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/Abstract: The symmetric biphenol 3,3',5,5'-tetramethyl-2,2'-
biphenol is a well-known ligand building block and is used
in transition-metal catalysis. In the literature, there are sever-
al synthetic routes for the preparation of this exceptional
molecule. Herein, the focus is on the sustainable electro-
chemical synthesis of 3,3',5,5-tetramethyl-2,2"-biphenol. A
brief overview of the developmental history of this incon-
spicuous molecule, which is of great interest for technical

-

applications, but has many challenges for its synthesis, is
provided. The electro-organic method is a powerful, sustain-
able, and efficient alternative to conventional synthesis to
obtain this symmetric biphenol up to the kilogram scale. An-
other section of this article is devoted to different process
management strategies in batch-type and flow electrolysis
and their respective advantages.

/

1. Introduction

In the field of organic chemistry, biphenols are an important
structural motif found in many natural products and pharma-
ceuticals."’ However, their technical application as ligand build-
ing blocks for homogeneous catalysis is particularly notewor-
thy, especially the representative example 3,3',5,5'-tetramethyl-
2,2-biphenol (2).*® This is due to hyperconjugation of the
methyl groups with the aromatic system of 2, resulting in a
larger dispersion interaction surface, which has a positive
effect on the enantioselective properties of the whole com-
plex.

For example, biphenol 2 is used as a phosphoramidite
ligand for asymmetric addition reactions of alkyl radicals to
double bonds,”*® as a phosphite ligand in hydroformylation re-
actions to produce industrially valuable oxo chemicals,” and
in Heck alkylation reactions,"” or as a phosphite—phosphinite®
ligand for hydrocyanations (Figure 1).>"" Therefore, an efficient
and sustainable synthetic method for this molecule is of partic-
ular interest. In general, the synthesis of 2 is achieved by the
dehydrogenative oxidative coupling of 2,4-dimethylphenol (1;
Scheme 1).
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Figure 1. A selection of powerful ligands with 2 as a building block.®”
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Scheme 1. General synthesis of 2 by the dehydrogenative conversion of 1.

This reaction is well known to proceed under different reac-
tion conditions. In conventional chemistry, methods that in-
volve transition-metal catalysts or oxidants in stoichiometric
and overstoichiometric amounts can be used. Examples of cat-
alysts for the synthesis of 2 are a rhodium(lll) metallocene,!”
VO(acac), (acac: acetylacetonate)™® methyltrioxorhenium,™”
RuCl,!"™ or meso-tetra(4-methoxyphenyl)porphyrin cobalt(ll)."®
The yields are generally low for catalyzed synthetic routes and
exceed 50% only for RuCl; (57 %) and VO(acac), (66 %). In addi-
tion, the catalysts employed are usually expensive and toxic.
Oxidants that can be used for this transformation are sulfuric
acid,"” Fenton’s reagent,l'® red prussiate of potash,"® cop-
per()?” and chromium(VIl) salts,”"” or selenium dioxide.””
However, all of these methods generate large amounts of toxic
reagent waste and the yield and selectivity is usually low.
Therefore, it can be stated that conventional chemical process-
es for the synthesis of 2 are not only ecologically questionable,
but also lack in economic efficiency. Another common chal-
lenge for this kind of conversion is that a different product can
be mistaken for biphenol 2. This occurred, for example, in the
case of the oxidation of 1 with sodium hypochlorite as an oxi-
dizer.™ However, instead of 2, a dichlorinated derivative of
Pummerer's ketone is formed.??*?* Therefore, alternative syn-
thetic routes are urgently needed. In particular, in terms of cli-
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mate change and scarcity of resources, green and renewable
technologies are increasingly becoming the focus of attention
in the chemical industry.”® In electro-organic synthesis, oxida-
tion and reduction processes are carried out by the action of
electrons only. This obviates the need for terminal oxidizers or
catalysts and avoids unnecessary reagent waste. Hence, cost-
intensive purification and, usually expensive, disposal are not
required, promoting electrochemistry as a green and sustaina-
ble methodology.?” In many cases, electrochemistry can be
used to eliminate many synthetic steps, since pre-functionaliza-
tion of the starting materials or subsequent cleavage of, for ex-
ample, protective groups is not necessary.”®*? Apart from
atom economy, electrochemical synthesis is an inherently safe
technology because conversion occurs close to the electrode
and ceases immediately after switching off the electricity.”*3”
Highly reactive, partly explosive reagent mixtures can be
avoided, and the reaction conditions are mild because such re-
actions usually take place at room temperature and atmos-
pheric pressure.

In the following, we provide a brief overview of research on
the electrochemical synthesis of 2. This started in the 1970s
and has been developed further until today, leading continu-
ously to new discoveries regarding the electrosynthetic prepa-
ration.

2. Electrochemical Synthesis of 2

In 1973, Nilsson et al. developed the first electrochemical dehy-
drogenative oxidative synthesis of 2 by direct homocoupling
of 1 (Figure 2:1).BY Electrolysis was performed in aqueous sul-
furic acid as a solvent at a lead oxide anode to obtain hydroxy-
lated phenols. As a side product, biphenol 2 was obtained in a
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Figure 2. An overview of different electrolyte conditions for the formation of
2. BDD: boron-doped diamond, HFIP: 1,1,1,3,3,3-hexafluoro-2-propanol.
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yield of 30%. Based on this result, the reaction was taken up
by the group of Waldvogel and developed further. The first at-
tempt was made by using platinum electrodes with barium hy-
droxide as a supporting electrolyte in methanol. However,
ligand 2 could only be obtained in a yield of 3% (Figure 2:2),
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Scheme 2. Electrochemical oxidation of 1 in alkaline media.

whereas the major products of the reaction were a derivative
of the Pummerer ketone (3) in a yield of 32% and pentacyclic
4 (Scheme 2).

An increase in yield of 2 to 26% was possible by changing
the electrolyte system to dichloromethane as solvent and tet-
rabutylammonium tetrafluoroborate as supporting electrolyte
(Figure 2:3). This emphasizes the fundamental influence of the
electrolyte for electro-organic synthesis: Under basic condi-
tions, the formation of ketone 3 is favored, whereas, in neutral
to acidic media, the target product 2 is primarily formed.®?

However, because the direct and selective electrochemical
homocoupling of 1 was not viable in adequate yields, a tem-
plate-controlled synthetic method for 2 was developed by Mal-
kowsky et al.®>3% The first step of this sequence is the esterifi-
cation of three equivalents of 1 with boric acid. In addition to
the simple mononuclear dimethylphenoxy borate, di- and tri-
nuclear borate species are also formed. By treating this crude
mixture with sodium or sodium base and additional 1, inter-
mediate tetraphenoxyborate 5 is produced quantitatively,
since it precipitates from toluene. Then, compound 5 can be
electrochemically converted in high selectivity and in a yield of
85% after aqueous workup to biphenol 2 (Figure 2:4 and
Scheme 3). This synthetic approach has several advantages.
First, the stoichiometry fits to a homocoupling reaction.
Second, the phenols are preoriented for the upcoming cou-
pling reaction after electron transfer. Third, due to the anionic
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Scheme 3. Synthetic approach to template-controlled biphenol synthesis.?¥
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character of 5, it will preferentially interact with the anode and
facilitate electron transfer. Finally, compound 5 represents the
substrate and supporting electrolyte at the same time. In addi-
tion, this method was conducted on a 3 kg scale.?® However,
it is a multistep synthesis and time-consuming, which lowers
the atom economy. In addition, boron-containing intermedi-
ates result in problematic borate-containing wastewater. Be-
cause many boron compounds, such as the boric acid used in
this synthesis, are included in the list of substances of very
high concern by the European Chemicals Agency (ECHA), this
approach cannot be exploited in Europe.B®

An initial breakthrough was found by using BDD as anode
material.®”’ Here, a direct conversion was achieved at strongly
elevated temperatures in almost neat 1.°® More controllable
and ambient conditions were elaborated, in combination with
HFIP as a solvent, enabling the direct electrochemical coupling
of 1 to biphenol 2 with moderate yields of 47%. Triethyl-
methylammonium methyl sulfate (MeEt;NO,SOMe) was used
as a supporting electrolyte (Figure 2:5).5¥ Because BDD repre-
sents a rather expensive electrode material, graphite was
tested as an alternative carbon-based anode. Through this
change, an even higher vyield of 60% was achieved
(Figure 2:6)."” These results (Figure 2:5 and 6) show the spe-
cific influence of HFIP. HFIP is known for its radical-stabilizing
properties.*"*? Furthermore, it possesses excellent hydrogen-
bonding-donor properties, low nucleophilicity, and high polari-
ty.*24 The combination of HFIP and BDD results in an excep-
tionally high redox stability, with an outstanding, wide electro-
chemical window of >5V for protic electrolytes. Therefore,
both components have already been successfully used togeth-
er for electrochemical reactions, such as phenol-phenol or
phenol-arene coupling.***! In cross-coupling reactions, HFIP
decouples the oxidation potential and the nucleophilicity of
the starting materials.*® Studies based on molecular dynamics
simulations reveal that mixtures of HFIP with additives, such as
water or alcohols, form a microheterogeneous structure
(Figure 3).**® Domain formation occurs due to a separation of

Figure 3. lllustration of the liquid structure of the solvent system consisting
of HFIP, methanol, and arenes. (Green: fluorinated alkyl groups, red: hydroxyl
groups and methanol, light gray: 4-methylguajacol, dark gray: 1,2,4-trimeth-
oxybenzene, black: BDD electrodes.) Left: All components. Right: Phenols
and electrodes only. Reprint with permission from ref. [48]. Copyright 2019,
American Chemical Society.
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the polar hydroxyl groups and the nonpolar fluorous domains.
This has a positive influence on the coupling reaction. Due to
facilitated hydrogen bonding within the polar domains, solva-
tion of the resulting intermediates can be improved. In addi-
tion, the adsorption of phenols onto the lipophilic electrode
surface is promoted. This minimizes the fluorine-lipophilic in-
teraction between the solvent and the electrode surface and
maximizes the attractive hydrophobic interaction of the polar
domains with the phenols contained therein. Electron transfer
of 1 at the electrode surface can thus be facilitated. In addi-
tion, the low viscosity of the electrolyte, which is maintained
by the microheterogeneity, has a positive effect on mass trans-
fer during electrolysis and represents the key to very robust
electroconversions.’ 7

However, HFIP is an expensive solvent. To facilitate an eco-
nomic process, less expensive solvents are advantageous.
Therefore, Mentizi et al. developed a variation of the electro-
chemical synthesis of 2 by using trifluoroacetic acid (TFA) as a
solvent.®>*" With 1 and MeEt;NO,SOMe at glassy carbon elec-
trodes, a yield of 46% could be achieved (Figure 2:7). Howev-
er, TFA is, due to its toxicity, not ideal for use on a technical
scale. To avoid the toxicity of this solvent, another system was
developed with a mixture of acetic acid, methanesulfonic acid,
and water as the electrolyte, but only low yields of up to 26 %
were obtained (Figure 2:8). Therefore, it became clear that flu-
orinated media, in particular, HFIP, are essential for the effec-
tive electrochemical dehydrogenative coupling of phenols.
However, since HFIP can be recovered easily by distillation,
there is only a minor economic impact.*?

The latest developments in the electrochemical synthesis of
2 have focused on a scale-up to technical scale. Because the
synthesis of 2 is of high industrial interest, scale-up is crucial. A
special emphasis was placed on the economic efficiency of the
process. The yields should be high; only inexpensive, commer-
cially available, and harmless additives should be used; and a
valid workup strategy should be implemented.

3. Scale-Up of Electrolysis

The following section emphases different scale-up methodolo-
gies of the synthesis. For the development and scale-up of
electrochemical syntheses, a successive approach is pursued.
First, electrochemical syntheses are performed in the screening
cell (Figure 4:A). This cell is commercially available as a
“Screening System” from IKA-Werke.®® Here, small volumes of
1-5 mL can be used. If the results are promising, various reac-
tion conditions can be efficiently screened in such cells. This
procedure is very time-saving and only small amounts of the
necessary chemicals are required.®”

Subsequently, the process developed on a small laboratory
scale is scaled up. There are two possible approaches to do
this. One approach is to scale-up the process as batch-type
electrolysis. This is done by using beaker-type glass electrolysis
cells that can contain a volume of 25-200 mL (Figure 4:B).
Above a certain cell size, the electrode surface-to-volume ratio
becomes very unfavorable with a two-electrode design and
the electrolysis time increases significantly. For a sufficient
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space-time yield, several electrode gaps are used, which can
be operated either bipolar (only the outer electrodes are con-
tacted, the electrodes in between are polarized by the electri-
cal field) or parallel (electrodes are alternately connected as
the anode and cathode) in a stack (Figure 4:C). However, the
scaling of electrochemical batch processes is limited to an elec-
trolyte volume of a few liters. Above a certain cell size, even if
several electrodes are employed, the electrode surface-to-
volume ratio is no longer sufficient for a time-efficient opera-
tion. In addition, heat dissipation becomes increasingly prob-
lematic as the volume increases. This is a disadvantage be-
cause, with an increasing active electrode area, heat develop-
ment at the electrodes increases strongly, due to the rising ap-
plied current. Moreover, an adequate mixing of the reaction
solution is only insufficiently possible in large volumes.®”

The second approach is electrosynthesis in a continuous-
flow process. Here, the abovementioned problems of the
batch process can be avoided.®>*¥ The electrochemical flow
cells that are used (Figure 4:D-F) have a “narrow-gap” design,
which is characterized by a small interelectrode distance. Thus,
a high electrode surface-to-volume ratio and good tempera-
ture control are ensured. The easily adjustable electrode gap
also allows it to control the terminal voltage. At very small dis-
tances, this makes it possible to use less or even no supporting
electrolyte.’>*¥ In addition, the products generated during
electrolysis can be protected from overoxidation by controlla-
ble contact times with the electrode surface. Because flow
electrolysis is a continuous process, it can be scaled up very
easily and is not limited to a certain volume. Scale-up can be
achieved either by geometrically enlarging the electrode sur-
face or by “numbering up,” by parallel operation of several
flow electrolysis cells.

J/

=
o
A

Figure 4. An overview of the scale-up methodologies of electrolysis in batch
or flow with the cell types that can be used for the individual scaling steps:
A) Screening system with eight 5 mL screening cells.**' B) 200 mL beaker-
type electrolysis cell. C) 1500 mL beaker-type electrolysis cell with bipolar or
stacked electrode arrangements. D) 2 cm x6 cm flow electrolysis cell.**®

E) 4 cmx 12 cm flow electrolysis cell.*” F) Bipolar pilot flow electrolyzer pro-
vided by Eilenburger Elektrolyse- und Umwelttechnik GmbH (EUT).
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For the scaling up of a flow process, the reaction is first
transferred from a batch process (Figure 4:A) to a flow process.
For this purpose, a 2cmx6 cm flow electrolysis cell (named
after the anode dimensions of 2 cmx6 cm) developed by the
group of Waldvogel is used (Figure 4:D).”* This flow cell is
also commercially available as ElectraSyn flow from IKA-
Werke.®® After the reaction has been optimized for this cell ge-
ometry, scale-up itself follows by increasing the electrode area.
This is done on a semi-industrial scale in the medium-sized
4 cmx 12 cm flow electrolysis cell (named after the anode di-
mensions of 4 cmx 12 cm; Figure 4:E),®” also developed by
the group of Waldvogel. On a technical scale, the use of flow
electrolysis cells with even larger electrode areas is necessary
(Figure 4:F). For each of these scale-up steps, small adapta-
tions of the reaction parameters must be made to counteract
scaling effects.

3.1. Scale-up in batch electrolysis

Methods for the electrochemical synthesis of 2 published in
the past have the disadvantage that they yield only small
amounts;B'32%31 yse MeEt;NO,SOMe as the supporting elec-
trolyte, which is not commercially available;®***>" or render
the product accessible only through a multistep synthesis.®>3%
Furthermore, the synthesis has not or only slightly been scaled
up in the past. For these reasons, a new system for the electro-
chemical synthesis of 2 was recently developed, with a focus
on the technical application of the process.”” Special emphasis
was, therefore, placed on the use of low-cost, bromide-con-
taining supporting electrolyte and scaling up. Solvent, uncon-
verted starting material, and supporting electrolyte can be re-
cycled as well.

First, the reaction was optimized in 5 mL screening cells. For
this purpose, the supporting electrolyte and its corresponding
concentrations, the applied charge, current density, and tem-
perature, as well as the concentration of starting material 1,
were varied. Furthermore, the influence of water and methanol
as solvent additives was tested. This study revealed that the
addition of 15 vol% water to HFIP successfully suppressed the
formation of brominated byproducts, and therefore, was nec-
essary for the use of inexpensive bromide-containing support-
ing electrolytes.” Electrolysis was then transferred to the
25 mL scale. By using tetraethylammonium bromide (NEt,Br) as
a low-cost supporting electrolyte, biphenol 2 was isolated in a
yield of 46% (Scheme 4:A).”

Finally, electrolysis was scaled up to the 1500 mL scale
(122 g of starting material). For this purpose, cell-type C in
Figure 4 was used with an alternating polarized arrangement
of six glassy carbon electrodes (immersed anode surface of
195 cm?). With the previously optimized electrolysis conditions,
the reaction could also be realized on this large scale with only
minor losses to give a yield of 39% (Scheme 4:B).”! This scale
is perfectly suited for the synthesis of already quite large
amounts of 2 in a simple setup without expensive and com-
plex equipment. However, it is not yet suitable for technical
application, especially because batch electrolyses are limited to
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glassy carbon electrodes Me
OH HFIP + 15 vol.% H,0
Me 0.08 M NEt,Br

M
2 : © Me +H,
6.1 mA/lcm OH

Me 1.2F
50 °C Me

A) 2.789;46%
B) 94.43 g ; 39%

Scheme 4. Electrolysis conditions for the dehydrogenative C—C homocou-
pling of 1 by using NEt,Br as an supporting electrolyte in A) a 25 mL beaker-
type electrolysis cell and B) a 1500 mL beaker-type electrolysis cell.”’

a few liters. Therefore, the reaction was transferred to a flow
process.

3.2. Scale-up by flow electrolysis

Based on the results of beaker-type cell electrolysis (46 % yield
of 2), the electrolysis conditions were chosen and optimized in
the 2 cmx6 cm flow electrolysis cell (Figure 4:D). In addition
to the electrolysis parameters, which are already described
above, the type of supporting electrolyte and the respective
concentration were now also reinvestigated. Here, the support-
ing electrolyte MeBu;NO;SOMe proved to be most suitable.
Through optimization, an increased yield of 62% of 2 could be
achieved.®™ With the aim of developing a universal method,
which is also suitable for other phenols, the anode material
was changed from glassy carbon to BDD. Stainless steel was
used as the cathode material because it is inexpensive and
only has a minor effect on electrolysis. Electrolysis was carried
out in pure HFIP without further additives and with Me-
Bu;NO;SOMe as a supporting electrolyte. In addition, the yield
could be significantly increased by electrolysis in cascade
mode (Scheme 5:A). In this context, cascade means that the
electrolyte is pumped through the flow cell several times in
succession (for a detailed description, see Section 4.2).

The reaction was then transferred to the semitechnical scale
by using the 4 cm x 12 cm flow electrolysis cell. Here, the previ-
ously optimized electrolysis conditions could be applied
almost unchanged and a similar yield of 58% of 2 could be ob-
tained (Scheme 5:B).”

BDD I stainless steel Me

OH
HFIP on !
Me *+Hz

Me  5mM MeBuzNO;SOMe

2 ©/ Me
40 - 60 mA/cm? O
1.0F OH

cascade (10 steps) Me

1 2
A) 0.3 g/min ; 62%
B) 1.3 g/min ; 58%
C) 5.5 g/min ; 59%

Scheme 5. Electrolysis conditions for the dehydrogenative C—C homocou-
pling of 1 with MeBu;NO;SOMe as a supporting electrolyte for scale-up in
A) a 2 cmx6 cm flow electrolysis cell (flow rate: 2.24 mLmin~', 10°C), B) a

4 cmx 12 cm flow electrolysis cell (flow rate: 8.95 mLmin~', 10°C), and C) an
EUT pilot cell (flow rate: 38.8 mLmin~", 0°C).*”
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With the perspective of industrial application on a technical
scale, electrolysis has been scaled up to the kilogram scale. For
this purpose, a flow electrolysis cell was provided by EUT (Fig-
ure 4:F). This cell is designed to be a bipolar electrolysis cell
with two compartments. The electrode material is retained by
using BDD as an anode and stainless steel as a cathode. The
total anodic surface area is 312 cm? with an interelectrode gap
of 0.25 cm. Because in bipolar cells the voltage behaves addi-
tively with an increasing number of electrodes, the electrolysis
parameters were modified to milder conditions. Additionally,
during electrolysis, a significant amount of heat was generated,
which was due to the size of the electrodes and a larger elec-
trode gap. Therefore, the cooling temperature was decreased
to 0°C. Altogether, the electrolysis conditions were largely
maintained with minor modifications and an overall yield of
59% for 2 could be achieved (Figure 2:9 and Scheme 5:C).%”

For effective downstream processing, a simple workup strat-
egy is essential. In this context, supporting electrolytes can be
problematic because they must be removed from the reaction
mixture laboriously by, for example, extraction. Hence, support-
ing-electrolyte-free electrolysis is ideal. To prevent insufficient
conductivity, various nitrogen bases, which can easily be re-
moved and recycled from the reaction mixture by distillation,
were tested as additives in the screening cell (Figure 4:A). Pyri-
dine provided the best result with a yield of 69%.°"

In particular, regarding the technical application of biphenol
synthesis, the supporting-electrolyte-free variant with pyridine
instead was transferred to the continuous process. The opti-
mized electrolysis conditions from the batch-type cell were
used as a starting point for transfer to the 2 cmx6 cm flow
electrolysis cell (Figure 4:D).*” In the first experiments, only
yields of 24-26% were achieved, which were far below the
yield of the batch process (69%).°" Therefore, the electrolysis
parameters (volume fraction of pyridine; concentration of 1;
electrode material; reaction control: single pass vs. cascade,
charge quantity, current density, temperature) of the flow pro-
cess were optimized. In the end, the product was isolated in a
yield of 61% (Scheme 6:A). The reaction was carried out in the
form of a cascade, which was stopped after the application of
0.8F. First, this protected product 2 from overoxidation.
Second, it led to an improved current yield.

Subsequently, electrolysis was scaled up to the continuous
semitechnical scale. By adjusting the temperature to 0°C, a
yield of 59% could be achieved in the 4 cmx 12 cm flow elec-

Me
OH .
glassy carbon |l stainless steel OH
Me ™ HFIP + 5 vol.% pyridine Ve O
2 Me +H,
60 mA/cm?
OH
Me 0.8F
cascade (8 steps) Me
1 2

A) 0.3 g/min ; 61%
B) 1.3 g/min ; 59%

Scheme 6. Electrolysis conditions for the supporting-electrolyte-free dehy-
drogenative C—C homocoupling of 1 in A) 2 cmx6 cm (flow rate:

3.58 mLmin~', 20°C) and B) 4 cmx 12 cm (flow rate: 14.33 mLmin~"', 0°C)
flow electrolysis cells."
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trolysis cell (Figure 2:10 and Scheme 6:B). The decrease in
temperature was necessary to compensate for increasing heat
generation during electrolysis. Overall, the technical applicabili-
ty of the supporting-electrolyte-free electrochemical synthesis
of 2 could be demonstrated. By simple numbering up, large
product quantities could be achieved in a short time.

3.3. Workup strategy for scale-up

For the successful technical application of the electrochemical
synthesis of 2, the workup must be adapted to technically fea-
sible methods as well. So far, column chromatography has
been used for the isolation of 2 on a laboratory scale. Howev-
er, this method is not suitable for the technical scale. There-
fore, a workup strategy has been developed that does not re-
quire chromatographic methods and only relies on crystalliza-
tion, extraction, and distillation (Figure 5).

reaction- evaporative product
mixture  crystallisation 32%
mother  extraction Sell-leptgfc?liytng
i EE/H,O
liquor 1 2 449%
HFIP e
91% organic  short-path starting

material

distillati
layer istillation 4%

mother extraction product
liquor 2 n-heptane 21%

oligomeric
by-products

Figure 5. Schematic overview of the workup strategy for 2 on a technical
scale in supporting-electrolyte-containing electrolysis. EE: ethyl acetate.

First, the solvent is removed at reduced pressure (200 mbar,
50°C) until crystallization of the product occurs. Thereby, HFIP
is recycled almost completely (91%). The remaining 9% of
HFIP stay in the reaction mixture and can be redistilled at the
end of the workup process. To complete the crystallization pro-
cess, the mixture is stored in a fridge (8°C) for several hours.
The product is collected by suction filtration, washed with cy-
clohexane, and dried under high vacuum (1x 103 mbar, 20°C).
Without further purification, pure 2 can be obtained in 32%
yield. Mother liquor 1 still contains some product and the sup-
porting electrolyte, if electrolysis is not conducted with pyri-
dine as an additive. Subsequently, the solvent of mother
liquor 1 is removed in vacuo (50°C, 200-20 mbar) and the resi-
due is dissolved in ethyl acetate and extracted with distilled
water to recycle the supporting electrolyte. Afterwards, the
combined aqueous fractions are completely evaporated at re-
duced pressure (70-10 mbar, 50°C) and dried under vacuum
(1% 1072 mbar, 20°C) to recover 44% of the supporting electro-
lyte (MeBu;NO;SOMe). The organic layer is washed with brine,
dried over MgSO,, and the solvent is removed at reduced pres-
sure (200-10 mbar, 50 °C). If pyridine is substituted for the sup-
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porting electrolyte, this step is omitted. The residue is directly
distilled under vacuum (15-20 mbar, 95°C) to recover leftover
starting material (1, 14%) and pyridine, if added. To obtain ad-
ditional product 2, remaining mother liquor 2 is boiled in n-
heptane. The combined fractions are combined and n-heptane
is removed under reduced pressure (200-20 mbar, 50°C) until
the crystallization of pure product 2 occurs (21%). Only (high-
molecular) byproducts remain. In total, 53% of pure 2 is ob-
tained.

4. Challenges
4.1. Byproduct formation

One major challenge in the electrolytic conversion of 1 is that
a broad variety of byproducts can occur, depending on the
electrolytic conditions applied. In general, this is due to the
acidity of the electrolyte,®® and the extended m system of de-
sired 2, which is prone to overoxidation.”” Under alkaline con-
ditions, the formation of polycyclic species, such as the deriva-
tives of the Pummerer ketone 3 and 7, spirolactone 4, pentacy-
clic 8, and dehydrotetramer 9, is strongly favored
(Scheme 7).3%63.64

Because the spin density of the phenoxy radical for the para
position is similar to those of the ortho position,® ortho,para
coupling of 1 is viable. The ortho,para-coupling product 6 can
than undergo an intramolecular Michael-type reaction. De-
pending on the regioselectivity, derivatives of the Pummerer
ketone 3 or 7 can be formed. By a second oxidative coupling
of 7 with 1, followed by cyclization, pentacyclic 8 or zwitterion-
ic intermediate | is formed. Intermediate | can either undergo
rearrangement to give spirolactone 4, or another molecule of

OH

Pt anode
Ba(OH), * 8H,0

(VAo

H
O o]
= ‘ +1
_ _
Q anodic
oxidation
6 3
O =
(6] rearrangement
(0) L
H =
7

Scheme 7. Postulated pathway for the electrochemical formation of polycyc-
lic byproducts.*2¢3¢4
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1 traps the intermediate, resulting in dehydrotetrameric 9. By
thermal or acidic treatment of 9, it can be converted into 4.

Under neutral to acidic conditions, in addition to desired bi-
phenol 2, rather linear and oligomeric byproducts, such as or-
tho,meta-coupling product 10 and diaryl ether 11 can be
formed. This depends strongly on the regioselectivity of attack
by phenoxy radical Il. Because 2 is prone to overoxidation, a
dehydrotrimer of 2,4-dimethylphenol 12, as well as oligomeric
compounds can be formed (Scheme 8 and Figure 6).2>3%%0441 |
addition, the formation of quinoid species 13 and 14 is also
possible (Scheme 9).**

|

anode

e~ -H*
K OH

Scheme 8. Postulated mechanism for the anodic formation of 2 and oligo-
meric byproducts.?>*¥

—_ oligomers
OH 5 O —
HO

2 12

If a bromine-containing supporting electrolyte is used in
combination with HFIP as a solvent, bromination of the start-
ing material to 15 and of the final product to 16 may occur as
side reactions (Scheme 9). The addition of water to such an
electrolyte, however, can suppress the bromination pathway
almost completely.”

Thus, a meticulous adjustment of the reaction parameters
and electrolyte composition is essential to eliminate the ple-
thora of side reactions. In particular, electrolytes based on HFIP
as a solvent are suitable for a selective formation of 2 because
the formation of polycyclic byproducts is strongly diminished.
However, overoxidation to oligomers remains a challenge, and
therefore, is still a subject of current research.

4.2, Evolution of hydrogen gas

If the electrochemical synthesis of 2 is carried out in flow cells
with a narrow gap design, the cathodic evolution of hydrogen
can become a challenge. In such a cell design, the cell volume

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Minireview
Chemistry—A European Journal

doi.org/10.1002/chem.202005197

Chemistry
Europe

European Chemical
Societies Publishing

U:\Promotion\C...2.ML2\1008602.d Injection 1 APCI (+) MS centroid MS + spectrum 0.58

1.122
100.00% 2
200000
150000
Am/z=120
2+1-2H
100000 255.137
239.106| 057% 2+(2x1)-4H
B4a%
361.179
135.080
50000 20.90% bdirsn m;z - P
4l47% 375193362
lgzé}oef“ 26.008( |1417% 107004]12.33% 13.84%
07 l149.050  8.25% 283169 30153 387.194 483.215  509.266
25% I l 272% L0 | Jk 2.00% 208% | 3.56%
o4 = 61 Era— Y sl 7 e | U —

2+(4x1)-8H

2+(5x1)-10H
2+(6x1)-12H

601,293
4.23% 663453
135%

kol o

719.334
1.16%
841 961

T T T T T T T T T
100 150 200 250 300 350 400 450 500

550 600 650 700 750 800 850 900 950

m/z (Da)

Figure 6. Atmospheric pressure chemical ionization (APCI) mass spectra of a reaction mixture from the electrolysis of 1 (m/z 120) to 2 (m/z 241). There are
signal sets at regular intervals of m/z 120. These correspond to 2 plus further units of 1, so the signal set marked “2+1—2H" represents the dehydrotrimer

12 and the signal set marked “2+ (6x 1)—12H" is a dehydrooctamer.”’.
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Scheme 9. Quinoidic and brominated byproducts.

is limited to a few milliliters and hydrogen gas formed occu-
pies a significant part of the cell volume. This can lead to an
uncontrollable variation of the local current density and to
fluctuations in the terminal voltage. This disturbs the flow pro-
cess, which can result in a diminished yield."”

However, several strategies can address this challenge. The
easiest way is to enlarge the cell volume by applying a larger
interelectrode gap. As a result, more space is provided for hy-
drogen and it can disturb the reaction process less,”” but this
can also have a disadvantageous effect on electrolysis. One
benefit of the narrow gap design is, in general, a much lower
terminal voltage, enabling even supporting-electrolyte-free
electrolysis.* By enlarging the interelectrode gap, the terminal
voltage rises and the addition of a supporting electrolyte be-
comes essential again. The resulting disadvantages are greater
consumption of electric power and more efforts required in
downstream processing. Related to the narrow-gap cell is a
design in which the electrode distance increases continuously
over the length of the cell. This can be realized by an inclined
cathode arrangement (Figure 7:A).*” Because hydrogen is in-
creasingly formed during the course of electrolysis, the
amount of hydrogen is higher at the end of the cell than at
the beginning. The inclined design fits to this course and
thereby decreases the disruption caused by hydrogen. At the
same time, the voltage is not influenced negatively, as with a
complete enlargement of the electrode distance. Indeed, this
design was able to lower voltage fluctuations in the electro-
synthesis of 2, but did not lead to a significantly increased
yield. Additionally, an in operando separation of formed hydro-
gen was not possible. For this purpose, a different cathode
design was developed by the group of Waldvogel.*® A perfora-
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tion of the cathode is supposed to allow hydrogen to escape
from the cell volume (Figure 7:B). Various perforation patterns
were tested for their suitability in the electrosynthesis of 2 and
all of them gave slightly higher yields compared with a simple
coplanar arrangement of planar nonperforated electrodes.
Nevertheless, the use of perforated electrodes resulted in leak-
age of the electrolyte together with hydrogen. Therefore,
these two approaches (inclined arrangement and perforated
electrodes) represent novel design developments that need

A)

opening for
electrolyte drain -

_ opening for
" gasdrain

__ obliquely milled cavity for
the electrode

opening for
~ screwing

opening for

Teflon® block electrolyte feed

openingfor

electrical contacts

stainless steel
plate

B)

opening for

gas drain

opening for
electrolyte drain

perforated stainless
steel plate

stainless steel
lining plate
electrical contact

opening for
electrolyte feed
=~ .
“~._ opening for
electrical contacts

. opening for
screwing

Figure 7. A) Cross section of the cathodic side of a 2 cmx6 cm flow electrol-
ysis cell with an inclined stainless-steel plate electrode. B) Cathode side of a
2 cmx 6 cm flow electrolysis cell with a perforated electrode. Adapted from
ref. [60].
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further improvement to be operationally exploited. In addition
to such structural modifications of the flow cell, different
modes of operation can lead to a decreased negative impact
of hydrogen evolution. By increasing the flow rate within the
electrolysis cell, hydrogen is quickly expelled from the cell
volume. Thus, it can no longer interfere with the desired elec-
trolysis. Another positive effect of a more rapid flow rate is
that mass transfer is increased by the more turbulent flow.
However, the residence time of the reactants in the cell de-
creases with higher flow rates, which results in a lower conver-
sion per passage.

To maintain a high conversion, the electrolyte is pumped
multiple times through the flow cell. This can be realized in
two different ways. One way, which is commonly used in the
laboratory and on the industrial scale, is cycling of the electro-
lyte (Figure 8).° Here, the electrolyte is pumped with an n

electrolyte

; flow cell
reservoir

Figure 8. Schematic depiction of the electrolytic cycling process. The electro-
lyte is pumped multiple times at high flow rates through the electrochemi-
cal flow cell.

times higher flow rate n times from an electrolyte reservoir
through the flow cell back to the same electrolyte reservoir.
Hydrogen can easily degas at the reservoir. However, strictly
speaking, this is not a continuous method anymore, but rather
a semicontinuous batch process. Another method is cascade
electrolysis. The electrolyte is also pumped n times with an n
times higher flow rate through a flow cell, but in contrast to
cycling into a second electrolyte reservoir. Once the whole
electrolyte is pumped from reservoir 1 to reservoir 2, the elec-
trolyte from reservoir 2 is electrolyzed again (Figure 9:A). As a
result, the concentrations of the starting materials change
stepwise, whereas during a cycling process a continuous
change of the respective concentrations takes place. The main
advantage of cascade electrolysis is that this process can be
implemented in a continuous way. To achieve this, several flow
cells are arranged in a serial manner. Each flow cell is followed
by an electrolyte reservoir facilitating the separation of hydro-
gen gas (Figure 9:B).

For the electrochemical synthesis of 2, the cascade process
has proven its worth, as the yield has been drastically in-
creased. For the process with MeBu;NO,SOMe as a supporting
electrolyte (Scheme 5), the yield increased from 47 to 60%;"”
for the supporting-electrolyte-free process (Scheme 6), the
yield increased from 43 to 57 %.""
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electrolyte
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Figure 9. A) Schematic depiction of a cascade process. The electrolyte is
pumped n times with an n times higher flow rate though the individual flow
electrolysis cells. In each cascade step, an nth part of the necessary charge
is applied. Reprinted from ref. [60]. B) Schematic depiction of a continuous
cascade process. For an n times higher flow rate, n flow cells are arranged in
series.

5. Summary and Outlook

In recent decades, many different methods were developed to
achieve the successful dehydrogenative anodic C—C homocou-
pling of 1 to 2. These include direct electrolysis and multistep
synthetic routes. Different parameters, such as electrode mate-
rial and electrolyte, have been tested and many challenges
have been tackled. However, it has been shown that there are
several ways to successfully synthesize 2. The highest yield of
85% of 2 could be obtained in the described multistep tem-
plate-controlled electrolysis with tetraphenoxyborates. Never-
theless, this reaction is rather time-consuming and not viable
due to environmental concerns. A more attractive method is
the direct electrolysis of 2 with HFIP as solvent. Yields of over
60% can be obtained, which can be carried out with or with-
out supporting electrolyte in batch-type and flow electrolysis.
Additionally, these processes have been successfully scaled up
to the technical scale, with a productivity of up to 0.3 kgh™
per cell. Furthermore, a technically valid workup strategy is de-
veloped, which contains only purification methods such as
crystallization, distillation, and extraction. In this way, it was
eventually possible to develop a technically applicable flow-
chemical electrolysis process for the synthesis of 2. The sup-
porting electrolyte-free flow version is particularly suitable for
this purpose. On the laboratory scale, however, batch electroly-
sis is preferred because it is less demanding in terms of equip-
ment. In general, several different electrosynthetic approaches
have been successfully developed, which can be selected de-
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pending on the desired product quantity or available laborato-
ry equipment.
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