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Abstract: Etherification and amination of aryl halide scaffolds are commonly used reactions in parallel medicinal\
chemistry to rapidly scan structure—activity relationships with abundant building blocks. Electrochemical methods for
aryl etherification and amination demonstrate broad functional group tolerance and extended nucleophile scope
compared to traditional methods. Nevertheless, there is a need for robust and scale-transferable workflows for
electrochemical compound library synthesis. Herein we describe a platform for automated electrochemical synthesis of
C—X arylation (X=NH, OH) in flow to access compound libraries. A comprehensive Design of Experiment (DoE) study
identifies an optimal protocol which generates high yields across>30 aryl halide scaffolds, diverse amines (including
electron-deficient sulfonamides, sulfoximines, amides, and anilines) and alcohols (including serine residues within
peptides). Reaction sequences are automated on commercially available equipment to generate libraries of anilines and
aryl ethers. The unprecedented application of potentiostatic alternating polarity in flow is essential to avoid accumulating
electrode passivation. Moreover, it enables reactions to be performed in air, without supporting electrolyte and with high
reproducibility over consecutive runs. Our method represents a powerful means to rapidly generate nucleophile

\independent C—X arylation compound libraries using flow electrochemistry. Y,
Introduction have been added to the toolbox.”! We were impressed by

Aryl-Alkyl ethers and anilines are recurring motifs in
medicinal chemistry. High-throughput synthesis and testing
of aryl C-O and C-N compound libraries accelerates
structure-activity relationship exploration. Alkyl alcohols
and amines are among the most abundant and diverse
building blocks for library synthesis,"!! enabling exploration
of a broad chemical space to improve overall biological
profile and accelerate lead compound identification.

Library synthesis is facilitated by generally applicable
reaction conditions, tolerant of diverse coupling partners
and functional groups.” Buchwald-Hartwig Pd-P®! and
Ullmann type Cu-catalyzed methods!” for amination of an
aryl halide scaffold are well established. C—O coupling can
be achieved by similar methods although is typically more
challenging due to the lower nucleophilicity of alcohols.”’
Reaction success is strongly ligand-dependent across scaffold
and nucleophile class. Recently, nickel-catalyzed
electrochemical™ and photoredox”! C—O and C-N couplings

the extended nucleophile scope of these emerging methods,
applicable across nucleophile classes (X=NH, OH, SH,
CO,H), sometimes without ligand variation,” which would
enable incorporation of more diverse nucleophiles into C—X
arylation libraries. Significant efforts have been placed into
expanding the use of photoredox reactions in library syn-
thesis by incorporating lab automation™” and critical
comparisons of available equipment to ensure
reproducibility.'”! These efforts have greatly increased
adoption in industry.

FElectrochemistry has the additional benefit of being able
to control cell current and voltage as continuous parameters
to achieve high levels of chemo-,"! regio-selectivity!'” and
functional group tolerance.”! Despite this promise, industry
adoption is slow due to a lack of standardized equipment
and workflows for electrochemical library synthesis.""
Several reactors are commercially available for batch
parallel"™"! and flow synthesis.['" However, poor reproduci-
bility is observed when transferring between reactors or
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reaction scales (e.g. High Throughput Experiment (HTE) to
preparative scales), and inconsistent results are often
observed across batch parallel reactors, due to lack of
electrochemical control of individual wells.">!”! Single-pass
flow electrochemistry offers several advantages over batch,
including smaller interelectrode distances and greater elec-
trode area-to-cell volume ratios,'®”'® which enhance mass
transfer and accelerate reaction times. The challenge here is
to balance high conversion with reactor productivity (mmol/
h of product) in continuous flow and to avoid electrode
passivation through time which can deteriorate conversion
or selectivity (Figure 1B).
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Electrochemical C—X arylation was first reported by Li
et al.®! Further publications from Baran,®<! Rueping!®! and
Semenov®! demonstrated that reaction conditions in batch
could be adapted across nucleophile classes (X=NH, OH,
CO,H) by varying the basic additive and application of
alternating current (AC) (Figure 1A). However, implemen-
tation for parallel synthesis has been lacking, although
highly desired.

Recently, Rial-Rodriguez et al. published an innovative
platform for electrochemical C—N arylation of brominated
Cereblon ligands in flow. Single-pass slug flow enabled
automated reaction sequences on HTE-scale (<10 pmol)."™

A. Electrochemical C-X arylation: Batch Methodologies

° Complementary to Pd-, Cu-, thermal &

ﬁ photoactivated Ni-catalysis
@ Air-sensitive

@ Broad aryl halide & nucleophile scope
@ Mass transfer limitations lead to side-

@ Improved mass transfer & selectivity

X'R A. Direct current methodologies i B. Alternating current methodology
R/ N X=0orN Rz \ R [Baran, 2017, 2019, 2021] [Rueping, 2021] i [Semenov, 2021]
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undivided cell 0 , i C#IcH
time i (- i e * b
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singletons i (Hz) ’ q Y
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Different conditions across nucleophile
class (alcohols, amines, amides, anilines)

@ Equipment limitations for reproducible parallel synthesis

products

@ More parameters to control & optimize

B. Electrochemical continuous flow systems

out .

@ High reproductibility
@ Improved mass transfer

@ Scale flexibility

@ Increased faradeic efficiency via:

Electrolysis cell

Autosampler &
Fraction collector

@ High surface area/Volume ratio
@ Small interelectrode gap

C. This work: Merging alternating current & continuous flow electrolysis
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N
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Power supply

@ Electrode passivation through time
limits library application & scalability
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Fraction collector

@ Uniform conditions across
(o] nucleophile class
@ No inert conditions required

EtO
@ No passivation & high
o “N X reproductibility (>24 runs)
N=/ R @ Automated library synthesis:

X=0orN

@ Preparative scale
R = alkyl, benzyl, aryl

@ Broad diversity

Pre-weighed Scaffold Electrolysis under C-O & C-N .
building blocks AC conditions ~ coupled products ® Rapid & automated
X-R conditions screening

Figure 1. State of the art in singleton electrochemical C—X arylation (A); electrochemical continuous flow systems (B) and our strategy for
continuous flow electrocatalyzed C—X arylation automated compound library synthesis (C). WF=Wave Form. Hal =Halogen

Angew. Chem. Int. Ed. 2025, 64, €202413383 (2 of 10)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB917 SUOWILLIOD SAITeaID 9|cedljdde 8y} Ag pousenof ae S3jo1le YO '8sn J0 So|n 10} ATeiqiT 8UIIUO A8]IAA UO (SUONIPUOD-PUR-SWLR)/L0D AB 1M ARe1q|)BU1|UO//:SANL) SUONIPUOD PUe SWs | 3L 89S *[5202/20/52] Uo Akiqiauliuo AS|IM ‘LD Jejoyuneld AQ €8EETYZ0Z 91Ue/Z00T OT/I0p/W0d A3 1M Alq 1 jBul|uoy//:sdiy Wolj papeoiumod ‘T ‘G20g ‘SLLETEST



GDCh
~~

Herein, we describe an extended platform for automated
electrochemical synthesis of C—X arylation (X=NH, OH)
libraries in flow (figure IB & C). Our methodology is
designed for general applicability across diverse aryl halides
and nucleophiles, rather than single reaction optimization.
Consistent performance over sequential runs and across
reaction scales (25 pmol-10 mmol) is unlocked by the
unprecedented application of alternating polarity in flow.!"!
This is essential to avoid accumulating -electrode
passivation,[we] and enables reactions to be performed in air,
without supporting electrolyte (Figure 1C). This break-
through also allows fast conditions screening in sequential
runs. A comprehensive DoE identified important non-linear
interactions between chemical and electrochemical parame-
ters as well as optimal reaction conditions resulting in the
employment of a single set of electrochemical conditions for
the automated synthesis of over 100 diverse C—O and C-N
arylation products without the need for ligand or base
variation. Of note for medicinal chemistry are the late-stage
heterofunctionalization of drug derivative compounds, cere-
blon binders and amino acids. The nucleophile scope
encompasses both e-rich and e-deficient amines (e.g.
sulfonamides, sulfoximines, anilines), alcohols and serine-
containing peptide.
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Results and Discussion
Preliminary Study with DC Current

We initially investigated the C—O coupling reaction in
parallel batch and flow devices. The model reaction between
4-trifluoromethyl-bromobenzene (1) and 3-hydroxytetrahy-
drofuran (2) was initially performed with the Analytical
Sales 24-well HTe-chem devicel" using conditions from
Semenovi®! (Conditions 1—although with direct current
(DC) as AC input is not available with the device) and
Baran!® (conditions 2). Reactions were run to both 4 and
6 F/mol total charge. Poor yields of product 3a were
obtained mainly because of the formation of debrominated
3¢, as well as inconsistent results across the plate
(figure 2A). For example, at 1mA (current density
2 mA.cm?), with conditions 2, 3a yields ranged from 8-
25% at 4 F/mol and 2-35 % at 6 F/mol. We switched to the
Vapourtec ION electrochemical flow?"! reactor with two
glassy carbon (GC) electrodes at 30 mA constant current
(2.5 mA/cm?), 15mol % NiBr,.glyme catalyst, bipyridine
ligand, quinuclidine base and lithium bromide electrolyte
(conditions, figure 2B'). Yields of desired ether 3a, aryl-aryl
(Ar—Ar) coupling 3b and trifluorobenzene (3¢) were
monitored by calibrated LCMS (Liquid Chromatography-
Mass Spectroscopy). Three different electrode spacings were

— F3C,
) Conditions 1
F3C T - R FaC O fo
HO Lons, o 3
+ Conditions 2
T
o
: R SRR
1 3 2 @ Conditions 3 3a 3b 3c
(3 equiv) [ == CF, N
A. BATCH LIBRARY with HTe'chem

Electrochemical — —
24 well-plate Conditions 1: Conditions 2: LC yield of 3a 4 F/mol 6 F/mol

K Quinuclidine (2 equiv.), DBU (2 equiv.), MS 3A Cond. 1:
S LiBr (0.2 M), DMF (0.1 M) | | TBAB (0.2 M), DMA (0.1 M) one. jzmA . EEER

e NiBr,.glyme (10 mol%), NiBr,.glyme (10 mol%), Cond ;1mA| 6 | 8 | 6 | 2 | 2 | 4

‘ ( bipy (10 mol%) dtbbpy (30 mol%) Cond.2;2mA | 4 8 21 27 2 >

) bl C()/C(+) Ni (-)/C (+) Cond.2;1mA| 22 | 25 | 8 2 | 18| 35
B. FLOW UNDER DIRECT CURRENT (DC)

Conditions 3: 100 100 - 3 .
Quinuclidine (2 equiv.), —9 90 32 = ¢ Conv.of1
LiBr (0.2 M), DMF (0.1 M) ES 80
NiBr,.glyme (15 mol%), B0 70
bpy (18 mol%) g, 60
Glassy C (-)/Glassy C (+) S‘
30 mA, 2 Fimol 3% 20
0.1 mL/min, 1.5 min RT 40 40

30

GC GC 20
(+-) (+) 10
0 |
@ 0,5 mm 0,25 mm 0,12 mm

Interelectrode gaps screening

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
Sequential runs with 0,12 mm interelectrode gap

Figure 2. Preliminary tests of C—O arylation in library mode with (A) HTe-Chem parallel batch device and (B) Sequential flow ION reactor under
direct current (DC). Graphs show influence of the interelectrode gaps of the model reaction and results over 7 sequential runs (100 pmol each) in
DC mode. LC (Liquid Chromatography) yields were determined thank to calibration curve. RT =Residence time.
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investigated 0.12 mm, 0.25 mm and 0.5 mm by varying the
thickness of the interelectrode membrane. The aryl ether-
ification reaction proceeds via a paired-electrolysis mecha-
nism, requiring rate-limiting catalyst diffusion between
electrodes for turnover (see references 6¢c and 6d for
mechanistic discussion).[®! Studies on related paired-elec-
trolysis reactions have demonstrated that minimizing elec-
trode spacing accelerates mass transfer.”” Indeed, at the
lower interelectrode gap (0.12 mm), we observed improved
substrate conversion (70 %), product 3a yield (38 %) and
selectivity (18 % 3b, 4% 3c¢). The residence time (RT) in
the reactor was only 1.5 minutes corresponding to 2 F/mol
total charge at 30 mA, indicating greater faradaic efficiency
compared to the parallel batch device.

However, sequential reactions at 0.12 mm electrode
distance showed substantial deterioration of product yield
and reaction selectivity, even with intermediate solvent or
air washing, due to the passivation of the GC anode
(Figure 2). Similar deterioration was observed in a model
C—N coupling reaction (see Supporting Information, Fig-
ure S2). Higher yields could only be regained after abrasive
washing with Celite suspension. This highlights the chal-
lenges of transferring between HTE (<10 pmol) scales
described by Rial-Rodriguez et al."¥ and preparative scales
(>100 pmol) as the effects of accumulating passivation take
longer to be observed on smaller scales.

Reaction Optimization: One Parameter at a Time

We rationalized that application of an alternating current
may help to reduce electrode fouling**! and simultane-
ously accelerate the reaction.*”! Bortnikov et al. elegantly
demonstrated that slow alternating polarity (0.5-25 Hz sine
wave) accelerates nickel-catalyzed C—X arylation in a batch
reactor. Since both oxidative and reductive redox steps
occur successively at the same electrode, diffusion limita-
tions are effectively eliminated.! Indeed, we found that the
application of a 1 Hz square waveform (SqWF) with 3.0 V
(6.0 Volt peaio-peak (VPP)) to our model reaction gave a 32 %
LC yield of 3a reproducibly over 24 reactions and improved
selectivity (1 % Ar—Ar coupling and 0% dehalogenation),
with a residence time of only 1.5 mins (data not shown). So
far, this example is the first application of AC for continuous
flow electrolysis.

The consistency of results enabled high-throughput
screening in flow to optimize the model reaction and
understand the influence of discrete and continuous param-
eters on yield and selectivity (Figure 3A). Automated
injections and collections were performed using an autosam-
pler. Reagents and catalyst solutions were injected in
separate lines and pre-mixed through a mixing chip before
entering the reactor, as prolonged standing (24 h) of the
nickel catalyst with substrates led to reduced yields.

Nickel catalyst and ligand screening (Figure 3A and
Supporting Information Figure S6, S7) indicated a prefer-
ence for 44 -dimethoxy-2-2 -bipyridine (OMe,bipy) and
NiCl,.glyme, improving product formation up to 40% LC
yield with less than 1% formation of aryl-aryl coupling 3b
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and dehalogenation 3e¢. The base strongly influenced
conversion and selectivity: replacing quinuclidine with 1,4-
diazabicyclo [2.2.2]octane (DABCO), 1,8-diazabicyclo-
[5.4.0Jundec-7-ene (DBU), or N-methylpiperidine led to
reduced yield and mass balance (Figure 3 and Supporting
Information Figure S8). Acyclic tertiary amines such as
triethylamine (TEA) resulted in a drop in selectivity,
consistent with the literature." Alternative electrode pairs
were also investigated: Pt|Pt reduced selectivity, whereas
graphite | graphite and Ni|Ni inhibited the reaction entirely.
We were pleased to find that reactions could be set up and
performed in air without loss in yield or selectivity. The
lithium bromide supporting electrolyte was detrimental for
sequential runs under AC conditions, reducing reaction
yield from 40% to 33 % after six reactions. The square
waveform was also very important for decent yield since a
drop from 40 to 13 % was observed when the sine waveform
was applied due to lower RMS (Root-Mean-Square) cell
voltage (15 mA, 1.5 mA.cm?)

We envisioned performing a DoE optimization to
investigate the influence of continuous reaction parameters
such as AC frequency, voltage, substrate, base and nucleo-
phile concentrations, temperature, and flow rate. Initial
experiments were performed to define the boundaries of the
exploration. Increasing voltage to 4 V (8 V) improved yield
to 52 % without loss of selectivity, whereas 2V (4 V) was
insufficient for conversion. Altering the AC frequency to
0.1 Hz resulted in increased aryl-aryl coupling, tending
towards the poor selectivity observed with DC (figure 2).
Higher frequencies (>3 Hz) reduced cell current (<20 mA,
2.0 mA.cm™2) and conversion. Finally, applying a flow rate
of 0.05 mL/min (3 min residence time), compared to 0.1 mL/
min resulted in a 60 % LC yield of ether 3a. A sequence of
24 runs under these conditions confirmed the reproducibility
of the system, giving 81.8 % conversion +1.8% and 61.1 %
+0.9 % yield of 3a across the sequence (Figure 3B).

DoE Optimization

Design of Experiments (DoE) provides a methodical
approach to optimize product yield and identify statistically
significant factors and factor interactions. A Box-Behnken
design, which is a quadratic response surface design, was
selected since it can identify all statistically significant
primary factors, factor interactions and quadratic (non-
linear) terms. The DoE consisted of 7 continuous factors:
base equivalents, alcohol equivalents, substrate concentra-
tion, flow rate, AC frequency, peak to peak voltage and
temperature. Three responses were modelled and optimized
in the DoE: substrate conversion, yield of desired product
3a, and selectivity (% yield of 3a/%conversion of 1). To
achieve an optimal outcome, a total of 60 experiments were
performed in the DoE, resulting in an improvement in
isolated yield from 61 % to 74 %.

The DoE generation and subsequent data analysis were
performed with JMP (DoE software). A stepwise regression
was utilized to generate the response models, which were
optimized by setting a desirability function for each
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A. Effects of reaction parameters

F3C
GC

1 Br 2 (3 equiv.)
Quinuclidine (2 equiv.)

NiCl,.glyme (15 mol%)

OMe,bipy (18 mol%
eobipy (18 mol%) Mg

Ni source & Ligand Yield 3a/b/c (%)

Bipy instead of OMesbipy 32/1/0
dtbbpy instead of OMe,bipy 28/110
CF3bpy instead of OMe,bipy 0/0/0
Pyox instead of OMe,bipy 25/0/0
NiBr;.glyme instead of NiCl,.glyme 35/1/0
NiOAc,.4H,0 instead of NiCl,.glyme 2/5/0
Base Yield 3a/ b/ c (%)
No base instead of quinuclidine 1/0/0
DABCO instead of quinuclidine 22/3/0
DBU instead of quinuclidine 21/3/0
Me-piperidine instead of quinuclidine 2/10/0
TEA instead of quinuclidine 4/20/0

Electrodes Yield 3a/ b/ c (%)
Pt/Pt instead of GC/GC 13/19/17
C/C instead of GC/GC 0/0/0
Ni/Ni instead of GC/GC 0/0/0

B. Reproducibility study under Alternating Current (AC)
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F3
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1 vial with all starting materials premixed 33/1/0

Under air instead of N, 38/1/0
LiBr as electrolyte - Run 1 40/0/1
LiBr as electrolyte - Run 6 33/2/1
Sine waveform instead of Square 13/0/0
No electricity instead of 3.0 V 0/0/0
No Ni instead of NiCl,.glyme 0/0/0
No ligand instead of OMe,bipy 3/1/0
Continuous parameters Yield 3a/b/c (%)

2.0 Vinstead of 3.0 V 4/0/0
4.0 Vinstead of 3.0 V 52/1/0
0.1 Hz instead of 1 Hz 34/5/0
10 Hz instead of 1 Hz 19/0/0
0.05 mL/min (3 min RT) instead of

0.1 mL/min (1.5 min RT) 60/1/0
0.1M conc. instead of 0.05M conc. 32/1/0
50 °C instead of 22 °C 19/0/0

XN 3¢ Conv.of 1

0
3 4 5 6 7 8 9 10 11 12 13 14 15 17 21 22 23 24

16 18 19 20

Sequential runs (SqW, 1 Hz, 3V, 0.05 mL/min, 3 min RT, 2 mL injections)

Average conv. 1 = 81.8% (deviation = 1.8%)
Average yield 3a = 61.1% (deviation = 0.86%)

Figure 3. (A) Screening of discrete and continuous parameters and (B) results over 24 sequential runs (100 pmol each) in AC mode. LC yields of
3a,b,c determined with calibration curves. (B) reproducibility study over 24 sequential runs (100 pmol scale).

response. An analysis was also performed to assess the
relative importance of each factor, i.e., variable importance.
A visual summary of this information is presented in
Figure 4. The factors are ranked in order of decreasing
variable importance, from left to right. The red-to-white
gradient in the plots in Figure 4A corresponds to the total
effect of the factors on each response, wherein red
represents a relatively large total effect. The optimal values
of each factor are shown in red at the bottom of Figure 4A.
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An assessment of factor importance showed alcohol
equivalents have the greatest total overall effect in the DoE
and the greatest total effect (0.592) on selectivity. Voltage
has the next greatest overall effect in the DoE and also a
high total effect on substrate conversion (0.482) and yield
(0.418). The optimal cell voltage (4 V) is in excess of the
thermodynamic potential difference required from CV
studies, 2.3V, or the synthetically effective 3V voltage
applied by Bortnikov efal in batch.* However, in the
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A. Design of Experiments Results: Response Models and Variable Importance
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Figure 4. Summary of the Design of Experiment results with (A) each parameter model and (B) 2-factorial interactions between alcohols equivalent

and concentration at different voltages.

absence of supporting electrolyte, only competing anodic
N,N-Dimethyl-formamide (DMF) oxidation was a concern
(+1.6 V vs. Saturated Calomel Electrode), which was
allayed by the absence of electrode passivation.

Frequency has the weakest influence on substrate
conversion, yield and selectivity within the parameter ranges
investigated. A response model was also generated for 3b,
which varied between 0 and 2 %. This relatively low level of
3b, under AC conditions, showed that the optimal frequency
range was selected for the DoE.

The analysis of the DoE data revealed many statistically
significant 2-factor interactions, an example of which is
shown in Figure 4b. This is a powerful result as it shows a
non-linear influence of alcohol, concentration, and voltage
on yield. If for example, the alcohol equivalents were
initially optimized with a high concentration (0.2 M), the
yield would reach a maximum of 50-52 % at the highest
voltage, whereas the global maximum requires simultaneous
optimization of alcohol equivalents, concentration, and
voltage. The main advantage of the DoE, in comparison to
the traditional one factor at a time approach, is that much
greater insight (faster) is gained from such 2-factor inter-
actions which showed a pathway towards yields >80 %.
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JMP proposed the following optimal conditions based on
the response models and the desirability functions: 2.9
equivalents of base, 5 equivalents of alcohol, a concentration
of 0.08 M, a flowrate of 0.05 mL/min, a frequency of 0.5 Hz,
4V, and 20°C. Applying these conditions resulted in 96 %
conversion, a selectivity of 77 % and a 74 % LC yield. These
conditions were used to investigate the substrate scope,
except for alcohol equivalents, which were lowered to 4
equivalents for reasons of reagent economy.

Substrate Scope

The optimal conditions for C—-O coupling obtained from
HTE and DoE were applied across a broad range of aryl
halides using 3-hydroxy-THF (2) or N-Boc piperidine-4-
propanol as nucleophiles (Figure 5). The model product 3a
could be obtained from aryl chloride, bromide or iodide
precursors in 43 %, 66 % and 71 % isolated yields, respec-
tively. Bromobenzenes with a range of functional groups,
including ketones (4), esters (5,6,9,10), boronic ester (7),
halogens (8-10, 13, 18), amides (11-14), sulfones (15-16),
were tolerated due to the mild reaction conditions, i.e. mild
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2Reaction conditions: Ar-Br (0.22 mmol, 1 equiv.), nucleophile (4 equiv.), quinuclidine (2.7 equiv.), NiCl2.glyme (15 mol%), OMezbipy (18 mol%), DMF (2.2 mL, 0.1
M), 2x 1 mL sample loops, 0.2 mL chip mixer, 1 reactor (0.12 mm gap, 0.15 mL, 12 cm?), 4.0 V, 1.5 Hz Square waveform, 0.05 mL/min, 3 min RT. PReaction
conditions: Ar-Br (0.22 mmol, 1 equiv.), nucleophile (4 equiv.), quinuclidine (2.7 equiv.), NiCl2.glyme (15 mol%), OMezbipy (18 mol%), DMF (2.2 mL, 0.06 M), 2x 1
mL sample loops, 0.2 mL chip mixer, 2 reactors (0.12 mm gap, 2x0.15 mL, 2x12 cm?, 0.15 mL tubing between 2 reactors), 4.0 V, 1.5 Hz Square waveform, 0.05
mL/min, 6 min RT. °More than 15% Ar-Ar byproducts were detected on the LC:MS of the crude mixture, see S| for details. “Intramolecular C-O coupling from 3-(2-

bromophenyl)propan-1-ol (0.22 mmol). ®Scale up performed with same equipment under exactly the same electrochemical conditions: Ar-Br (10 mmol, 1 equiv.),

nucleophile (4 equiv.), quinuclidine (2.7 equiv.), NiClz2.glyme (15 mol%), OMezbipy (18 mol%), DMF (90 mL, 0.11 M), 0.2 mL chip mixer, 2 reactors (0.12 mm gap,

2x0.15 mL, 2x12 cm?, 0.15 mL tubing between 2 reactors), 4.0 V, 1.5 Hz Square waveform, 0.06 mL/min, 5 min RT. ‘Due to solubility issues, the concentration was

decreased to 0.04 M. 9Reaction conditions b were used with reverse stoichiometry: 1 equiv of nucleophilic aminoacid or peptide (0.22 mmol) and 4 equiv. of Ar-Br.

In all cases, isolated yields are reported.

Figure 5. Aryl-halides scope, nucleophiles scope and application to PROTAC, amino acids and peptide.
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organic base, room temperature, short retention time.
Heterocycles including pyrimidine (17), pyridines (18),
(iso)quinoline (19-20) and fused bicyclic structures (21-24)
gave the corresponding targeted compounds could be
isolated in practical synthetic yields. Notably, selectivity
towards the desired ether products dropped in the presence
of 2-bromopyridines (21-22) and a higher proportion of
aryl-aryl coupling was detected (15-20%, see Supporting
Information for details). Electron-rich aromatic bromoben-
zenes bearing para-pyridine (25), alkyl (26), or ether (27)
substituents gave moderate to good yields for the ether
product despite the lower conversion of the starting aryl
bromide. Chromane 28 can be prepared in 42 % isolated
yield by intramolecular C—O arylation of 3-(2-
bromophenyl)propan-1-ol.

The nucleophile scope could be extended beyond alkyl
alcohols without modification of reaction conditions. A
uniform set of conditions offers practical advantages for
executing libraries, which often employ diverse building
blocks to scan structure—activity relationships. Prior reports
of electrochemical C—X arylation also highlight broad
tolerance of nucleophile classes, but generally, reaction
conditions are tailored by modification of the base, nucleo-
phile equivalents®® or AC frequency.” Under our DOE-
optimized reaction conditions, C—N arylation proceeded
efficiently with secondary alkyl amines (29) and electron-
deficient amines, including anilines (30), sulfonamides (31—
32), dimethylsulfoximine (33) and tetramethylguanidine
(34).

Some limitations in substrate scope are listed in Fig-
ure S14. Nucleophile limitations include primary, linear
amines that dimerize by amino-radical coupling (see SI),
although branched primary amines, e.g., alanine methyl
ester, was tolerated in moderate yield (31 % of 35). Phenol
completely inhibited the reaction, presumably by reversible
oxidation under AC conditions. For a similar reason, using
water as a nucleophile resulted in product inhibition, limit-
ing the yield to 22 %. Coupling of tertiary alcohols such as ¢-
butanol and 3-methyl-3-hydroxy N-Boc azetidine was chal-
lenging, returning unreacted starting material. Amongst the
aryl halides screened, S5-membered heterocycles such as
pyrazoles and imidazoles were unsuccessful, as were ortho
substituted phenyl rings, consistent with prior results in
batch.) Importantly, aryl halide scaffolds containing alkyne
or cyano groups were found to passivate the electrodes and
inhibited subsequent reactions in the sequence.

Pleasingly, etherification of bromo-flumazenil 43% gen-
erated the drug derivative 36 in 67 % isolated yield. This
methodology could be applied to synthesize a new cereblon
binder 37, a molecule of interest for PROTAC applications.
In addition, four unnatural amino acids were prepared by
derivatization of protected bromo-phenylalanine (38), serine
(39), threonine (40) and asparagine (41). More strikingly,
arylation of the serine residue within a Boc-Val-Ser-Phe-
OMe tripeptide 42 was demonstrated in 47 % isolated yield.
To the best of our knowledge, this is the first example of
electrochemical serine arylation of an oligopeptide. The
synthesis of a drug derivative 36 could be scaled up to
10 mmol affording 2.06 g (55 % yield) in only 24 h without
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any further optimization nor changes in the electrochemical
system (same voltage, frequency, interelectrode gap, no
supporting electrolyte, see Supporting Information Fig-
ure S12), demonstrating the high flexibility of the platform.

To determine the utility of our system for parallel
medicinal chemistry, two automated library sequences were
performed with bromo-flumazenil 43 (Figure 6). We selected
30 alcohols and 30 amines with diverse functional groups
and physiochemical properties. Reactions were performed
under alternating voltage (4.0 V, 8 V,,. 1.5 Hz SqWF), on a
150 umol scale and 5 equivalents of nucleophile. Two
electrochemical reactors were connected in series to
enhance reaction conversions (see Supporting Information
Figure S11). The total reaction time per run was ~45 mi-
nutes. Steady state current was typically recorded as
~30 mA, corresponding to ~4.7F/mol. Following sequence
completion, reactions were analyzed by LCMS, and crude
mixtures were submitted for high-throughput purification
(HTP, see Supporting Information for details). The synthesis
success rate was high for the C—O arylation library, with 24
out of 30 alcohols yielding satisfactory results (>20%
isolated yield). A variety of heterocycles and functional
groups were successfully tolerated, such as ester (46),
oxetane (51), diols (52,60), 1,2-N-Boc amino-alcohols (54),
sulfone (61), pyridine (71), imidazole (69). Benzylic alcohol
(70), a water surrogate showed good reactivity. Tertiary
alcohols (66), phenol (67,68) and alcohol building blocks
containing a tertiary amine (49), a-carbonyl (50), or an
alpha-heteroatom (56) were unsuccessful.

The success rate of the C—N library was 20/30 (66 %).
The selected moieties represented a diverse range of
substituents, amine pKa and logP. Notable successful
building blocks included cyclic (73-76, 78-80) or acyclic (82—
84) secondary amines, lactams (97-98), anilines (92-93,95),
tertiary alkyl amines (90). Addition of ammonia could be
achieved indirectly using fert-butyl carbamate (101) or
benzophenone imine (102). Benzyl amine (91), indole (96)
and hindered diisopropylamine (81) were not tolerated and
primary amines (86-89) gave lower yields due to product
dimerization under the electrochemical conditions (see
Supporting Information for details and structures).

Conclusion

To conclude, we have developed a reproducible and broadly
applicable method to enable electrochemical C—X (X=OH,
NH) arylation in flow to access compound libraries. The
flow cell gave significantly improved yields and selectivity
compared to a batch parallel reactor. The application of
potentiostatic alternating polarity across the flow cell was
essential for consistency in sequential libraries and across
scales (up to 10 mmol reported): the alternating polarity
eliminated electrode passivation, improved reaction selectiv-
ity, enabled reactions to be performed in air, and removed
the requirement for supporting electrolytes, which can
complicate high throughput purification. This leap allows
both sequential libraries and fast and consistent screening
conditions. A DoE study identified optimal reaction con-
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Figure 6. Automated library application—CO and CN functionalization of bromo-Flumazenil (LCMS integration reported (HTP yields in brackets)).

ditions and important non-linear interactions between
chemical and electrochemical parameters. Consequently,
one uniform reaction condition was applied to synthesize
over 100 diverse C—O and C-N arylation products in an
automated manner without the need for ligand or base
variation. Of note for medicinal chemistry are the late-stage
arylation of a serine-containing peptide and the wide
application across heterocyclic scaffolds. Future directions
include the application of flow AC to other paired-
electrolysis reactions. Finally, the standardization of electro-
chemical equipment by academia and commercial suppliers
plays a major role in the increasing adoption of electro-
chemistry in industry. Further improvements in cell design
are always desirable to increase reactor productivity and
control of electrochemical parameters.
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