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Abstract

3,3",5,5’-Tetramethyl-2,2'-biphenol is well known as an outstanding building block for ligands in transition-metal catalysis and is
therefore of particular industrial interest. The electro-organic method is a powerful, sustainable, and efficient alternative to
conventional synthetic approaches to obtain symmetric and non-symmetric biphenols. Here, we report the successive scale-up
of the dehydrogenative anodic homocoupling of 2,4-dimethylphenol (4) from laboratory scale to the technically relevant scale in
highly modular narrow gap flow electrolysis cells. The electrosynthesis was optimized in a manner that allows it to be easily
adopted to different scales such as laboratory, semitechnical and technical scale. This includes not only the synthesis itself and its
optimization but also a work-up strategy of the desired biphenols for larger scale. Furthermore, the challenges such as side
reactions, heat development and gas evolution that arose during optimization are also discussed in detail. We have succeeded in

obtaining yields of up to 62% of the desired biphenol.
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Introduction

Biphenols are an important structural motif in organic chem-
istry as they are part of many natural products and pharma-
ceuticals [1-8]. The outstanding importance of biphenols is
probably due to their use as ligand building blocks in transi-
tion metal catalysis [9—11]. A particular representative of this
is 3,3',5,5’-tetramethyl-2,2'-biphenol (5). Therefore, the
biphenol is used e.g. as phosphonamidite or phosphite ligands
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for the copper [12—15] or rhodium-catalyzed [16—18] asym-
metric addition reaction of alkyl radicals to double bonds.
Further applications are the palladium-catalyzed Heck alkyl-
ation [19] or the asymmetric allylic alkylation reaction [20]. In
particular, 5 is of tremendous importance as ligand building
block in the hydroformylation reaction (Scheme 1) [21-23].
This is one of the most important fields in technical homoge-
neous catalysis (Production of 10.4 Mt/a oxo chemicals in
2008) [21]. The industrial relevance of biphenols and thus 5§
is evident.

The synthesis of 5 is achieved by direct oxidative
homocoupling of 2,4-dimethylphenol (4) (Scheme 2). This
transformation can be realized by conventional chemical
methods either by using stoichiometric or over-stoichiometric
amounts of oxidants [25-29]. Or by using transition metal cat-
alysts, such as rhodium(III) metallocene [30], VO(acac), [31],
RuCl; [32] and many more [33, 34]. However, these methods
suffer from low yield and moderate selectivity and additionally
generate large amounts of reagent waste. Further preparation
takes place. In addition, the catalysts or oxidants used are usu-
ally expensive and toxic. In summary, the conventional chem-
ical processes for the synthesis of S are unecological and show
poor economic efficiency. Alternative synthesis routes are
therefore urgently needed.

Especially, in the view of current global challenges such as
climate change and scarcity of resources, green and renewable
technologies are increasingly in the focus of the chemical
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industry [35-40]. This demand can be covered by electro-
organic synthesis as this is in-line with “green chemistry”
[41-44]. In contrast to classical chemical processes, the acti-
vation occurs reagent-less by electric current. Thus, mostly
toxic, and/or expensive oxidants or reducing agents and tran-
sition metal catalysts can be avoided [45, 46]. Consequently,
reagent waste is circumvented. Moreover, electrochemical
syntheses are more atom-economical because new synthesis
routes are enabled with fewer synthetic steps and without pre-
functionalization of the precursors. In addition, electrochem-
istry is inherently safe and superior to classical methods. For
example, it is not necessary to use highly reactive or explosive
oxidizers, the reaction is often carried out under mild condi-
tions, and in an emergency the reaction can be stopped by
simply switching off the power supply. If electricity from
renewable sources is used, electrochemical processes also
help to stabilize the electrical grid [47]. Therefore, it is not
surprising that electrochemistry has become extremely rele-
vant. The recently emerged organic electrosynthesis is being
adopted in both academia and industry as the twenty-first
century’s synthetic technique [48-59].

Scheme 2 Electrochemical

synthesis of 3,3',5,5’-tetramethyl-

2,2"-biphenol (5) by direct

dehydrogenative oxidative

homocoupling of 2,4-

dimethylphenol (4). 2

OH
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In 1973, when Nilsson et al. worked on the development of
an electrochemical hydroxylation of phenols, they discovered
the first electrochemical synthesis of 5§ by direct
dehydrogenative oxidative homocoupling of 4 [60]. Using a
lead oxide anode and aqueous sulphuric acid as solvent they
were able to obtain 5 in a yield of moderate 30% as a side-
product. The electrosynthetic approach to 5 was a major field
of Waldvogel group within the past decades [48, 61]. Under
most conditions this particular substrate 4 is very prone to side
reactions and forms polycyclic products in a broad structural
diversity [62—-65]. Consequently, a boron-templated anodic
process was established which provides good yields even on
multi-kg scale [66, 67]. However, this was a multi-step pro-
cedure and generates borate containing waste-water [68].
Several approaches were able to provide the desired 5 in a
direct electrosynthesis but only in moderate yields [69-71].
This electrolysis was adopted and further developed in the
Waldvogel group. The yield was successfully increased up
to 60% by using graphite as anode material and 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP) as solvent [71]. This example
shows the specific influence of HFIP, which is known for its

OH
oxidation .
-H,

OH
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ability to stabilize radicals and cations [72-74]. Additionally,
it is characterized by high polarity, low nucleophilicity and
excellent hydrogen bond donor properties [74, 75]. Due to
its high redox stability, which results in combination with
the electrode material BDD in an outstanding large electro-
chemical window of 5 V, HFIP is particularly well suited for
electrochemical coupling reactions of phenols and arenes
[76-78]. In cross-coupling reactions, HFIP is also the key to
selectivity, as it ensures decoupling of oxidation potential and
nucleophilicity of the used starting material [79]. New results
based on molecular dynamics simulations show that HFIP and
HFIP-water as well as HFIP-alcohol mixtures have a unique
microheterogeneous structure [80, 81]. The separation of the
polar hydroxyl groups from the fluorinated groups lead to
domain formation, which positively influences electrochemi-
cal coupling reactions. On the one hand, the solvation on the
intermediates is improved by facilitating the hydrogen bond-
ing formation of the polar domains. On the other hand, the
adsorption of the starting materials onto the electrode surface
is promoted. This is because the system aims to minimize the
repulsive fluorine-lipophilic interaction and maximize the at-
tractive hydrophobic interaction. This increases the local con-
centration of starting materials at the electrode surface and
facilitates the electron transfer of the starting material to the
electrode. Another effect of microheterogeneity is a very low
viscosity of the solution. This results in a positive effect on the
mass transfer during electrolysis and can make processes more
robust [80, 81].

A challenge in the synthesis of 5 is the large number of side
reactions that can occur depending on the chosen reaction
conditions [61]. In addition, the over-oxidations of 5 always
leads to the formation of oligomers and polymers. A further
aspect that is becoming increasingly interesting is the scale-up
of the synthesis of 5 in a technical scale. Especially, regarding
the development of a technically relevant process, experi-
ments on a technical or semi-technical scale are indispensable.
The first steps in this direction have already been successfully
accomplished. We could already publish first results in the
beaker-type cell using glassy carbon electrodes and very com-
mon and inexpensive bromide-containing supporting electro-
lytes [61, 82]. In addition, a supporting electrolyte-free meth-
od was developed as flow electrolysis and scaled-up to the
semi-technical scale using the 4 cm x 12 cm electrolysis cell
equipped with a glassy carbon anode and a stainless steel
cathode. As alternative for a solid supporting electrolyte pyr-
idine was added to provide a sufficient conductivity. After
optimization of the reaction an isolated yield of 58% of 5
was obtained [83]. Especially, the continuous process of flow
chemistry offers many advantages for scale-up, whereas batch
processes are limited to a few liters’ reaction volume [84-94].
Moreover, it simplifies the heat management and the surface-
to-volume ratio of the electrode is superior compared to batch
electrolysis. In this manuscript we show the scale-up of the

electrochemical synthesis of 5 in the flow cell up to technical
scale.

Results and discussion

In this section the development of the electrosynthesis of S in a
flow electrolysis cell scaled-up to the technical scale is report-
ed. On basis of the scaled beaker-type cell electrolysis
(Scheme 3) [82], a successive approach was chosen to convert
the synthesis into a flow process: For the transfer of the reac-
tion from a batch to a flow process the 2 cmx 6 cm flow
electrolysis cell developed for laboratory scale was used
[21]. The electrolysis was than scaled-up. Initially, to the
semi-industrial scale using the developed 4 cm % 12 cm elec-
trolysis cell. The process was then scaled-up to the technical
scale using the “EUT Pilot cell”. In addition, the various chal-
lenges, e.g. heat development, conductivity, and hydrogen
evolution, that occur during scale-up are discussed.

Transfer to flow electrolysis cell

For the transfer of the electrosynthesis of 5 in the 2 cm X 6 cm
flow electrolysis cell, the already optimized conditions of the
beaker-type cell electrolysis were chosen (Scheme 3): [82]
The electrolysis of 4 was carried out in HFIP with 15 vol.%
of water and the use of tetraethylammonium bromide
(Et4NBr) as supporting electrolyte at a temperature of 50 °C.
Et,NBr was chosen as supporting electrolytes because
tetraalylammonium bromides generally give the best yield of
5 in this system and is the most inexpensive compound of the
tested supporting electrolytes. By adding water to the electro-
lyte bromination as side-reaction can be suppressed effective-
ly. Glassy carbon was used as electrode material for both
electrodes. A slight excess of charge of 1.2F was added to
obtain the most complete conversion to the desired 5. The
applied current density of 6.1 mA/cm? was moderate.

Based on the results from the investigated batch electroly-
sis [82], initial experiments were carried out in the 2 cm x
6 cm flow electrolysis cell (Fig. 1). For this purpose, the op-
timized conditions from the batch electrolysis were adopted
mostly. However, the current density was reduced by half to
3 mA/cm? and, since the flow electrolysis cell did not allow
temperature control, the electrolysis was performed at room
temperature. The yield was determined by gas chromatogra-
phy and internal standard calibration, as this made the optimi-
zation more time efficient (yield*). The result of this first
experiment was rather insufficient: Only a yield* of 27%
was achieved (Table 1, Entry 1), which is very low compared
to the isolated yield of 46% achieved in the 25 mL beaker-type
electrolysis cell (25 mmol phenol) [82]. The change from a
batch to a flow process is not trivial and makes a significant
difference in reaction control.
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Scheme 3 Electrolysis

glassy carbon electrodes

conditions of the dehydrogenative OH HFIP + 15 vol.% H,0 OH
homocoupling of 4 in the 25 mL 0.08 M NEt,Br
(25 mmol phenol 4) and 1.5 L 2 + H,
beaker-type cell (1 mol phenol 4) O
OH
(821 6.1 mA/cm?
1.2F
4 50 °C 5

Therefore, the synthesis was optimized. The starting con-
ditions for the optimization (Table 1, Entry 2) are based on
reaction conditions that have already been successfully used
for electrochemical cross-coupling reactions in the
Waldvogel group [82, 95-97]. In addition, BDD was select-
ed as the anode because it shows an excellent performance
in cross-coupling reactions. Stainless steel was chosen as
cathode material, due to its cost efficiency and stability
using it as cathode [98]. Another reason for the choice of
these electrode materials was that the “EUT pilot cell”,
which was later to be used on a technical scale, is only
equipped with BDD anodes and stainless steel cathodes.
Therefore, BDD and stainless steel were already used at
the beginning of the development process. First, the influ-
ence of adding additives such as methanol or water was
investigated to avoid the brominating of the product, when
using bromine-containing supporting electrolyte [82]. In the
past, we could show that the addition of methanol is very
advantageous for cross-coupling reactions [79]. For this
study, 18 vol.% methanol (Table 1, Entry 3) and 15 vol.%
water (Table 1, Entry 4) were added to the solvent HFIP.
However, for the synthesis of 5, the use of pure HFIP is best
suited (Table 1, Entry 2), even if the formation of brominat-
ed by-products cannot be completely suppressed.

Next, the current density was investigated in the range of
2.4-45 mA/cm? (Supporting information 5.1). In summary,
the electrolysis is very robust and can tolerate even high

Table 1 Optimization in the 2 cm x 6 cm flow electrolysis cell

25 mL beaker-type cell (25 mmol phenol): 46%
1.5 L beaker-type cell (1 mol phenol): 39%

current densities of up to 45 mA/cm?. Using higher current
densities has two effects on the electrolysis. First, the electrol-
ysis time can be significantly reduced, which makes the whole
process more time efficient. Second, there is an increased heat
development. Nevertheless, the electrolysis can be carried out
up to 45 mA/cm? without a cooling system in the used setup.
A similar yield* of the desired product (24% 5) is obtained
using 40 mA/cm? instead of 2.4 mA/cm? (Table 1, Entry 5).
The next parameter was the applied charge Q. For this pur-
pose, several experiments were carried out in a range from
0.25-3.25 F (Fig. 2). The yield* of 5 increases in the range
0f 0.25-1.00F, because below 1.00F not enough electrons are
available for a complete conversion. In the range of 1.00—
2.00F a plateau is reached. Here the yield* does not increase
further, but starting material is still being converted, which
means that mainly by-products are formed. At higher charge
quantities, the yield* of 5 also decreases. This can be ex-
plained by the over-oxidation of the product and the formation
of oligomeric and polymeric structures of 5. It is therefore
important to use the theoretically necessary applied charge
of 1.00F (Table 1, Entry 6). This results in two advantages:
Over-oxidation and the formation of by-products are sup-
pressed, which facilitates the processing and protects the con-
sumption of the starting material (unreacted starting material
can be recovered by distillation after electrolysis and fed back
to the process). Furthermore, a better current yield is achieved,
and the process is therefore more current efficient.

Entry c(4) [’”T"’] Solvent

c(Supporting electrolyte) [’”T"’] QI[F] j[#41 T[°C] Electrode material d[cm] ~v [%] Yield* 5

cm=

1 1.0 HFIP +15 vol.% H,O Et4NBr 0.08
2 0.5 HFIP Et;NBr 0.08
3 0.5 HFIP +18 vol.% MeOH Et;NBr 0.08
4 0.5 HFIP +15 vol.% H,O  Et;NBr 0.08
5 0.5 HFIP Et4NBr 0.08
6 0.5 HFIP Et,NBr 0.08
7 0.5 HFIP MeBuzNO;SOMe 0.005

11 30 22 GCIGC 0025 002  27%
12 24 22 BDD|SS 005 003  28%
12 24 22 BDD|SS 005 003  20%
12 24 22 BDD|SS 005 003  17%
12 400 22  BDD|SS 005 003  24%
10 400 22  BDD|SS 005 060  23%
10 400 20  BDD|SS 005 060  43%

Electrolysis conditions: anode area: 12 cm?. Applied charge refers to 4. Q: applied charge. j: current density. T: temperature. d: interelectrode gap. v:
flow rate. GC: glassy carbon. BDD: boron-doped diamond. SS: stainless steel. *Yield determined by calibrated GC

@ Springer



JFlow Chem (2021) 11:143-162

147

a

Electrolyte inlet and outlet

Space for

Opening for

Hole for electric
contact gasket

Hole for electric

Tubing connectors

d

Screws _
S

Electrolyte inlet and outlet

Electrode

Gasket/spacer

Fig. 1 Technical drawings of 2 cm x 6 cm flow electrolysis cell: a Cross-
section of the Teflon piece with connection for tubing, inlet, outlet and
free space for electrode. b Complete half-cell containing Teflon piece, the
electrode (yellow) and a stainless steel plate. ¢ Half-cell with gasket/
spacer on top. d Exploded drawing of a complete divided flow

A challenge with electrolysis is the heat generation at high
current densities already mentioned above. To avoid exces-
sive heating of the electrolyte, a temperature-controlled cath-
ode was used in the following. The stainless steel block used
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Fig. 2 Optimization of applied charge Q in a range of 0.25-3.25F per
mole 4: Yield* of 5 in blue and unconverted 4 in red. Electrolysis
conditions: 0.5 mol/L 2,4-dimethylphenol (4), 0.08 mol/L NEt,Br,
HFIP, BDD|[stainless steel, anode area: 12 cm?, current density j:
40 mA/cm?, flow rate: 0.18-2.39 mL/min, interelectrode gap: 0.05 cm,
22 °C. *Yield determined by calibrated GC
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electrolysis cell. For the undivided mode, the Nafion membrane and
one gasket/spacer is omitted. The electrochemical 2 cm x 6 cm flow cell
is commercially available as ElectraSyn flow (IKA Werke). Reprinted
with permission from [21]. Copyright [2020] American Chemical Society

for this purpose has a meandering cooling channel inside that
can be connected to an external cooling system
(Supporting information 2.1, Fig. S1). This made it possible
to control the temperature of the electrolysis cell. With this
adaption, different supporting electrolytes and their concen-
tration were examined for their suitability. In addition to
NEt4Br, methyltributylammonium methyl sulfate
(MeBu3;NO3;SOMe) and methyltriethylammonium methyl
sulfate (MeEt;NO3;SOMe) were used as supporting electro-
lyte. MeEt;NO3;SOMe was chosen because it has already been
successfully used in various homo- and cross-coupling reac-
tions [70, 71, 96]. However, this supporting electrolyte is not
commercially available and must first be synthesized by
reacting the highly toxic compounds triethylamine and di-
methyl sulfate [96]. Therefore, MeBusNO3;SOMe was also
tested as a further supporting electrolyte, which is also a
known supporting electrolyte for electrochemical phenol cou-
pling and, moreover, does not have to be produced at great
effort and expense [97]. For each of the three supporting elec-
trolytes the concentration was initially varied between 0.02
and 0.24 mol/L (Fig. 3). Especially, at low concentrations of
supporting electrolyte, the possibility of cell cooling becomes

@ Springer



148

J Flow Chem (2021) 11:143-162

more important since the lower conductivity of the electrolyte
increases the terminal voltage and thus the heat development.
For this reason, the following electrolysis were kept to 20 °C.

Here it became clear that all three investigated supporting
electrolytes behave similarly: The lower the supporting elec-
trolyte concentration, the higher the yield* of 5. The greatest
effect can be observed with NEt,Br, with which a yield* of
40% was achieved at a concentration of 0.02 mol/L, and only
ayield* of 15% at 0.24 mol/L. Less severe, but still similar, is
the effect with MeEt;NO3;SOMe (0.02 mol/L: 37%,
0.24 mol/L: 25%) and MeBus;NO3;SOMe (0.02 mol/L: 36%,
0.24 mol/L: 18%). The reason for this behavior is presumably
the occupancy of the electrode surface: When a potential is
applied, the supporting electrolyte cations move to the cathode
according to the electric field, the supporting electrolyte an-
ions to the anode. If the supporting electrolyte concentration is
now very high, the electrode surface is occupied by the corre-
sponding supporting electrolyte ions. This makes it increas-
ingly difficult for the phenol to meet the electrode surface
and to release an electron there. The yield* decreases
accordingly.

Following this trend, the supporting electrolyte concentra-
tion was then further reduced to 0.0025 mol/L (Fig. 4). If the
yields* at 0.01 mol/L (Fig. 4, NEt4Br: 42%,
MeBu3NO3;SOMe: 43% and MeEt;NO;SOMe: 44%) are
compared with those at 0.02 mol/L (Fig. 4, NEt;Br: 40%,
MeBu;NO3;SOMe: 36% and MeEt;NO;SOMe: 37%), a slight
increase in yield* can be seen. However, a further lowering of
the supporting electrolyte concentration does not lead to any
significant improvement. On the contrary, if only
0.0025 mol/L supporting electrolyte is used, the terminal volt-
age increases very strongly (~70 V, device maximum
reached), which on the one hand makes a reproducible elec-
trolysis with the voltage source used impossible and on the
other hand also results in a very high energy consumption. At

90 -
80 -
70

®
= 60 4
S 50 o
5 40 3;%
= 30 4 * 0/36%: . 25%
[ ]
20 o $18%
10 1 15%
0 T T T T ]
0,00 0,05 0,10 0,15 0,20 0,25
supporting electrolyte in mol/L
® NEt,Br + MeBu,NO;SOMe B MeEt,NO,SOMe

Fig. 3 Yield* of 5 for different concentrations of NEt4Br (blue),
MeBu3;NO3;SOMe (green) and MeEt;NO;SOMe (purple). Electrolysis
conditions: 0.5 mol/L 2,4-dimethylphenol (4), 0.02—0.24 mol/L
supporting electrolyte, HFIP, BDD||stainless steel, anode area: 12 cm?,
current density: 40 mA/cm?, applied charge: 1.0F, flow rate: 0.6 mL/min,
interelectrode gap: 0.05 cm, 20 °C. *Yield is determined by calibrated GC
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a supporting electrolyte concentration of 0.005 mol/L the ter-
minal voltage is only approx. 30 V and electrolysis can be
carried out without any problems. Although higher supporting
electrolyte concentrations lead to a further decreasing of the
terminal voltage, a supporting electrolyte concentration of
0.005 mol/L is favored regarding the economic efficiency of
the process due to the application costs and easier processing.
Comparing the yields* of the different supporting electrolytes
at 0.005 mol/L, MeEt;NO3;SOMe gives the best result with
45% yield* for 5. However, the yield* using
MeBu3zNO3;SOMe (43%) is only slightly lower and this
supporting electrolyte does not have to be synthesized since
it is technically available. Furthermore, unlike NEt,Br, no
brominated by-products are formed. Therefore, 0.005 mol/L
MeBu;NO3;SOMe was used as supporting electrolyte in the
following (Table 1, Entry 7). In summary, the enormous effect
of the reduced supporting electrolyte concentration should be
pointed out: The yields* were increased from initially 23% to
43%.

As already mentioned above, a lowering in the supporting
electrolyte concentration leads to an increase in the terminal
voltage. To counteract this, the electrode gap has been reduced
from the previous 0.05 cm to 0.025 cm and 0.012 cm. As
expected, the average terminal voltage drops from 38 V at
an electrode gap of 0.05 cm to 12 V at 0.012 cm. However,
the highest yield* of 48% was at an electrode gap of 0.025 cm.
To explain this, another effect must be considered: In addition
to the phenol coupling on the anode side, there is a counter-
reaction on the cathode side. This is mainly the reduction of
protons to hydrogen. The cathodically generated gas leads to
the problem that it takes up a not inconsiderable part of the cell
volume and thus disturbs the anode reaction [99]. If small
interelectrode gaps are used, the cell volume is smaller, and
the disturbing influence of hydrogen increases accordingly.
Larger electrode spacings reduce this influence.

100 4
90 -
80 -
70 A

R
£ 60 4
wn
% 50 - 43% 45% 24%
* | n44% 943% 943%
2 ¥ e e 42%
2 b
> 30 38% 37%
20
10
0 T ‘ . ‘ . )
0,000 0,002 0,004 0,006 0,008 0,010 0,012

supporting electrolyte in mol/L

® NEt,Br + MeBu;,NO,SOMe M MeEt,NO,SOMe

Fig. 4 Yield* of 5 for different concentrations of NEt4Br (blue),
MeBu3;NO3SOMe (green) and MeEt;NO;SOMe (purple). Electrolysis
conditions: 0.5 mol/L 2,4-dimethylphenol (4), 0.0025-0.0100 mol/L
supporting electrolyte, HFIP, BDD||stainless steel, anode area: 12 cm?,
current density: 40 mA/cm?, applied charge: 1.0F, flow rate: 0.6 mL/min,
interelectrode gap: 0.05 cm, 20 °C. *Yield determined by calibrated GC
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Accordingly, two factors that influence the performance of
electrolysis in opposite directions are involved here, namely
the terminal voltage and the cathodic hydrogen evolution. The
mean interelectron gap of 0.025 cm was a compromise be-
tween these two factors, which also produced the highest
yield* of 48%. In addition, an attempt was made to completely
dispense with supporting electrolyte at each of the three elec-
trode spacings, but in all three cases the terminal voltage was
too high for electrolysis to be carried out. Even the addition of
1 vol.% — 20 vol.% by volume of trifluoroacetic acid (TFA) or
methanol instead of a supporting electrolyte did not lead to
any improvement, so that supporting electrolyte cannot be
completely dispensed with (Supporting information, 5.1).
However, a concentration of 0.005 mol/L MeBu;NO;SOMe
is very low and the economic efficiency of the process is
ensured.

At the beginning of the reaction optimization the current
density was investigated. However, due to the strong heat
development at high current densities, the range of the inves-
tigated area was limited to a maximum of 45 mA/cm?. Since it
was now possible to cool the cell, the current density range
under investigation was extended to a maximum value of
80 mA/cm?® (Supporting information, 5.1). The yields* of 5
are relatively constant up to 60 mA/cm?®. At higher current
densities, the yield* decreases slightly. This extends the cur-
rent density window even further: The electrolysis can be
operated with current densities between 2.4 mA/cm?® and
60 mA/cm?”. This has two advantages. Firstly, the operation
of a (flow) electrolysis at high current densities is preferable,
since this allows a better space-time yield to be achieved.
Secondly, the wide range of possible current densities allows
a high degree of flexibility of the process, which is particularly
advantageous regarding coupling electrolysis on a technical
scale with renewable energies. If an energy excess is available,
the electrochemical plant can be started up and operated at
high current densities. If there is a temporary shortage of en-
ergy, production is reduced. In this way, a contribution can be
made to stabilize the electricity grid [47]. It should also be
emphasized that such robustness is extremely rare for
electro-organic transformations. As a rule, normally these on-
ly occur within a very narrow window at low current densities
(0.5-5 mA/ecm?®) [100—103]. Apart from the electrochemical
C-C coupling [104] there are only a few examples, e.g. the
Kolbe electrolysis [105] or the Baizer process, [106] which
also show such robustness.

Next, electrolysis was carried out at temperatures of 10 °C
to 50 °C. Since the amount of heat generated during electrol-
ysis depends on the current density, the temperature screening
was carried out at a current density of 40 mA/cm?” and 60 mA/
cm? (Fig. 5). Hereby it can be investigated how a temperature
change can have an influence on the reaction and thus on the
process flow if the current density is changed dynamically. At
a current density of 40 mA/cm?® (Fig. 5, blue), it has been

shown that 20 °C was already the optimum temperature and
provides a yield* of 47%. On one hand, higher temperatures
generally lead to a lower viscosity of the electrolyte and thus
to an improvement in mass transfer. Additionally, higher tem-
peratures lead to an increase in conductivity. On the other
hand, however, they have a negative influence on the
homocoupling of 4. The interaction of high temperature and
the heat generated by applying high current densities results in
uncontrolled boiling of the electrolyte, especially on the elec-
trode surface. This becomes particularly clear in the case of
electrolysis at 60 mA/cm? (Fig. 5 green), as here active
cooling to 10 °C is required to prevent yield* losses. This
made it possible to achieve a yield* of 50%.

The challenge of hydrogen evolution has already been ad-
dressed in the context of optimizing the interelectrode gap. In
addition to increasing the cell volume, an increase in the flow
rate is one way of counteracting this problem, since the hy-
drogen produced is then removed from the cell volume more
quickly. However, it must be noted that the individual param-
eters are interlinked in a flow electrolysis and cannot be con-
sidered independently of each other. Thus, an increase in the
flow rate is always associated with a decrease in the amount of
charge. There are different possibilities to keep the applied
charge constant at higher flow rates. Either the current density
must be increased so that the same number of electrons can
still be withdrawn when the dwell time in the cell is shortened.
The way the electrolyte passes through the cell must be elon-
gated. Other possibilities are that the electrolysis is carried out
either in the form of a cascade (Fig. 6) or with a recirculation
approach. The resulted applied charge can be kept constant by
pumping the electrolyte through the cell several times at a high
flow rate. In a cascade reaction this is done by pumping the
electrolyte several times successively through the cell: In a
two-step cascade, for example, the flow rate is doubled com-
pared to the single-step process, thus halving the amount of

90 -
80 -
70

X
fm 60 1 50%
G 50 1 * 42%
k) 40 °® ¢ 47.”/ ¢ $ ° ¢ °
o 44% °
= 301 3;/
20 - ’
10 -
0 ‘ : : . ; .
0 10 20 30 40 50 60

temperature in °C
® 40 mA/cm? ¢ 60 mA/cm?

Fig. 5 Yield* of 5 for different temperatures. Electrolysis conditions:
0.5 mol/L 2,4-dimethylphenol (4), 0.005 mol/L MeBu3;NO3;SOMe,
HFIP, BDD||stainless steel, anode area: 12 cm?, current density: 40 mA/
cm? (blue) and 60 mA/cm? (green), applied charge: 1.0F, flow rate:
0.6 mL/min and 0.9 mL/min, interelectrode gap: 0.025 cm. *Yield deter-
mined by calibrated GC
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elektrolyte
reservoir 1

n X

Fig. 6 Schematic representation of a cascade electrolysis. The electrolyte
is pumped 7 successively from electrolyte reservoir 1 through the flow
electrolysis cell into electrolyte reservoir 2 at a flow rate v, =n x vy,
where v, is the flow rate for a single step electrolysis. In this way only

apart 0, = 2 of the applied charge for a single step electrolysis Q; is

n

applied in each step. After each step, the electrolyte is transferred from
electrolyte reservoir 2 to electrolyte reservoir 1

charge applied in one step. Accordingly, the electrolyte must
be pumped through the electrolysis cell twice in succession to
maintain the desired charge quantity at the end of the process.
In contrast, with the recirculation approach, the electrolyte is
pumped at increased flow rates in a circle through the flow cell
until the necessary amount of charge has been introduced into
the electrolyte. In preliminary studies the recirculation ap-
proach was tested for a similar system but did not lead to better
yields.

Therefore, the electrosynthesis of 5 was conducted in form
of a cascade, initially at 40 mA/cm?, with two, four and ten-
steps (Table 2). The positive effect of this electrolysis mode is
very impressive. With an increasing number of cascade steps,
the yield* increases until finally, with a ten-step cascade, a
yield* of 60% could be achieved.

As the last parameter, the starting material concentration was
varied between 0.5 mol/L and 2.0 mol/L (Supporting informa-
tion, 5.1). These experiments were also carried out in the form
of a ten-step cascade. It was found that the concentration of the
starting material in the tested area had no influence on the
yield*, as it was constant at 60%. Nevertheless, the use of a
high starting material concentration of 2.0 mol/L of 4 is

advantageous for the electrolysis: Both solvent and supporting
electrolyte can be saved and processing is facilitated, since
more product is formed per volume of electrolyte.

Finally, the optimized conditions were applied to a cascade
electrolysis at 60 mA/cm?. A constant yield* of 61% was also
obtained here. Due to the reaction optimization carried out in
the 2 cm % 6 cm flow electrolysis cell, the yield* was signifi-
cantly increased from initially 27% to 61%. As mentioned
above, all optimization work was done using yields with in-
ternal calibration (yield*). After successful optimization, the
product was isolated by column chromatography and a isolat-
ed yield of 62% for 5 was obtained. In comparison to the
previously developed supporting electrolyte-free system using
pyridine as additive (isolated yield of 58% in the 2 cm % 6 cm
flow electrolysis cell) the yield is slightly higher when using a
supporting electrolyte [83]. The optimized reaction conditions
are summarized in Table 6, Entry 2.

Scale-up in the semi-technical scale

Based on the optimization in the 2 cm x 6 cm flow electrolysis
cell (anode area: 12 cmz), the reaction was scaled-up. For this
purpose, the 4 cm x 12 cm flow electrolysis cell, which was
developed in the Waldvogel group recently, with an anode
area of 48 cm® was used (Fig. 7) [107]. As previous experi-
ments with the 4 cm % 12 cm electrolysis [83] cell have shown
that an increased energy or heat input into the electrolyte is to
be expected due to the larger electrode area, the electrolysis
conditions optimized for the 2 cm X 6 cm electrolysis cell were
initially slightly modified: Cooling to 10 °C was applied at the
lower current density of 40 mA/cm?” and an interelectrode gap
of 0.050 cm was selected. With these adaptations an isolated
yield of 55% could be obtained (Table 3, Entry 1).

Subsequently, the electrode gap was reduced to 0.025 cm,
which was accompanied by an increase in isolated yield to
57% (Table 3, Entry 2). Finally, the current density was also
increased to 60 mA/cm?. Thus, with the optimized parameters,
an isolated yield of 58% could be achieved (Table 3, Entry 3),
which is very similar to the isolated yield of 59% for the
supporting electrolyte-free process [83]. This shows that
electrosynthesis of 5 can be scaled without major yield losses
either with or without supporting electrolyte.

Table 2 Cascade reactions in the

2 cm x 6 cm flow electrolysis cell Entry Number of cascade steps Q [F] Q for each cascade step [F] v % ] Yield* 5
1 1 1.00 1.00 0.60 48%
2 2 1.00 0.50 1.19 49%
3 4 1.00 0.25 2.39 51%
4 10 1.00 0.10 597 60%

Electrolysis conditions: 0.5 mol/L 2,4-dimethylphenol (4), 0.005 mol/L MeBuz;NO;SOMe, HFIP, BDD||stainless
steel, anode area: 12 cm?, current density: 40 mA/cm?, applied charge: n x #, interelectrode gap: 0.025 cm,
20 °C. Q: applied charge. v: flow rate. *Yield determined by calibrated GC
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Table 3 Optimization of the

electrochemical synthesis of 5 Entry i2s] d [em] v [EL ] Yield 5

using the 4 cm x 12 cm flow

electrolysis cell 1 40 0.050 597 55%
40 0,025 597 57%
60 0,025 8.95 58%

Electrolysis conditions: 2.0 mol/L 2,4-dimethylphenol (4), 0.005 mol/L MeBu;NO3;SOMe, HFIP, BDD||stainless
steel, anode area: 48 cm?, applied charge: 10 x 0, 1 F, 10 °C. Number of cascade steps: 10. j: current density. d:
interelectrode gap. v: flow rate. Isolated yields

In general, scale-up is possible without scaling effects.
However, it is important that the cell geometry does not
change too much. In the case of the 2 cm x 6 cm or 4 cm X
12 cm flow electrolysis cell, the anode area increases from
12 cm? to 48 cmz, but the width-to-length ratio of 1:3 remains
constant. Thus, scale-up could be realized quickly and easily
without major loss in yield (Table 6, Entries 2 and 3).

Scale-up to the technical scale

For the technical relevant application, the successful scale-up
in the technical scale of an electrochemical process is very
important. For this purpose, Eilenburger Elektrolyse- und
Umwelttechnik GmbH (EUT) provided a pilot cell for the
technical scale (EUT pilot cell, Fig. 8) to transfer the synthesis
of 5. The cell is designed as a bipolar cell with two compart-
ments and has a total electrode area of 312 cm”. A BDD anode

a

screws electric contact

stainless steel
stainless steel rod mounting

plates

Fig.7 Technical drawings of4 cm x 12 cm flow electrolysis cell. a Partly
exploded drawing of the full-featured flow cell. b Cross-section of one
half-cell. ¢ Completely mounted 4 cm x 12 cm flow electrolysis cell and a

connection for
cooling circuit

and a stainless steel cathode are installed in each of the two
compartments. The electrodes can each be cooled from the
backside via an external cooling circuit.

Slightly modified, milder reaction conditions were also ini-
tially selected for the transfer of the reaction from the medium
scale of the 4 cm % 12 cm flow electrolysis cell to the EUT
pilot cell. Thus, instead of 0.005 mol/L. MeBu;NO;SOMe,
0.020 mol/L MeBu3;NO3;SOMe was used for the first experi-
ment. The reason was that a bipolar cell was now used instead
of a monopolar one. The voltage of bipolar cells behaves
additively with an increasing number of compartments, which
is why an increased terminal voltage was generally to be ex-
pected. To not get into the range of the voltage maximum of
the power supply (150 V), the conductivity of the electrolyte
was increased by a higher concentration of the supporting
electrolyte. In addition, work was carried out at 40 mA/cm?
and 10 °C to prevent excessive heating of the electrolyte due

b central .
€ap  oction cooling channel connection for
: cooling circuit
E E electric contact
R / copper plate

electrode

stainless

teel plates
>

o

electrolyte
inlet/outlet

c .
connection for
cooling circuit

connection electric
for tubing contact

Euro coin (diameter: 23.25 mm) for comparison. Reprinted with permis-
sion [107]. Copyright [2020] American Chemical Society
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a b

stainless steel plate
for contacting the
BDD-anode

BDD-anode

Durostone clamping

PVDF base frame

connection for
cooling circuit

electrolyte feed

stainless steel
cathode

electrolyte drain

plate

connection for
cooling circuit
cathode

anode

gasket

connection for
cooling circuit
cathode

electrolyte feed

Fig.8 EUT pilot cell: a EUT pilot cell with 2 cm x 6 cm flow electrolysis cell for size comparison. b Technical drawing of three Polyvinylidene fluoride
(PVDF) frames with inserted BDD electrodes, cooling connections, electrolyte feed and gaskets

to the increased electrode surface area. With these settings, 5
could be obtained in the form of a ten-step cascade with an
isolated yield of 49% (Table 4, Entry 1).

However, the electrolysis process generated a lot of heat,
which is why the cell was cooled to 0 °C for the next electrol-
ysis. This led to a slightly lower warming and also a slightly
higher isolated yield of 51% (Table 4, Entry 2). As a result, the
supporting electrolyte quantity was successively reduced.
First to 0.010 mol/L, which gave an isolated yield of 56%
(Table 4, Entry 3). Then to 0.005 mol/L, the value that was
optimal for electrolysis on a smaller scale. This second low-
ering of the supporting electrolyte concentration resulted in an
isolated yield of 59% (Table 4, Entry 4). Thus, the electro-
chemical synthesis of 5 was successfully transferred to tech-
nical scale without any loss of yield (Table 6, Entry 4). The
conditions previously optimized on a small laboratory scale

were largely retained, which is a confirmation of the optimi-
zation and scaling-up methodology used. A EUT pilot cell
with glassy carbon electrodes was not available. Therefore,
pyridine as additive was not tested jet, because this system
works best with glassy carbon electrodes [83].

Other strategies for effective removal of hydrogen
from the flow electrolysis cell

Electrolysis often leads to gas development as a counter-reac-
tion. Thus, hydrogen is produced at the cathode by reduction
of protons, while oxygen is usually formed at the anode. In
beaker-type electrolysis cells of a batch process, this is gener-
ally not a problem, as the gas can escape freely upwards out of
the cell. Whereas in a flow electrolysis process, the gas devel-
opment can become a challenge, which is due to the special

Table 4 Optimization of the

electrochemical synthesis of 5 Entry c(MeBu3;NO;SOMe) ['"TOI ] ] [% ] T [°C] v ,Z'—lf, ] Yield 5
using the EUT pilot cell

1 0.020 40 10 38.8 49%

2 0.020 40 0 38.8 51%

3 0.010 40 0 38.8 56%

4 0.005 40 0 38.8 59%

5 0.005 40 -10 38.8 58%

Electrolysis conditions: 2.0 mol/L 2,4-dimethylphenol (4), HFIP, BDD||stainless steel, anode area: 312 cm?
applied charge: 10 x 0.1 F, interelectrode gap: 0.025 cm. Number of cascade steps: 10. j: current density. T:
temperature. v: flow rate. Isolated yield
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geometry of a flow electrolysis cell. Flow electrolysis cells are
usually closed systems, except for an electrolyte inlet and
outlet. In the case of flow electrolysis cells with a very small
electrode gap (“narrow gap”), as used in this work, the cell
volume is also very small. In such cases, the gas produced
during electrolysis cannot simply escape from the cell but
takes up a non-negligible part of the cell volume, which dis-
turbs the course of the electrolysis. This effect increases from
bottom to top if the cell is vertically oriented, since firstly,
more and more gas bubbles are formed on the way to the cell
outlet and secondly, these bubbles combine to form larger gas
bubbles (Fig. 9).

Since the cell volume is occupied by hydrogen gas (bub-
bles), the actual current density no longer corresponds to the
theoretically calculated one. This is because the electrode sur-
face is no longer completely covered with electrolyte. In ad-
dition, the terminal voltage increases and fluctuates very
strongly. Finally, the dwell time of the electrolyte in the cell
becomes uncontrollable. As a result, the reproducibility de-
creases. One way to address this problem is to pump the elec-
trolyte through the cell faster. This also means that the
resulting gas bubbles are expelled from the cell more quickly
and can therefore no longer combine so easily to form large
gas bubbles, nor do they take up so much cell volume. This
strategy has already been successfully implemented by means
of cascade electrolysis.

In addition, a strategy was developed in which the gas is
directly separated during electrolysis. The homocoupling of 4
to 5 described here was chosen as an example reaction, in
which hydrogen is produced at the cathode as a counter reac-
tion. To realize a separation of the cathodically produced

a b

/ Electrolyte drain
gas bubbles | | / flow cell
i v

electrolyte //t\ electrolyte feed

electrolyte feed \

electrolyte

opening for gas drain

gas bubbles

=S

perforated stainless

hydrogen during electrolysis in the narrow gap flow electrol-
ysis cell, perforated stainless steel sheets were used as cath-
odes (Fig. 10). The holes in the cathode should allow the
hydrogen to escape directly from the cell into the environment
during electrolysis.

Various perforations were examined: Wide longitudinal
slits running lengthwise over the entire electrode surface and
should be able to discharge a large amount of hydrogen as
effectively as possible (perforated stainless steel plate B).
The triangular shape of the slits of perforated stainless steel
sheet C, which becomes wider towards the top, is intended on
the one hand to prevent excessive leakage of electrolyte via
the openings of the electrode, and on the other hand the special
shape is adapted to the process of hydrogen evolution: At the
beginning, rather few and small hydrogen bubbles are formed,
whereas there are rather many large bubbles at the end of the
cell. Variant D is a plate with many small round holes, which
are homogeneously distributed over the entire electrode sur-
face, and perforated stainless steel plate E is designed to func-
tion like perforated stainless steel plate B. However, the slits
are located orthogonally to the direction of flow, this is also
intended to prevent the electrolyte from being excessively
distributed outside the cell volume. The individual electrodes
were mounted on a Teflon block specially developed for this
application, which has a cavity lined with stainless steel (for
contacting reasons) on the electrode side (Fig. 11).

The formed hydrogen is collected in this cavity and then
exits through two small openings on the back of the cell. This
Teflon block can be modularly connected to the 2 cm x 6 cm
flow electrolysis cell. It is also important that the flow elec-
trolysis cell in this system is operated horizontally with the

/ flow cell

~
':-}

electrolyte drain

steel plate

@

Fig. 9 a Schematic illustration of the hydrogen gas evolution in a vertically operated flow electrolysis cell. b Schematic illustration of the hydrogen gas
discharge in a horizontally operated flow electrolysis cell with perforated stainless steel plates used as cathode
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Fig. 10 Selection of different
cathode geometries. a
Conventional plate electrode. b—e
Differently perforated stainless
steel plates for direct hydrogen
separation

stainless steel

a b

cathode side facing upwards so that the hydrogen can easily
escape upwards and prevents the electrolyte from running out
of the flow electrolysis cell. Up to now, the flow electrolysis
cell has always been operated vertically, as this ensures a
constant flow rate and allows the hydrogen to escape upwards.
To have a reference for horizontal electrode alignment, an
electrolysis was first carried out with a classical plate electrode
as cathode in horizontal alignment. This allowed an isolated
yield of 31% of 5 (Fig. 12, A). The yield is relatively low,
which can be explained by the fact that the optimized condi-
tions were not used for test purposes and no cascade electrol-
ysis was performed (electrolysis conditions: see Fig. 12). In
addition, the horizontal operation of the cell leads to the hy-
drogen collecting at the top of the cathode (which is intention-
al in the case of perforated cathodes), thus preventing undis-
turbed electrolysis. In addition, the electrolyte does not run out
of the cell continuously, but rather in an oscillating way: The
electrolyte first accumulates in the cell until a certain level is

Fig. 11 Cathodic side ofa2 cm x
6 cm flow electrolysis cell for the
use of perforated stainless steel
plates

perforated stainless

steel plate

stainless steel

lining plate

opening for
electrolyte feed

@ Springer
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reached. Then this electrolyte suddenly runs out of the cell. A
constant setting of the flow rate is not possible in this way.

The use of the perforated cathodes B — C (Fig. 11), should
now change this behavior in the way that the hydrogen can
escape upwards and the electrolyte can flow out of the cell in a
gas-free and controlled manner. The resulting isolated yields
of 5 are actually higher than the yield when using a simple
stainless steel plate as the cathode, with values of 33% for
stainless steel perforated plate C and 41% for stainless steel
perforated plate D (Fig. 12). However, the problem of inter-
mittent electrolyte outflow could not be solved. On the con-
trary, the additional openings of the flow electrolysis cell,
which were intended for hydrogen removal, drew more air
into the cell than was the case with the non-perforated plate
electrode. Hydrogen separation was therefore not possible.
Even higher flow rates did not lead to an improvement, but
rather to that the electrolyte escaping at the additional open-
ings of the cathode.
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gas drain

opening for
electrolyte drain

/ Teflon® block
A

electrical contact

opening for
electrical contacts

opening for
screwing



JFlow Chem (2021) 11:143-162

155

100 4
90
80 -
70 ~
60 -

50
41%

40 ~ 31% 35% 33% 36%
30 A
20
10
0 A
A B C D E

cathode

yield in %

Fig. 12 Isolated yield of 5 using different cathode geometries (see
Fig. 11). Electrolysis conditions: 1.0 mol/L 2,4-dimethylphenol (4),
0.01 mol/L MeBu;NO;SOMe, HFIP, BDD|stainless steel, anode area:
12 em?, current density: 20 mA/cm?, applied charge: 1.0F, flow rate:
0.15 mL/min, interelectrode gap: 0.05 cm, 22 °C, Mode: single step,
horizontal arrangement of the cell

Since these attempts at hydrogen separation were not suc-
cessful, the idea of perforated plates was rejected, and a dif-
ferent strategy was pursued. Instead of a planar arrangement
from cathode to anode, a cell was built in which the cathode
(stainless steel plate electrode) was inserted into the Teflon®
block obliquely (Fig. 13).

Thus, the cell volume increases over the length of the flow
electrolysis cell. The volume of the evolved hydrogen is in-
creasing inside the cell on the way from the electrolyte inlet to
the outlet. Due to the inclined electrode arrangement of the
cathode, the hydrogen has more available space. This leads to
a less interruption of the electrolysis by gas bubbles. In addi-
tion, there is an opening at the top of each of the two sides of
the electrolysis cell through which the hydrogen can escape.
To test the function of this new cell, it was operated in four
different modes: In horizontal and vertical alignment, one with
open and one with closed openings for the hydrogen. The
results of these tests are shown in Table 5.

In general, the isolated yields are comparable with the ref-
erence electrolysis (vertically performed electrolysis with par-
allel electrode arrangement). Accordingly, there is no decrease

opening for

electrolyte drain opening for

gas drain

opening for
electrical contacts plate

Teflon® block

in isolated yield due to the changed electrode arrangement.
With the two closed variants, no gas separation occurs, and
electrolyte and hydrogen are discharged from the electrolyte
outlet. But also, in the vertically open variant the hydrogen
could not be separated. However, the stable isolated yields,
coupled with low voltage fluctuations during electrolysis, in-
dicate that the electrolysis is less disturbed by hydrogen evo-
lution and therefore gains in reproducibility. A partially func-
tioning gas separation could be realized with horizontal open
operation. Here, however, gas-free discharge of the electrolyte
and air intake through the lateral openings alternated.

In summary, none of the investigated cathode systems was
completely convincing and effectively contributed to gas sep-
aration and a significant improvement in electrolysis perfor-
mance. Open systems, which are necessary for hydrogen sep-
aration, tend to lead to new problems of a hydrodynamic na-
ture. The strategy of giving the resulting hydrogen more space
on its way through the cell promises to be more successful.
However, the cell tested here is only the beginning of devel-
opment in this direction and will need to be further elaborated
in the future.

Analysis of by-products occurring during the elec-
trolysis of 4

In addition to the desired dehydrogenative homocoupling of 4
to 5 as the main product, by-product formation also occurs,
mainly through over-oxidation. To get an idea of which by-
products can occur during the electrolysis of 5 in the system
developed here, the individual signals of a gas chromatogram
were assigned to the by-products with the help of authentic
substances and GC-MS (Fig. 14).

First, it is noticeable that many different by-products are
formed. However, it must be said that the proportion of by-
products visible here is very small compared to the product
5. This becomes especially clear when aware that for this
sample much of 5 has already been removed from the mix-
ture before the GC was measured, to record as many by-

obliquely milled cavity for
the electrode

opening for
screwing

opening for
electrolyte feed

stainless steel

Fig. 13 Cross-section of the cathode side of a 2 cm x 6 cm flow electrolysis cell with inclined stainless steel plate electrode
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Table 5  Screening of different operating modes with inclined cathode (Fig. 14, dark green). As can be seen from the relatively large
amangement in the 2 cm x 6 em flow electrolysis cell signal for the dehydro trimer, this is the predominant side
Entry Operation mode Openings Yield 5 reaction path under acidic to neutral conditions, such as those
prevailing in HFIP [61, 70, 71, 76]. The process of over-
1 vertical open 33% oxidation starting from the dehydro trimer can go even further
2 vertical closed 32% and thus oligomeric or even polymeric over-oxidation prod-
3 horizontal open 31% ucts can be formed. This reaction path was confirmed by an
4 horizontal closed 32% APCI-MS measurement (Supporting information).
5 Reference (co-planar) closed 30%

Electrolysis conditions: 1.0 mol/L 2,4-dimethylphenol (4), 0.01 mol/L
MeBuz;NO3;SOMe, HFIP, BDD||stainless steel, anode area: 12 cm?, cur-
rent density: 20 mA/cm?, applied charge: 1.0F, flow rate: 0.15 mL/min,
interelectrode gap: 0.05 cm, 22 °C. Mode: single step, horizontal or ver-
tical arrangement of the cell. Isolated yield

products as possible. The electrosynthesis is therefore still
very selective.

The occurring by-products can be divided into three clas-
ses. First, there are brominated by-products, such as 2-bromo-
4,6-dimethylphenol (Fig. 14, red) and a brominated derivative
of 5 (Fig. 14, pink). These are only formed when NEt,Br (or
other brominated salts) are used as supporting electrolyte. The
second class are polycyclic compounds: A derivative of the
Pummerer ketone (Fig. 14, dark red), a spirolactone (Fig. 14,
orange) and a pentacyclic compound (Fig. 14, purple).
Although this group of by-products is mainly formed under
basic conditions [61-65] to a smaller extent it is also formed in
the electrolyte system used here. The third class are linear
coupling products of 4, including the diphenyl ether of 4
(Fig. 14, petrol), the ortho-meta coupling product (Fig. 14,
pink) or higher coupling products such as the dehydrotrimer

Fig. 14 Segment of a gas
chromatogram of the residue
obtained after the work-up of the
electrolysis mixture upon removal
of most 5 since otherwise the by-
products are difficult so see. The
signals are signed to the individ-
ual by-products

=
|

Conclusion

In summary, the electrochemical synthesis of 3,3',5,5’-
tetramethyl-2,2'-biphenol (5) has been successfully scaled-up
from the laboratory scale to a continuous technical scale. For
this scale-up with immediate optimization of the reaction pa-
rameters, modular narrow gap electrochemical flow cells were
developed in the Waldvogel group. Thus, a stepwise scale-up
was successfully achieved. Using the same cell geometry in
all three sizes of flow cells, the electrolysis conditions can
almost be transferred and all three differently sized elecrolysis
ellsc the desired product 5 can be obtained in a yield of
app. 60% (Table 6). However, the EUT pilot cell developed
for the technical scale must be optimized regarding a more
effective heat dissipation to allow a smooth continuous oper-
ation of the electrolysis cell. Furthermore, the resulting gas-
eous hydrogen can be efficiently transported out of the flow
cell by an increased flow rate in the cascade mode.
Nevertheless, we will continue to investigate the cell type
and the emerging challenges such as hydrogen evolution and
heat dissipation.

!

16,611/
17,118/
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Table 6 Comparison of optimized conditions for different electrolysis cells

Productivity [-£- ]

Yield 5

mL
ol

Electrode material V[

T[°C]

> ]

mA
cm

i

Q[F]

]

‘mol
L

c(Supporting electrolyte) [

Solvent

Cell-type

Entry

0.002
0.3
1.3
16.9

46%

GCJ|GC

50
10
10
0

6.1

1.2

Et,NBr 0.08

HFIP +15 vol.% H,O
HFIP

Batch (25 mL)

2 x 6 Flow
4 x 12 Flow

62%

224
8.95

BDDJ|SS
3

60

1.0 (10 x 0.1)

MeBu;NO;SOMe 0.005
MeBu;NO;SOMe 0.005
MeBu;NO;SOMe 0.005

58%

BDDJ|SS

60

1.0 (10 % 0.1)

HFIP

59%

8.8

BDDJ|SS

40

1.0 (10 x0.1)

HFIP

EUT Pilot cell

Electrolysis conditions: 2.0 mol/L 2,4-dimethylphenol (4), for all flow cells: interelectrode gap d: 0.025 cm. Q: applied charge. j: current density. T: temperature. v: flow rate. GC: glassy carbon. BDD:

boron-doped diamond. SS: stainless steel. Isolated Yields

Experimental
General information

All reagents were used in analytical grade. Solvents were pu-
rified by standard methods [108]. As supporting electrolyte N-
methyl-N,N,N-tributylammonium methylsulfate (kindly pro-
vided by BASF SE, Ludwigshafen, Germany) were used.

Electrode materials For electrochemical reactions boron-
doped diamond (BDD, 15 um diamond layer on silicon,
DIACHEM™/, obtained from CONDIAS, Itzehoe,
Germany) and glassy carbon (SIGRADUR G, obtained from
HTW Hochtempatur Werkstoffe GmbH, Thierhaupten,
Germany) were applied as electrode material.

Power supplies As a power supply for the 2 cm % 6 cm flow
cell, a self-built one-channel galvanostat (dc output 0-70 V
and 0—1 A) with a self-built Coulomb counter of University
Bonn were used. For the 4 cm % 12 ¢cm flow cell, a TDK
Lamda Z60-3.5 power supply (dc output 0-60 V and 0-3.5
A, rated power 210 W; TDK Lambda, Achern, Germany) was
applied. For the EUT Pilot cell, a TDK Lamda G150-34 pow-
er supply (dc output 0—150 V and 0-34 A, rated power 5 kW;
TDK Lambda, Achern, Germany) was applied. The electric
current was adjusted for the given current density, whereas the
voltage was set freely.

Pumps For pumping the electrolytes through the 2 cm x
6 cm flow cell, an Ismatec Reglo ICC Digital Peristaltic
Pump MS-2/12 (2 Channels, 12 pump rollers, flow rate:
0.002-38 ml/min per channel; Cole-Parmer GmbH,
Wertheim, Germany) with a PharMed® BPT tubing (ID:
0.25 mm, wall: 0.90 mm and ID: 2.06 mm, wall:
0.91 mm); IDES Health & Science GmbH, Wertheim,
Germany) were used. For pumping the electrolytes through
the 4 cm x 12 c¢cm flow cell, a Fink Ritmo R033/7—-16 pump
(Stroke volume: 0.74 mL, max. Stroke frequency: 190
strokes/min, max. Pressure: 16 bar, flow rate: 0.0417—
125 mL/min; Fink Chem + Tec GmbH, Leinfelden-
Echterdingen, Germany) were used. For pumping the elec-
trolytes through the EUT Pilot cell, two Fink Ritmo R05/
120 pumps (Stroke volume: 2.65 mL, max. Stroke frequen-
cy: 46 strokes/min, max. Pressure: 2 bar, flow rate: 0.12—
120 mL/min; Fink Chem + Tec GmbH, Leinfelden-
Echterdingen, Germany) were used.

Temperature control For external temperature control, a
Julabo F33-MA refrigerated circulator (working temperature:
—30 °C — 200 °C, heating power: 2 kW, cooling power (eth-
anol): 0.5 kW (20 °C), 0.32 kW (0 °C), 0.12 kW (=20 °C),
0.03 kW (=30 °C), flow rate: 11-16 L/min; Julabo GmbH,
Seelbach, Germany) was used.
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Column chromatography A preparative chromatography sys-
tem Sepacore® Flash System X10/X50 (Biichi Labortechnik
AG, Flawil, Switzerland) with a Biichi control unit C-620, a
UV detector Biichi UV Photometer C-635, Biichi fraction col-
lector C-660 and two pump modules C-605 for adjusting the
solvent mixture were used for column chromatographic purifi-
cation together with a 90 g disposable polypropylene cartridge
filled with silica gel 60 M (0.060—0.200 mm, Macherey-Nagel
GmbH & Co., Diiren, Germany). As eluent a mixture of cyclo-
hexane (solvent A) and ethyl acetate (solvent B) was used, both
purified in the rotary evaporator. The following gradient was run
at a flow rate of 75 mL/min and a maximum pressure of 10 bar.
12 min 0 s, 0% solvent B; 20 min 5 s, 0—1% solvent B; 15 min
0s, 1-2% solvent B; 12 min 5 s, 2-4% solvent B; 5 min 5 s, 4—
8% solvent B; 5min 5 s, 816% solvent B; 5 min 5 s, 16-32%
solvent B; 5 min 5 s, 32-100% solvent B; 5 min 0 s, 100%
solvent B. Silica gel 60 plates on aluminum (F254, Merck,
Darmstadt, Germany) were used for thin layer chromatography.

Analysis 'H and '*C NMR spectra were recorded at 25 °C by
using a Bruker Avance III HD 400 (Bruker, Germany).
Chemical shifts (§) are reported in parts per million (ppm) rela-
tive to tetramethylsilane as internal standard or traces of CHCl,
in the corresponding deuterated solvent. Gas chromatography
was performed on a Shimadzu GC-2010 (Shimadzu, Japan)
using a ZB-5 column (Phenomenex, USA; length: 30 m, inner
diameter: 0.25 mm, film: 0.25 mm, carrier gas: hydrogen).

Synthesis of 3,3',5,5"-tetramethyl-2,2"-biphenol (5)

A solution of 2,4-dimethylphenol (4) and the corresponding
supporting electrolyte were dissolved in HFIP and if used the
appropriate additive. The solution was pumped through the
electrochemical flow cell. The corresponding electrochemical
parameters were applied during the electrolysis. After electrol-
ysis, the solvent mixture was almost completely recovered at
reduced pressure (200 mbar, 50 °C), just until crystallization
of the product occurs. To complete the crystallization, the
mixture was placed in the fridge (8 °C) overnight. The product
was filtered off by suction and washed with cyclohexane and
dried overnight in high vacuum (1-10~ mbar, 20 °C). The
mother liquor contains the supporting electrolyte and still
some product (5). The solvent of the mother liquor was re-
moved in vacuo (50 °C, 200-20 mbar) and the residue was
dissolved in ethyl acetate and washed three times by distilled
water. The organic fractions were united and washed one time
with ethyl acetate. Afterwards the united aqueous phase was
completely evaporated in vacuo (50 °C, 70—10 mbar) and
dried in vacuum (1-10 " mbar, 20 °C) to obtain the supporting
electrolyte. The organic phase was washed with brine, dried
over MgSO, and the solvent is removed at reduced pressure
(50 °C, 200—10 mbar). The residue was distilled in vacuum
(15 mbar — 20 mbar, 95 °C) to obtain leftover starting material

@ Springer

(4). The remaining residue was boiled three times for 1 h in n-
heptane. After cooling down, the residue was decanted. The
three extracts of n-heptane were united and the solvent was
removed under pressure (50 °C, 200—20 mbar) just until crys-
tallization of the product occurs. After 1 h cooling in the fridge
(8 °C) to complete crystallization. The product was filtered off
by suction and washed with cyclohexane and drying in vacu-
um (1-10~> mbar, 20 °C) obtain further product (5). The ana-
lytical data were in accordance with those reported in literature
[83]. Details of the synthesis in every type of electrochemical
flow cell and the corresponding electrolysis conditions are
listed in the supporting information.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s41981-020-00121-6.
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