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A spiral, extended channel length microflow cell designed for routine and convenient application in an organic
synthesis laboratory is described. The performance of the cell is demonstrated using two syntheses and it is
shown that high selectivities and high conversions in a single pass can be achieved as well as the formation of
products at a rate of up to 25 mmol/h (~3 g/h). The cell is also well suited to carrying out the optimisation of re-
action conditions with electrolyses completed on a timescale of minutes.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Despite a history going back N150 years and some examples of in-
dustrial applications, organic electrosynthesis has never established a
position in routine laboratory synthesis. One reason is the reliance on
beaker cells and H-cells when slow conversions and poor/ill-defined
conditions hamper yields and reproducibility [1]. There is a clear need
for cells for convenient and straightforward use by synthetic organic
chemists. In designing and operating such cells, the emphasis is on con-
venience of use, high yield of product and ease of product isolation
through a high conversion of reactant to product, the use of no/low elec-
trolyte concentration and clean counter electrode chemistry. On the
scale of laboratory synthesis, current efficiency is only important as far
as competing electrode reactions can degrade product purity. Energy
consumption only becomes important if and when the laboratory syn-
thesis is to be scaled for manufacture.

One approach to meeting this need employs microflow electrolysis
cells with an extended channel length [1–5]. They have been demon-
strated to make possible

• very high conversions in a single pass
• operation with poorly conducting reaction media
• rapid electrolysis with residence time of reactant in the cell restricted
to minutes

• selective chemical change for a number of synthetic reactions

The present paper describes a small cell intended for use in a syn-
thetic organic chemistry laboratory. It is an undivided parallel plate re-
actor where a spacer is employed to achieve a spiral channel with
extended length and narrow interelectrode gap. It is designed for stud-
ies relating to optimising reaction conditions and for synthesising prod-
uct on a scale of 100mg–10 g and is a smaller version of a cell described
previously [5]. A variety of electrosynthetic microflow reactors have
been reported in the literature [7–14]. The majority of these cells
contain a short path lengths (b10 cm), necessitating low flow rates of
electrolyte to achieve high conversion in a single pass, which conse-
quently restricts the rate of product formation. The performance of the
cell, reported here, is demonstrated using two reactions: the
methoxylation of N-formylpyrrolidine (Scheme 1), a reaction used to
test performance in earlier microflow cells [2–5]; and the cleavage of
the 4-methoxybenzyl protecting group from 3-phenyl-1-propanol
(Scheme 2). This reaction will be reported in more detail in a further
publication [15]. In both syntheses, the counter electrode reaction is
the reduction of methanol to hydrogen and methoxide, the latter
minimising the build-up of protons in the electrolyte along the cell
channel.

2. Experimental

2.1. Electrolysis cell

The cell wasmanufactured by Cambridge Reactor Design and is now
available for purchase as the Ammonite 8 electrolysis cell [6]. The anode
was a disc of carbon-filled polyvinylidenefluoride (C/PVDF), type
Sigracet BMA5, supplied by Wilheim Eisenhuth GmbH, Germany – di-
ameter 85 mm and thickness 5 mm. The cathode was a circular 316 L
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stainless steel plate (Castle Metals Ltd., UK), diameter 85mmand thick-
ness 5.0 mm, with a spiral groove, depth 0.5 mm machined into it. The
gasket/spacer was cut to fit into the groove and was fabricated from a
1.0 mm thick sheet of KALREZ perfluoroelastomer (James Walker LTD,
UK). The C/PDVF composite electrode had a copper disc backing plate
to improve the potential distribution along the electrolyte channel.
The cell was compressed between an aluminium base plate and a Per-
spex top via a central bolt and 6 bolts around the perimeter. The cell is
rapid to dismantle, clean and reassemble. The solution entered and
exited the cell through steel tubing (1/8th inch diameter) to which con-
nection could be made via standard fittings. There were separate reser-
voirs for reactant and product and solution was pumped with an
Ismatec Reglo digital peristaltic pump with flow rates 0.25–
3.0 cm3 min−1. Electrolyses were controlled with a Rapid Electronics
switching mode power supply (85-1903).

2.2. Chemicals and analysis

Methanol (Fisher Scientific, HPLC grade) and N-formylpyrrolidine
(Sigma-Aldrich, N98%+) were used without purification. Tetra-
ethylammonium tetrafluoroboratewas recrystallized from hotmethanol
and dried at 363 K in a vacuum oven (~10 mbar) for 48 h. The protected
alcohol was prepared by the method of Kern et al. [16].

Conversion and selectivitywere determined by gas chromatography
using a Shimadzu GC-2014 equippedwith an autosampler, FID detector
and Agilent Technologies HP5 column. A calibration curve was obtained
for starting materials and products of both reactions, by testing a range
of solutions of known concentration. Comparison of the unknown reac-
tion solutions to the calibration curve allowed for conversion, yield and
selectivity to be calculated for each reaction.

3. Results and discussion

3.1. Cell design

The cell is designed to have (a) an extended length electrolysis chan-
nel (1m) in order to achieve a high conversion of reactant to product in
a single pass at flow rates compatible with carrying out reactions at a
rate of g/h (b) a narrow interelectrode gap to permit use of poorly
conducting media including those with low/no electrolyte (c) a short
residence time of reactant/product within the cell to minimise the com-
petition of unwanted homogeneous reactions. It is undivided but the
absence of a separator is not necessarily a disadvantage. Indeed, it can
be turned to advantage since the counter electrode reaction can be
used to maintain a constant reaction environment along the channel,
e.g. when carrying out oxidations, the cathode can be used to stop the
build up of protons along the channel by generating anequivalent quan-
tity of base. The cell is conveniently controlled with a constant cell cur-
rent. For full conversion, this cell current is calculated using Faraday's

laws for the concentration of reactant and flow rate of the solution (pro-
vided the desired reaction has a high enough rate – preferably mass
transfer controlled [1–5]). It should, however, be recognised that the
cell current is, in fact, the integral of the local currents along the channel
as they drop from a high value at the channel entry towards zero at the
exit (as the reactant concentration drops with conversion) [1–5].

The electrolysis cell is a parallel plate reactor based on two circular
plate electrodes, diameter 85 mm, but with a spiral electrolyte channel
between them. The spiral electrolyte channel permits an extended
channel length within a device with small dimensions and a smooth
electrolyteflow regime along the channel. The spiral electrolyte channel
is created with a spiral spacer (see Fig. 1) held rigidly in place within a
spiral groove machined into one of the electrodes (see Fig. 1). The
other electrode is a smooth plate. The interelectrode gap is fixed
through the depth of the groove and the thickness of the polymer
spacer. In the present cell, the electrodes are 316L stainless steel and
C/PDVF composite material and the spacer fabricated from KALREZ
perfluoroelastomer; this polymer was selected because of its resistance
to oxidation/reduction and its stability in many organic media. The C/
PDVF anode has a copper disc backing plate to improve the uniformity
of the potential distribution across its surface – ideally the potential
should be constant along the cell channel. The machining of the spacer
and the groove leads to an electrolyte channel 1000 mm in length and
2 mm in width while the interelectrode gap is 0.5 mm. The volume of
the cell is therefore 1.0 cm3 andwhen assembled (see Fig. 2) has the di-
mensions 110 mm (diameter) × 60 mm (height). Materials and sup-
pliers as well as other details are given in the Experimental section.

3.2. Cell performance

Theperformance of the cell was established using two syntheses, the
methoxylation of N-formylpyrrolidine, reaction (scheme 1), and the
cleavage of the 4-methoxybenzyl protecting group from 3-phenyl-1-
propanol, reaction (scheme 2).

Table 1 reports the results from a series of electrolyses with N-
formylpyrrolidine (Scheme 1). The initial electrolysis were carried out
with solutions containing 0.10 M N-formylpyrrolidine and 0.05 M
tetrethylammonium tetrafluoroborate and using a cell current ~20%
above the theoretical optimum value calculated from the equation

Icell ¼
xnF
t

ð1Þ

Scheme 2. The electrochemical cleavage of 4-methoxybenzyl to give 3-phenyl-1-propanol.

Scheme 1. The methoxylation of N-formylpyrroldine.

Fig. 1. Components of the extended channel length microflow electrolysis cell.
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