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The development of an integrated multistep flow platform that incorporates high-throughput
electrochemical synthesis of metal catalysts and catalysis screening is described. Ligand libraries can be
screened through the implementation of an autosampler, and online HPLC analysis facilitates continuous
monitoring of the reaction. The equipment is controlled via a computer which enables the process to be
automated, with the platform running ligand/catalysis screens autonomously. The platform has been
validated using a ubiquitous Cu-NHC catalysed click reaction, with conditions chosen so that the reaction
does not run at full conversion, which allows the effect of different ligand precursors to be observed. An
efficient cleaning step is crucial to the reproducibility of reactions, and alternating polarity ensures the
long-term stability of the electrochemical reactor. This technology will enable the profiling of catalysts in
continuous systems and accelerate the process of developing more sustainable base-metal catalysts in
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Introduction

The development of automated continuous flow systems with
integrated analysis, that are capable of searching large
regions of experimental space in comparatively quick periods
of time, has opened up the potential to rapidly optimise
processes.” Recently, automated platforms for multistep
reaction optimisation have been developed, further enhancing
the speed of process development, and understanding of any
synergistic effects in telescoped unit operations.>

The use of electrons as reagents in synthetic chemistry
has recently seen a renaissance.’”® Electrochemistry offers a
mild and atom efficient method for achieving selective
transformations, by avoiding the use of harsh and often toxic
chemical reducing and oxidising agents. Furthermore,
complementary paths to traditional synthetic routes are often
possible. The development of a range of user-friendly
reactors, both batch and continuous, has allowed the more
widespread  adaption  of  this  method, making
electrochemistry a versatile tool in synthetic chemistry.”
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Electrochemical screening is predominantly performed in
batch conditions.>”?* There are very few continuous
electrochemistry examples in synthetic reaction screening,
and even fewer that make use of automation and inline or
online analysis."”**® Haider and co-workers integrated
online mass spectrometry into the continuous methoxylation
of methyl 2-furoate, thus enabling an effective reaction
optimisation.”® Wirth and co-workers have used inline mass
spectrometry and 2D-HPLC, together with DoE monitoring,
to enable rapid screening of reaction conditions for
asymmetric synthesis."”?® The authors also developed a
continuous protocol for the selenenylation of styrenes where
the use of an autosampler enabled the automated screening
of different substrates.>” Statistical methods for optimisation
of electrochemical reactions have also been used by other
groups. Waldvogel and co-workers developed batch and
continuous protocols for the synthesis of periodates, for the
C-H activation of (hetero)arenes, and for anodic
dehydrogenative C-C coupling of phenols using DoE.>*!
Hilt and co-workers used DoE and multivariate linear
regression for the rational optimisation of iodate(m)-
mediated trifluoroethoxylactonisations.”> Jensen and co-
workers developed a microscale electrochemical reactor, with
a volume of only 15 pL, suitable for reaction condition
screening and the use of cyclic voltammetry for measuring
kinetics.”® Liquid handlers were used to inject reaction
aliquots into a carrier gas and online LCMS for rapid

This journal is © The Royal Society of Chemistry 2022
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analysis. This enabled optimisation of an a-amino C-H
activation reaction in a 10 h runtime and obtained kinetic
information on the TEMPO catalysed oxidation of alcohols
and a mediated allylic C-H oxidation reaction using cyclic
voltammetry.

Multistep electrochemistry is dominated by Yoshida's

cation pool method, where a cation is generated
electrochemically and subsequently reacts with a
nucleophile.**?* The continuous version was named “cation-

flow”.>> The wuse of different cation precursors and

nucleophiles allows for the quick build-up of product
libraries and can be automated.’®?*” The development of an
anion pool method and subsequent reaction with an
electrophile has been developed by Atobe and co-workers.*®
Examples of the electrochemical synthesis of catalysts and
the concurrent use in reactions in a multistep fashion remain
underrepresented both in batch and under continuous
reaction conditions.**™*" Due to electrons being used as
reagents, electrochemistry enables the production of a clean
catalyst solution, that can be used in a subsequent reaction
without the need for purification. Separating the
electrochemical formation of the catalyst and the catalytic
steps allows the use of substrates that would decompose
under the electrochemical conditions. However, the challenge
lies in making both reaction steps compatible, particularly in
terms of solvents and reactant concentrations, in addition to
matching flow rates and maintaining a homogeneous regime.
Feroci and co-workers demonstrated the electrochemical
formation of NHCs (N-heterocyclic carbenes) for
organocatalytic applications.*>** A solution of the NHC
precursor, which is often used neat as the ionic liquid, is
electrolysed to produce the desired amount of NHC, and then
either dispensed into vials with the substrate or the substrate
is added to the NHC solution. We have previously
demonstrated the continuous synthesis of Cu-NHCs and
Cu(1) triflate for use in batch catalysis."**® The continuous
setup for the electrochemical step allows for particularly mild
reaction conditions, high-throughput and good
reproducibility. Wirth and co-workers used electrogenerated
hypervalent iodines for the oxidation of alcohols,* in which
the spacial separation was important, as some of the alcohols
show lower oxidation potentials than the iodine precursor
and would have undergone oxidation instead. As a result,
performing the reaction continuously improved both
selectivity and production.

Due to the need to wait for steady state in all steps of a
multistep continuous process, reaction times are typically
longer, and larger volumes are needed than screening steps
individually. Therefore, most examples show an optimisation
of each step individually and then combination of both for a
synthetic scale application. However, performing and
optimizing all steps continuously would offer the prospect of
automating the full process and potentially capture
parameters/reaction space and synergistic effects that may
otherwise be missed when optimising each step individually.
Recently, a screening platform involving the electrochemical
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generation of palladium species and examination in C-C
coupling and C-H arylation reactions was described.*’
Mechanistic studies were enabled using in situ MS to capture
intermediates.

Herein, we describe the development of a flow platform
that produces metal-NHC complexes electrochemically and
in a high-throughput manner, with subsequent screening of
the catalysts in a reaction of interest. The flow platform will
enable the speed at which base-metal -catalysts are
discovered, optimised and implemented in industrially
relevant transformations to be significantly accelerated.

Results and discussion

A miniaturised continuous electrochemical reactor was
initially designed to allow for small reaction volumes,
enabling small amounts of material to be used. A circular
reactor with a 48 mm diameter, that is based on our previous
continuous electrochemical reactors, was developed."* The
reactor consists of stacked electrodes and flow spacers held
together by stainless steel plates (Fig. 1 and S11).**

Suitable model reactions for both the electrochemical and
catalytic reactions were identified in order to develop and
validate the platform. NHCs have attracted considerable
interest, particularly in the area of catalysis.*>>> Typically,
NHCs are synthesised from the corresponding azolium salt
via deprotonation with base, accessing a structurally diverse
library of NHC analogues.> However, base sensitive groups
within the ligand architecture are generally not tolerated.
Electrochemistry offers a complementary way to synthesise
NHCs from azolium salts in a very selective and mild way
(Fig. 2).** The azolium is reduced at the cathode forming the
carbene, with hydrogen as the only by-product.®® Therefore,
the NHC can be produced in situ at a desired concentration
before being added to the desired reaction. The counter
reaction at the anode depends on the reaction system, with
possible reactions being the decomposition of the solvent,
oxidation of the counterion, or oxidation of a sacrificial
anode to release metal ions for metal-NHC formation. As no
further reactant or electrolyte is needed, the electrochemical
synthesis of metal-NHCs from azolium salts results in a very
clean reaction mixture, significantly simplifying downstream
processes and purification.®>® The direct use of these
metal-NHC complexes in catalysis has been demonstrated to

s 1.8V, 27.3 min (IZI
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Fig. 1 Miniaturised electrochemical flow reactor comprising circular
stacked electrodes (48 mm diameter) separated by PTFE spacers (1
mm thick) with flow channels of 0.464 mL. Model electrochemical
reaction; synthesis of Cul from L1 and copper electrodes.
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Fig. 2 Electrochemical synthesis of metal-NHC complexes. An imidazolium salt is reduced at the cathode to form the NHC with concomitant
oxidation of the sacrificial anode to produce metal ions to which the NHC coordinates.

give comparable yields to the
catalysts.'*

For initial optimisation of the electrochemical reaction the
synthesis of the ubiquitous NHC complex Cu(IMes)Cl (Cul)
starting from IMes-HCl (L1) with copper electrodes was
chosen (Fig. 2). Previous work has shown that single sweep
voltammetry of this reaction at 1.8 V gave full conversion to
Cul initially, though the reaction was unstable over a longer
period of time which would be detrimental to a screening
platform. To improve the long-term stability of the reactor,
the use of alternating polarity was introduced (details in ESI{
section 2.3), with a frequency range of 1/5 to 1/60 Hz being
found optimal for the synthesis of Cul.** The reaction was
run for 24 hours using HPLC monitoring with no decrease in
conversion or yield.** The click reaction was chosen as a
model reaction for the catalysis step (Fig. 3). The copper-
catalysed click reaction is well understood,”® and a
continuous protocol addresses possible safety concerns
related to azide starting materials.®” A continuous method
was developed where the full reaction mixture (starting
materials and catalyst in MeCN) was injected into and flowed
through a hot tubular reactor. A residence time of 20 minutes
at 120 °C gave 34% conversion from benzyl azide to the
triazole when using catalyst Cul. Two further catalysts, Cu2
and Cu4, were also examined, giving conversions of 89% and
57% respectively. The vast differences in catalytic activity
when using different ligands provides an ideal model
reaction for developing and validating a catalyst screening
platform. With this in hand the electrochemical synthetic
reaction and catalytic reaction were telescoped.

The ligand precursor (imidazolium salt) was pumped
directly into the electrochemical reactor, with the output
(catalyst) being merged with the reagents and standard
solution before entering the catalysis reactor (Fig. 4).
Subsequently the reaction solution passes through a valve for
HPLC sampling. The reactors were filled with solution and
the flow rates set before the power supply was turned on.
HPLC samples were taken up until steady state was reached
and beyond. The residence time in the catalysis step was
reduced to 7.14 minutes, which enabled appropriate
concentrations of both the catalyst and the reagents stream
whilst allowing the catalyst loading to be adjusted.

Continuous HPLC monitoring (every 6 minutes) allowed
for understanding of the residence time distributions and

isolated and purified

4268 | Catal Sci. Technol., 2022, 12, 4266-4272

ensured that steady state was reached prior to the yield being
recorded (Fig. S171). To enable a high-throughput approach
to catalyst screening, an autosampler was introduced for the
successive injection of different ligand precursors. In order to
be able to handle air sensitive reaction mixtures, sealed
microwave reaction vials were chosen so that the autosampler
needle could pierce through the cap. The autosampler was

A - [Cu] 1 mol% A~
o in PPN
N, A 120°C 20 min l,\‘:}—»Ph
MeCN
H 120 °C

benzyl azide 0.1 M
pheny lacetylene 0.11 M;
[Cu] 1 mol% :

in MeCN !

.

I 17 bar }j

catalyst conversion to triazole

Cl

Cu
34%

89%

57%

Fig. 3 Click reaction using benzyl azide and phenyl acetylene as a
model reaction. A: Reaction scheme; B: flow setup. Starting reagents
and catalyst in MeCN are loaded into the sample loop and a flow rate
of 1 mL mintis used. C: Catalyst screen, conversion from benzyl azide
to triazole determined using *H NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Telescoped continuous electrochemical synthesis of Cu-NHCs with catalytic click reaction and online HPLC monitoring.

incorporated into the system through a 2-way-6-port valve
with a stainless-steel sample loop, which was connected to
the electrochemical reactor via a stainless-steel tube (Fig. 5B).
Stainless steel was necessary in this case to avoid the
introduction of oxygen, with standard PFA tubing being
slightly permeable to oxygen and was found to result in
imidazolone formation following reduction of the
imidazolium salt to an NHC and subsequent reaction with
oxygen.®*> A peristaltic pump was used to draw the solution
through the autosampler needle, tube and sample loop which
again avoids the introduction of oxygen whilst being able to
handle gas slugs during sample withdrawing and needle

1__loop

cleaning. The remaining two ports were connected to the
system pump and the system itself, with the pump ensuring
a consistent flow through the reactors.

The setup was filled with solution, with MeCN only in the
electrochemical reactor, and all pumps started. The
autosampler sequence was started by switching the valve into
the sample loop filling position. The autosampler arm moves
to a defined vial position before the peristaltic pump
withdraws a defined volume. The valve then switches for the
aliquot to be injected into the reaction system. The
autosampler needle rinses in a recirculating solution of
methanol and then with fresh acetonitrile to be ready for the

B: autosampler sample loop

waste = VTV WS oo
i Q) phenyl acetylene
! ogg 88 benzyl acide
in MeCN )\ QOOO0O0O0 biphenyl
yommmmmmm=- . 0.01 M in MeCN
Lautos

“online HPLC
1 analysis

-~

Fo s

position 1:
load

position 2:
inject

0 autosampler sample loop
@ HPLC sample loop

0 electrochemical pump
Q electrochemical reactor
© reactant pump

O catalytic reactor

o backpressure regulator
o autosampler

e peristaltic pump

© HpPLC

Fig. 5 A: Automated catalyst generation and activity screening. The platform generates in a stepwise fashion an array of catalysts through an
electrochemical process followed by thermal reaction with online HPLC monitoring A: multistep continuous flow reactor platform setup; B:

sample loop configuration.
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next precursor solution. The power supply was switched
on after the autosampler cleaning, just before the
precursor solution enters the reactor. HPLC monitoring
started with the start of the autosampler sequence, with
sampling every 6 minutes. Initially the reactor was taken
apart and cleaned after every reaction. Ligand precursors
L1 and L4 were injected into the electrochemical reactor,
with the outcome of the catalytic step giving 2% and 9%
triazole yield respectively. As the click reaction is very
concentration dependent (batch reactions are usually
performed neat),°® the triazole yields are lower than

View Article Online
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previously observed. HPLC is a very sensitive analytical
method, hence even differences at this level (ie. <10%
yield) can be detected in a reproducible way. In this test,
steady state was reached in 1.8 hours following the start
of the autosampler sequence and was maintained until
2.6 hours, which indicates that the sample loop size could
be reduced (Fig. S17t). The aliquot size and the time
from reaching steady state at 1.8 h to the end of the
aliquot were calculated to be 48 minutes, hence the
minimum aliquot needed was 2.6 mL, so a 3 mL sample
loop was used for all further reactions.

:' X7
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' ® u electrode i [Cu] 10 mol%
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L=/ t, 23 min =/
: 1. H g Step 2:
2 1.8V, "/1o Hz : Catalytic Reaction
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Electrochemistry ! N ||\|:N :
Catalyst Synthesis E ® 120 °C E
! 7.14 min triazole :
catalyst triazole yield catalyst triazole yield catalyst triazole yield
E o E
f s cu i il
ji 3% N 5% ji 38%
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Fig. 6 Ligand screen using the automated flow platform. Cu-NHCs are electrogenerated from the azolium starting materials (CuOAc from HOAC)
and Cu electrodes, and telescoped into the catalytic reaction in flow, with online HPLC monitoring.
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A cleaning step was implemented into the platform
sequence which would enable several precursors to be run
without having to take the reactor apart for offline cleaning
in between each. The cleaning solution is required to
dissolve deposits, mostly Cu deposited during the
electrochemical reaction, off the electrode surface. A
solution of AcOH in MeCN (2.5%, v/v) was tested with the
power supply being switched off during the -cleaning
process. The same ligand precursor was run several times
with the cleaning step in between, and triazole yield
recorded. It was found that the cleaning step was required
prior to every run, including prior to the first run, to
ensure that the copper surface was consistent and the runs
reproducible. The new sequence was tested with ligand
precursors L1, L3 and L4 and achieved very reproducible
results for two concurrent injections each (Fig. S197). The
cleaning cycle was 38 minutes (sample loop filling 6
minutes, 32 minutes for three total residence times), then
the desired reaction was 145 minutes (sample loop filling 6
minutes, 139 minutes for 2 total residence times) giving a
total reaction time of 3.1 hours. Product was observed after
1.5 hours, and steady state was reached at 2.5 hours for
the first injection and 5.6 hours for the second injection
corresponding to 2.5 residence times. After having
established the reproducibility of the fully integrated
platform, an initial ligand screen was undertaken (Fig. 6).
11 different azolium salts to make Cu-NHC complexes were
examined in addition to acetic acid to make copper acetate.

Clear differences in triazole yields were observed, ranging
from 2-3% for sterically demanding NHCs (Cul and Cu3) to
38% for less sterically demanding NHCs (Cull). The
electronic nature of the backbone appears to have less of an
effect on triazole yield, with ligands in Cu4, Cu7 and Cu13 all
having electron withdrawing backbones, but varying yields of
11%, 5% and 25% respectively. The injection of the
imidazolium salt bearing a triphenyl N-substituent L9
resulted in no subsequent triazole formation. This is likely
due to the imidazolium being unstable under electrochemical
conditions forming a triphenylcarbenium. The least sterically
demanding ligand bearing a protonated backbone (Cull)
provided the highest yield (38%) of all NHCs tested. However,
in situ generated copper acetate (Cul4) resulted in an even
higher triazole yield of 53%. The results presented in Fig. 6
demonstrate that in situ generated catalysts can be screened
in a high-throughput manner, with conditions that allow
differences between different catalysts to be observed. The
screening platform can be used to assess various parameters
and outcomes, with the possibility for automated
optimisation. This would allow for optimal ligands/catalysts
in conjunction with variables such as temperature, time,
catalyst loading etc. to be rapidly identified.

Conclusions

An integrated and automated flow reactor platform has been
developed that enables the electrochemical generation of

This journal is © The Royal Society of Chemistry 2022
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metal catalysts and subsequent screening in a catalytic
reaction. Traditional methods of catalyst screening often
involve initial synthesis and purification of catalyst
precursors. Electrochemical synthesis has a major advantage
of minimal by-products; hence the catalyst can be dispensed
directly into a reaction without the need for time-consuming
work-up procedures, in addition to being amenable to
continuous flow. Online analysis facilitates the rapid
generation of data to understand reaction outcomes, which
also has the potential to feed into evolutionary algorithms for
automated optimisation. The platform will be relevant to
both academia and industry for the rapid development of
base-metal catalysed processes, enabling understanding
through data generation and optimisation, thus reducing the
growing and unsustainable demand for platinum group
metals in manufacturing processes.
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