of 30. n/a = not

assessed.
3.1.1.3. Optimization of the solvent system and the additive ratios

To determine the optimal solvent system of the electrochemical transformation,
different sets of solvents and additives were tested (8 v/v%) first (Scheme 9). Protic
solvents such as short-chained alcohols were avoided to reduce the competing

reactions with the solvent.[184-187,198]

Cgr Il Cgr
NaBr (3.0 eq.)

solvent/additive (8 v/v%

A j=20mA/cm?, 1.5 F,

undivided cell Br
30 30 °C 30a 30b

Scheme 9. Screening of solvent systems. Cgr = graphite (anode Il cathode).

Table 4. Screening of different solvent systems in the presence of 8 v/v% additive.

Entry  Solvent/Additive (8 viv%)  30a [%]@ 30b [%]2 Conv. [%]P

11 MeCN/H20 30 4 57
12 MeCN/AcOH present 0 n/a
13 Acetone/H20 52 4 57
14 Acetone/AcOH 0 0 42
15 HFIP/acetone 0 0 42
16 Py/H20 12 6 43

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), solvent/additive (8 v/v%, 5 mL), graphite
electrodes, j = 20 mA/cm?, 1.5 F with resp. to 30, 30 °C; [a] Yields determined by 'H NMR
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(internal standard: CH2Br»); [b] Conversion was determined via external GC calibration of 30.

HFIP = 1,1,1,3,3,3-hexafluoroisopropanol; Py = pyridine. n/a = not assessed.

The highest NMR yields were observed when acetone in the presence of 8 v/iv% was
employed, which can be attributed to the better solubility of the terpene in the solvent
(Table 4, Entry 13). In the case of Entries 14 and 15, no desired products were formed,
but conversion studies showed the consumption of the starting material to
undetectable by-products. In the absence of water, no desired product was formed.
Furthermore, less than 8 v/iv% water did not promote the solution of NaBr in the
reaction media, and electrolysis could not be carried out. To understand the role of
water, different volume percentages were screened in acetonitrile, acetone, and

pyridine solvents (Table 5).

Table 5. Screening of acetonitrile, acetone, and pyridine solvents with different water contents.

Entry Solvent (20 v/v%) 30a [%)]?2 30b [%]2 Conv. [%]P
17 MeCN/H20 (20%) 9 0 63
18* MeCN/H20 (50%) 0 0 83
19 Acetone/H20 (20%) 8 4 38
20 Py/H20 (20%) 4 4 76

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), solvent/additive (5 mL), graphite electrodes,
j =20 mA/cm?, 1.5 F with resp. to 30, 30 °C; [a] Yields determined by H NMR (internal
standard: CH2Br»); [b] Conversion was determined via external GC calibration of 30; [*] A

current density (j) of 10 mA/cm? and 2.2 F with resp. to 30 was used. Py = pyridine.

With increased water content, the formation of desired compounds was reduced to
9% and 0%, respectively (Entries 17, 18). In the presence of 50 v/v% water, a complex
mixture of products was detected. The nature of the by-products was not identified
due to the complexity of the reaction mixture. The loss of selectivity could be explained
by the decreased solubility of the lipophilic terpene with increasing water content.
Moreover, the solvent can act as a co-nucleophile promoting the formation of different
oxo-functionalized products. Furthermore, the type of “active brominating agents” are
shifted toward the formation of HOBr and HBr. These aspects are all responsible for
the different chemical reactivity observed and therefore, the diminished yields.

As acetone/water (8 v/iv%) and acetonitrile/water (8 v/v%) proved the most promising,

further optimization reactions were carried out parallel on both solvent systems.
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3.1.1.4. Optimization of electrode materials

Both reaction conditions were tested at glassy carbon, boron-doped diamond (BDD),

stainless steel, and platinum electrodes (Scheme 10, Table 6).

anode |l cathode Br. Br Br. Br
NaBr (3.0 eq.) .
A

\

solvent system A or B,

A j=20 mA/cm?, 1.5 F, ANABT
undivided cell Br
30 30 °C 30a 30b

Scheme 10. Screening of different electrode materials. Solvent system A: MeCN/H20 (8 v/v%,
5 mL), solvent system B: acetone/H.O (8 v/v%, 5 mL).

Table 6. Screening of different electrode materials in both solvent systems. Solvent systems:
MeCN/H20 (8 viv%, 5 mL) or acetone/H.O (8 v/ivd%, 5 mL).

Entry Solvent Electrode 30a [%]?2 30b [%]2  Conv. [%]P
21 MeCN/H20 gClligC 46 5 59
22* MeCN/H20 gC Il S.Steel 25 0 n/a
23 MeCN/H20 BDD Il BDD 32 0 69
24 MeCN/H20 Pt Il Pt 20 0 79
25 Acetone/H20 gCllgC 24 0 53
27 Acetone/H20 BDD Il BDD 30 0 59
28 Acetone/H20 Pt Il Pt 16 0 77

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), solvent/additive (8 v/v%, 5 mL), j = 20 mA/cm?,
1.5 F with resp. to 30, 30 °C; [a] Yields determined by *H NMR (internal standard: CHBr);
[b] Conversion was determined via external GC calibration of 30; [*] A current density (j) of
5 mA/cm? was used. gC = glassy carbon, S. Steel = stainless steel, BDD = boron-doped
diamond, Pt = platinum. (anode Il cathode). n/a = not assessed.

In the case of the acetonitrile/water solvent system, using glassy carbon electrodes
resulted in an increased vyield of 46% (Entry 21). For the acetone/water solvent
system, graphite electrodes remained superior to other conditions (Table 4, Entry 13).
However, graphite electrodes showed a tendency toward electrode amortization,
affecting the reactions” reproducibility. Similar tendencies were reported during the
electrochemical oxidation of aq. KBr solution on graphite sheet by I. lzumi and
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M. Inagaki.l'?? Resistivity change was attributed to the intercalation of bromide in the
graphite lattice layer. These findings urged the screening of more stable electrode
materials. Inspired by the previous electrochemical approaches,187:198.199.233] p|atinum
electrodes and stainless steel as cathode material were also screened as possible
alternatives (Entries 22, 24, and 28). Nevertheless, these electrode materials showed
reduced product formation. To understand whether different carbon-based electrodes
have a detrimental effect on the reaction, further optimization reactions were carried

out on graphite, glassy carbon, and boron-doped diamond electrodes.

3.1.1.5. Screening of different current densities at carbon-based

electrodes

Different current densities were tested in MeCN/H20 (8 v/iv%) and acetone/H20
(8 vIv%) solvent systems in this optimization step (Scheme 11). In both cases, a range
of current densities between 5 and 28 mA/cm? was applied on graphite, glassy carbon,

and boron-doped diamond electrodes (Tables 7, 8).

carbon-based electrodes Br
NaBr (3.0 eq.)

solvent system A or B,
A j=5-28 mAlcm?, 1.5 F,

undivided cell Br
30 30 °C 30a 30b

Scheme 11. Screening of different current densities in combination of different electrodes.
Solvent system A: MeCN/H,O (8 v/v%, 5 mL), solvent system B: acetone/H,O (8 v/v%, 5 mL).

The best results were obtained when 5 mA/cm? was applied at glassy carbon and BDD
electrodes (Entries 33, 37), obtaining 30a with a 54% and 56% vyield, respectively. At
this point, the acetonitrile/water system proved superior to the acetone/water solvent

system, and the latter was omitted from further optimization investigations.
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Table 7. Screening of current density range on carbon-based electrode materials in
MeCN/H20 (8 viv%, 5 mL).

Entry Electrodes j (mA/cm?) 30a [%]? 30b [%]2  Conv. [%]°

29 Car Il Cgr 5 35 1 87
30 Car Il Cgr 10 38 1 85
31 Car Il Cgr 20 30 4 57
32 Car Il Cgr 28 21 1 78
33 gC Il gC 5 54 0 77
34 gCllgC 10 24 0 87
35 gCligC 20 46 5 59
36 gCligC 28 25 0 85
37 BDD Il BDD 5 56 1 87
38 BDD Il BDD 20 32 0 69

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), MeCN/H20 (8 v/v%, 5 mL), 1.5 F with resp. to
30, 30 °C; [a] Yields determined by *H NMR (internal standard: CH2Br2); [b] Conversion was
determined via external GC calibration of 30. Cgr = graphite, gC = glassy carbon, BDD =

boron-doped diamond. (anode Il cathode).

Table 8. Screening of current density range at carbon-based electrode materials in
acetone/H20 (8 viv%, 5 mL).

Entry Electrodes j (mA/cm?) 30a [%]? 30b [%]2  Conv. [%]°

39 Cgr Il Cgr 5 34 0 74
40 Car Il Cgr 10 22 0 60
41 Car Il Cgr 20 52 4 57
42 Car Il Cgr 28 20 0 47
43 gCligC 5 34 0 46
44 gClligC 10 36 0 61
45 gCllgC 20 24 0 53
46 gClligC 28 45 0 75
47 BDD Il BDD 5 24 0 66
48 BDD Il BDD 20 30 0 59

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), acetone/H,0 (8 v/iv%, 5 mL), 1.5 F with resp. to
30, 30 °C; [a] Yields determined by *H NMR (internal standard: CH2Br); [b] Conversion was
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determined via external GC calibration of 30. Cgr = graphite, gC = glassy carbon, BDD =

boron-doped diamond. (anode Il cathode).

3.1.1.6. Optimization of the applied charge amount

The amount of applied charge with respect to the substrate was varied (Scheme 12).
Due to the presence of starting material after electrolysis, higher charge quantities

were applied up to 3.0 F at glassy carbon and BDD electrode materials (Table 9).

Br Br
carbon-based electrodes  Br: Br
NaBr (3.0 eq.) o .
A

MeCN/H,O (8 viv%),

P j=5mAlcm2, 0-3.0 F, ANBr
undivided cell Br
30 30 °C 30a 30b

Scheme 12. Screening the applied charge amount (Q).

Table 9. Optimization of the applied charge amount (Q).

Entry Electrodes Q) 30a [%]? 30b [%]? Conv. [%]°
49 gC ll gC 15F 54 0 77
50 gCligC 22F 36 4 83
51 gClligC 30F 49 1 98
52 gC Il gC OF 0 0 2
53 BDD Il BDD 15F 56 1 87
54 BDD Il BDD 30F 44 1 88

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), acetonitrile/H.O (8 v/iv%, 5 mL), j =5 mA/cm?,
30 °C. [a] Yields determined by 'H NMR (standard: CH:Br,); [b] Conversion was determined
via external GC calibration of 30. gC = glassy carbon, BDD = boron-doped diamond. (anode
Il cathode).

With increasing charge quantity, the formation of 30a was decreased, while the
starting material 30 diminished (Entry 51). According to previous studies, the
theoretical charge for the formation of 1.0 eq. of bromine with respect to the substrate
is 2.0 F.[173-178 Interestingly, the formation of 30a was capped at 54% when 1.5 F was
applied, indicating a possible side reaction that causes the consumption of starting

material. The reaction mixture was analyzed qualitatively and quantitatively with GC,
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GC-MS, and NMR spectroscopy. Apart from minor by-products, the reaction was

highly selective, forming 30a (Figure 23).

A. GC chromatogram of Entry 49.

4329/

\w
o

\8
9]

Br
30aa
] g > j 30b
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3 gr’ 3 S % 3 b /
‘ i N &b > A ~
o Ja |Jl‘L_1L R L \-AJL ATM_,,,,.\E.L_ - \‘j “ Y S =
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2,5 50 7.5 10,0 12,5

Figure 23. GC chromatogram of Entry 49 reaction mixture after electrolysis. Instrument: GC
2010 Shimadzu, method: HP5 hart.

Via GC and GC-MS chromatograms, it was revealed that a trace amount of
brominated derivative was also present, where saturation was observed on the exo-
bond (30aa, Figure 23, retention time: 9.593 min). After the work-up procedure, the
yield and ratio of 30a and 30b could be quantified via NMR spectroscopy, and the
obtained products were spectroscopically pure. However, in the case of Entry 49, 23%
of diminished starting material still could not be reasoned, indicating the possible
formation of highly volatile, short-chained hydrocarbon degradation products. The
ideal electrode material was set to glassy carbon as a higher conversion of 30 was
observed at BDD electrodes (Entries 53, 54). In the case of Entry 52, the reaction was
left to stir overnight at the electrolysis temperature with no restriction on reducing heat
transfer or disclosing air exchange. In the absence of electricity, no product was

formed, and the starting material loss was insignificant.

3.1.1.7. Optimization of the bromide salt concentration

The reaction conditions were subjected to different amounts of bromide equivalents
(Scheme 13). At this stage, 1, 2, and 4 equivalents (0.14 M, 0.28 M, and 0.56 M) of

sodium bromide were tested (Table 10). As sodium bromide acts in a dual role as a
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bromine source and supporting electrolyte, the concentration should be high enough

that no detrimental effect is observed on the cell voltage when bromide is consumed.

Br Br
gClligC Br Br
NaBr (1.0-4.0 eq.) o
> +
A

MeCN/H,O (8 viv%),

rOr

j=5mAlcm?,1.5 F, B
undivided cell Br
30 30 °C 30a 30b

Scheme 13. Optimization of bromide salt concentration. gC = glassy carbon (anode II
cathode).

Table 10. Optimization of bromide equivalents.

Entry Equivalents / [M] 30a [%]?@ 30b [%]? Conv. [%]°
55 1.0 eq./0.14 M 21 0 57
56 2.0eq./0.28 M 36 0 74
57 3.0eq./0.42m 54 0 77
58 4.0 eq./0.56 M 42 1 66

Conditions: 30 (0.7 mmol), acetonitrile/H.O (8 v/v%, 5 mL), j = 5 mA/cm?, 1.5 F with resp. to
30, 30 °C. [a] Yields determined by *H NMR (internal standard: CH:Br;); [b] Conversion was
determined via external GC calibration of 30.

Both lower and higher quantities of NaBr than 3 eq. decreased the formation of the
desired product 30a. This can be attributed to NaBr being the limiting reagent in the
reactions (Entries 55, 56). In the case of higher bromide content, the solvation of the
salt was reduced, and efficient stirring of the solution was inhibited. This problem was
tried to be solved via mechanical grinding of sodium bromide. However, higher yields
were not obtained (Entry 58).

3.1.1.8. Screening of reaction temperature

To understand how temperature affects the reaction outcome, the now optimized
conditions were carried out at different temperatures (Scheme 14). Interestingly,
lower, and higher temperature ranges decreased the formation of 30a. This could be
reasoned by the volatile nature of 30 and the additional heat that is generated during
the electrolysis (Table 11).
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gCligC Br. Br
NaBr (3.0 eq.)

MeCN/H,0 (8 v/iv%),

\

j=5mAlcm?1.5 F, PN BT
undivided cell Br
30 2040 °C 30a 30b

Scheme 14. Screening of optimal temperature range. gC = glassy carbon (anode Il cathode).

Table 11. Variation of reaction temperatures.

Entry Temperature (°C) 30a [%]2 30b [%)]2 Conv. [%]P
59 20 31 0 68
60 30 54 0 77
61 40 16 0 44

Conditions: 30 (0.7 mmol), NaBr (2.1 mmol), MeCN/H,O (8 v/v%, 5 mL), j =5 mA/cm?, 1.5 F
with resp. to 30. [a] Yields determined by *H NMR (internal standard: CH2Br;); [b] Conversion
was determined via external GC calibration of 30.

As a result of the extensive screening reactions the following parameters were set as

optimal (Scheme 15):

Br Br
gCligC Br Br
NaBr (3.0 eq.) _ .
H CH3CN/H,0 (8 vivo), H H
A j=5mAlcm2,1.5 F, P BT
undivided cell Br
30 30 °C 30a, 54% 30b, 0%

Scheme 15. Optimized reaction condition for the selective formation of 30a.

The initial screening experiments revealed that limonene only tolerates NaBr as a
bromine source, which determined the solvent composition and the necessity of H20
as an additive. The best yields and selectivity were achieved when a charge of 1.5 F
was applied in the presence of 3 eq. NaBr at glassy carbon electrodes (Entry 49).
Even though the theoretical charge is 2.0 F for one equivalent of bromine formation
with respect to the substrate, when more charge (Q) was applied (Entries 50, 51) or
the bromide concentration was increased, the formation of 30a was lowered (Entry
58).1234]
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3.1.2.Extension of scope

Once the reaction conditions were optimized, the scope was extended with both
structurally challenging mono- and polyunsaturated monoterpenes, terpenoids, and
phenylpropanoids. The scope with respective yields, amount of applied charge, and

diastereomeric ratio was included in the Scheme 16.

A. Reaction conditions:

R4 gClligC R4
y NaBr (3.0 eq.) R Br | _Br
R~ R3 R3

MeCN/H,0 (8 vIv%), R2

R2
undivided cell
10 examples,

yields up to 82%

B. Representative scope:

B /O B
Br r (e} Br r =
Br
: OH
Br /T\/Br
Br

A
Br Br
30a 31 32 33 34
54% (53%), 86% (82%), 72% (65%), 47% (44%), 46% (34%),
1.5 F, d.r.: 1:1* 30F 30F 25F dr.: 11 15F
N o o
o O
/O
N
~o ~o
Br Br Br Br
Br
Br Br Br Br Br
35 36 37 38 39
46% (41%), 54% (50%), 60% (48%), 64% (56%), 54% (42%),
20 F 20F 30F 55F 25F

from safrole from estragole  from allylveratrol

Scheme 16. Scope for the synthesis of dibrominated derivatives. Reaction conditions:
substrate (0.7 mmol), NaBr (2.1 mmol), MeCN/H,0O (5 mL, 8 viv%), glassy carbon electrodes,
undivided cell, constant current, j =5 mA/cm?, 1.5-5.5 F, 30 °C. Yields were determined by
IH NMR (standard: CH:Br;). lIsolated yields are in brackets. gC = glassy carbon.
[*] Diastereomeric ratio (d.r.) was postulated from the crystallographic data and d.r. of 30b.
Reproduced from reference [234], CC BY-NC-ND 4.0.

Among all the structures tested, 31 could be obtained with the highest isolated yield
of 82%. Similarly, the electrochemical dibromination of perillaldehyde and
4-allylanisole formed 32 and 38 with an isolated yield of 65% and 56%, respectively.

46 | Electrochemical dibromination of terpenes and naturally occurring olefins



The yields were higher in the presence of a deactivated olefin, and bromination was
observed on the terminal alkenes. This can be attributed to the reduced nucleophilicity
of the corresponding alkene, which enhanced the selectivity of our method as well.
The method proved to be applicable to a wide range of natural alkenes, including
various functional groups such as ketones, aldehydes, alcohol, and aromatic groups
as well. In the case of a-pinene and 3-carene the method proved to be rather
unsuccessful (Figure 24). While 40 could be obtained with an NMR yield of 20%, the
product was subjected to degradation even when storing it under an inert atmosphere
and low temperature. a-pinene yielded a complex mixture of unidentified products,
and 41 could not be detected. This phenomenon was reasoned with the structural
strain energy of the dimethylcyclobutyl moiety of a-pinene. Via an activation of the
pinene olefin, the strained dimethylcyclobutyl ring can open, which leads to the
unprofitable reaction outcome.l?3% When pulegone was subjected to the optimized

conditions, no conversion to 42 was observed (Figure 24).

Unsuccesful products:
Br Br.
Br Br
B O
r Br
40 41 42
20% not detected not detected
1.5F d.r.: 1:1 1.5F 1.5F

Figure 24. Unsuccessful products. Yields were determined by *H NMR (internal standard:
CH2Bry). d.r. = diastereomic ratio.

The scalability of the reaction was tested on the formation of 31. Carvone was scaled
up from 0.7 mmol to 3.5 mmol in a 25 mL Telfon® cell to obtain the corresponding
derivate in a yield of 72%. In the case of the 3.5 mmol scale, the reaction displayed a

slightly decreased yield (Figure 25).
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Scale-up:

Br
Br

31

normal scale:
0.7 mmol, 86%!?
scale-up:

3.5 mmol, 72%!?! .
0.7 mmol, 5 mL 3.5 mmol, 25 m

Figure 25. Transferring the synthesis of 31 from 0.7 mmol to 3.5 mmol scale. Reaction
conditions: substrate (3.5 mmol), NaBr (10.5 mmol), MeCN/H.O (25 mL, 8 v/v%), glassy
carbon electrodes, undivided cell, constant current, j=5 mA/cm?, 3.0 F, stirring velocity:
400 rpm, 40 °C; [a] Yields determined by *H NMR (internal standard: CH:Br;). Reproduced
from reference [234], CC BY-NC-ND 4.0.

When the reaction parameters and cell geometry were adjusted, the selectivity of the
reaction was inversed to favour the formation of 30b (Scheme 17). As carbon-halogen
bond are cathodically labile,?38] a divided Teflon® cell with a ceramic glass frit was
employed.['31 When 4.5F was applied, 74% of 30b was isolated. Only the

(1R,2R,4S,8S)-diastereomer was obtained upon crystallization.

1. Adjusted reaction parameters: 2. Molecular structure of
(1R,2R,4S5,8S)-30b

gCligC Br Br
NaBr (3.0 eq.)

MeCN/H,0 (8 viv%), Y
divided cell BT~

A
Br
30 30b, 74%, 4.5 F,

d.r.: 1:1

Scheme 17. Electrochemical tetrabromination of 30. Reaction conditions: Anodic
compartment: 30 (0.7 mmol), NaBr (2.1 mmol), MeCN/H.O (5 mL, 8 v/v%). Cathodic
compartment: NaBr (2.1 mmol), MeCN/HO (5 mL, 8 v/v%), glass frit membrane, glassy
carbon electrodes, divided cell, constant current, j =5 mA/cm?, 4.5 F, 30 °C. Isolated yield.
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The molecular structure of (1R,2R,4S,8S)-diastereomer of 30b was obtained by
crystallographic X-ray analysis (See experimental part for more information). Reproduced
from reference [234], CC BY-NC-ND 4.0.

3.1.3.Mechanistic studies

For the elucidation of the electrochemical dibromination mechanism, cyclic
voltammetry (CV) studies were carried out to understand the anodic counterpart.
Three solutions were scanned subsequently, including 30 (black), sodium bromide

(red), and 30 and sodium bromide (blue, Figure 26).

0.58Vv
2.4 —— (8)-(-)-limonene (0.01 M)
20 NaBr (0.01 M)
' ——— (8)-(-)-limonene (0.01 M); NaBr (0.01 M)
2,0
1.8
1,6
1.4
o 0.86 V
E 12
5 0.49V
T 10
~ 08 ,
06
0,4
—
0,2
0,0
0.2 Q_/
-0,4
T T T T T T T T T T T
-1,0 -0,5 0,0 0,5 1,0 1,5
E [V vs. FcHIFcH'

Figure 26. Cyclic voltammetry measurements of 30 (black), NaBr (red), and 30 and NaBr
(blue) in MeCN/H-0 (8 v/v%) solution. Conditions: substrate (0.01 M), NBusBF4(0.10 M), WE:
glassy carbon disk (d = 3.0 mm), RE: Ag/AgCI, CE: glassy carbon rod, scan rate: 100 mV/s.
FcH = ferrocene. Instrument: Autolab PGSTAT101, Metrohm AG. Reproduced from reference
[234], CC BY-NC-ND 4.0.

The red voltammogram postulates a quasi-reversible process with two distinctive
oxidation potentials (red voltammogram, Figure 26). The first oxidation potential
corresponds to the oxidation of bromide to bromine, according to Equation 12. In a
polar aprotic media with excess bromide concentration, the electrochemically

generated bromine is in equilibrium with the stable tribromide complexes (Equation
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13). The second oxidation potential corresponds to the oxidation of these tribromide
salts to bromine, which is in accordance with the literature (Equation 14).[172.173.175,176]
In the presence of (4S)-(-)-limonene (30, blue voltammogram), the first oxidation
potential was shifted from 0.49 V to 0.58 V, and the second oxidation potential was
absent. This indicated the immediate saturation of the alkene by the generated
bromine, shifting the equilibrium away from the formation of Brz~. The absence of the
reduction potential in the blue voltammogram is also indicated that bromine is

consumed by the alkene in the solution.

2Br - Brz2+2e” (12)
Br2 + Br- = Brs~ (13)
2Brs-—> 3Br2+2e” (14)

Within the potential window, 30 displays no electrochemical reactivity (black).

Therefore, NaBr should be anodically consumed before limonene (30) is affected.

The reaction was carried out in the presence of a radical scavenger, 2,2,6,6-
tetramethylpiperidinyloxy (43, TEMPO) to support our findings. As a result, the
formation of 30a was suppressed entirely, resulting only in a trace amount of product,

justifying the inhibition of active bromine agent formation (Figure 27).

Control reaction with TEMPO. Plausible mechanism:
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Figure 27. GC chromatogram of the reaction solution after electrolysis using TEMPO
(5.377 min) as a radical scavenger. Instrument: GC 2010 Shimadzu, method: HP5 hart.
Reaction conditions: 30 (0.7 mmol), NaBr (2.1 mmol), TEMPO (43, 2.1 mmol), MeCN/H>O
(5 mL, 8 viv%p), glassy carbon electrodes, j = 5 mA/cm?, Q = 1.5 F. [R] = reduction.
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As a cathodic reaction, hydrogen evolution is postulated, which is in accordance with
previously recorded studies.[**3l Moreover, in the case of the scale-up reaction, gas
evolution was visually observed on the cathode. In case of divided cells, the pH value
of the anodic and cathodic solutions was measured, indicating a strongly acidic and
alkaline environment, respectively reinforcing our hypothesis (Scheme 18). In the case
of an undivided cell, the pH value remained constant, suggesting the formation of
hypobromite.[182

As a result, the following reaction mechanism was postulated for the electrochemical
dibromination of natural alkenes: bromide is oxidized via two-step at the anode to form
bromine that immediately reacts with the respective olefin 30 to form the highly
reactive halonium intermediate IV. Subsequently, the IV suffers nucleophilic ring
opening by the free bromide in the solution forming the desired product. The reaction
is complemented via cathodic hydrogen evolution. The formation of instable

hypobromous acid cannot be disclosed (Scheme 18).

1. Plausible mechanism: Br, 2. CV measurements
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Scheme 18. Plausible reaction mechanism for the electrochemical dibromination of limonene
(30). Cyclic voltammetry supports the anodic reaction. Visual observation of cathodic gas
formation and pH measurements confirm the cathodic counter reaction. lon chromatography

shows Br- as the sole anionic entity present after electrolysis. Bromate (BrOs~) was not
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observed. Instruments: Autolab potentionstat PGSTAT101, Metrohm AG; 850 Professional
IC, Metrohm AG.[234

3.1.4.Control experiments

To demonstrate the superiority of the electrochemical method over the conventional
bromination methods, the dibromination of (4S)-(-)-limonene (30) was conducted in

the presence of elemental bromine and using DMSO/HBr (Table 12).[237.238]

Table 12. Control experiments for the dibromination of 30.

Entry  Conditions 30a [%]? 30b [%]?
1 Brl237] 22 13
2 DMSO/HBr!238l 39 10
3 Electrochemical method 54 0

Control experiments. Reaction condition: 1) 30 (0.7 mmol), Br> (99.6 %,0.7 mmol), DCM
(2.0 mL), 0 °C, 30 min. 2) 30 (0.7 mmol), DMSO (0.8 mmol), HBr (48 w/iw% ag., 1.6 mmol),
EtOAc (2.8 mL), 60 °C, 30 min. 3) 30 (0.7 mmol), NaBr (2.1 mmol), MeCN/H.O (5 mL,
8 vIv%), glassy carbon electrodes, undivided cell, constant current, j=5 mA/cm?, 1.5F,
30 °C. [a] Yield determined by *H NMR (internal standard: CH,Br). 234

In both cases, the desired product was obtained in lower yields with reduced
selectivity. The reaction carried out in the presence of bromine proved unselective,
accompanied by one main by-product and many unidentified by-products. According
to GC-MS measurement, the signal was depicted as a monobrominated limonene
derivative 30c. Further characterization could not be carried out as the product
decomposed upon isolation. The DMSO/HBr system reported by Jiao et al. showed
higher selectivity providing 30a in 39% and 30b in 13% NMR yield (Table 12). The
electrochemical method proved exceptional over the applied methodologies, which is
credited to the slower and controlled in-situ generation of bromine during the

electrolysis (Figure 28).[234
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A. Control reaction with bromine
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Figure 28. GC chromatograms of control reactions with bromine (A), DMSO/HBr (B), and

electricity (C) for qualitative visualization of reaction selectivity. Signals of 30, 30a, 30b and

Results and discussion | 53



30c were identified via GC, GC-MS and 'H NMR measurements. Instrument: GC 2010
Shimadzu, method: HP5 hart. Reproduced from reference [234], CC BY-NC-ND 4.0.

3.1.5. Further functionalization of the electrochemically generated

dibrominated products

To demonstrate the synthetic utility of the dibrominated derivatives, a series of further

functionalization reactions were carried out according to Scheme 19.

Br
Br NC
cyanide
—_—
DMSO
A A
30a 44

Scheme 19. Subsequent functionalization of 30a to 44 via Kolbe-nitrile synthesis. Reproduced
from reference [234], CC BY-NC-ND 4.0.

3.1.5.1. Kolbe-nitrile synthesis

Nitrile groups are indispensable functional groups in organic synthesis due to their
ability to be converted into a plethora of significant products. The Kolbe-nitrile
synthesis allows the formation of alkyl nitriles from alkyl halides via substitution with
cyanide ion and shows excellent reactivity and selectivity in DMSO.[239]

30a was subjected to the well-known Kolbe-nitrile synthesisi?40241 and other alkyl
nitrile forming methods!?42243] to form the corresponding a,p-unsaturated nitrile as a
result of a one-pot substitution and subsequent elimination procedure. This approach
was especially of interest as the forming o,pB-unsaturated nitriles are excellent
synthetic building blocks as polymer precursors from renewable resources.[?44
Moreover, the exact product under NaBr-mediated electrochemical conditions was not
possible to achieve (Figure 29). The presence of NaCN inhibited the reaction by
electrode passivation, forming white deposits on the immersed electrode surfaces.
The reactions were monitored by TLC, GC, GC-MS, and *H NMR methods.
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Electrolysis with NaBr and NaCN
30
it . i
- 255 ' 50 75 100 ' 125 '

Figure 29. GC chromatogram of reaction solution after electrolysis in the presence of NaCN.
Reaction conditions: 30 (0.7 mmol), NaBr (2.1 mmol), NaCN (1.4 mmol), MeCN/H,0 (8 v/v%,
5mL), glassy carbon electrodes, j=5 mA/cm?, Q=15F, 30 °C. Instrument: GC 2010
Shimadzu, method: HP5 hart.

To promote the desired reaction, polar aprotic DMSO with surplus equivalents of
cyanide salts was tested to facilitate the substitution. Subsequent to the Sn2 reaction,
the inversion of stereochemistry at C2 allows the preferential antiperiplanar
arrangement of C-H o and C-Br o™ bonds to promote the B-elimination in a one-pot
approach (Scheme 20). It is worth mentioning that trials in the reversed order to
achieve 44 were unsuccessful, and no conversions were observed. This was justified
by the ring distortion of 30a due to the higher electron negativity of the bromine

substituents that prevented the preferential arrangement for the p-elimination.
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Plausible mechanism:
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Scheme 20. Plausible mechanism for the formation of 44.

1. Reaction conditions:

Br
Br NC
cyanide, solvent
_—
Y 25-80 °C
/:\ /:\
30a 44, 49%

2. Possible by-products observed via GC-MS/'H NMR:

CN
NC Br Nc NC NC EtO
44a, 12% 44b, 20%2  44c, 9%2 44d,29%°  4de, 44%

Scheme 21. Reaction conditions for 44 formation and possible by-products. [a] Yield was
determined by *H NMR (internal standard: CHBr,) or based on GC internal calibration (Table

14). Isolated yields.

The initial reactions showed that the conditions reported by U. Jahn et al. for the simple

substitution of bromine functionality with cyanide could be applied to 30a (Scheme
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21). The proposed product was obtainable in a moderate yield and relative selectivity
(Entry 1, Table 13).240)

Table 13. Screening of Kolbe nitrile and other procedures for the formation of 44.

Entry Cyanides. Solvent T (°C) Yield [%]2P

1[240] NaCN DMSO 90 °C 44 (49%)P,
(2.2 eq.) (2.0 mL, 0.25 m) 44a (12%)°

2 KCN DMSO 25°C Complex mixture
(2.0 eq.) (2.0 mL 0.07 m)

3 KCN DMSO 80 °C Complex mixture
(2.0 eq.) (1.0 mL, 0.14 ™)

4 NaCN DMSO 60 °C 44, 55%? (49%)P
(4.0eq.) (10.0 mL, 0.10 ™)

5 NaCN DMSO 40 °C 44 (11%)°, 44b
(3.0eq.) 3.3 mL, 0.60 M) (20%)P, 44c (9%)°

62421 NaCN MeCN/H20 (17 viv%, 25-50 °C, No conversion
(2.2 eq.) 3.4 mL, 0.04 m) 12 h

71243 KCN EtOH Reflux,  44e (44%)P
(45eq.) (5.0 mL, 0.12 ™) 12 h

8 NBusCN MeCN 50 °C Complex mixture
(3.0eq.) (1.9 mL, 0.20 m)

[a] Yield determined by H NMR (internal standard: CH:Br,); [b] Isolated yield; [c] Yield
determined by GC internal calibration using octacosane (CasHsg). Qualitative analysis was
carried out with GC, GC-MS after 15 min, 30 min and 1 hour. Reaction conditions: substrate
(0.135-0.610 mmol), cyanide (2.0-4.5 eq.), solvent (0.04-0.25 M refers to the solvated
substrate as mmMm/mL), reactions were stopped after 1 hour, unless otherwise stated. DMSO =

dimethyl sulfoxide.

Utilizing KCN under the same conditions reduced selectivity. In acetonitrile/water with
NaCN no conversion was observed, while using tetrabutylammonium cyanide resulted
in the mixture of the products (Entries 6, 8). Due to the complexity of the mixture, yields
could not be provided (Figure 30). Characteristic shifts of 44a, 44b and 44c were
observed in *H NMR (Figure 31), however, their quantification was limited due to the

overlapping signals.
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GC chromatogram of Entry 2.
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Figure 30. GC Chromatogram of Entry 2 (Table 13) after work-up procedure for the qualitative
visualization of the product mixture. By-product 44a was isolated and characterized via
H NMR. By-products 44b, 44c and 44d were depicted via GC, GC-MS. Characteristic signals
of 44b and 44c were observed in 'H NMR (Figure 31). Instrument: GC 2010 Shimadzu,
method: HP5 hart.
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Figure 31. Stacked spectra of (4S)-(-)-limonene (30) and its functionalized derivatives. 30a,

44 were isolated and fully characterized. Characteristic signals of the by-products 44a, 44b
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and 44c were observed via *H NMR (bordeaux spectrum, Entry 5, Table 13) and GC, GC-MS.
Instrument: Bruker Avance Ill HD 400 (400 MHz, solvent: CDCls, internal standard: CH2Br>,
298 K).

Interestingly, when the protocol by Debarge et al. was applied, the unexpected allyl
alkyl ether derivative 44e was obtained with an isolated yield of 44% (Entry 7). Ethanol
reduced the nucleophilicity of cyanide and acted as a co-nucleophile resulting in 44e.
The conditions in Entry 1 (Table 13) showed the highest affinity for the formation of
44. However, all reactions carried out in DMSO at an elevated temperature resulted
in the thermal degradation of 30a to the limonene starting material 30. Friedman and
Shechter also described a similar finding that reason the phenomena with the
coordination of the bromine functional group with the solvent in simple
alkyloromides.[?®?l The reaction conditions were slightly modified to boost the
selectivity of the reaction and reduce thermal degradation (Table 13, Entry 4). As a
result, the by-product 44a diminished entirely, and the desired product was obtained
rapidly with a 55% 'H NMR and 49% isolated yield. However, the thermal degradation
of the substrate 30a could not be completely declined.

To see if other solvents or the presence of an additive have a positive effect on the
selectivity of the reaction, different solvent systems (Entries 9-11) and additives

(Entries 12, 13) were employed (Table 14).

Table 14. Screening of different solvent systems and additives.

Entry Deviation from reaction conditions? Yield [%]P¢
9  DMF/H20 (2 vivo) 44 (22%)P, 44d (29%)°
10  NMP/H20 (2 viv%) 44 (8%)P, 44d (14%)°
11  DMSO/H20 (2 viv%)) 44 (23%)°, 44d (16%)°

12  DMSO (100%), NaCN (2.0 eq.), KOtBu (1.2 eq.) 44 (6%)°

13 DMSO (100%), NaCN (2.0 eq.), KOtBu (1.2 eq.), 44 (5%)°
25 °C

[a] Reaction conditions: 30a (0.24 mmol), NaCN (4.0 eq.), solvent/additive (2 viv%, 2.42 mL),
80 °C; [b] Yield determined by GC internal calibration using octacosane (CzsHss); [c] Yield
estimated from GC integral ratios based on the yield of 44. DMSO = dimethyl sulfoxide, DMF
= dimethylformamide, NMP = N-methyl-2-pyrrolidon.
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Even after screening the new conditions in Table 14, the DMSO system proved
superior. The addition of water in DMF, NMP, or DMSO solvents increased the
formation of double substituted product 44d. In the case of Entries 9 and 10, water
was obligatory to solvate NaCN in the solution mixture sufficiently. The increasing
water content has a synergistic role of reducing the nucleophilicity of the cyanide anion
and shielding the substituted bromide, reducing the elimination of the second bromine
substituent, and promoting the side-reaction. The increased polarity of the solvent
system has also a detrimental effect on E2, explained by the Hughes and Ingold
rules.[?321 The competition between the B-elimination and substitution can be reasoned
with the overall charge density of the transition states. In the case of the elimination,
the charge is more widely dispersed compared to the transition state of the substitution
reaction, resulting in a less compact solvation shell and therefore, decreased
stabilization.!?®? Therefore, with increasing solvent polarity, Sn2 will be favored.
Adding a base causes the formation of limonene and other similar volatile products
even at room temperature (Entries 12, 13).

The same reaction conditions were applied to the dibrominated myrcene derivative
34. Surprisingly, instead of the desired nitrile derivate, 34a was obtained with a yield
of 74%, showing the structural dependence of the reaction. Utilizing CuCN in DMF,
34b was obtained with a yield of 22% (Scheme 22).

~ NaCN (4.0 eq.) ~ CuCN (1.2 eq.) =
DMSO DMF
Br ——— Br CN
60 °C, argon | 145 °C, overnight |
Br
34 34a (74%) 34b (22%)

Scheme 22. Functionalization of 34 to 34b via a 2-step synthesis. DMSO = dimethyl sulfide,
DMF = dimethylformamide.

The exhibit the synthetic utility of the electrochemically dibrominated product 30a, was
subjected to the well-known Kolbe-nitrile synthesis.[?3%241 After a series of
optimization reactions, the desired o,B-unsaturated nitrile derivate 44 could be
obtained in an isolated yield of 49% for the first time.l1122341 The reaction displays a
rapid substitution and a subsequent functionalization in a one-pot approach with

outstanding selectivity to the formation of 44. However, the optimized conditions
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proved to be structure-dependent (Scheme 22), shedding light on the overall structural
delicacy of terpenes. The forming product is of high interest due to the multifunctional

building nitrile functional group and its renewable resource.

3.2. Electrochemical bromination of enones

The electrochemical dibromination of natural alkenes showed that deactivated alkenes
remained chemically intact. To tackle this challenge, the reaction conditions were
slightly modified to enhance the electrophilicity of the bromine via a DMSO-Br
complex.?*®! To achieve the selective a-bromination of o,B-unsaturated carbonyls,
2-cyclohexene-1-one (45) was chosen as the model substrate, and initial optimization

was carried out as follows (Scheme 23):

0]
o Cgr Il Cgr O
NaBr (3 eq.) Br .
MeCN/DMSO/H,0
undivided cell, 60 °C
45 45a 45b
o]

Scheme 23. Electrochemical a-bromination of 45. DMSO = dimethyl sulfoxide. Cgr =

graphite (anode Il cathode).

Tablel5. Optimization of electrochemical a-bromoenone (45a) formation.

Entry  Deviation from standard conditions? 45a [%]P° 45b [%]®-°
1 none 13%P (9%)° 0%

2 Nal 0% 0%

3 NBu4Br 0% 0%

4 NaBr (5.0 eq.) 14%P 0%

5 25 °C traces traces
6 MeCN/H20 (8 v/v%), no DMSO 0% traces
7 MeCN/DMSO/H20 (2.5 mL/2.5 mL/0.2 mL) traces 19%°

8 MeCN/DMSO/H20 (4.6 mL/0.5 mL/0.1 mL) 14%P traces
9 MeCN/DMSO/H20 (4.6 mL/0.1 mL/0.5 mL) 4%P traces

[a] Standard  conditions: 45 (0.5mmol), NaBr (1.5mmol), MeCN/DMSO/H,0

(4.6 mL/0.4 mL/0.2 mL), graphite electrodes, undivided cell, constant current, j = 10 mA/cm?,
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4.0 F (ref. substrate), 60 °C; [b] Yields determined by H NMR (internal standard: CHBr>);
[c] Isolated vyields. After electrolysis, the solution was left to stir overnight.
DMSO = dimethyl sulfoxide.

The corresponding product was obtained using the initial conditions with an NMR yield
of 13% (Entry 1, Table 15). When the halide source was changed to Nal or NBu4Br,
no product formation was observed, demanding the necessity of NaBr. Reducing the
reaction temperature to 25 °C degrees or omitting DMSO from the solvent system
diminished the formation of 45a, and the hydrodimerized 45b was obtained (Entries 5,
6). Interestingly, increasing the DMSO content to 2.5 mL displayed analogous
behaviour furnishing 50b with an isolated yield of 19%. The preliminary optimization
conditions showed that both the presence of NaBr, and DMSO as well as the elevated
temperature are influencing parameters in the formation of 45a, and the following

plausible mechanism is proposed (Scheme 24):

Plausible mechanism:

2H,

pKa = 8.6 pKa =-9.0 —
4 HO

4Br

2 H,0

2 Br, 2HOBr + 2HBr

) { B~ DMSO
OH 4 H,0
5 H,O 2

(0]
H< | = e
Br ?r _
45a - Br
-H,O + ) /§\
- Mezs LS — 45 .
- | Br )
—Br bromodimethyl
Vi sulfonium

Scheme 24. Plausible reaction mechanism for the formation of 45a.

According to the proposed mechanism, the electrochemically formed bromine reacts
with water to form hypobromous and hydrobromic acid. The latter forms the highly
efficient bromodimehtyl sulfonium bromide (BDMS)[?4%! agent that conveniently adds to
the deactivated enone double bond VI. After subsequent deprotonation of the acidic
a-proton and liberation of dimethyl sulfate in the B-position, 45a is obtained. Heat is
necessary for the liberation of volatile Me2S, which drives the reaction forward. As
Me2S has a boiling point of 37 °C,[?#8l its liberation has a detrimental effect on the yield.

Furthermore, its recycling was considered a priority to preserve the atom efficiency of
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the reaction. The low yields of the desired 45a could be justified by the HBr
dependence of the reaction to form the “active brominating agent”’, BDMS. HBr has a
pKa of =9, which suggest that it is present mainly in its deprotonated form under the
reaction conditions.??2l Moreover, the cathodic counter reaction consumes protons,
shifting the reaction media into a rather alkaline environment. Both aspects limit the
formation of BDMS.

To investigate if BDMS analogues can be directly generated by substituting DMSO,

different sulfide sources were tested (Scheme 25).

O O
Cgrll Cgr Br e}
NaBr (3 eq.), R,S (46) (3.0 eq.) . 5
17951
MeCN/H,O (0-8%) RER
45 undivided cell 45a 47

R' = CHj, alkyl, phenyl, aryl.

46a ' 46b 46¢ 46d

Scheme 25. NaBr mediated formation of bromodialkyl sulfonium [Br*] from different sulfides.

Cgr = graphite (anode Il cathode).

In the case of the sulfides tested, no desired product was formed. Instead, the
formation of sulfoxide derivates were observed (Table 16). When dibutyl sulfide was
subjected to the standard conditions, dibutyl sulfoxide (47a) was obtained in 26% NMR
yield. In the presence of other sulfide derivatives, oxidized derivates 47 were observed
in trace amounts, or no formation of 47 was observed (Entries 16-19).

To see if different bromide sources facilitate the formation of the desired product,
dibutyl sulfide (46a) was subjected to other reaction conditions (Table 16).
Unfortunately, no formation of 45a was observed. When ammonium bromide and
tetramethylammonium bromide were used, 0.25 mL water was added to facilitate the
solvation of the salt (Entries 20, 21). To avoid the use of water and possible oxidation
of the sulfide derivate, tetrabutylammonium bromide was used (Entries 19, 22).

However, even in the presence of pure HPLC-grade acetonitrile, 46a is subjected to
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oxidation with a trace amount of water in the system (Entry 22). Previous

electrochemical protocols described similar findings.[247:248]

Table 16. Screening of other sulfide sources for the formation of [Br+].

Entry Deviation from standard conditions? 45a [%]°> 47 [%]°
15 46a (3.0 eq.) 0% 26%
16 46b (3.0 eq.) 0% traces
17 46c¢ (3.0 eq.) 0% 0%
18 46d, MeCN/H20 (8 v/v%) 0% 0%
19 46d, NBuaBr (3.0 eq.), MeCN (100 v/v%) 0% 0%
20* 46a, NH4Br (3.0 eq.), MeCN /Hz20 (5 v/v%) 0% traces
21* 46d, NMe4Br (3.0 eq.), MeCN /Hz20 (5 v/iv%) 0% traces
22 46a, NBusBr (3.0 eq.), MeCN (100 v/v%), 60 °C 0% traces

[a] Standard conditions: 45 (0.5 mmol), NaBr (1.5 mmol), 46 (3.0eq.), MeCN/H,O
(4.6 mL/0.4 mL, 8 v/v%), graphite electrodes, undivided cell, constant current, j = 10 mA/cm?,
2.0 F (ref. substrate) 25 °C; [b] Yields determined by *H NMR (internal standard: CH2Br);
[c] Isolated vyields; [*] For sufficient solvation of the salt, 0.25 mL H,O was added. After
electrolysis was finished, the solution was left to stir overnight.

As the previous approaches did not promote the formation of the desired molecule, the
standard conditions were carried out in the presence of different organic bases. The
role of the base envisioned to have a catalytic effect via a Michael 1,4-addition forming
intermediate VII (Scheme 26). VII reacts with the electrochemically generated bromine
to form the a-brominated intermediate VIII. Upon deprotonation of the acidic hydrogen
at a-position, 45a is formed. The base is expected to reform as a part of the catalytic
cycle. Pyridine (Py), imidazole, 1,1,3,3-tetramehtylguanadine, 2,6-lutidine and
dimethylaminopyridine (DMAP) bulky bases were tested to see if the presence of a

base has a positive effect on the reaction outcome (Table 17).
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Plausible mechanism:
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Scheme 26. Plausible reaction mechanism for the base catalyzed electrochemical

generation of 45a. X = base.

Table 17. Screening of different organic bases.

Entry  Deviations from standard conditions? 45a [%]° 45b [%]°
23* 45 (0.5 mmol), NaBr (5 eq.), Py (1.0 mmol), 25 °C 0% traces
24"  imidazole 0% traces
25* 1,1,3,3-tetramehtylguanadine 0% traces
26 2,6-lutidine traces 0%
27** DMAP 0% 0%
28 NBS/DBU (0.5eq.), 2.0 F, 25 °C traces 0%

[a] Standard conditions: 45 (0.7 mmol), NaBr (2.1 mmol), base (2.1 mmol), MeCN/H;O
(5.0 mL, 8 v/v%), graphite electrodes, undivided cell, constant current, j = 10 mA/cm?, 4.0 F
(ref. substrate), 60 °C; [b] Yields determined by H NMR (internal standard: CH2Br»).
[*] cathode passivation was observed. [**] Bromination of the base was depicted via GC, GC-
MS. After electrolysis was finished, the solution was left to stir overnight. Py = pyridine, DMAP
= 4-dimethylaminopyridine, NBS = N-bromosuccinimide, DBU = 1,8-diazabicyclo[5.4.0]Jundec-

7-ene.

Out of the bases screened, only 2,6-lutidine featured the formation of the desired
product in trace amounts (Entry 26). When pyridine, imidazole, or
1,1,3,3-tetramehtylguanadine was tested, heavy cathode passivation was observed,
promoting the formation of by-product 45b. In the presence of imidazole and DMAP,
their brominated analogues were observed qualitatively (Entries 24, 27).

Next, the system was subjected to different aprotic polar solvents (Table 18).
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Table 18. Screening of solvents.

Entry Deviation from standard conditions? 45a [%] 45b [%)]
29 THF (100 v/iv%) 0% 0%
30 DMF (100 v/v%) 0% traces

[a] Standard conditions: 45 (0.5 mmol), NBu4Br (1.5 mmol), 46a (1.0 eq.), graphite electrodes,
undivided cell, constant current, j = 10 mA/cm?, 2.0 F (ref. substrate), 60 °C; After electrolysis
was finished, the solution was left to stir overnight. Reaction was monitored with GC and
GC-MS methods. THF = tetrahydrofuran, DMF = dimethylformamide.

When utilizing other aprotic polar solvents, 45a was not obtained. When THF was
used, complete conversion of the starting material was observed (Entry 29). In the case
of DMF, a trace amount of 45b was obtained.
Parallel to the investigation of this project, the electrochemical chlorination and
bromination of electron deficient C—H bonds in quinones, coumarins, quinoxalines and
1,3-diketones was published (Scheme 27).1249

0] (0]
Corll Pt Br
KBr (6.0 eq.), H,SO4 (4.0 eq.
R1_: | ( q ) 2 4( q )‘ R1—: |
MeCN
0 NEt,BF, (0.1 M), (0]
undivided cell, r.t.
48 48a
R' = alkyl, phenyl, aryl. 9 examples, up to 65%
v a-halogenation of deactivated enones X platinum cathode
v biologically active compounds X 6 eq. of bromide salt
X additional supporting electrolyte X moderate yields

Scheme 27. Electrochemical activation of electron deficient C-H bonds. Cgr = graphite, Pt =

platinum (anode Il cathode).!?*9!

The electrochemical method presents 9 brominated derivates 48a with moderate to
good vyields. KBr and H2SOa4 serve as in-situ HBr source, which supports our HBr-
dependence hypothesis of the reaction. Compared to our method, this procedure
obligates the necessity of additional supporting electrolytes despite utilizing 6.0 eq. KBr
salt. Moreover, it relies on a platinum metal cathode, which reduces the sustainability
of this approach. In combination with our application of sustainable graphite electrodes,
the dual role of NaBr both as a bromine source and supporting electrolyte, Scheme 27
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sheds light on the possible drawbacks of Yu et al.”s approach and the necessity of

further research on the efficient activation of electron-deficient C—H bonds.

3.3. Electrochemical bromolactonization of alkenoic acids

The successful dibromination protocol of terpenes was extended to the class of
alkenoic acid to promote intramolecular bromocyclization to the corresponding
bromolactone derivatives. 4-alkenoic acid (49) was chosen as a model substrate, and
a short optimization was carried out according to Scheme 28. The reaction was
monitored with GC, GC-MS, and 'H NMR methods.

Cor Il Cgr 0o

(0] halide source g o
/\%OH MeCN/H,O (8 viv%)
undivided cell, r.t. X
49 X = Br (49a), | (49b).

Scheme 28. Electrochemical halolactonization of 49. Cgr = graphite (anode Il cathode).

Table 19. Optimization of electrochemical halolactonization method.

Entry  Deviation from standard conditions? Yield [%]P° Conv. [%]°

1 none 49a, 49%" (49%)° 100%P

2 NBu4Br 49a (11%)° 62%"

3 NaOH (1.0 eq.) 49a, 15%" (14%)° 1009%°

4 MeCN/MeOH/H20 49a (42%)° 100%P
(4.2mL/0.4mL/0.4mL)

5 MeOH/H20 (4.6mL/0.4mL) 49a (traces) 100%"

6 MeOH (5.0mL), Nal (3.0 eq.) 49b (traces)® n/a

7 MeOH (5.0mL), Nal (3.0 eq.), 49b (8%)P° 70%P
NaHCOs (1.0 eq.)

8 MeOH (5.0mL), Nal (3.0 eq.), 49b (10%)°P 100%P
NaOH (1.0 eq.)

9 H20 (5.0mL), Nal (3.0 eq.), NaHCOs 49a (0%) n/a

(1.0 eq.), platinum electrodes

[a] Standard conditions: 49 (0.7 mmol), NaBr (2.1 mmol), MeCN/HO (5.0 mL, 8 v/iv%),

graphite electrodes, undivided cell, constant current, j=5 mA/cm?, 2.0 F (ref. substrate),
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25 °C; [b] Yields determined by H NMR (internal standard: CH.Br.); [c] Isolated yields.

Conversion was calculated using the *H NMR yield of 49a, b. n/a = not assessed.

Upon applying the standard conditions on 49, the corresponding bromolactone
derivative 49a was obtained with an NMR yield of 49% in a selective manner (Entry 1,
Table 19). Upon a simple liquid-liquid extraction, the spectroscopically pure product
was obtained with an isolated yield of 49%. The GC, GC-MS chromatogram, and
crude NMR showed excellent selectivity; no trace of by-products was observed.
Changing the bromide salt to NBu4Br decreased the conversion of the starting material
and the yield of 49a to 11%. In the presence of one equivalent NaOH, the formation
of the desired product was capped at 15% (Entry 3). The solvent system was
complemented with MeOH to generate the base in situ. As a result, the desired product
was formed with a yield of 42% (Entry 4). Using methanol as the major solvent or
employing Nal as the halide source had a detrimental effect on the outcome of the
reaction (Entries 5-9). When Nal in combination with a base was used, the
iodolactone 49b was obtained with reduced yields (Entries 8, 9). In water, no 49b was
formed, and the starting material was consumed completely.

As the initial conditions proved superior, further optimizations were performed on the
original conditions. Next, the amount of applied charge was varied to study the
relationship between the formation of product 49a and the conversion of starting
material 49 (Table 20).

Table 20. Varying the amount of applied charge (Q).

Entry  Deviation from standard conditions®  49a [%] Conv. [%]P

10 05F 32% 80%
11 10F 42% 84%
12 15F 44% 92%
13 20F 49% 100%

[a] Standard conditions: 49 (0.7 mmol), NaBr (2.1 mmol), MeCN/H,O (5.0 mL, 8 v/iv%),
graphite electrodes, undivided cell, constant current, j =5 mA/cm?, 2.0 F (ref. substrate),
25 °C; [b] Yields determined by 'H NMR (internal standard: CH.Br;); Conversion was
calculated using the *H NMR yield of 49a.

Via applying different amounts of charge (Q), it was revealed that with an increasing

charge amount, the conversion of starting material increases. At 2.0 F, it reaches
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100% conversion and limits the formation of the desired product 49a (Entry 13). This
finding explained the presence of HBr in the previous reports.['®l HBr acts as a
bromine source and hinders the consumption of alkenoic acid by increasing its
oxidation potential. Based on these findings, the following plausible mechanism was
postulated (Scheme 29). Electrochemically generated bromine reacts with the
alkenoic acid 49 to form the halonium intermediate IX. Spatial structural
rearrangement and preferential overlap of the oxygen lone pair and the C-Br ¢* bond
at C5 allows the favoured 5-exo-trig cyclization of the molecule to 49a following

Baldwin’s rules.[250]

Plausible mechanism: B
i \
HOBr.—--. |
’ \l
%/ 2Br Br Ho 2 M0 2
5-exo-trig cyclization
N Br,_ 49
1 1 H2
HO.__O HO._O
Br + o — 6 92 -
Br_s = D 2 HO
3 +B 3
r
6 4 I - 4
[)'¢ Oc-Br
. preferential overlap of oxygen .
lone pair and C-Br ¢* bond
_ (¢
HO
49a 47—4 +O/H
H20 X “—Br

Scheme 29. Electrochemical bromocyclization of 49 to 49a. Formation of HOBr cannot be

closed out.

Parallel to the initial experiments conducted within the frame of this research project,
the group of D. Y. Kim published an efficient electrochemical procedure for the
bromocyclization of unsaturated carboxylic acids 50 using NaBr at graphite anode and
nickel cathode electrodes (Scheme 30).[1°° The procedure features 17 examples with

up to 96% isolated yield.
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R'" 0O Car Il Ni Br 0. .0
M NaBr (5.0 eq.)
2 OH > R1
MeCN
undivided cell, r.t.
50 50a
R'= CHs, Ph, aryl. 17 examples, yields up to 96%
v 17 examples X nickel cathode
v/ excellent yields X structural delicacy
v/ graphite anode X 5.0 eq. of bromide salt

Scheme 30. Electrochemical bromolactonization of unsaturated carboxylic acid derivates

reported by Kim et al.[*!

Excellent yields were obtained, especially when R?! represented an aryl group
suggesting the structural delicacy of the method. Nevertheless, the method showed
the dependence on nickel metal cathode, which is a drawback due to the increasing
economic demand and abundance of nickel metal.[?1-253] Moreover, substrate 50 was

utilized in 0.05 M concentration in the presence of 5.0 equivalent NaBr.

Utilizing cheap and sustainable graphite electrodes, higher substrate concentration,
and using only 3 equivalents of NaBr qualifies our method still more advantageous.
Moreover, the competing olefin saturation reaction, which is associated with
conventional protocols, was not observed. Therefore, the initial experiments for the
electrochemical bromolactonization published in this dissertation provide a solid base

for potential further method development.
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3.4. Hofmann rearrangement of urea derivatives

This project was inspired by the NaBr mediated Hofmann rearrangement of amides

into bioactive carbamates (Scheme 31A).[2>4 We aimed to achieve an electrochemical

protocol for the bromine-mediated transformation of urea derivatives to highly

functional hydrazine derivates. Based on the mechanism postulated in the literature,

the plausible rearrangement of urea 51 into its hydrazine derivatives proceeds via the

following mechanism: the N-Br bond intermediate Xl forms from the electrochemically

generated bromine and XI. After a second deprotonation and rearrangement of amine

functionality onto the bromine-activated nitrogen, the nitrene XIV, and subsequently,

the amino isocyanate intermediate is formed XV. Following, XV is scavenged with

methanol to form the desired protected hydrazine derivative 52.

A. Previous work:

o)
R1JJ\NH2
4

R'= alkyl, Ph.

H
Pt 1l Pt N_ _OMe
NaBr R
o)
MeCN/MeOH, 6

undivided, 50-60 °C.

36 examples,
yields up to 84%

B. Suggested Hofmann rearrangement of ureas to 52:

0 H
Pt Il Pt
1 N )J\ _Me
R‘NJ\NHz NaBr R! H (0]
H MeCN/MeOH,
51 undivided 52
C. Suggested mechanism:
51 Ha
_ X 2 MeO™
2 Br
1 _
A )J\NH 2 MeOH
H
Br
2 XI
(0]
p
MeO™ R‘N)J\N’Br 52
H H
MeOH Xl T MeOH

L_O
NP
RZ ” )\\N ,Er

p Al XIv Xv

Scheme 31. Proposed electrochemical Hofmann rearrangement of urea derivatives 51 to

hydrazines 52 based on previous literature. Pt = platinum (anode Il cathode).[?54-2561
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3.4.1.Synthesis of urea derivates

First, the urea derivates were synthesized with slight modifications according to the
literature.[?>”] Alkylamine and potassium isocyanate reacted in 1 M ag. HCI solution to
furnish the following scope. The forming urea derivatives were recrystallized or

subjected to column chromatography to yield the clean products 51 (Scheme 32).

A. Synthesis of ureas:
KOCN (2.2 eq.) H
ag. HCI (1 M)/ ~N__NH;
-NH2 MeOH (5 v/v%) R™ T
R o]
0-25 °C,
5 overnight. 51
R' = alkyl, Ph.
B. Scope:
i hi§ X
/\/\N)J\NH2 O NH, (\N NH,
H o)
51a, 48% 51b, 91% 51c, 93%
N “ NH H NH
@”wr””z (;( D (;( g
° ° Cl ©
Br Cl
51d, 96% 51e, 89% 51f, 49%
I
N\n/NHz
(1
519, 96%

Scheme 32. Scope of urea derivatives. Isolated yields.

3.4.2.Preliminary optimization on urea derivatives

Opposed to the literature, N-butylurea (51a) was chosen as a model substrate over
N-phenylurea (51d) to avoid bromination on the phenyl ring. 51a was subjected to the

electrochemical conditions taken over from the literature (Scheme 33).[2%4
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A. Conditions
(o]
J\ Etalérp(to 5eq.) H 0]
\HZ/\N NH, —— 2= \Hz/\N' \”/ ~
H MeCN/MeOH H o
51a 52a
B. Products observed:
o]
R i H\/(’\)\ j\ j\
LN OR! 5N > Y5 ONTONT 07
H H o H H
R' = CHj; 6a, 3%? 53, 22% 54a, 3%?
R'= C,H; 6aa, 16%°
N i
\(\’)2/\N N N/\HZ/ \HZ/\NJ\N/\MZ/
H H H H H
55, 9% 56a, 28%

Scheme 33. Preliminary screening of 5l1a for the formation of hydrazine derivate 52a.
[a] Yields determined by *H NMR (internal standard: CH2Br). Isolated yields.

Under literature conditions, no presence of the desired urea was detected (Entry 1,
Table 21). With a slight modification of the reaction conditions, the formation of
carbamate 6a and oxamide 53 was observed with 3% and 19% NMR vyield,
respectively (Entry 2). Using NEt4Br as a bromine source or pure methanol diminished
the conversion. Changing the electrode material to isostatic graphite decreased the
conversion of starting material to 54%, but it did not affect the formation of oxalamide
(Entry 5). When an increased amount of F was applied, the reaction selectivity
decreased, yielding 6a, 53, 54a, and 55 as a complex mixture (Entries 6, 9).
Interestingly, the corresponding methylcarbamate derivative 6a could be detected via
GC and GC-MS methods when methanol was used as an additive. However,
quantification via *H NMR failed, suggesting the compound’s instability.

When ethanol was utilized as an additive with NEt4Br, 53 was obtained with an isolated
yield of 22% (Entry 10). In the case of water as an additive, in combination with NaBr
resulted in no conversion. When NaCl was used, the corresponding dialkyl urea 56a
was formed with a yield of 28% (Entry 8.)
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Table 21. Initial screenings of electrochemical reactions conditions.

Entry Deviations from conditions? Yield [%]¢.d-€ Conv. [%]cd-e
1 literature conditions® 0%* 100%¢
2* none 6a (3%)°, 53 (19%)° 66%°
3* NEt4Br 0%:® n/a
4 MeOH (100 v/v%), NEtBr 0%*® n/a
5* Cgr Il Cgr 53 (20%)° 54%°
6* CgrllCgr,40F 53 (15%)¢, 100%*
54a (3%)Y, 55 (9%)¢
7 MeCN/H20 (10 v/iv%) 0%*® n/a
8 NacCl 55 (8%)°, 56a (28%)° 40%°
9* 30F Complex mixture n/a
10* MeCN/EtOH (20 v/v%), NEt4Br 53, 24%° (22%)¢ n/a
(1.0 eq.), NaOEt (1.0 eq.)
11* MeCN/EtOH (10 v/v%), NEt4Br 6aa (16%)° n/a
(1.0 eq.), NaOEt (1.0 eq.), 3.0 F
12 MeCN/EtOH (20 v/v%), NEt4Cl 6aa (2%)° 96%°

(1.0 eq.), NaOEt (1.0 eq.)
[a] Standard conditions: urea (0.5 mmol), NaBr (0.25 mmol), MeCN/MeOH (5.0 mL, 10 v/v%),

platinum electrodes, undivided cell, constant current, j =5 mA/cm?, 2.0 F (ref. substrate),
30 °C; [b] Literature conditions: urea (0.5 mmol), NaBr (0.10 mmol), NBusBF4 (1.0 mmol),
MeCN/MeOH (5.0 mL, 10 v/v%), platinum electrodes, constant current, j = 6.7 mA/cm?, 3.4 F
(ref. substrate), 50 °C; [c] Yields determined by *H NMR (internal standard: CH:Bry);
[d] Isolated yields; [e] Complete conversion of 51a or absence of products were detected via
GC, GC-MS; [*] Carbamate derivate was detected via GC, GC-MS. n/a = not assessed.

The initial reactions failed to provide the desired hydrazine compound, and the formed
products suggested the decomposition of the urea. To understand whether the
electrochemical instability relies on the structural features of 51a, benzamide (4) and
other urea derivatives were subjected to the literature and standard screening reaction
conditions (Scheme 34, Tables 22, 23).
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A. Conditions
o Pt Il Pt H
R NaBr (0.5 eq.) RT.N.__O_
XN e~ S T
R2 MeCN/MeOH R2 0)
4, 51 6, 52

R' = alkyl, phenyl; R? = H, CH, alkyl. X=C,N.
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H H ~ ~
: NH, T bl
. . e} o)
: : Br
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o o o o o
E (\N)J\NHZ E N)J\O/ (\NJJ\O/ N)J\N)J\O/
1 : H
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H . Br Br
: 51d 5 51da, 45% 51db, 4%
5 i X
5 5 N N Q
s s @(” N O N
Br _
: ; 57d, 1% X = H, 57da, 5%
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s o | . O
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| : . .
L s ¢l 57f, 13%

Scheme 34. Screening of 4 and other ureas 51 under literature and modified conditions.

[a] Characteristic signals were identified in *H and **C NMR.
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Table 22. Screening of literature conditions on 4 and other urea derivatives.

Entry  Deviation from literature conditions? Yield [%]®-¢.d:
13 none 6d (21%)¢, 6da (3%)°
14 Cor Il Cgr Decomposition of 44
15 51d (0.5 mmol) Decomposition of 51d¢9
16 51d (0.5 mmol), Cgr Il Cgr 57d (7%)P
17 51g (0.5 mmol) Decomposition of 51g¢

[a] Literature conditions: benzamide (4, 0.5 mmol), NaBr (0.1 mmol), NBusBF4 (1.0 mmol),
MeCN/MeOH (5.0 mL, 10 v/v%), constant current, j = 6.7 mA/cm?, 3.4 F (ref. substrate),
50 °C; [b] Yields determined by *H NMR (internal standard: CH2Br»); [c] Isolated yields; [d] No
conversion of the substrate was observed via GC, GC-MS and TLC. Cgr = graphite (anode II
cathode).

Table 23. Screening of other conditions on other urea derivatives.

Entry Deviation from standard conditions? Yield [%]®-c.d-e
18 none 57da (5%)°, 57db (6%)°
19 51e (0.5 mmol) 57e, 57ea (1:1, 13%)°
20 51f (0.5 mmol) 57f (13%)°
21 51d (0.5 mmol), HBr (1.5 mmol) 51da (45%)¢, 51db (4%)°

22 51d (0.5 mmol), Cgr Il Cgr, MeOH/MTBE  57d (11%)°
(10 v/v%), 60 °C

23 51b (0.5 mmol), Cgr Il Cgr, MeOH/MTBE  6b (7%)°, 54b (11%)P
(10 v/v%), 60 °C

24 51c (0.5 mmol), Cgr Il Cgr, 50 °C 6¢C (7%)°P

[a] Standard conditions: urea (0.5 mmol), NaBr (0.25 mmol), MeCN/MeOH (5.0 mL, 10 v/v%),
platinum electrodes, undivided cell, constant current, j =5 mA/cm?, 2.0 F (ref. substrate),
30 °C; [b] Yields determined by *H NMR (internal standard: CH2Br>); [c] Isolated yields; [d] No

conversion of the substrate was observed via GC, GC-MS and TLC; [e] Ratio was determined
via GC-MS due to the overlapping signals in *H NMR. MTBE = methyl tert-butyl ether. Cgr =
graphite (anode Il cathode).

Reacting benzamide (4) under literature conditions, 6d could be isolated with a 21%
yield. As a by-product, a slight amount of brominated urethane 6da was observed
(Entry 13, Table 22).12%1 Applying the same conditions to 51d and 51g, heavy
electrode passivation occurred, and the reaction mixture was dark brown, indicating
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urea decomposition. Changing the electrode material to graphite did not facilitate the
reaction for benzamide (Entry 14). The slight modification of the reaction conditions
facilitated the formation of the unexpected azobenzene derivatives 57 from the
corresponding ureas (Table 23). Similar findings were reported independently through
the oxidative coupling of anilines,?>8-2601 suggesting the electrochemical
decomposition of urea to the corresponding anilines. The dark brown color of the
reaction mixture after electrolysis and the poor yields of the corresponding
azobenzenes indicate the same reaction mechanism and the overoxidation of the
forming amine species.[?61 When 51e was used as a substrate, an isolated mixture of
57e and 57ea was obtained with a combined yield of 13%. The correct ratio could not
be determined via NMR studies due to the overlapping signals of the two products.
The electrode material had a detrimental effect on the outcome of the reaction, with
platinum promoting the decomposition of urea derivatives (Entries 14, 16). The Yang
group reported the oxidation of urea on different anode electrodes under physiological
conditions.[?62 Platinum electrodes promote efficient C—N bond breakage resulting in
the liberation of ammonia, carbon monoxide, or carbon dioxide.[?62l When piperidine
urea (51b) and morpholine urea (51c) was subjected to the reaction conditions, the
corresponding carbamates 6b, 6¢c were detected with a 7% NMR yield, respectively
(Table 23).

3.4.3.Investigation of the formation of symmetric dialkyl urea derivatives

To investigate the formation of 56, the role of water as an additive and different

supporting electrolyte salts were investigated (Scheme 35).

LI R L hit
R NaBr (0.5 eq. RY _R’ RL R’
SNTONH,  NaBr0Seq) N" NN 4 TONTON
H MeCN/MeOH H H H H H
51a 55 56a
R' = alkyl.

Scheme 35. Investigation of the formation of 56a. Pt = platinum (anode Il cathode).
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Table 24. Screening of different conditions for the formation of symmetric dialkyl urea

derivatives.

Entry  Deviation from conditions? Yield [%]°¢ Conv. [%]P°
25 none 0%" n/a
26 Nal, Cgr Il Cgr 0% 75%
27  NaCl, Cgr Il Cgr 55 (8%)°, 56a (28%)° 40%°
28 NaCl, NaOH (0.5 eq.), Cgr Il Cgr 95 (23%)° 83%°
29  KCI, Cgr Il Cgr 55 (5%)°, 56a (24%)° 79%P
30  LiCl, Cgrll Cgr 55 (3%)°, 56a (8%)° 69%P
31  NEt©Cl, MeCN/MeOH (10 VAv%),  56a (24%)P 78%P

Cor Il Cgr
32  LiClOas, Cgr Il Cgr 55 (4%)", 56a (16%)° 73%P
33 NBu4BF4, Cgr Il Cgr 56a (26%)° 729%b

[a] Standard conditions: urea (0.5 mmol), NaBr (0.25 mmol), MeCN/H-0O (5.0 mL, 10 v/iv%),
platinum electrodes, undivided cell, constant current, j =5 mA/cm?, 2.0 F (ref. substrate),
30 °C; [b] Yields determined by H NMR (internal standard: CH.Br.); [c] Isolated yields.
Conversion is calculated from *H NMR vyield or isolated yield of starting material. Cgr =
graphite electrode (anode Il cathode).

The formation of 56a was only observed when water was used as an additive in
combination with chloride or other electrochemically stable supporting electrolytes
(Table 24). In the presence of sodium bromide or iodide, no product was formed. In
the presence of NaCl, the corresponding dialkyl urea 56a was formed with an isolated
yield of 28% (Entry 27). As a by-product, 55 was detected. The isolated 60% starting
material showed good selectivity and mass balance of the reactions, suggesting a
different reaction mechanism than those involving bromide salts (Entry 27). When
NaOH was added as an additive, the yield of 56a was reduced (Entry 28). Interestingly,
LiCIO4 and NBu4BF4 afforded the same product closing out the role of chlorine, or
possible hydrochloric acid or hypochlorous acid in the reaction mechanism.

Extending the initial conditions to ureas 51b and 51c gave similar results, and 56b
and 56c¢ could be obtained with an isolated yield of 10% and 20%, respectively
(Scheme 36). Moreover, no formation of the corresponding biuret was observed,
suggesting these derivatives” robustness. No diphenylurea was formed, when

phenylurea (51d) was used as a substrate (Table 25).
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A. Conditions

0 Cgr Il Cgr o
R! 5eq. R! .R!
A, Nacl©5eq) o
Il?z MeCN/HZO R2 R2
51 56

R" = alkyl, phenyl; R? = H, CH, alkyl.

B. Products observed:

9] o)
MAANCACIsAe

56a, 28% 56b, 20% 56¢, 10%

Scheme 36. Scope of symmetric dialkyl urea derivatives. Cgr = graphite (anode Il cathode).

Table 25. Screening conditions for the formation of dialkylureas.

Entry  Deviation from conditions? Yield [%0]P¢ Conv. [%]b-°
34  51b (0.5 mmol) 56b (20%)° 50%¢
35 51c (0.5 mmol) 56¢ (10%)° n/a
36 51d (0.5 mmol) Decomposition of 51d 53%P

[a] Standard conditions: urea (0.5 mmol), NaCl (0.25 mmol), MeCN/H>O (5.0 mL, 10 v/v%),
graphite electrodes, undivided cell, constant current, j=5 mA/cm?, 2.0 F (ref. substrate),
30 °C; [b] Yields determined by *H NMR (internal standard: CH.Br»); [c] Isolated yields.
Conversion is calculated from 'H NMR vyield or isolated yield of starting material. Cgr =

graphite electrode (anode Il cathode). n/a = not assessed.

3.4.4.CV studies und mechanism proposal for observed products

The observed products suggest the formation of the isocyanate intermediate,
confirming the ureas' decomposition and/or hydrolysis under the electrochemical
conditions. Cyclic voltammetry measurements were carried out to verify whether the
proposed redox-mediated steps take place. Three solutions were scanned
subsequently, including the solvent (green), 51a (black), sodium bromide (blue), and
51a and sodium bromide (red, Figure 32).
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Figure 32. Cyclic voltammetry measurements of the solvent (green), 51a (black), sodium
bromide (blue) and 5l1a and sodium bromide (red) in MeCN/MeOH (10 v/v%) solution.
Conditions: substrate (0.01 M), NBusBF4(0.10 M), WE: glassy carbon disk (d = 3.0 mm), RE:
Ag/AgCl, CE: glassy carbon rod, scan rate: 100 mV/s. FcH = ferrocene. Instrument: Autolab
PGSTAT101, Metrohm AG.

The blue voltammogram (NaBr) postulates a quasi-reversible process with two
distinctive oxidations (0.89 V, 1.29 V) and reduction peak potentials (1.09 V, 0.45 V).
As previously mentioned, the first oxidation peak potential corresponds to the
oxidation of bromide to bromine, which forms the stable tribromide complex. The
second oxidation potential corresponds to the oxidation of this tribromide salt to
bromine, which is in accordance with the literature (Section 1.6.).[172.173.175,176,234]
Respectively, the two reduction peak potentials correspond to the reverse reactions,
with the reduction of bromine at 0.45 V. Interestingly, the presence of the substrate
does not have a significant effect on the oxidation of the bromide (red voltammogram).
However, the reduction potentials are slightly shifted to 1.17 V from 1.09 V and to
0.33V from 0.45V, respectively. This could be due to a coordinative interaction
between the bromine and the urea nitrogens, which donates electron density to the
bromine molecule, making it less susceptible to reduction. Overall, the two
voltammograms display similar activity, which might indicate that the forming bromine
has little role in forming the observed products. In the investigated electrochemical

window, the solvent system (green) and 51a (black) display little to no reactivity.
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In addition to the redox activity of NaBr, Nal, and NaCl salts were also tested. Sodium
iodide displays a two-electron oxidation similar to bromide, suggesting the formation
of relatively stable Is~ (purple graph, Figure 33). While the oxidation of iodide takes
place at lower potentials compared to bromide (0.53 V, 0.84 V), no electrochemical
activity in the presence of Nal was observed (Section 3.4.2., Table 24). NaCl displays
an inefficient one-electron oxidation at 1.34 V. This proposes the idea of a possible

direct oxidation of urea under electrochemical conditions involving chloride salts.

3 — NaBr

55 — NaBr, 51a 0.89V 1.29V
’ — Nal
2 0.53V

NacCl

5la

-
1

j 1 (mA/cm?)
o
PN

o

E/V vs. FcH/FcH*

Figure 33. Cyclic voltammetry measurements of sodium bromide (blue), NaBr and 51a (red),
sodium iodide (purple), sodium chloride (yellow) and 51a (black) in MeCN/MeOH (10 v/v%)
solution. Conditions: substrate (0.01 M), NBusBF, (0.10 M), WE: glassy carbon disk
(d = 3.0 mm), reference electrode: Ag/AgCl, CE: glassy carbon rod, scan rate: 100 mV/s. FcH
= ferrocene. Instrument: Autolab PGSTAT101, Metrohm AG.

The following plausible mechanisms were proposed explaining the formation of the

observed by-products (Scheme 37).
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Scheme 37. Plausible mechanism for the electrochemical carbamate 6, oxalamide 53, biuret
55 and dialkyl urea 56 formation. ET = electron transfer.

In the mediated system, the cathodically generated base reacts with 51a to form
intermediate X, which reacts with the anodically generated bromine to form bromourea
XIl. Here, it decomposes to the isocyanate intermediate liberating ammonia and
bromide as a possible by-product through a further deprotonation and an internal
proton transfer, or via tautomerization and a proton transfer.[?63l Similar findings were
reported upon the decomposition of urea in the presence of active chlorine species,
with NH2Cl and NHCIz, as leaving groups.[?64265 However, analogous leaving groups
with bromine are thought to be unstable and were not described.[?%%] Possible
hydrogen-bond interactions with methanol could stabilize the tautomer.l1792321 The

forming alkyl isocyanate is scavenged by the solvent forming 6 or can be reduced to
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its radical form XV. Following radical recombination, the formation of 53 could be
explained. Formation of 54 was postulated via the reaction of electrochemically
generated isocyanate, and 6.12%8] In terms of direct oxidation, 51a suffers two-electron
oxidation, liberating isocyanate, and amine as feasible by-products. The forming
isocyanate can be scavenged by urea forming 55 or by the water to form carbamic
acid Ill. Upon simultaneous decarboxylation, the corresponding amine 5 forms.
Reaction with isocyanate, the formation of 56 is proposed. Formation of 55 can also
be postulated from the reaction of Il with 56.1%671 The products 6b, 6¢, and 54 were
also observed when morpholine- and piperidine urea were subjected to
electrochemical conditions supporting the plausible mechanism (Table 20, Entry 22,
23).[266.267] |nterestingly, other urea decomposition products,?¢! such as cyanuric acid
was not observed.

The reaction displayed a slightly different behavior when aromatic ureas were tested
(Scheme 38). The presence of an electron-rich aromatic group promotes the liberation
of aniline instead of the proposed amine or bromoamine product. The radical cation
XVII forms via direct oxidation, which is trapped by 5 to form intermediate XVIII. Via
subsequent oxidation and deprotonation, azobeneze (57) is formed in low amounts.
The product was confirmed via GC, GC-MS comparing to the reference compound
and NMR spectroscopic studies. The relatively low yield can be explained by the
overoxidation of aniline, which was also indicated by the dark brown color of the
reaction solution after electrolysis and the low counting of the qualitative
measurements.[?ll The role of electrochemically generated bromine was not

investigated.
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Plausible mechanism for azobenzene formation:
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Scheme 38. Plausible mechanism for the formation of azobenzenes.[?61.268]

R'=H, Br, CI.

Under the tested reaction conditions, the formation of 52 was not observed. The
identified products can be explained via the electrochemical decomposition of ureas
into their isocyanate or amine derivatives furnishing the unexpected molecules. The
electrochemical lability can be reasoned with the electron-rich nature of the urea. The
electrode material seemed to have a detrimental effect on the reactivity, promoting the

decomposition of the ureas.

3.4.5.Further electrochemical and synthetic approaches for hydrazine

formation

Eventually, different control reactions were carried out to understand the feasibility of
the desired rearrangement. As the reaction proceeds via a simultaneous multistep
process including first a deprotonation, N—Br bond formation, second deprotonation,
isocyanate formation, and nucleophilic attack of the solvent, the separation of the N—Br

bond formation and the rearrangement part was aimed (Scheme 39). Based on the
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commercial hydrazine production,[217.218,220,221,269] \ye intended that electrochemically

generated hypobromous acid would facilitate the reaction (Table 26).

Control reactions: 77T
| R Br
N.__NH | N
YO gixn “NH,
0] n
51d B HO-Br 52da

Scheme 39. Control reactions aiming the formation of Xl (Pathway A) and hypobromous acid
(B) in an ex-cell approach.

Table 26. Electrochemical control reactions via a subsequent addition (A) and ex-cell (B)

approach.
Entry Conditions Results
1 A: Subsequent addition via XII intermediate? 57d (traces)
2 B: Ex-cell approach via in situ generated HOBI® 52