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Abstract

A continuous-flow electrochemical synthesis platform has been developed to enable self-optimisation of reaction
conditions of organic electrochemical reactions using Attenuated Total Reflection Fourier-Transform Infrared
Spectroscopy (ATR-FTIR) and Gas Chromatography (GC) as online real-time monitoring techniques. We have
overcome the challenges in using ATR-FTIR as the downstream analytical methods imposed when a large amount
of hydrogen gas is produced from the counter electrode by designing two types of gas-liquid separators for analysis
of the product mixture flowing from the electrochemical reactor. In particular, we report an integrated gas-liquid
separator with an ATR-FTIR probe at the reactor outlet to give a facile and low-cost solution to determining the
concentrations of products in gas-liquid two-phase flow. This approach provides a reliable method for quantifying
low-volatile analytes, which can be problematic to be monitored by GC. Two electrochemical reactions, the
methoxylation of 1-formylpyrrolidine and the oxidation of 3-bromobenzyl alcohol were investigated to
demonstrate that the optimal conditions can be located within the pre-defined multi-dimensional reaction
parameter spaces without intervention of the operator by using the SNOBFIT (Stable Noisy Optimisation by

Branch and FIT) algorithm.



Introduction

There is an ever-increasing use of computers and digitisation in manufacturing as exemplified by Industry
4.0, a strategic initiative recently introduced by the German government, which aims to transform industrial
manufacturing via digitisation and exploitation of new technologies.® The use of automation in the chemical
industry has, in part, been facilitated by the recent drive in the pharmaceutical industry to switch from traditional
batch reactors to continuous processing for the manufacture of active pharmaceutical ingredients (APls)? 3
together with the ever-increasing application of Process Analytical Technology (PAT)#* particularly for initiatives
such as Quality-by-Design (QbD).

Traditionally, pharmaceuticals have been made by a sequence of batch reactions with isolation of solid
intermediates before the isolation of the desired end-product. However, continuous manufacturing has great
potential for improving agility, flexibility, and robustness in the manufacture of pharmaceuticals. Furthermore,
continuous flow processes are particularly suited to automation with technical advances and greater availability
of in-line analytical approaches. PAT is already widely used for monitoring reactions in continuous flow systems
with increased activity in automated self-optimisation where a computer-controlled continuous reactor, in-line/on-
line analysis and optimisation algorithms are combined to adjust reaction conditions automatically to optimise the
outcome of the reaction. A variety of real-time inline spectroscopic and analytical PAT tools have been used for
self-optimisation including both chromatographic (GC and HPLC/UPLC) and spectroscopic (UV/Vis, Raman, IR,
and NMR) approaches.® Early work in this area combining reactor control with feedback algorithms included the
optimisation of nanoparticle production with online fluorescence,” and online HPLC analysis for optimisation of
Heck coupling® and Knoevenagel condensation.® Some of us demonstrated the versatility of self-optimisation of
the reaction of dimethyl carbonate and 1-pentanol in supercritical CO, (scCO>) to form pentyl methyl ether where
optimisation could be used to maximise/minimise any one of a range of different criteria (i.e., yield, space-time
yield, E factor or a weighted yield function).'® Self-optimisation continues to develop rapidly and the area has
been regularly reviewed.*'7 Indeed, a special issue on Synthesis 4.0: Towards an Internet of Chemistry!®
highlighted recent developments in the area of self-optimisation and machine learning including automated
platforms for flow processes,® integration of multiple PAT tools for multistep reaction,® obtaining kinetic
information,'®-2! algorithms for the self-optimisation,?? and uniting laboratory automation, DoE data, and
modelling techniques together to accelerate chemical process development.?® More specifically, there has been a
recent explosion in activity in flow chemistry and continuous manufacturing, including both photochemistry?*-3t

and electrochemistry.®2-3 This is partly because these can be considered “reagentless” methodologies, offering



milder approaches to obtaining highly reactive intermediates, providing access to structurally complex molecules
and scaffolds that can be difficult to obtain using more “traditional”” approaches.

Electrochemistry allows redox chemistry to occur using electrons as traceless reagents as well as potentially
avoiding the use of hazardous and toxic reductants and oxidants. There is also scope to use potentials and currents
to tune reactivity and maximise selectivity. In addition, flow electrochemistry offers the possibility of utilising
sustainable electricity, derived from solar and wind energy. Up to now, however, there have been relatively few
reports of self-optimisation being applied to flow photochemical and electrochemical processes, not least because
electrosynthesis often generates large volumes of gas as a counter-electrode reaction, which can hinder in-line
sampling.36-38

Over the past a few years, we have developed a number of self-optimising reactors'® 344 to study the
chemical reactions at elevated temperature and pressure, including dehydration of ethanol,*® methylation of
alcohols with dimethyl carbonate, and N-alkylation of amino alcohols.* We have used on-line monitoring with
a computer-controlled sampling valve to reliably transfer samples from supercritical CO, streams to the GC
injector. In this paper we build upon these studies to probe electrochemical reactions using GC and ATR-FTIR
for a reaction that generates H, gas and describe how to obtain consistent chromatographic and spectroscopic data

from solutions containing copious amounts of gas bubbles.

EXPERIMENTAL

As reported in our previous work -4 and the other studies, “>* a self-optimising continuous-flow reactor
usually consists of three main parts: (i) fluid delivery unit, (ii) the reactor(s) and (iii) an analytical instrument(s)
to provide input(s) for the optimisation algorithm. A key factor is the choice of an appropriate analytical method,
which primarily depends on the target analytes, concentration and phase state (gas or liquid) of the reaction
mixture emerging from the reactor. When the analytes of interest are sufficiently volatile, gas chromatography
(GC) can be a preferred choice, whereas other analytical methods (e.g. FTIR or Raman) or liquid chromatography
(HPLC) are often selected to quantify low volatile analytes. In this paper, we have incorporated both GC and
ATR-FTIR into a newly developed self-optimising continuous-flow electrosynthesis system based around the
Ammonite flow reactor, 34 4% byt the approach is potentially applicable to other electro-flow reactors. The two

analytical methods require different sampling strategies.



The fluid delivery unit and the reactor

Figure 1a shows a schematic diagram of the fluid delivery unit and the reactor used in our continuous-flow
electrochemical synthesis system, which allows us to vary the concentrations of the substrates and the flow rate.
Two computer-controlled HPLC pumps (Jasco, PU-980) independently deliver two solutions to the Ammonite
electrochemical reactor (ER) via a static mixer (M), consisting of a stainless steel tube of 15 cm in length and ¥4
inch in outer diameter, filled with glass beads (Sigma-Aldrich, 425-600 pum). Both solutions have identical

concentrations of the supporting electrolyte and of an internal standard (if required) in the same solvent or solvent

mixture. The first solution reservoir (S1) contains the substrate with a known high concentration (Cshlf;‘,’f

); while
the concentration of the substrate in the second solution reservoir (S2), is much lower C3%. than that in S1. Prior
to the experiments, the flow rate of both pumps (PU1 and PU2) were calibrated using 2-propanol (i.e. measuring

the mass of 2-propanol collected over a fixed period of time). Then, for a pre-set value of total flow rate, any

concentration of the substrate between €%y, and Cshjzg can be obtained merely by adjusting the relative calibrated

flow rates of the two pumps.

The Ammonite 8 electrochemical reactor (Cambridge Reactor Design Ltd.) is an undivided cell for laboratory
synthesis on a multi-gram scale. 3 450 The flow channel is formed by a planospiral groove in the cathode which
is then separated from the anode by a complementary spiral polymer gasket.>! This creates a 100 cm spiral flow
path of width 0.2 cm with a 0.5 mm inter-electrode gap giving a channel volume and hence total reactor volume
of 1 cm?. The planospiral shape of the flow path makes the reactor very compact and easy to both use and clean.
A computer-controlled, digital DC power supplier (Keithley, 2260B-30-36, denoted as DPS in Figure 1a) controls
the current/voltage applied to the Ammonite. The fluid delivery unit and the reactor are common to the two

configurations of the downstream unit described below.

Configuration for use with GC

For the electrochemical oxidative reactions described in this study, the counter electrode reaction can produce
considerable amounts of H; gas as a by-product of the corresponding reductive process e.g. reduction of methanol
(MeOH) solvent at the cathode. Thus, assuming 100% current efficiency when feeding a solution of 0.5 mol dm-
% of 1-formylpyrrolidine in MeOH into the reactor, the volumetric ratio of the H, gas : liquid at the exit of the
reactor is 11:1. Therefore, it is essential to find a reliable method to separate the liquid phase from the two-phase

gas/liquid flow because any tiny gas bubbles presenting in the GC sample loop can significantly lower the



reproducibility of the GC measurements. Here, we report a new design of a gas-liquid separator (GLS), which can

work efficiently with a GC sample injection valve.

The GLS is essentially a T-piece made of Swagelok stainless steel components (Figure 2a), with the T rotated
by 90°. The GLS is placed 50 cm vertically above the height of the Ammonite reactor. The two-phase flow
(labelled G+L in Figure 2a) enters the GLS along the horizontal part of the T. When it reaches the actual T junction,
the gas phase (e.g. Hy) is released from the top; whereas the liquid phase is withdrawn from the lower part of the
separator and is then transferred to the GC sample loop using a HPLC pump (PU3). An additional peristatic pump
(Cole-Parmer, MasterFlex L/S 07551-20, denoted as PP in Figure 2a) that is connected to the very bottom of the
GLS is used to replace the liquid inside the GLS with clean solvent between two GC measurements. There are
two problems that have to be addressed (i) the liquid must be as cool as possible to avoid solvent vapour being
entrained with the gas phase. This is solved by placing a heat exchanger (HE) to cool the liquid close to the input
of the GLS. (ii) The level of the liquid needs to be maintained very precisely in the GLS. If it is too high, liquid
can be forced out by the gas bubbles; if it is too low, the gas separation may be incomplete. This problem has
been overcome by using a glass tube (GT; 6 mm O.D.) so arranged that the liquid inside it is at exactly the same
level as in the opaque steel tube of the GLS. The level in the glass tube is monitored with a liquid-level detector
(LLD) built in-house, which consists of a vertical array of 10 optical sensors (OPTEK Technology, OPB350). The
outputs from the 10 optical sensors are processed by a computer which then controls the pumping rates of the two
pumps (PU3 and PP) to ensure that the liquid level remains constant so that only the liquid phase is transferred to

the GC sample loop.

Thus, with the help of the liquid level detector, the H, gas can be separated continuously from the liquid phase.
Because the total volume of the GLS is relatively large (~10 cmd), it takes a long wait time (>30 min) to reach a
steady-state after new experimental conditions have been set, particularly, when the total flow rate of the reaction
mixture is low. This problem has been overcome by introducing a cleaning procedure between two experiments.
In this cleaning procedure, the peristaltic pump discharges all of the fluid in the GLS, and then stops for several
minutes to let the GLS refill with fresh incoming reaction solution. The cleaning procedure is repeated three times
to ensure that the reaction solution being transferred to the sample loop is representative of the latest outcome
from the reactor. These three cleaning cycles, carried out automatically by a control program written in LabVIEW,

reduce the re-equilibration time to only 10 -15 minutes, depending on the flow rate.



After the reaction solution passes through the GLS, the liquid phase is sampled by a GC injection valve (IV
in Figure 1b), which is a four-port, two-position valve (VICI, CI4WE.2) with a microelectric actuator (E90-CE).

For each test, the GC sample loop transfers 0.2 pL of the reaction solution to the split/splitless GC injector.

The solution/product reservoirs, the pumps, the Ammonite electrochemical reactor, the gas-liquid separator,
etc. are placed in a ventilated box due to the presence of VOCs and possible leaks of H, gas. The box also
incorporates a pressure transducer (P), an air-flow sensor and a circuit breaker (not shown in Figure 1) to switch
off all of the equipment in our self-optimising electrochemical apparatus in the event of over-pressure or of a
failure of the air extraction system. No cooling devices have been used to keep the electrochemical reactor at a
constant temperature. The typical reaction temperature is between 30 and 40 °C and we have not found any

noticeable effects of temperature on product yields in this study.

Configuration for use with ATR-FTIR

For those reaction solutions with analytes of low volatility, IR is a valuable alternative to GC to provide
quantitative information on how a chemical reaction proceeds. We used a process IR spectrometer (Mettle-Toledo,
ReactIR 702L) equipped with a thermoelectric cooled MCT detector, for which no liquid nitrogen is required,

making it particularly suitable for self-optimisation experiments conducted overnight.

The ReactIR spectrometer offers a choice of microflow cell or fibre-conduit ATR immersion probe which we
have found to be the more convenient and reliable sampling method because of the large amount of H, bubbles in
our electrochemical synthesis system. Using the immersion probe, we have designed a simple integrated GLS,

illustrated schematically in Figure 2b. The photo of the device is shown in Figure 2c.

The main body of the GLS consists of an inverted-Y shaped piece of glass tubing. The reactor outlet tube
carrying the biphasic gas + liquid mixture is sealed into the vertical arm of the Y and extends deep inside it, while
the immersion probe of the ReactIR protrudes into one of the side arms of the Y so that it almost meets the reactor
outflow. This allows the liquid droplets from the reactor to drip continuously onto the ATR diamond crystal and,
since liquids have a high surface tension, the sensing surface of the probe is constantly covered by a thin layer of
liquid, the thickness of which is much greater than the IR penetration depth of the ATR-FTIR instrument (typically

between 0.5-3 um).

We have tested the GLS using a two-phase flow with a high gas-to-liquid volumetric ratio over several hours.
The collected spectra show no evidence for the gas phase coming into direct contact with the sensing surface

during the entire measurements. The tilted configuration for the ATR probe is designed to accelerate the flow of



liquid over the sensing surface, and hence to reduce the waiting time required to obtain reproducible spectra after
switching to a fluid with a different composition. The typical waiting time is between 3 to 15 minutes, comparable

to the time needed for the electrochemical synthesis reactor to reach a steady state.

To incorporate the integrated GLS into the self-optimising electrochemical synthesis system, we have
developed a second configuration of the downstream unit, as shown in Figure 1c. The key feature of the IR
configuration is that in addition to the reaction solution, a reference solution can also flow through the integrated
GLS for recording an IR background spectrum. A switching valve (Rheodyne, MHP7900-500-1) is installed to
select between two solutions. The reference solution is delivered by an HPLC pump (Jasco, PU-980), which can
be stopped to reduce the consumption of the reference solution while the spectrum of the reaction solution is being
recorded. A peristatic pump (Cole-Parmer, MasterFlex L/S 07551-20, denoted as PP in Figure 1c) is connected to
the liquid-phase outlet pipe of the GLS to keep the liquid level well below the sensing surface of the probe. Both
the HPLC pump (PU3) and the switching valve (SV) are controlled by a personal computer. With the help of a
control software designed in-house, the corresponding IR spectra can be collected first by using the iC IR software
for ReactIR (Mettle-Toledo, Version 7.1) and then the data can be transferred to the optimisation software, which

will be described briefly below.

Self-optimising reactor software framework

We have recently developed a modular software framework for controlling self-optimising reactors, which
can be easily customised as the control software for our self-optimising electrochemical synthesis system in both
GC and IR configurations. The primary goal of developing the new software framework was to realise the
following functions: (i) allowing plug and play for any analytical instrument; (ii) decoupling the optimisation
algorithm and the reactor control/monitoring system; (iii) provision of a generic interface to simplify the
development of device drivers; (iv) customisable functions for processing the chromatographic and spectroscopic

data; (v) flexible choice of which factors and responses are used by optimisation algorithms.

The software framework has five function modules: (i) device drivers, (ii) rig controller, (iii)
chromatography/spectrum processing, (iv) optimisation algorithm, and (v) user interface. The first two modules
have been developed using LabVIEW and the remaining three modules have been developed with Matlab. Devices
with RS232, USB, or Ethernet ports can be controlled by the rig controller via their corresponding device driver.

These devices are not limited to physical devices, but also can be ‘virtual® devices consisting of a collection of



physical devices (e.g. the downstream unit shown in Figure 1c is a single virtual device comprising a HPLC pump,

a switching valve and an FTIR spectrometer).

Chemicals

Tetraethylammonium tetrafluoroborate ([EtsN][BF4], Acros, >99%), 1-formypyrrolidine (Aldrich, 97%),
hexanenitrile (Aldrich, 98%), 3-bromobenzyl alcohol (Flurochem, 99%), 3-bromobenzaldehyde (Alfa Aesar,
97%), acetonitrile (Fisher, HPLC gradient grade, >99.9%), methanol (Fisher, analytical reagent grade >99.9%)
and propan-2-ol (laboratory regent grade, >99.5%) were used without further purification. 1-Formyl-2-
methoxypyrrolidine was synthesised at the University of Southampton (purity determined by GC and NMR) and

was used in Nottingham as supplied.

Results and Discussion

The electrochemical methoxylation of 1-formylpyrrolidine

The methoxylation of 1-formylpyrrolidine, Scheme 1, was chosen as the initial benchmark test for our self-
optimising electrochemical reactor because this reaction has already been extensively studied in continuous flow

electrochemical reactors and used to characterise their performance.*® 5
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Scheme 1. Electrochemical methoxylation of 1-formylpyrrolidine.

Initially, the reproducibility of the GC analysis was established by pumping 1-formylpyrrolidine (0.1 mol dm-
%) and [EtzN][BF4] (0.05 mol dm) in MeOH at a flow rate of 1 cm® min™ over an extended period of time. The
working electrode (anode) was a plate of carbon-filled polyvinylidene fluoride with a stainless steel counter

electrode (cathode).

Figure 3 shows how a total of 12 tests were carried out at two different currents so as to establish the overall
reproducibility. Experiments 1-3 (Group 1) and Experiments 7-9 (Group 3) at a current of 0.16 A, while

Experiments 4-6 (Group 2) and Experiments 10-12 (Group 4) at a current of 0.32 A. The peak areas were



integrated for 1-formylpyrrolidine and 1-formyl-2-methoxypyrrolidine, respectively from the GC trace. The peak

area of the product in percentage (P%) is defined by Equation 1.
P% = Aprod/(Asubs + Aprod) % 100 (1)

in which Asubs and Aprod represents the integrated peak area for 1-formylpyrrolidine (substrate) and 1-formyl-2-
methoxypyrrolidine (product), respectively. P% is equivalent to GC yield, assuming that the reaction does not
generate significant amount of by-products under these reaction conditions; this assumption seems to be justified
since the reaction has been extensively studied and is known to progress cleanly under the conditions used and

our GC analysis showed no by-products.

As shown in Figure 3, there were no significant differences in P% between the separate experiments with the
same applied current. The relative standard deviations for P% are 2.9% and 0.7%, respectively, for the 6
experiments carried out at 0.16 A and 0.32 A. The peak heights of both the substrate and the product were also
examined for each experiment, and no evidence was found for any effect of gas bubbles in the sample loop during

the injection.

We then made measurements on the methoxylation of 1-formylpyrrolidine over a range of flow rates (0.5 to
3 cm® min™) and currents to validate the performance of the electrochemical reactor and the GC sampling method.
Hexanenitrile (1.00 g dm®) was added to the MeOH solution as an internal standard, with 1-formylpyrrolidine
(0.1 mol dm?) and [EtsN][BFs] (0.05 mol dm?). The masses of 1-formylpyrrolidine and 1-formyl-2-
methoxypyrrolidine were calculated from the linear calibration curves of the corresponding compounds. Table 1
lists the reaction conditions, fractional conversion, fractional selectivity, current efficiency and product formation
rate. Our measured fractional conversion and fractional selectivity are in good agreement with the experimental
results published previously by Brown and his co-workers.*® The currents range from 0.62 to 1.5 A, and the current
ratio (R) for each experiment is also given in Table 1. The current ratio is defined as the ratio of the current applied
to the electrochemical reactor (la) to the current theoretically required to achieve a full conversion (ly), see

Equation 2. I; is calculated from Faraday's laws of electrolysis.

R =1,/I; =1,/(nFQ, c) 2

where n is the number of electrons required to convert a single substrate molecule at the working electrode, F is
the Faraday constant, Qy represents the volumetric flow rate of the substrate solution, and ¢ is the concentration

of the substrate at the entrance of the continuous-flow electrochemical reactor.



At the exit of a continuous-flow electrochemical reactor, the fractional conversion (X) is related to both I, and
1.3 52 When I, is smaller than I, full conversion cannot be achieved, and fractional conversion is proportional to
R, provided that there are no side reactions occurring on the surface of the working electrode and that the reaction
is under diffusion control. When I, > l;, competing reactions will occur, not only decreasing the current efficiency,
but potentially reducing the selectivity of the desired reaction. Moreover, the higher I, is, the larger the applied
electric potential, leading to a greater probability of decomposition of the solvent and the supporting electrolyte
and over-oxidation/reduction of the product. Therefore, for electrochemical synthesis, the optimal current should

be as close as possible to the I; of a reaction system for a given Q, and c.

From the experimental point of view, we have selected R as an independent factor to optimise in a continuous-
flow electrochemical reactor since It is a function of both Q, and c¢. However, the same approach does not apply
to optimising using I, since different R values are produced when Qy and c are varied, see Equation 2. As a result,
the same value of 1, might be close to I; for one value of Q,xc but far away from I, for another value of Q,xc. For
an optimisation process involving a wide range of Qy and c, selecting R as the independent factor allows tests to
be avoided if they are in a region far away from R = 1. By contrast, when the current is used as the independent
factor, eliminating the tests under very unfavourable conditions can only be achieved by imposing multiple

constraints to the numerical optimisation procedure.

According to Equation 2 and the discussion above, it is clear that Qy, ¢ and R (or l5) are not completely
uncorrelated when using them as the factors to optimise an electrochemical reaction. However, ¢ can have either
a strong or weak effect on the chemistry, the diffusion, and the adsorption/desorption of a range of species on the
surfaces of electrodes. Together with the effects of Q, and the geometry of the flow reactor on the residence time,
neither conversion nor yield can be easily correlated to Qy and ¢ using the simple relationship reported in the
literature.®? In this study, we regard our continuous-flow electrochemical reactor as a black box; and hence Q, ¢

and R are selected as the independent factors for testing optimisation processes.

Our third test on the methoxylation of 1-formylpyrrolidine system was a two-dimensional test where the
parameters were stepped to profile the response surface. In the test the flow rate and the current ratio varied in the
ranges of 1.0-3.0 cm3 min! and 0.6-1.4, respectively with step sizes of 1 cm® min?, and 0.1. P% (equivalent to
GC yield, see Equation 1) was measured as a function of the flow rate and the current ratio, and is presented as a
3-D plot in Figure 4a, which shows that the response surface only has a single maximum in the studied range. The

best experimental conditions were found at 1.0 cm® min't and R = 1.4, giving a P% of 93%.



As expected, the absolute values of P% are different from those of the calibrated yield shown in Table 1.
These differences are attributed firstly to the different GC (FID) response factors of 1-formylpyrrolidine and 1-
formyl-2-methoxypyrrolidine and also to the differences in the volatility of the two compounds in the GC sample
loop. Nevertheless, we have found that for the methoxylation reaction in this study, P% is sufficient to be used as
the response to locate the optimised experimental conditions. One of the advantages of using P% instead of the
true yield is that it is not necessary to add any internal standard to the reaction solution. This is important because
it is not trivial to find a GC internal standard which does not become involved in any electrochemical reactions,
either at working and counter electrodes under the relatively high cell voltage used in these experiments. In
addition to inertness, other aspects which need to be considered when choosing an internal standard, include low
cost, high volatility and not co-eluting with other analytes. Therefore, there are clear advantages in removing the

need for an internal standard.

Figure 4b shows the two-factor optimisation of the methoxylation of 1-formylpyrrolidine using the SNOBFIT

(Stable Noisy Optimisation by Branch and FIT) algorithm® and P% as the response to optimise (see Table 1).

In every reaction optimisation, one has to define the multi-dimensional parameter space for optimisation; this
definition is usually based on any knowledge of the reaction, the reactor, the sensitivity of the analytical method,
and the cost of reagents. In the particular case of a continuous-flow electrochemical synthesis, mass transport as
dictated by the geometry of the reactor imposes a limit to the conversion at the exit for a given reactor. Moreover,
if the current ratio (defined in Equation 2) is much higher than 1, a variety of side reactions may occur, which

may lead to poorly-soluble by-products blocking reactors and sampling devices.

The optimisation was repeated for 26 experiments. The highest value of P% (89%) was achieved at a flow
rate of 1.0 cm® min? and current ratio of 1.36, as indicated by an arrow in Figure 4b. Clearly, the optimal
conditions found by the SNOBFIT algorithm are consistent with the results located by the previous test (Figure
4a). Also it can be seen from Figure 4b that the algorithm focused on locating optimal conditions during the
optimisation; hence more tests were made in the region near the optimal conditions while, at the same time, it
randomly explored the empty space to maximise the probability of finding the global optimum. A global optimum

is the extrema (minimum or maximum) of the objective function for the entire input search space.



The electrochemical oxidation of 3-bromobenzyl alcohol

Next we focussed on the electrochemical oxidation of 3-bromobenzyl alcohol in acetonitrile (MeCN) solution
with [EtzN][BF4] again as the supporting electrolyte, Scheme 2. Unlike the methoxylation of 1-formylpyrrolidine
in MeOH, water was added to MeCN as a co-solvent/reactant, where reduction of H,O provides a suitable counter
electrode reaction, generating H, gas. For all of the tests on the oxidation of 3-bromobenzyl alcohol, the
concentration of H,O was kept at 50 g dm in MeCN. The working electrode (anode) was a platinum sheet; and

the counter electrode (cathode) was again stainless steel.

CH,0OH CHO
- 2€”
+
Anode + 2H
Br Br
+2e” _
Cathode 2H,0 —— Hz+20H

Scheme 2. Electrochemical oxidation of 3-bromobenzyl alcohol.

Our initial tests were carried out using the apparatus configured for GC analysis (Figures 1b and 2a) but we
found that, in the presence of water and [EtsN][BF4], 3-bromobenzyl alcohol could not be vaporised in the GC
sample loop and/or in the GC injector. Furthermore, there was poor reproducibility of the GC measurements on
3-bromobenzylaldehyde. Possible reasons for the troublesome GC measurements are the low volatility of 3-
bromobenzyl alcohol and the strong interactions between 3-bromobenzyl alcohol, water and [EtsN][BF4] (Note
that the estimated normal boiling point is about 65 °C higher for 3-bromobenzyl alcohol than for 1-

formylpyrrolidine, making 3-bromobenzyl alcohol much more challenging for GC analysis.)

Therefore, we moved to the IR method. Figure 5a shows the IR spectra recorded by the ReactIR spectrometer

for both 3-bromobenzyl alcohol and 3-bromobenzylaldehyde. The product has a strong absorption band at 1700



cm? which does not overlap with any bands of the substrate, making it suitable for quantifying the concentration
of 3-bromobenzylaldehyde in the reaction solutions. However, it is almost impossible to use FTIR to quantify the
starting material, 3-bromobenzyl alcohol, because all of its absorption bands between 750 and 2000 cm™ are
overlapped by those of the product 3-bromobenzylaldehyde. Moreover, given the efficiency of the reaction,
particularly at the experimental conditions near the optimal conditions, the concentration of residual 3-
bromobenzyl alcohol in the solution is too low to be accurately measured using ATR-IR. As a result, we only

used FTIR to quantify the concentration of 3-bromobenzylaldehyde in the reaction solutions.

To develop a reliable IR method for determining the concentration of 3-bromobenzylaldehyde, we first
investigated the changes to the IR background during the optimisation process. This is important because ATR-
FTIR is potentially highly sensitive to surface contamination which could build up during a reaction. Therefore,
our IR measurements were carried out in two stages. For the first stage, a reference solution (50 g dm H,O and
0.05 mol dm [EtsN][BF4] in MeCN) was flowed onto the IR probe and the spectra were recorded to serve as the
background spectrum. Then, the solution was switched to the reaction solution from the reactor, containing a
mixture of the product and by-products. After 20 minutes, the solution was switched back to the reference solution.
This procedure was repeated >60 times, showing that the baseline absorbance increased by ~0.019 at 1700 cm*
between the first and last spectrum. This change is comparable to the expected peak height obtained from a low
concentration of 3-bromobenzylaldehyde (e.g. A = 0.011 at 1700 cm™ for a solution with 0.028 mol dm of 3-
bromobenzylaldehyde, see Figure 5b). Therefore, we concluded that, for reliable results, an IR background
spectrum should be recorded between each sample spectrum and this procedure was used when a reaction was
being optimised using the IR configuration, even though collecting both the background and the sample spectra

doubles the experimental time required for each test.

After the corresponding background spectrum had been subtracted, a two-point base line correction was
applied to the data. Figure 5d shows a typical IR spectrum of the reaction solution between 1636 cm™ and 1928
cmt. Apart from the strong carbonyl peak at ~1700 cm, two shoulders can be clearly identified at 1716 cm™ and
1741 cm, assigned to by-products of the oxidation of 3-bromobenzyl alcohol. A peak fitting algorithm>* was
applied to fit the peaks in the region of 1636-1928 cm™. For simplicity in the first approximation, all peaks were
assumed to be Lorentzian; and no constraints were applied to either peak position or peak width. The initial
number of the peaks in the above region was set to 3. If one of the fitted peaks had very small peak height (<0.001)
or very large peak width (>100 cm™), the total number of the peaks was decreased by 1, and the entire peak fitting

process was then restarted. All of this analysis was carried out automatically by the software during the



optimisation. The height of the peak at ~1700 cm™ was then used to calculate the concentration of the 3-
bromobenzylaldehyde using the calibration curve presented in Figure 5¢. Together with the known concentration

of the substrate, the percentage yield of the oxidation reaction was calculated for each test.

We selected three factors (the concentration of 3-bromobenzyl alcohol, the total flow rate, and the current
ratio) to optimise the oxidation of 3-bromobenzyl alcohol using the SNOBFIT algorithm. The low and upper
limits for each factor are listed in Table 3. We used the yield of 3-bromobenzylaldehyde as the response to
optimise and the yield was measured after the system had reached a steady-state for each test, usual after 10-20

minutes.

Figure 6 shows the results of the yield optimisation of the oxidation of 3-bromobenzyl alcohol (Scheme 2).
The colour map represents the percentage yield. A total of 4 tests were made for each iteration. The 4 testing
conditions in the first iteration were selected completely randomly. The subsequent test conditions were generated
iteratively by the SNOBFIT algorithm based on the percentage yield (response) obtained from the previous tests.

The reaction conditions and the percentage yield of the full data set are listed in Table S1 in supplemental material.

The optimum conditions were found to be 0.03 mol dm? for the concentration of 3-bromobenzyl alcohol, 0.9
cm® min' for the flow rate, and 1.3 for the current ratio, giving the highest percentage yield of 68%. The SNOBFIT
algorithm made more tests in the low concentration and high current ratio region because this was the region
where a local optimum had been found. The algorithm had also explored other parts of the 3-D parameter space
with high concentration and low current ratio (see the blue/light blue spheres in Figure 6) in an unsuccessful

attempt to find possible global optimum in this region.

It has been discussed in the literature®® that, assuming 100% charge efficiency, conversion is inversely
proportional to the flow rate for given current and concentration. In our experiments, the current ratio rather than
the current was used as the independent parameter. This means that the relationship between the conversion and
the flow rate is different. In order to maintain the same current ratio, a higher current would be applied when
increasing the flow rate according to Equation 2, and hence the inverse effect of the high flow rate on the
conversion would be partially compensated by keeping the current ratio constant. Furthermore, the percentage
yield is also related to the selectivity, which is a complex function of residence time, flow rate and applied
current/voltage. Therefore, we did not observe any simple correlation between flow rate and percentage yield at a

fixed concentration.



The reliability of the optimisation process is mainly dependent on the robustness, reproducibility and accuracy
of the analytical technique employed. In the case of the oxidation of 3-bromobenzyl alcohol, we have found that
our peak fitting approach appears to be the most robust method for processing the IR data. The v(C-O) bands from
the unknown by-products vary in their wavenumber and are also affected by noise in the IR spectrum as well as
by the concentration of the by-products. Our peak fitting method, however, focuses on information from the
strongest v(C-O) peaks at ~1700 cm, largely removing the interference from those by-products. From our
experiments, the fitted peaks for 3-bromobenzylaldehyde have an average peak centre at 1699.3 0.7 cm™ and an
average peak width of 24.3 1.7 cm™* across the 69 different spectra collected during optimisation. These values
compare well with the peak centre (1700 cm™) and the peak width (25.7+0.4) obtained from 5 solutions with pure
3-bromobenzylaldehyde (Figure 5b). Thus we conclude that the fitted peak at ~1700 cm™ has the same

characteristics as the carbonyl peak of pure 3-bromobenzylaldehyde.

Conclusions

In this paper, we have presented a new self-optimising apparatus used for continuous-flow electrochemical
synthesis. The performance and the reliability of this self-optimising system have been demonstrated with two
selected reactions: the electrochemical methoxylation of 1-formylpyrrolidine and the electrochemical oxidation

3-bromobenzyl alcohol.

A reliable and efficient in-line gas-liquid separator is crucial to integrate real-time, online analytical
technologies with a flow electrochemical reactor. We have described two, new computer-controlled gas-liquid
separators: one for GC and the other for ATR-FTIR, which have been constructed in-house from relatively simple
components. In particular, we have shown that the integrated gas-liquid separator for ATR-FTIR enables both gas
separation and ATR-FTIR spectroscopy sampling to be carried out simultaneously in a single simple device.
Because of the high surface tension of the liquid, the ATR-FTIR probe only records the spectrum from the liquid

phase, even though the immersion IR probe is surrounded by gas.

Within the context of continuous-flow electrochemistry, ATR-FTIR has several advantages over GC: (i)
ATR-FTIR is suitable for non-volatile substrates and products; (ii) there is no need for internal standards, which
may be difficult to find for electrochemical synthesis systems; and (iii) ATR-FTIR makes it easy to identify the
steady state for a continuous-flow reactor. The design of the integrated gas-liquid separator for ATR-FTIR could
also be applied to the other analytical techniques for reaction monitoring in continuous-flow electrochemical

reactors, for instance, Raman spectroscopy, where optical fibre probes are readily available. Since the gas-liquid



two-phase flow in reactors is quite common on both laboratory and industrial scales, our two designs of gas-liquid
separator could provide simple approaches for incorporating process analytical technology into other two-phase

flow reactors.

Additionally, we have shown that apart from the common factors (e.g. the flow rate and the concentration of
the substrate), the current ratio may be a preferable factor for the self-optimisation of electrochemical reactors
rather than the current itself because the ratio can reduce the number of the tests required. The continuous-flow
reactor is treated as a ‘black box’ and the correlations between a range of factors are not clear for the optimisation
of a given electrochemical reaction. SNOBFIT has been shown to be a useful algorithm for optimising
electrochemical reactions in a continuous-flow reactor because the random search part of the algorithm increases

the chances of finding the global maximum of the response (e.g. the percentage yield of the product).

Of course, ATR-FTIR also has limitations in sensitivity and peak overlapping. However, sensitivity is less
likely to be a problem for a multigram electrochemical reactor such as the Ammonite because the concentration
of products is high enough for easy detection by ATR-FTIR. As regards peak overlapping, we have shown that a
simple peak fitting algorithm can be an effective and robust method for overcoming this problem at least for the
oxidation reaction of 3-bromobenzyl alcohol. Since this may not be the case for the other reactions, we are

currently developing this approach further for use in conjunction with our self-optimising reactors.
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Figure captions

Figure 1. A schematic diagram of the electrochemical synthesis flow apparatus for use with GC and ATR-FTIR
in-line analysis. (a) Reactor and the delivery unit of reaction solutions. Parts are labelled as follows: DPS, dc
power supplier; ER, Ammonite electrochemical reactor; M, mixer; P, pressure transducer; PI, pressure indicator;
PC, personal computer; PU1, PU2, HPLC pump; S1, S2, solution reservoir; V, shut-off valve; TP, Swagelok T-
piece. (b) Downstream unit for use with GC: CG, carrier gas inlet; CO, carrier gas inlet to GC; GC, gas
chromatography; GLS, gas-liquid separator, see Figure 2a for details; Ho, hydrogen gas vent; IV, sample injection
valve. (c) Downstream unit for use with ATR-FTIR: GLS, gas-liquid separator, see Figure 2b for details; Ho,
hydrogen gas to the exhaust pipe; IR, ReactIR spectrometer; PP, peristaltic pump; PU3, HPLC pump; R-IP,
ReactlR ATR immersion probe; S3, reference solution reservoir; SV, computer-controlled switching valve;
V3,V4, shut-off valves. The solid lines (in black) represent the pipes containing the fluids (e.g. solvents, reactants,
products). The dashed lines in blue represent electrical cables between the devices and between the device and
the computer.

Figure 2. Gas-liquid separators (GLS) for use with GC and ATR-FTIR analysis (see main text for a description
of their operation). (a) Schematic diagram of the GLS for GC, G, gas: GC, gas chromatography; GT; transparent
glass tube; HE, heat exchanger; L, liquid; LLD, liquid-level detector; PC, personal computer; PP, peristaltic pump;
PR, product reservoir; PU3, HPLC pump. (b) Schematic diagram of the GLS for ATR-FTIR G, gas; |, inlet pipe;
L, liquid; OG, outlet pipe for gas; OL, outlet pipe for liquid; R-IP, ReactIR probe. (c) Photo of the GLS shown in
(b). The ReactIR probe is placed at an angle to the inlet pipe, to accelerate the flow over the ATR-FTIR sensing
surface, and hence to reduce the waiting time required for obtaining reproducible spectra after switching to a fluid
with a different composition.

Figure 3. Traces showing the reproducibility of the GC analysis on the samples after H, gas had been separated
from the product streams by using the gas-liquid separator shown in Figure 2a. P% represents the integrated peak
area of the product in percentage, calculated from the GC chromatograms using Equation 1. 0.16 A and 0.32 A
are the currents applied to the electrochemical reactor during the reactions. The flow rate was kept at 1 cm® min-
1. The concentrations for 1-formylpyrrolidine and [EtsN][BF4] are 0.1 mol dm and 0.05 mol dm’3, respectively.

Figure 4. (a) The response surface of the methoxylation of 1-formylpyrrolidine measured by GC. (b) Two-factor
optimisation of the methoxylation of 1-formylpyrrolidine using the SNOBFIT algorithm: factor 1, flow rate; factor
2, current ratio. The optimised condition is indicated by the black arrow at the top centre of the figure. The x-, y-,
z-axes represent flow rate, current ratio and integrated peak area of the product in percentage (P%), calculated
from the GC chromatograms using Equation 1. The concentrations of 1-formylpyrrolidine and [Et4N][BF4] are
0.1 mol dm?® and 0.05 mol dm?, respectively. (See also Table 1).

Figure 5. (a) IR spectra of 3-bromobenzyl alcohol (A) and 3-bromobenzylaldehyde (B) after subtraction of the
corresponding reference spectra. The concentration of 3-bromobenzyl alcohol and 3-bromobenzylaldehyde are
0.25 mol dm® and 0.29 mol dm3, respectively. (b) IR spectra of 3-bromobenzylaldehyde at five concentrations.
(c) the calibration curve for 3-bromobenzylaldehyde, plotted as the concentration of 3-bromobenzylaldehyde
against the peak height at 1700 cm™. (d) Peak fitting in the range between 1636 and 1928 cm after the base line
correction. The solid black line and the dashed red line represent the experimental and the fitted spectrum,
respectively. All peaks are assumed to be Lorentzian. The peak at ~1700 cm™ is assigned as the v(C-O) absorption



band of the product, 3-bromobenzylaldehyde. The two arrows indicate the two v(C-O) absorption bands, possibly
resulting from as yet unidentified by-products.

Figure 6. Three-factor optimisation of the oxidation reaction of 3-bromobenzyl alcohol using the SNOBFIT
algorithm. The x-, y-, z-axes are the flow rate, the concentration of 3-bromobenzyl alcohol substrate, and the
current ratio, respectively. The units for the flow rate and the concentration are cm® min? and mol dm?,
respectively. The colour of the spots indicates the percentage yield of 3-bromobenzylaldehyde product (red high,
blue low) and the length of the stem is merely related to the value of the current ratio. The optimised conditions
are indicated by the black arrow. The concentration of [EtsN][BF.] was 0.05 mol dm=.



Table 1. Performance of ammonite electrolysis flow reactor for the methoxylation of 1-formylpyrrolidine 2P

Entry No.  No. repeated Flow rate Applied Current ratio Fractional Fractional Current efficiency,% Product
experiments current conversion 4 selectivity & ¢ formation rate
(cm® min) (A) - - - - g hour!
1 6 0.5 0.10 0.62 0.50+0.04 0.90+0.09 724+6% 0.17
2 6 0.5 0.16 1.00 0.80+0.02 0.97+0.04 70+£4% 0.30
3 6 0.5 0.20 1.24 0.88+0.01 0.92+0.02 74+10% 0.31
4 4 1.0 0.40 1.24 0.84+0.01 0.95+0.05 64+2% 0.62
5 3 2.0 0.80 1.24 0.78+0.01 0.89+0.01 56+0.2% 11
6 2 3.0 15 1.55 0.85+0.004 0.81+0.01 45+1% 1.6

& The inlet mixtures consist of 0.05 mol dm= [Et4N][BF4] as the supporting electrolyte, 1 g dm= 1-hexanenitrile as the internal standard for GC measurements, 1-
formylpyrrolidine as the reactant and MeOH as the solvent. ® The concentration of 1-formylpyrrolidine is fixed at 0.1 mol dm. ¢ The fractional conversion and the fractional
selectivity are calculated from the concentration of the starting material in the feed and the measured concentration of the starting material and the product at the outlet stream.
4 measured by GC.



Table 2. The low and upper limits for the optimisation of the methoxylation of 1-formylpyrrolidine

Factor Name Unit Lower limit Upper limit
1 Flow rate cm® min? 1.0 3.0
2 Current ratio - 0.6 1.4

Table 3. The low and upper limits for the optimisation of the oxidation of 3-bromobenzyl alcohol

Factor Name Unit Lower limit Upper limit
1 Concentration of mol dm® 0.03 0.23
3-bromobenzyl
alcohol
2 Flow rate cm?® min? 0.7 2.0

3 Current ratio - 0.8 1.3




