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Dehydrogenative phenol-arene cross-coupling by direct anodic
oxidation is a promising alternative to reductive cross-coupling,
especially for construction of smaller molecules. The reaction
pathway via phenoxyl radicals allows for unusual regioselectiv-
ity. Nevertheless, the numerous electrolysis parameters pose a
challenge for optimization, as they determine the yield and
selectivity of the reaction. Using design of experiments, we
present optimization strategies for two example reactions to

improve the space-time yield. In particular, coupling reactions
with 2,6-dimethoxyphenol (syringol) were found to be very
robust in the electrolysis at high current densities of up to
150 mA/cm2. Cyclic voltammetry was used to classify combina-
tions of phenols and arenes, on the basis of which the various
clusters were optimized. Based on this classification, various
biaryls were synthesized and isolated in yields of up to 85%.

Introduction

Non-symmetric biaryl moieties represent a frequently occurring
structural motif and can be found in a variety of natural
products,[1] as building blocks of ligands for homogeneous
catalysis[2] and in material science.[3] The formation of carbon-
carbon bonds is one of the most important fields in modern
organic synthesis, at the scale of (cross)coupling of small
molecules up to late-stage steps in convergent synthesis.[4] In
classic chemistry, the synthesis of non-symmetric biaryls can
take place in different ways. Transition metal catalysis has been
well established for this type of reaction. In this generally two-
step process, leaving groups are first installed on the respective
coupling partners and then the C� C bond is formed using
transition metals such as Pd,[5] with loss of the leaving groups.
Known methods use arylboronic acids,[6] arylstannanes,[7] ben-
zoic acid derivatives,[8] arylzinc,[9] or arylmagnesium reagents.[10]

This leads to a multi-step sequence with intense workload, large
chemical consumption, and excessive waste amount. A more
efficient approach is the C� H activation of one coupling partner
by a catalytically active transition metal species. Nevertheless, a
leaving group still must be introduced at the second coupling
partner.[11]

Dehydrogenative coupling is possible using an oxidative
protocol, resulting in reduced synthesis effort and thus more
environmentally friendly approach. The coupling partners can
be coupled directly by a terminal oxidizer.[12,13] However, the
corresponding reduced form of the oxidizer must be removed
after the reaction and, in the case of metal salts, trace
contaminations can remain in the product, which is a significant
drawback in the production of pharmaceuticals. Electro-organic
synthesis is a highly attractive alternative to the classical
synthesis routes that can avoid the disadvantages mentioned
above.[14]

The use of electric current replaces terminal oxidizers and
therefore provides an inherent safety in the reaction control at
the same time, a shutdown of the current suppresses possible
runaway reactions. Reagent waste can be almost completely
avoided, so this method can be referred to as green
chemistry.[15] If the selectivity is sufficient and workup not too
tedious the organic electrosynthesis can pay off.[16] For direct
anodic cross-coupling to achieve preparative amounts of
product, the use of a galvanic protocol in a two-electrode setup
rather than a potential-controlled three-electrode setup is
necessary.[17,18] This poses challenges in terms of cross-coupling
selectivity and product stability during conversion, as no redox
filter is active in terms of potential control. However, for the
conversion of the initial 95% of substrate no strong deviation
of the required oxidation potential is required.[18] For phenol-
arene coupling, the use of boron-doped diamond (BDD)
electrodes in combination with fluorinated alcohols such as
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) has proven successful;
this system has a potential window range larger than 5 V, while
HFIP stabilizes reaction intermediates by solvation, which has a
positive effect on yield and selectivity.[19,20,21] The BDD electrodes
can be considered as inert, metal-free and long-term stable
materials.[22] Furthermore, the electrolysis conditions as well as
the substrate combinations with their respective oxidation
potentials and their nucleophilicity play a decisive role.[13]
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Rational optimization strategies are necessary to understand
the relationship of the numerous reaction parameters and to
control yield and selectivity, by suppressing the formation of
minor components, as well as the over-oxidation of the desired
product (Figure 1).[23] Statistics-based methods such as Design
of Experiments (DoE) have already proven extremely helpful for
this purpose in the optimization of electrochemical conversions.
In particular, the space-time yield of electrochemical reactors
has been significantly improved.[24] To obtain optimized con-
ditions for different substrates, substrate properties must be
included in the modelling, like predictive modelling approaches
from complex-based homogeneous catalysis.[25]

Under optimized conditions, direct anodic oxidative cou-
pling is a useful method with good scalability on both
laboratory and industrial scales. Only the coupling partners,
supporting electrolyte and solvent are used for the reaction. All
non-converted components can be recovered and reused after
electrolysis. In the last decade, we have already demonstrated
that the method has a broad application in the cross-coupling
of phenols with arenes,[26–28] other phenols,[29,30] anilines,[20,31] and
heterocycles such as benzothiophenes.[21,32]

Results and Discussion

Here we report on the electrochemical synthesis of new non-
symmetric biaryls with a focus on upstream optimization of our
previously published synthesis conditions. In the last decade,
our established method has repeatedly shown that it can
enable the synthesis of completely new substrate patterns,
which were previously not accessible with classical chemistry.
We started our investigation of further anodic phenol-arene
coupling reactions by pre-screening at 1 mmol scale in 5 mL
Teflon cells. BDD was used as electrode material, meth-
yltributylammonium methyl sulfate (MTBS) as supporting elec-
trolyte and HFIP as solvent. The electrolysis was performed in
an undivided beaker-type cell under constant current condi-
tions. Selectivity and reaction outcome were determined by GC
and GCMS, respectively.
Typical minor byproducts are the corresponding homo-

coupling products of phenols, oligomerization products from
phenols and arenes, and over-oxidation products of the
coupling products (Figure 2, right). However, benzylic oxida-
tions and follow-up reactions may occur. With this approach,
we were able to rapidly identify suitable substrate combinations
for cross-coupling reactions to previously unknown products.
The starting point of the screening experiments was the
parameter space, in which our previously optimized conditions
are found. Using the parameter set B, suitable substrate pairs

Figure 1. Typical challenges in dehydrogenative anodic phenol-arene cross-coupling with respect to the product range of this reaction.

Figure 2. Mechanism of dehydrogenative anodic phenol-arene cross-coupling at BDD anodes (left). Randles-Sevcik plot of the single substrate 4 and 5, as well
as the mixture of both (middle), side components found during the optimization (right).
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were determined on a 5 mL scale. Promising substrate combi-
nations were scaled-up by the factor of five using two sets of
electrolysis conditions to test the reaction outcome. This
includes ones with higher substrate loading and enhanced
current density as well as lower loading and lower current
density (A: j=10.2 mA/cm2, [phenol]=0.20Μ, [arene]=0.70Μ,
[MTBS]=80 mΜ, Q=2 F (per phenol), V=25 mL, T=10 °C. B:
j=5.2 mA/cm2, [phenol]=0.15Μ, [arene]=0.45Μ, [MTBS]=
90 mΜ, Q=2 F (per phenol), V=25 mL, T=50 °C). In three
cases, cross-coupling yields were quite similar despite condition
set A or B applied. When we studied the oxidation behavior of
the substrates by cyclic voltammetry, we found that these three
combinations have only a small difference in half-wave
potentials (0.1 V), whereas combinations outside this potential
difference cause the yield of one set of conditions to
significantly exceed over the others (Figure 3). While for 2,4-
substituted phenols the conditions with higher phenol concen-
trations and current densities led to higher yields, using syringol
(4) as a phenol component a lower concentration and current
density showed about 20% higher yield. This was observed for
both arenes with higher and lower oxidation potentials.
Following the postulated mechanism (Figure 2, left), the

phenol being oxidized at the anode is rapidly deprotonated to
form a neutral radical species. To promote the cross-coupling
reaction, the arene component is added in excess to favor the
nucleophilic attack on the phenoxyl radical formed. It has also
been shown that substrate combinations wherein the arene has
the lower half-wave potential than the phenol allow for
successful C� C cross-coupling (I and IV). In the case of 4 and
3,4-dimethoxytoluene (5) (III), oxidation potentials show only a
small potential difference and, in a CV experiment the oxidative
peak currents of the individual components sum up to the peak

current of the mixture, the cross-coupling reactions reveal a
high selectivity. Side reactions such as benzylic oxidation of the
substrates towards benzyl ethers could not be detected by
GCMS. Fortunately, remaining starting material can be easily
recovered and reused.
We started further optimization with a 24–1 fractional

factorial design with 4-methylguaiacol (1) and 2,5-dimeth-
oxytoluene (2). Regarding the parameters and their limits, we
have been guided by the anodic phenol arene cross-coupling
studies carried out so far by our group (Table 1).[26,27] The current
density should be investigated in the elevated range of 10–
20 mA/cm2 to possibly achieve a higher space-time yield. The
screening reactions were conducted in Teflon cells (electrolyte
volume 5 mL) with an active anode area of 1.5 cm2 in HFIP with
18 vol.% methanol as solvent mixture and MTBS as supporting
electrolyte. Yields were determined by calibrated gas chroma-
tography equipped with a FID detector. n-Octylbenzene served
as an internal standard. The corner point experiments were
carried out in duplicate and the central point experiments in
triplicate. As a system response, the yield and selectivity were
determined via GC-FID integrals with respect to the integral of
the internal standard, as well as the initial amount of 1. The
model was backward eliminated (α=0.05) and all non-signifi-
cant terms were removed from the model (Figure 4). Similar to
the already optimized case of phenol-phenol cross-coupling in

Figure 3. Comparison of isolated yields using two different sets of
electrolysis conditions. The half-wave potential of the phenolic coupling
partner (preferred coupling site indicated) and the difference of the half-
wave potentials of phenolic and anodic partners are displayed on the axes.
The size of the bubble was scaled with the yield achieved under condition
set A (blue) and B (orange). Within the blue area (small differences in
oxidation potential) both condition sets achieved similar yields.

Table 1. Parameter settings of the initial 24–1 fractional factorial design.

Parameter Unit Low (� ) High (+)

Current density mA/cm2 10 20
Applied charge F/1 F 2 3
Ratio phenol : arene – 1 :2.0 1 :3.5
Concentration of 1 Μ 0.2 0.4

Figure 4. Main effect plots of the initial fractional factorial design of the
cross-coupling between 4-methylguaiacol (1) and 2,5-dimethoxytoluene (2).
The yield in percent is plotted on the left axis and the ratio of the GC
integrals of the minor components to standard normalized to the starting
material amount is plotted on the right axis.
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the flow, the excess of arene in the investigated range showed
the largest main effect (+7% with an increase from 1.0 to
2.5 equivalents). Increasing the applied charge (2.0 F to 3.0 F)
increases the yield by 6%, but the selectivity of the reaction
also deteriorates.
Higher concentrations of 1 lower the total yield by 2% and

lead to inferior selectivity. The current density had no significant
influence on the cross-coupling yield in the investigated range
and only a slight negative influence on the selectivity at higher
current densities. Therefore, we altered the current density
linearly in steps of 5 mA/cm2 from 10–85 mA/cm2 (Figure 5).
The applied charge was lowered to 2.5 F with respect to 1. In
the range of 10–40 mA/cm2 the yield is above the overall
average of the screening, with a maximum at 20 mA/cm2. From
45 mA/cm2 the yield shows a downward trend to a minimum at
the last test point at 85 mA/cm2.
The quotient of the GC integral of the remaining phenol

with the internal standard shows a minimum at 30 mA/cm2 and
increases at higher current density, whereas the GC integral of
the sum of the GC detectable minor components decreases at
higher current density. This can be explained by the simplified
oxidative polymerization at the interface. These oligomeric
structures can no longer be detected by GC (from tetrameric
coupling products and higher masses). We therefore decided to
investigate the range between 40 and 80 mA/cm2 using DoE, in
a 25� 1 fractional factorial experimental design (Table 2).

To increase the selectivity of the electrolysis, further
investigation of the applied charge was omitted, and it was left
fixed at 2 F relative to the phenol used. For this purpose, the
temperature was set in the range between room temperature
(25 °C) and 50 °C, primarily to investigate the influence of the
temperature-induced increase in the diffusion rate. In addition,
the amount of supporting electrolyte was included in the
optimization to investigate the process stability even at low
amounts of supporting electrolyte. A low amount of supporting
electrolyte is advantageous for the the electrolysis due to
simplified workup as a result of lower reagent waste. Since low
amounts of the phenol had a positive effect on yield and
selectivity in the first experimental design, the range was
shifted to 0.5–1.0 mmol. Each experimental point was per-
formed in duplicate and the central points in triplicate. In
addition to the substrate combination 1+2 (I), the substrate
combination 4+5 (III) was also tested under the same
conditions and the yield of the cross-coupling reaction as a
response was determined. In both cases, the models were
backward eliminated with α=0.05, and non-significant effects
were removed from the models. The models do not show any
curvature of the response surface in the investigated area and
the fit by multivariate linear regression shows a high goodness
of fit of R2=81% and 86%, respectively (Figure 6).
As already suspected due to the linear screening, the high

current density of 80 mA/cm2 achieves a lower yield in both
cases than with the lower setting. However, the yield of the
cross-coupling reaction with 4 as phenolic component de-
creases less from 77% to 73% than with 1 from 45% to 35%.

Figure 5. Linear screening of current density of cross-coupling between 4-
methylguaiacol (1) and 2,5-dimethoxytoluene (2). The yield in % is marked in
yellow, the quotient of the GC integrals (FID) of the remaining phenol and
the internal standard is marked in green, and the quotient of the sum of the
remaining side components and the standard is labelled in black.

Table 2. Parameter settings of the comparing 25–1 fractional factorial
design.

Parameter Unit Low (� ) High (+)

Current density mA/cm2 40 80
Concentration phenol Μ 0.1 0.2
Ratio phenol : arene – 1 :2.5 1 :3.5
Temperature °C 25 50
Concentration MTBS
(MeNBu3O3SOMe)

mΜ 60 120
Figure 6. Main effect plots of the second fractional factorial design for the
cross-coupling. The yield in percent is plotted for 3 on the left axis and for 8
on the right axis. MTBS=MeNBu3O3SOMe.
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Elevated temperatures (50 °C) had a similar degrading effect
on yield, in both cases by about 5%. Fortunately, the loading of
supporting electrolyte had no significant effect in the case of
the guaiacol cross-coupling; in the case of the coupling with 4,
the smaller amount of supporting electrolyte showed a yield
5% higher on average than that of the high loading. However,
small amounts of supporting electrolyte led to poorer con-
ductivity of the electrolyte and thus to a higher cell voltage in
the galvanic electrolysis, especially with a larger inter-electrode
gap.
Depending on the phenol in question, cross-coupling with

4 leads to a higher yield with a lower amount of phenol and a
lower excess ratio of arene. These conditions improve the
atomic economy of the reaction and predict a yield under
optimal conditions of 85%. The isolated yield was remarkably
close at 79% on the 0.5 mmol scale. In contrast, for the cross-
coupling optimized with 1, a higher starting material amount
and a higher arene excess have a positive effect on the yield. To
investigate the robustness of the cross-coupling with 4 at even
lower surpluses and higher current densities, we experimentally
tested it separately in another experimental design. Therefore,
the current density (100–150 mA/cm2), the excess of arene (1.0–
1.5), and the applied charge (2.0–2.4 F) have been examined in
a full factorial 23 experimental design. The model shows a good
linearity of 86% and an average yield of the coupling product
of 49%. However, in this investigated range, only the arene
excess shows significant influence, with the higher excess
increasing the yield from 46% to 53%. Nevertheless, the
observation that current density shows no effect in this range is
noteworthy; this is consistent with previous studies on cross-
coupling of protected phenols in beaker cells.[30] Based on this
result, we investigated the arene equivalents in a linear fashion
(step size 0.2 eq.), showing a local maximum of the yield at
2.5 eq., analogous to the finding from the fractional factorial
design at lower current densities (Figure 7). The reaction
conditions at the local maximum, although 20% lower than
those of the fractional design, are only 7% below the original
conditions at nearly 30 times the current density and thus one-
thirtieth the electrolysis time required.
We applied the optimized conditions of the fractional

factorial models to the substrate combinations (scaling-up by
factor of five), but previous experiments had shown that the

coupling possibility in ortho- or para-position is the decisive
substrate parameter. Therefore, the 2,4-substituted phenols
were reacted according to the optimizations of combination I
and the coupling reactions employing 4 as phenol according to
those of combination III. An increase in the excess ratio, for
example in the case of 10, showed no further increase in yield.
Nevertheless, the optimized conditions could be transferred
well to other substrates, in the case of the ortho-coupling with
up to 72% yield in the case of 12, in the case of the para
coupling even up to 85% (Figure 8).

Conclusions

By screening in 5 mL Teflon cells, a series of biaryls were
successfully synthesized by anodic cross-coupling with BDD
electrodes. By evaluating the cyclic voltammetry data of the
substrates, it was possible to make an initial grouping of the
substrate combinations based on the oxidation potentials.
Using the example of the cross-coupling of 4-methylguaiacol
(1) and 2,5-dimethoxytoluene (2), the influence of, among other
things, higher current densities up to 20 mA/cm2 was first
investigated with a partial factorial experimental design, where-
by no yield losses occurred at high current densities. A
subsequent linear investigation of the current density laid the
foundation for a further partial factorial model between 40 and
80 mA/cm2. The substrate combination syringol (4) and 3,4-
dimethoxytoluene (5) was also investigated. For the first

Figure 7. Linear screening of excess equivalents of the arene. Current density
j=150 mA/cm2, Q=2 F/4, T=25 °C.

Figure 8. Optimized conditions for the ortho/para-cross-coupling and iso-
lated yields. MTBS=MeNBu3O3SOMe.
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combination, electrolysis conditions with a phenol concentra-
tion of 0.2 mol/L and a ratio of 1 :3.5 proved to be advanta-
geous, while in the second case a lower concentration of
0.1 mol/L but with an advantageously lower ratio of 1 :2.5
resulted in higher yields. The parameter space of the second
combination was further examined to higher current densities
up to 150 mA/cm2. An astonishing robustness of this cross-
coupling was observed at high current densities with respect to
yield and selectivity; the application of 150 mA/cm2 still resulted
in a yield of 60%. The optimized conditions were successfully
transferred to other substrate combinations, with yields of up
to 85% isolated in the fivefold scaleup. The different optimized
conditions provide a basis for substrate-specific electrolysis
conditions, which could be further refined by additional
molecular descriptors.

Experimental Section

NMR Spectroscopy

Purified compounds were recorded on a multi-nuclear magnetic
resonance spectrometer of the type AV II 400 (Bruker, analytic
measuring technique, Karlsruhe, Germany). The chemical shifts
were referenced on δ value in ppm of the residual signal of the
deuterated solvent (CDCl3:

1H=7.26 ppm, 13C=77.2 ppm).

Gas Chromatography

Reaction mixtures and purified products were analyzed via gas
chromatography, for which a GC-2010 (Shimadzu, Japan) was used.
The column was a quartz capillary column ZB-5 (length: 30 m, inner
diameter: 0.025 cm, layer thickness of the stationary phase:
0.25 μm, carrier gas: hydrogen, stationary phase: (5% phenyl)-
methylpolysiloxane, Phenomenex, USA). The detector was a flame
ionization detector (FID). The injector temperature was 250 °C with
a linear carrier gas rate of 45.5 cm/s. The method “hart” (starting
temperature: 50 °C, heating rate: 15 °C/min, end temperature:
290 °C for 8 min) was used for the GC measurements.

Mass Spectrometry

For high-resolution electrospray ionization (ESI) an Agilent 6545 Q-
ToF MS was utilized.

Preparative Chromatography

For standard liquid chromatography separation silica gel 60 M
(0.040–0.063 mm Macherey-Nagel GmbH & Co., Düren, Germany)
was used. An automatic silica flash column chromatography system
was used, which consists of a control unit C-620, a fraction collector
C-660 and a UV photometer C-635 (Büchi, Flawil, Switzerland). Thin-
layer-chromatography was performed using “DC Kieselgel 60 F254”
(Merck KGaA, Darmstadt, Germany) on aluminum and a UV lamp
(Benda, NU-4 KL, λ=254 nm, Wiesloch, Germany). The resulting
retention factors (Rf) are given in relation to the solvent ratio.

Electrochemical Setup

As DC power source, a HMP4040 device (Rhode&Schwarz,
München, Germany) with a controllable DC output of 0–32 V (�

1 mV) and 0–10 A (�1 mA) and a maximum power of 160 W per
channel was used. All electrolysis reactions were carried out under
galvanostatic conditions using a two-electrode set-up. Cyclic
voltammetry was performed in a 10 mL snap-cap vial equipped
with an Autolab PGSTAT101 potentiostat (Metrohm AG, Herisau,
Switzerland). WE: BDD tip, 1 mm diameter; CE: glassy carbon rod;
RE: Ag/AgCl in saturated LiCl/EtOH. A sweep rate of 100 mV/s was
used.

Melting points

Were determined with a Melting Point Apparatus B-565 (Büchi,
Flawil, Switzerland) and are uncorrected. Heating rate: 1 °C/min.

Further synthesis information can be found in the supporting
information.
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