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Abstract 

First-row transition metal complexes have received considerable interest as catalysts, 

yet despite this they remain underutilised. This could be partially attributed to the 

challenges in synthesising these, often air sensitive, complexes. Electrochemistry offers 

an attractive alternative to traditional methodologies, being very atom efficient and 

providing easy access to low oxidation state metal complexes. This thesis explores some 

of the challenges associated with electrochemical synthesis and aims to increase the 

accessibility of this methodology.  

A new flexible and standardised electrochemical batch reactor enabling both organic and 

inorganic transformations and analytical electrochemistry was designed, developed and 

tested. This enabled the synthesis of an assortment of organometallic species, some of 

which were exceedingly air sensitive. In addition, the batch reactor was used to perform 

organic reactions in parallel, allowing the quick optimisation of a literature procedure. 

The design of this reactor is freely available, inexpensive and versatile. Furthermore, it 

will be commercialised in collaboration with Asynt, increasing the accessibility of 

electrochemistry to the synthetic chemistry community. 

This project has also combined organometallic synthesis, electrochemical analysis and 

computational approaches to investigate how changing the shape of flow channels within 

an electrochemical flow reactor affects mass transfer and ultimately reaction outcome. 

Through these experiments it was demonstrated that by increasing the number of times 

that a flow channel passes through an electrode, in a ‘hop’, you can significantly increase 

the effective mass transfer coefficient. This phenomenon was exploited through the 

design of a new flow channel with numerous ‘hops’ which increased the efficiency of the 

reactor. 

The Willans group were the first group to synthesis copper-NHC complex 

electrochemically under continuous conditions. The final chapter of this thesis extends 

this methodology to nickel. Initial studies found that there were problems with the mass 

balance and a significant amount of material was going missing. A novel series of 

experiments using a divided cell were used to examine where different parts of the 

reaction were taking place, this confirmed that free carbenes could be found in solution, 

as opposed to on the electrode. A raft of techniques were used to investigate the 

mechanism, demonstrating that the product was being degraded under the reaction 

conditions. These mechanistic insights were used to tune the reaction conditions, 

improving the mass balance of the reaction. 
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1. Introduction 

1.1. N-heterocyclic carbenes 

1.1.1. Overview of carbenes 

Carbenes are carbon atoms that have six valence electrons.1 Carbenes have many 

applications, particularly as ligands in organometallic chemistry, and are broadly 

subdivided into classes based upon the electronic state which the carbon atom exists in. 

N-Heterocyclic carbenes (NHCs) are singlet carbenes which are stabilised by being part 

of a heterocycle, usually a five membered ring. The carbene is an sp2 hybridised carbon 

atom which has an empty p orbital and a lone pair of electrons. Adjacent to the carbon 

atom are one or two heteroatoms, of which at least one is a nitrogen atom. NHCs are 

stabilised by hyperconjugation through π-donation from the nitrogen atom into the empty 

p orbital of the carbene. Extra stability is provided by the σ-acceptance of electron density 

by the nitrogen atom, helping to stabilise the lone pair (Figure 1.1).1–4 

  

Figure 1.1: NHCs are stabilised by π-donation from the nitrogen atoms into the empty p orbital and the 
withdrawal of σ electron density from the carbene by the nitrogen atoms. NHCs can also be easily tuned 

through modification of the R groups and heterocycle backbone.2 

 

Many varieties of NHC exist with differences in backbone saturation and electronic 

properties, ring size, number and type of heteroatoms, and heteroatom substituents 

(Figure 1.1). The backbone (blue in Figure 1.1) mostly governs the electronics, whilst the 

N-substituents (red in Figure 1.1) are primarily responsible for the sterics.2 The most 

common motif is a five membered ring with two nitrogen atoms adjacent to the carbene. 

Nitrogen atoms are generally included rather than oxygen or sulphur atoms because they 

can be further substituted.1 

 

1.1.2. Metal-NHC complexes and catalysis 

The first metal-NHC complexes were prepared independently by Wanzlick and Öfele in 

1968.5,6 In 1991 Arduengo isolated the first free NHC, with bulky adamantyl N-
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substituents providing kinetic stabilisation.7 Since these reports, NHCs have become 

ubiquitous ligands in homogenous transition metal catalysis, perhaps the best known 

example being Grubbs second generation catalyst for olefin metathesis.8 They are strong 

σ-donors as ligands, coordinating to metals across the whole periodic table by donating 

into one of the eg orbitals of a metal centre (Figure 1.2).9 NHCs are highly versatile with 

the potential to tune the steric and electronic properties of the ligand almost 

independently of each other by varying the backbone and N-substituents (Figure 1.1).2 

 

Figure 1.2: NHCs donate into eg orbitals.2 

 

Historically, research in homogenous catalysis has focused on second and third row 

transition metals, such as ruthenium, iridium and palladium. These metal complexes are 

relatively easy to synthesise and can be used to catalyse a broad range of 

transformations. However these metals are relatively rare and expensive as well as being 

potentially toxic.10 By contrast, first row transition metals such as iron, nickel and copper 

are abundant, inexpensive and generally more environmentally benign.11  

The first iron-NHC was reported in 1969 (1, Figure 1.3),12 though iron-NHC complexes 

have become more common relatively recently.10,11,13 The ability of NHCs to act as strong 

σ-donors combined with their versatile nature has made them useful ligands for iron 

complexes. In particular, polydentate ligands with multiple NHCs (2, Figure 1.3)14 or 

hemilabile groups such as pyridines (3, Figure 1.3)15 are popular due to their ability to 

stabilise iron complexes.10 
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Figure 1.3: Iron-NHC complexes exhibit a wide variety of geometries.12,14,15 

 

In the past two decades increasing work has been conducted using iron-NHC complexes 

as catalysts.16 The first example of an iron-NHC complex as a catalyst was reported by 

Grubbs et al in 2000 (Figure 1.4).17 The group used complex 4 to catalyse the 

polymerisation of styrene and methyl methacrylate. Other transformations using iron-

NHC catalysts include allylic alkylations, reductions, borylations and hydrosilylations.10 

 

Figure 1.4: Iron-NHC complex used as a polymerisation catalyst by Grubbs et al.17 

 

One of the areas that has seen the most publications is Kumada-type cross-couplings.10 

These reactions involve the coupling of a Grignard reagent with an alkyl halide and 

traditionally uses palladium as a catalyst. In 1971, Kochi et al used FeCl3 to catalyse this 

reaction, and in 2006 the Bedford group demonstrated that the use of NHCs as ligands 

improved the reactivity of the catalyst and the overall yield (Figure 1.5).18 

 

 



4 
 

 

Figure 1.5: Kumada coupling using an iron-NHC as the catalyst.18 

 

Copper-NHC complexes have received significant interest as catalysts since the turn of 

the millennium.19 The synthesis of triazoles from alkynes and azides is one of the best 

known ‘click’ reactions, enabling the formation of heterocycles under mild conditions via 

a [3+2] cycloaddition. Since their first use in 2002, copper(I) catalysts have become 

ubiquitous for these reactions, offering excellent selectivity for the formation of 1,4-

disubstituted [1,2,3]-triazoles.20 The Nolan group have investigated the use of NHCs as 

ligands, noting that the anion has a significant effect on the reaction with iodides 

performing much better than chlorides.21 Whilst most of the complexes gave excellent 

yields for simple reactions, adamantyl substituents were required for more challenging 

bulky substrates (Figure 1.6). This gave excellent yields with a catalyst loading of 

0.8 mol% and the authors noted that the reaction was able to proceed with loadings of 

0.05 mol%, although they did not provide a yield for this.22 

 

Figure 1.6: Copper-NHC catalysed ‘click’ reaction for the formation of triazoles.22 

 

Copper complexes have also been used in hydrosilylations, an important class of 

reactions that are used to incorporate silicon functional groups into molecules or to 

reduce organic compounds.23 Stryker’s reagent ([(Ph3P)3CuH]6) has been widely used 

for the reduction of carbonyls, however the complex is difficult to handle and is typically 

used as a stoichiometric reductant.24 The Nolan group have used NHCs to stabilise 
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copper hydrides, enabling copper catalysed reactions, obtaining excellent conversions 

for the hydrosilylation of hindered ketones (Figure 1.7). They found that ICy was the best 

ligand and they were able to obtain >90% conversions with a relatively low catalyst 

loading (3 mol%).25 

 

Figure 1.7: Copper-NHC catalysed hydrosilylation developed by the Nolan group.23 

 

Nickel(II)-NHC complexes have received considerable interest as catalyst for cross 

coupling reactions due to its position above palladium in the periodic table. Many groups 

have tried to use nickel as a substitute for palladium. Nickel offers a cheaper and more 

earth abundant alternative, however it is important to bear in mind the differences 

between nickel and palladium; nickel is harder than palladium, less electronegative and 

tends to undergo oxidative addition more easily, enabling the use of electrophiles such 

as phenol derivatives in cross-couplings which would be unsuitable for use with 

palladium.26–28 Conversely reductive elimination steps can be slower, something that can 

be addressed through the use of strong σ-donating ligands, such as NHCs. NHC ligands 

are relatively rare for nickel catalysed Suzuki reactions but they are much more popular 

for nickel catalysed Kumada couplings, with numerous examples of pincer and 

multidentate Ni-NHC complexes reported to give excellent yields for the coupling of aryl 

halides with Grignard reagents (Figure 1.8).3 

 

 

Figure 1.8: A selection of multidentate Ni-NHC complexes used to catalyse Kumada couplings.3 
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When considering the formation of a C-C bond the Suzuki reaction is often the first one 

that springs to mind, enabling the coupling of aryl halides with a boronic acid.29 One of 

the first uses of nickel to catalyse these reactions was in 1996 by the Miyaura group. 

They used nickel phosphine complexes to catalyse the coupling of aryl-chlorides with 

boronic acids.30 Up until that point palladium catalysed Suzuki reactions had been limited 

to aryl-bromides and –iodides, the work by Miyaura highlights the complementary nature 

of nickel for these reactions. The use of NHCs as ligands has taken longer to establish, 

with early efforts requiring phosphine co-ligands, long reaction times, high temperatures 

and high catalyst loadings when compared to their phosphine counterparts.3,29 NHCs 

remain an esoteric ligand for nickel catalysed Suzuki reactions, generally being used for 

challenging transformations. One such example is the coupling of aryl-fluorides and 

boronic acids, as demonstrated by Schaub et al. (Figure 1.9).31 This group demonstrated 

the use of a nickel-NHC complex as a catalyst for Suzuki reactions involving 

perfluorinated arenes. Furthermore, they found that the reaction was selective for the 

para position of functionalised perfluorinated arenes. They were able to obtain good 

yields with relatively low catalyst loadings (2 mol%) and without the need for phosphine 

co-ligands.31 

 

Figure 1.9: Nickel-NHC catalysed cross coupling of perfluorinated arenes with boronic acids.31 

 

NHCs are a popular ligand for nickel catalysed aminations.27 The first examples of these 

reactions was reported in 2001 by the Fort group.32 They produced Ni(II)-NHC 

complexes in situ from Ni(acac)2 and the imidazolium salt SIPrHCl. The coupling of aryl-

chlorides to secondary amines was performed under relatively mild conditions (Figure 

1.10),32 more forcing conditions were required for anilines and primary amines.33 Since 

then nickel catalysed C-N cross couplings have been extended to the coupling aryl 

halides, phenol derivatives, allyl halides, alkyl halides and olefins with primary, 

secondary and cyclic amines, hydrazines and anilines.27 
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Figure 1.10: Nickel catalysed C-N cross coupling using Ni-NHC complexes generated in situ.32 

 

1.1.3. Synthesis of metal-NHC complexes 

Several strategies have been developed for the synthesis of metal-NHC complexes from 

imidazolium precursors. Traditional methods involve stoichiometric amounts of base to 

deprotonate the imidazolium precursor and form the free carbene which can 

subsequently be reacted with a metal source (a, Figure 1.11).1,10 Strong bases are 

required, often sodium hydride or butyl lithium, and the reaction must be carried out 

under strict inert conditions to prevent the free carbene from reacting with oxygen or 

water. Alternatively, the imidazolium can be deprotonated in situ and the resultant 

carbene is then able to react directly with the metal source (b, Figure 1.11). This 

approach allows the use of weaker bases, such as potassium carbonate.1  

 

Figure 1.11: Common methods of generating metal-NHC complexes using a base. The carbene can be 
produced first using a strong base (a) or in situ using a weaker base (b).  

 

Nickel-NHC complexes are usually prepared by the generation of free carbenes through 

stoichiometric amounts of base and then subsequent reaction with a source of nickel.28 

These steps can be performed sequentially, isolating the free carbene, or concurrently 

with the imidazolium reduced in situ. Nickel(0) complexes can be produced by using 

Ni(COD)2 as the metal source.34 Ni(COD)2 is very air sensitive; the requirement for a 

glove box can be circumvented by using paraffin wax capsules containing Ni(COD)2 

which can be stored on the benchtop.34 Historically Ni(CO)4 was also used, however this 

should be avoided due to its exceedingly toxic nature.35 Nickel(II) complexes are 

synthesised in an analogous fashion but using nickel(II) metal sources such as NiCl2 or 

Ni(OAc)2, which are generally air stable.28 
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Basic metal precursors can be used to generate metal-NHC complexes directly. For 

example, copper-NHC complexes are often synthesised by reacting an imidazolium salt 

with Cu2O (a, Figure 1.12).36 A similar method produces silver-NHCs from Ag2O.  A 

common method of generating iron-NHC complexes employs the use of [Fe{N(SiMe3)2}2] 

(b, Figure 1.12).10,37 This reagent acts as both the base and metal source to produce 

iron(II)-NHCs and the volatile amine HN(SiMe3)2. The oily green [Fe{N(SiMe3)2}2]  is 

extremely air sensitive and must be freshly prepared, a process which includes 

purification via distillation. In addition to the handling difficulties, the use of 

[Fe{N(SiMe3)2}2]  is often associated with the production of iron(III) side products, which 

due to their paramagnetic nature, can make the analysis of Fe(II)-NHCs challenging.10 

 

Figure 1.12: a) Copper-NHC complexes can be produced using the basic metal precursor Cu2O.36 
b) [Fe{N(SiMe3)2}2] can act as the base and the metal source when synthesising iron-NHC complexes.37 

 

Another popular method of metal-NHC formation is the transmetalation from a silver-

NHC.1 The imidazolium precursor is first reacted with silver oxide to from a silver-

bis(NHC) complex. The silver complex is subsequently reacted with the metal source, 

producing the desired metal-NHC complex and silver halide as the by product (a, Figure 

1.13). The formation of the silver halide is the driving force for the transmetalation due to 

high lattice energy and its generally insoluble nature, which also allows the silver halide 

to be filtered off. The silver complexes have the advantage that they are generally air 

stable, although they are usually light sensitive. Chen et al have produced iron-NHCs 

using this method and Smith et al have transmetalated to iron from magnesium-NHC 

complexes (b, Figure 1.13).14,38 There is one example of a nickel(II)-NHC hydride 

complex being prepared via transmetallation from an indium complex (c, Figure 1.13).39 
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Figure 1.13: a) Transmetalation from silver is a common and synthetically easy way to generate metal-
NHC complexes.1 b) Magnesium-NHCs have been used to generate iron-NHCs via transmetalation.38 

c) Transmetalation from indium is an unusual method for producing nickel-NHCs.39 

 

Recently, new synthetic pathways to metal-NHCs that utilise less harsh conditions have 

been developed by Chen’s group. The group reported the use of metal powders for the 

synthesis of metal-NHC complexes, with the metal being oxidised in air (Figure 1.14).40,41 

These reactions are very slow as the metal powder must be first oxidised, and the 

presence of air can lead to oxidation of the carbene to form imidazolone by products. 

Ni-NHC complexes produced in this way have been used to produce palladium, platinum, 

cobalt and ruthenium complexes via transmetalation.42  The same group also 

demonstrated the first use of electrochemistry to make metal-NHC complexes (Section 

1.3.2).14 
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Figure 1.14: Chen et al have reported the use of metal powders to generate metal-NHC complexes for 
iron, cobalt, nickel and copper.41 

 

1.2. Flow chemistry 

1.2.1. Fundamentals of flow chemistry 

Flow chemistry is widely used in industry and has seen an increase in uptake among 

academics in the past few decades.43 One of the main advantages, particularly for 

industry, is that it is a continuous process. The reaction solution flows through a tube, as 

opposed to batch reactions which are conducted in a single vessel such as a round 

bottom flask. In batch reactors a reaction progresses over time, with the composition of 

the entire vessel changing. By contrast, a reaction in a flow reactor proceeds along the 

length of the tube (Figure 1.15).44 This means that the composition at any single point in 

the reactor remains the same, enabling reagents to be added at very specific points in a 

reaction.  

 

Figure 1.15: In flow a reaction progresses over the length of the reactor (top). In batch the reaction 
progresses over time (bottom). 

 

This is described by the idealised ‘plug flow’ model which assumes that there is a uniform 

flow rate and that mixing only occurs across the diameter of the reactor via diffusion (a, 

Figure 1.16). In reality the flow rate is not uniform in a tubular reactor, with the fastest 

flow rate in the centre of the tube and the slowest flow rate along the sides leading to a 

parabolic velocity profile (b, Figure 1.16). Diffusion also occurs longitudinally.45  The 

residence time (τ) is the average time which a molecule spends within the reactor and is 

controlled by the volume of the reactor (the length of tube) and the flow rate (Equation 

1.1). 
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Figure 1.16: a) Idealised plug flow with uniform velocity across the channel. b) Laminar flow with a 
parabolic velocity profile. 

 

𝜏 =  
𝑉

𝑉̇
 

Equation 1.1: An equation showing the relationship between residence time (τ), volume (V) and flow rate 
(V̇). 

 

Conducting chemistry under continuous conditions can have a number of advantages. 

Firstly, flow reactors have a much larger surface area to volume ratio than batch 

reactors.46 This means that heat transfer is drastically improved, something which can 

make highly exothermic reactions safer due to the increased rate of cooling which may 

be applied, this is especially true when scaling up such reactions.46 Equally, for reactions 

that require a large amount of heat, flow chemistry can be beneficial. Not only is the heat 

transfer excellent for flow reactors but reactions are usually performed under pressure, 

allowing solvents to be heated above their atmospheric boiling points. This avoids the 

use of high boiling point solvents and is easier to scale up than similar methods such as 

microwave reactors which typically operate on a small scale.47  

The ability to scale up reactions is typically the reason why industrial chemists turn to 

flow. By performing a reaction continuously the requirement for downtime between 

batches is eliminated, improving the space-time yield of a process. This is particularly 

true if multi-step reactions are telescoped together.48 In addition, continuous processes 

are useful when a reaction involves hazardous intermediates because only a small 

amount is present at any one time.49,50 

The large surface area to volume ratio can also be used to improve photo- and 

electrochemical reactions. In photochemistry the energy from photons is used to 

generate excited intermediates. In batch, one of the key challenges is getting enough 

photons into a reaction. Photons are absorbed by the reaction mixture, resulting in the 

amount of photons decreasing with the path length making photochemistry difficult to 

perform in batch at scale. Flow reactors greatly reduce the path length, thereby 

increasing the photon flux of a reaction.51 Electrochemistry will be explored in detail in 

Section 1.3.3. 
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Mass transfer is an important consideration for reactions. Lab-scale flow reactors 

typically operate with laminar flow conditions, where mass transfer is governed by 

diffusion.52 Given the narrow diameter of these types of reactors mass transfer is not 

usually a problem for homogenous reactions, and if it is then static mixers such as 

meshes or baffles can be employed.53 Efficient mixing becomes a much more pressing 

concern for multiphasic reactions, something that flow chemistry can be used to 

address.54 

Segmented or ‘slug’ flow is often used for gas-liquid and liquid-liquid reactions. A T-piece 

brings together two immiscible reaction streams (a, Figure 1.17).46 Build-up of pressure 

differences between the two streams results in a slug flow, with alternating droplets of 

each phase along the tubing. This creates a large surface area between the two phases, 

improving mass transfer between them.52 For liquid-solid reactions a packed bed reactor 

is often used. A tube or cartridge is filled with solid material, for example a heterogeneous 

catalyst, and the liquid phase is flowed through this (b, Figure 1.17).46 

 

Figure 1.17: a) Segmented flow is formed when two phases meet at a T-junction. b) Packed bed reactors 
are often used for heterogeneous catalysts. 

 

Most laboratory flow chemistry is conducted using tubular reactors (a, Figure 1.18). 

These consist of plastic or steel tubing with a typical internal diameter of 1/16” (most 

tubing diameters are sold in inches). The length of tubing may be varied and is usually 

coiled around a heat source or a lamp. Chip reactors (microreactors) are low volume flow 

reactors that have flow channels machined into a plate of steel or ceramic. In some 

instances, particularly when suspensions are involved, tubular reactors may be 

impractical. Continuous Stirred Tank Reactors (CSTRs) are well suited to multiphasic 

reactions.55 These consist of a series of batch reactors that are stirred and connected by 
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tubing (b, Figure 1.18). This gives excellent mass transfer due to the active stirring, whilst 

remaining continuous as the reaction mixture flows from one tank to the next.  

 

Figure 1.18: a) Coiled tubular reactor made from 1/16” PTFE tubing. b) One tank of a CSTR; when in use 
multiple tanks are connected in series. 

 

Although it might not be suitable for every reaction, flow chemistry is a useful tool for the 

modern synthetic chemist.54 It enables the safe handling of hazardous intermediates and 

the use of high temperatures and pressures. Although they can be more expensive and 

challenging to set up, experiments conducted in flow are often more reproducible, have 

a higher throughput and are more amiable to scaling up.46,47 The use of pumps  and inline 

analysis allows flow systems to be automated readily without the need for liquid or solid 

handling robots, enabling reactions to be optimised or for kinetics to be investigated 

autonomously.48,56,57  

1.2.2. Synthesis of organometallic species in flow 

Compared to the wealth of organic reactions performed in flow, the contributions of the 

organometallic community have been quite modest.58,59 Many organometallic complexes 

are air and moisture sensitive, making them challenging to handle. Flow chemistry has 

been used for the on demand synthesis of sensitive reagents and this approach could 

be beneficial for organometallic species, telescoping Grignard reagents or transition 

metal catalysts into reactions. 

Grignard reagents are important for Kumada cross-coupling reactions. Some common 

Grignards are available commercially, but more complex reagents need to made 

in-house through the reaction of an alkyl or aryl halide with magnesium. These reactions 

are strongly exothermic and the Grignards produced are often pyrophoric. Several 

groups have developed continuous processes for the synthesis of Grignard reagents to 

address these safety concerns.60–63 By conducting it in flow the surface area to volume 

ratio is increased, thereby increasing the rate of cooling which may be applied. 

Furthermore by producing the Grignard in flow, only a small amount of pyrophoric 
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material is present at any one time. These examples have often used in-line analysis 

which is a useful tool, especially for highly reactive species, such as Grignard reagents.  

One of the challenges with these reactions is the multiphasic nature of them. The Ley 

group addressed this by using solutions of commercially available Grignards and 

combining them with aryl halides in a flow reactor, thereby transferring the magnesium 

from the commercial Grignard into the aryl halide of interest (Figure 1.19 a). This was 

monitored using in-line IR spectroscopy.60 Deng et al used a similar method for the 

synthesis of ethynyl-MgBr. To produce this Grignard they reacted commercial EtMgBr 

with acetylene in a falling film microreactor (Figure 1.19 b). EtMgBr enters at the top of 

the reactor and ‘falls’ to the bottom of the reactor whilst acetylene is added at the bottom 

of the reactor and bubbles up the reactor to a gas vent.62 This provides excellent, and 

consistent, gas-liquid contact. Although useful for the controlled synthesis of less 

common Grignards by transfer of magnesium between species, neither of these 

examples address the issue of making Grignards in the first place. 

 

Figure 1.19: Synthesis by transferring magnesium from commercial Grignard reagents.60,62 

 

In 2016 two groups reported the synthesis of Grignards from magnesium and aryl 

halides.61,63 Kopach et al, from Eli Lilly, used continuous stirred tank reactors (CSTRs) 

to produce Grignard reagents (a, Figure 1.20). These reactors were intermittently 

charged with magnesium and used a series of settling pipes and traps to prevent 

magnesium particulates from entering downstream processes. An in situ IR probe was 

used to monitor the formation of Grignard species.61 Goldbach et al used a fluidised bed 

reactor of magnesium to produce Grignard reagents which were monitored using in-line 
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NMR spectroscopy (b, Figure 1.20). This reactor was charged with magnesium and 

placed vertically and solvent pumped upwards at a sufficient velocity to prevent the 

particles settling, providing superior mass and heat transfer to a packed bed reactor.63 

 

Figure 1.20: The synthesis of Grignard reagents in CSTRs (a) and fluidised bed reactors (b).61,63 

 

The McQuade group described the first example of copper-NHC synthesis in flow.64 They 

flowed solutions of imidazoliums through a pack bed reactor of Cu2O, producing a range 

of copper-NHC complexes, many of which are challenging to make in batch (Figure 

1.21). The Cu2O required a solid diluent and the group found that molecular sieves 

slightly improved the yield, presumably because they also removed any water in the 

system. Of interest was their use of an ion exchange column to change the counter ion 

of imidazoliums salts. Sometimes the synthetic path to a ligand limits the choice of 

counter ion and the use of an ion exchange column to circumvent this issue could be 

useful.  One of the key drawbacks was the lack of long term stability, the reactor was 

only capable of producing 2.5 mmol of complex, limiting its use as a catalyst dispensing 

system for platforms that operate continuously.64  
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Figure 1.21: Synthesis of copper(I)-NHCs using a packed bed reactor.64 

 

Cr(CO)3 piano-stool complexes are of interest because the Cr(CO)3 group enables the 

facile nucleophilic substitution of an arene. These type of complexes can be very 

challenging to make due to the high temperatures required, taking several days when 

heated in an open vessel and presenting a significant hazard when performed under 

pressure. In fact Leadbeater noted that “in our hands, the synthesis of (arene)Cr(CO)3 

complexes using this sealed vessel approach has been met with vessel failure more 

times than it has been successful”.65 The Leadbeater group used flow chemistry to heat 

their Cr(CO)6 in the presences of arenes to generate piano-stool complexes. By using 

stainless steel tubing and a 500 psi back pressure regulator they were able to conduct 

their reaction at 220 °C and obtain isolated yields of 71% (Figure 1.22). Despite the high 

temperatures and pressures this offers a much safer path to these complexes than 

conventional methods.65 

 

Figure 1.22: The synthesis of tricarbonyl chromium piano stool complexes in flow is much safer.65 

 

The Renaud group turned to flow chemistry to reduce the reaction time for the synthesis 

of Fe piano-stool complexes.66 They used Fe(Cp)(naphthalene) as a starting material, 

displacing the naphthalene with a bisphosphine ligand and a coordinating acetonitrile. In 

some instances a precipitate was observed and this was removed through the use of an 

alumina column (Figure 1.23). The authors noted that the continuous production of iron 

complex would be of interest for catalysis, but they did not attempt to run the reaction for 

an extended period of time.66 The alumina column presented no problem for them, but 
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during prolonged use it could become blocked or increase the pressure sufficiently for 

the pumps to stall. 

 

Figure 1.23: Synthesis of iron piano-stool complexes in flow.66 

 

RuCp(MeCN)3PF6 is usually prepared from ruthenium sandwich complexes via 

photolysis on a small scale. The Jamison group wanted to produce this complex on a 

gram scale for catalytic studies and turned to flow to address the issue of light 

transmittance (Figure 1.24).67 The larger surface area to volume ratio of flow reactors 

mean that, when the tubing is transparent, a higher and more even photon flux can be 

achieved. The group were able to get full conversion to RuCp(MeCN)3PF6 and improve 

the throughput from 0.158 g h-1 in batch to 1.56 g h-1 in flow. 

 

Figure 1.24: Photochemical synthesis of RuCp(MeCN)3PF6 on a gram scale.67 

 

1.3. Electrochemistry 

1.3.1. Fundamentals of electrochemistry 

Electrochemistry is predominantly used in organic synthesis as a means of oxidising or 

reducing compounds without the use of harsh reagents. Electrochemistry offers an atom 

efficient means of performing these transformations.49,68 In its simplest form an 

electrochemical set up requires only a power supply and two electrodes which are placed 

in a solution containing an electrolyte to transport the charge (Figure 1.25). Oxidation 

can occur at the positive electrode (the anode) and reduction can occur at the negative 

electrode (the cathode). The working electrode refers to the electrode where the reaction 
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of interest is taking place, whilst the other electrode is often called the counter 

electrode.69 A reaction always occurs at the counter electrode to enable the transfer of 

charge, and is usually the electrolysis of solvent. The reactions are heterogeneous as 

they take place on the surface of the electrode, therefore one of the key limitations is the 

surface area of the electrode.49 Consequently good mass transfer is important, to bring 

the reactant into contact with the electrode and enable the product to move away from 

the electrode and into the bulk solution. 

 

Figure 1.25: A simple electrochemical setup, oxidation occurs at the anode and reduction at the cathode. 
An electrolyte solution enables the transfer of charge. 

 

At the surface of the electrode is an electrochemical double layer, sometimes called a 

Helmholtz layer, formed from a charged electrode and the species of opposite polarity 

forming a layer next to the electrode.70 For example anions would form a layer of negative 

charge at the surface of the positively charged anode. Further away from the electrode 

a diffuse layer is found where the concentration of anions decreases, along with the 

potential, until the bulk solution is reached (Figure 1.26).71,72 
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Figure 1.26: A layer of anions forms on the surface of the anode with the concentration of anions and the 
potential decreasing with the distance from the electrode. 

 

Electrochemical vessels are referred to as cells and can be undivided or divided. 

Undivided cells are the simplest and are best used when the reaction at the counter 

electrode does not affect the reaction of interest. The simplest reaction involves the direct 

oxidation or reduction of one of the reagents at one electrode and solvent degradation 

at the opposite electrode.70,73 Electrocatalysed reactions use a mediator to transfer 

electrons from the electrode to the reagents.70,73 This usually lowers the overpotential 

(the potential applied that is above the amount required theoretically),74 which can be 

useful if the reagents reduction potential falls outside of the solvent’s electrochemical 

window. Furthermore, the homogenous nature of the mediators comes with the benefits 

of homogenous catalysis, such as selectivity. 

In some instances two reactions of interest can be paired, with one occurring at the 

anode and the other at the cathode.49,70,75 This avoids the problem of undesirable 

reactions and increases the faradaic efficiency (the proportion of electrons that take part 

in the desired reaction) as both electrodes are working electrodes. The two products may 

then react with one another to form a final product. An example of this is the synthesis 

of metal-NHC complexes. This is a slightly unusual situation as the anode is not only 

sacrificial, but also one of the reagents. It provides a simple synthetic route to metal-NHC 

complexes especially as the imidazolium salt also acts as the electrolyte.14 Domino-

oxidation-reduction reactions work with a similar principle, with both electrodes acting as 

working electrodes. Here a single reagent is oxidised and subsequently reduced (or vice 

versa).70  
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Where an undesirable reaction at the counter electrode cannot be avoided the cell can 

be divided by an ion exchange membrane, allowing small ions (such as H+) to transfer 

charge across the cell, but separating the two reactions from each other (Figure 1.27).69 

Divided cells are usually more expensive and typically require very high concentrations 

of electrolyte. This is because of the large distances between the electrodes and the 

presence of the membrane which greatly increases the resistance of the cell. 

 

Figure 1.27: Schematic and photograph of a divided cell, with an ion exchange membrane separating the 
two chambers. 

1.3.2. Electrochemical synthesis of metal complexes 

The electrochemical synthesis of metal complexes is generally regarded as a niche 

technique, however it was used throughout much of the 70s, 80s and 90s by a number 

of groups.76–82 Between them a plethora of complexes were produced, with metals from 

the entire first row (except scandium), half the second row, and a few examples from the 

third row, f-block and groups 13 and 14 (Figure 1.28).83–86 The first contemporary 

examples of the electrochemical synthesis of metal complexes was in 1975, with work 

from Eisenbach, Lehmkukl and Tuck focused on halide and alkoxide ligands.87–89 The 

Tuck group went on to be the main proponent of electrochemical synthesis, extending 

the scope of metals and ligands and using it to produce anionic, cationic and neutral 

complexes.89–91 
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Figure 1.28: Scope of metal complexes produced electrochemically, the majority by Tuck et al. 

 

A wide range of ligands can be generated from LH ligand precursors (Figure 1.29, b). 

This has included alkoxides,87 acacs,92 carboxylates,93 phosphides,94 thiols,95 amines,96 

catechols,97 salens98 and NHCs.14,99 The reaction proceeds via the cathodic reduction of 

the ligand precursor, generating the ligand and hydrogen gas as a by-product. This 

occurs simultaneously with the oxidation of a sacrificial anode, producing metal ions in 

solution. The ligands are then able to coordinate to the metal ions (Figure 1.29, a).79,80 

 

Figure 1.29: a) General scheme for the electrochemical synthesis of metal complexes. b) A selection of 
mono- and bi-dentate ligands produced via the cathodic reduction of LH ligand precursors.  
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NHCs are a relatively recent addition to this methodology. The Chen group first explored 

the electrochemical synthesis of metal-NHC complexes in 2011, producing a series of 

copper(I), iron(II) and nickel(II) complexes (Figure 1.30, a).14 This group used a platinum 

cathode to reduce the imidazoluim (which also acts as the electrolyte), forming a 

carbene. Metal ions were then produced at a sacrificial anode. The Willans group have 

extended this to copper(I) complexes with bulky ligands and demonstrated that mono- 

or bis-NHC complexes may be produced selectively depending on the anion (Figure 

1.30, b).99 The use of coordinating anions such as halides results in the synthesis of 

mono-NHC complexes, while non-coordinating anions, such as PF6
-, result in bis-NHC 

complexes. This method has advantages over traditional methods of metal-NHC 

synthesis; the use of expensive or air sensitive reagents is avoided, it is much more atom 

economical and is performed at room temperature in the absence of a base, allowing 

base sensitive groups to be tolerated. 

 

Figure 1.30: a) Metal-NHC complexes produced by the Chen group.14 b) Cations were used by the 
Willans group to selectively form mono- or bis-NHC complexes. They were also able to produce 

complexes with base sensitive substituents, such as esters.100  

 

This broad strategy has enabled the synthesis of a range of complexes, including those 

featuring multidentate ligands.82,96,98 Other, non-reducible, ligands may also be added to 

the reaction to help stabilise complexes.82,101 Generally the complex formed is in the 

lowest oxidation state for that metal, which allows the facile synthesis of low-oxidation 

state complexes, something that can be challenging using chemical methods.76,77,79,82 
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Further oxidation of metal centres usually occurs in solution by reaction with oxygen.82 

For example, Chapman et al were able to produce Fe(III) or Fe(II) salen complexes 

selectively by conducting the reaction in air or under inert conditions respectively (Figure 

1.31), something that they extended to Mn(II) and Mn(IV) complexes.98 There are a few 

examples of further electrochemical oxidation.102,103 

 

Figure 1.31: Fe(III) or Fe(II) may be formed selectively by performing the reaction in air or under inert 
conditions.98 

 

These reactions are usually performed in an undivided batch reactor, often using 

acetonitrile as the solvent.80 Acetonitrile has a broad electrochemical window and helps 

to stabilise many complexes. In principle any metal electrode may be used as the 

sacrificial anode, with the choice of electrode specifying which metal is in the complex. 

In practice the choice is limited by the material properties (and cost) of the metal in 

question. Here a rudimentary knowledge of redox potentials can be beneficial. For 

example, pure manganese is very brittle, making it unsuitable as an electrode. However 

it may be alloyed with nickel to produce a more suitable material. Manganese has a more 

negative reduction potential (-1.185 V, compared to -0.257 V for nickel)104 indicating that 

it is easier to oxidise than nickel and Mn(II) ions will be generated preferentially. This was 

exploited by Chapman et al, who used manganese-nickel alloy electrodes to produce 

Mn(II)-salen complexes with no evidence of nickel impurities.98 Similarly, in the course 

of this thesis chromium impurities have been observed when using stainless steel 

anodes. This can be avoided through the use of pure iron electrodes. 

The reaction conditions are generally mild, being conducted at room temperature, and it 

is unusual to observe by products.77 Often products precipitate and if not diethyl ether 

will usually trigger precipitation, enabling simple work ups.77 This is particularly important 

when supporting electrolytes are used as electrolytes are often removed via extraction 



24 
 

with water. Many low-oxidation state metal complexes are very air and moisture 

sensitive, making aqueous washes impractical. In the past perchlorate salts were often 

used as an electrolyte, these are usually avoided due to the explosive hazards 

associated with their use.82  

Despite the broad scope of electrochemistry to produce metal complexes it has not been 

widely adopted. Perhaps this is because it is primarily confined to the first row and during 

the late 20th century most homogenous catalysis was performed with second and third 

row metals. However, as the synthetic community pivots towards first row transition 

metals for catalysis, electrochemistry may become more popular for the synthesis of 

these complexes, especially if it is able to produce such complexes on demand; allowing 

catalysts to be dispensed into reactions directly. 

1.3.3. Electrochemistry in flow 

There are numerous examples of groups using electrochemistry in flow and it has several 

advantages over conventional electrochemistry.105–107 The inter-electrode distance is 

much smaller, leading to less resistance which can remove the need for a supporting 

electrolyte and thus simplify the work up and improving the atom economy.43,49,68,108  

The majority of electrochemical flow reactors used for synthesis follow the same basic 

design principles, two plate electrodes held apart by an insulating material with a flow 

channel cut into it (Figure 1.32). The specific details might vary; some are designed to 

be used with recirculating flow,109 others for single pass reactions,110 some allow 

reactions to be performed in parallel111 and some are modular allowing the volume to be 

changed.112  

 

Figure 1.32: Longitudinal (left) and transverse (right) cross sections of electrochemical flow reactors. 

 

Most electrochemical flow reactors are dominated by laminar flow. The Atobe group took 

advantage of laminar flow for the electrolysis of N-(methoxycarbonyl)pyrrolidine.113 Their 

reactor had two inlets, resulting in parallel flows. The pyrrolidine is oxidised at the anode, 

forming a cation which migrates to the cathodic side of the flow channel where it reacts 

with an alkene to form the product. The parallel laminar flow prevents the oxidation of 

the alkene, because its movement across the flow channel is governed by diffusion. By 
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contrast the cation migrates across the channel more quickly as a result of electrostatic 

forces.113 

 

Figure 1.33: The Atobe group exploited laminar flow to avoid the unwanted oxidation of reagents.113 

 

Scaling up electrochemical processes in batch is challenging because as the distance 

between electrodes increases, so too does the potential required. This can cause 

selectivity issues and result in solvent degradation. Consequently flow chemistry is 

widely used in industry to scale up electrochemical reactions.108 In 2019 the Baran group 

demonstrated a modular electrochemical flow reactor that was able to scale up a Birch 

reaction to a 100 g scale using magnesium anodes and stainless steel cathodes (Figure 

1.34).114 

 

Figure 1.34: Electrochemical birch reactor and the 100 g scale reactor fabricated by the Baran group.114 
Reproduced with permission from AAAS. 
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The Wirth group have used electrochemistry to generate hypervalent iodine reagents.115 

These compounds are useful for selective oxidations, however they can be unstable and 

quickly decompose. Furthermore their chemical synthesis requires stoichiometric 

amounts of chemical oxidants. The Wirth group were able to produce these reagents 

electrochemically using a flow reactor with platinum and graphite electrodes from 

iodobenzene and fluorinated solvents. The hypervalent iodine species were then 

telescoped into a coiled reactor to act as oxidants for a range of substrates (Figure 

1.35).115  

 

Figure 1.35: The Wirth group generated hypervalent iodine compounds electrochemically and telescoped 
these into another reaction to act as oxidising agents.115 

 

The Willans group are the only group to have synthesised organometallic compounds 

electrochemically in flow (Figure 1.36).112 The group have synthesised a range of copper-

NHC complexes and used the synthesis of Cu(IMes)Cl as a model reaction. The 

imidazolium precursor was pumped through the reactor whilst a constant potential of 

1.94 V was applied. Cu(IMes)Cl was formed with a yield of 94% in a single pass and no 

bis-NHC complex was observed. A variety of copper-NHC complexes were synthesised, 

including some with base sensitive N-substituents (Figure 1.37).112  
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Figure 1.36: The Willans 2nd generation reactor featured a stacked electrode design and was able to 
produce Cu(IMes)Cl in 94 %.19 Reproduced with permission from the Royal Scociety of Chemistry 

 

Figure 1.37: A range of complexes could be synthesised electrochemically in flow using the 2nd generation 
Willans reactor.112 
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1.4. Summary and Aims 

Electrochemistry is currently experiencing a revival and offers a green method for 

performing oxidations and reductions, avoiding the use of harsh reagents. It allows the 

atom efficient synthesis of organometallic compounds, in particular the relatively straight 

forward synthesis of NHC complexes with first row transition metals, avoiding difficult to 

handle reagents such as Fe[N(SiMe3)2]2.  

Metal-NHC complexes are widely used as catalysts and there has been a desire to move 

towards first row metals due to their relative abundance and potential for lower toxicity 

when compared to second and third row elements such as platinum and ruthenium. 

However, many first row metal complexes are synthetically challenging to produce using 

traditional chemical methodologies. Electrochemistry has the potential to offer a simpler 

synthetic route to these new catalysts, increasing their accessibility and hopefully their 

use. Due to the sensitivity of many organometallic complexes it is necessary to conduct 

these electrochemical reactions under inert conditions. One aspect of this project is the 

design and utilisation of a simple and flexible batch reactor for air sensitive 

electrochemistry, with the aim of making such reactions cheaper and easier for the non-

expert to perform. 

Many first row complexes which are used in catalysis are difficult to handle and store, 

presenting a barrier to their adoption. The Willans group have previously demonstrated 

that copper-NHC complexes can be produced on demand through the use of an 

electrochemical flow reactor, allowing catalysts to be dispensed directly into reactions.112 

Part of this project examines the effects of mass transfer within a miniaturised version of 

the previous electrochemical flow reactor and how the mass transfer can be manipulated 

to improve the performance of the reactor. 

A significant portion of this work looks at extending the studies conducted by the Willans 

group to other metals such as nickel, enabling the synthesis of nickel-NHC complexes 

electrochemically. These complexes have received considerable interest as catalysts for 

cross couplings and consequently the ability to telescope such complexes into reactions 

would be of considerable interest.  
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2. Electrochemistry in batch 

Within our group we are focussed on the synthesis of metal complexes for catalytic and 

biomedical applications, and have found that many of these can be prepared efficiently 

using electrochemical synthetic techniques. However, due to the air sensitive nature of 

some of this chemistry it is desirable to have a batch reactor to enable electrochemistry 

under inert conditions, whilst remaining standardised and highly versatile. This chapter 

describes the development and production of such a reactor, which has been used to 

perform organic and inorganic transformations, as well as analytical electrochemistry. 

This has been enabled through a flexible and well defined design. The reactor is based 

upon a commercially available vial with an adapted lid and features a fixed interelectrode 

distance which is crucial for reproducibility, along with the ability to accommodate a 

variety of interchangeable electrode materials making it suitable for a range of 

applications. 

2.1. Design of a flexible batch reactor for electrochemistry 

2.1.1. Existing batch reactors 

During the last decade synthetic electrochemistry has received renewed interest as an 

enabling technology that typically provides a mild and atom efficient method for 

performing chemical transformations.69,108,116–121 This well-understood redox mode of 

activation, coupled with broad applicability has resulted in the development of a raft of 

new methodologies in organic synthesis.69,116,119 Although it has been exploited to a 

lesser degree, electrochemistry can offer a simple route to inorganic and organometallic 

complexes, in particular complexes featuring metal centres with low oxidation 

states.77,79,82,122 In these instances, the ligand precursor is reduced at the cathode and a 

sacrificial anode is oxidised to release a metal ion which can then coordinate to the 

ligand. Recently, this methodology has been extended to the preparation of complexes 

featuring N-heterocyclic carbenes (NHCs) as ligands, offering a synthetic pathway to 

complexes featuring ligands that have base sensitive groups incorporated within 

them.14,98,99,112 Whilst many of the benefits of electrosynthesis have been realised in 

these new synthetic strategies, there remains a bottleneck to widespread adoption. One 

reason for this impediment derives from a lack of simple, well defined and reproducible 

setups.123–126 

There are numerous examples of homemade electrochemical reactors, incorporating 

both divided and non-divided cells.125–128 Although this has allowed the development of 

efficient methodologies, reproducibility remains an issue, especially when transferring 

experimental procedures between laboratories.49 Three-necked round bottom flasks 
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have been used in many laboratories, including the Willans group,99 with the central neck 

connecting the flask to a Schlenk line and the outer two necks each having a suba-seal 

fitted (Figure 2.1). A wire passed through each suba-seal connects the electrodes to a 

power supply. Although this proved an effective set up, one of the key limitations was an 

inability to precisely adjust the distance between the electrodes and the depth of 

electrode in solution, these parameters typically have a significant effect on reaction 

outcome.129 Consequently any results using this method are less reproducible because 

the resistance and current density varies between experiments. 

More recently, several commercial reactors have been developed which provide a 

constant interelectrode distance,130 however a common issue with these reactors is the 

inability to perform transformations under inert atmospheres or the flexibility to adapt 

them to different reaction set ups. Arguably the most common commercial reactor is the 

Electrasyn 2.0;130 a batch reactor produced by IKA in collaboration with the Baran group. 

The reactor keeps the distance between electrodes constant, however the reactor cannot 

be connected to a Schlenk line (Figure 2.1).  

Figure 2.1: Electrochemistry under inert conditions in a three necked flask connected to a Schlenk line 
(left) and the IKA ElectraSyn 2 (right). 

 

Currently the electrosynthesis community has limited access to standardised, flexible 

and affordable electrochemical batch reactors.123 Herein, the design and development of 

a simple, yet highly versatile batch reactor (the bottle reactor) is reported. This reactor 

has been used for the synthesis of air sensitive organometallic and inorganic complexes, 

as well as for the fast optimisation of an organic transformation. Cyclic voltammetry has 

also been performed in the reactor, showcasing the versatility of the set up. It is hoped 

that this reactor will increase the accessibility of  electrochemistry by providing an 

inexpensive reactor. 
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2.1.2. Requirements for an electrochemical batch reactor 

The ideal electrochemical batch reactor should fulfil several requirements: 

 Fixed distance between electrodes to ensure reproducible resistance and 

current density in the reaction.  

 Accommodate a broad range of electrode materials, thereby increasing the 

flexibility of the reactor and the range of reactions it can be used for. 

 Be easily connected to a range of power supplies using readily available 

connectors to enable synthesis using a simple power supply or cyclic 

voltammetry with a potentiostat. 

 The ability to attach to a Schlenk line so that it may be placed under vacuum and 

an inert atmosphere to enable air sensitive intermediates and products to be 

synthesised. 

 Ports for adding and removing solutions, and with the ability to carry out in situ 

analysis. 

2.1.3. The bottle reactor 

In collaboration with Professor Nikil Kapur (School of Mechanical Engineering), an 

electrochemical batch reactor was designed (Figure 2.2). The vessel is based upon 

commercially available vials with an adapted lid. The lid features a commercial cap with 

a hole cut in it and a polytetrafluoroethylene (PTFE) insert. PTFE was chosen because 

it is exceedingly resistant to chemicals and deforms easily when subject to 

compression,131,132 enabling seals to be created without the use of o-rings. The PTFE 

insert has an extrusion which overlaps with the rim of the vial, such that when the cap is 

screwed into place a tight seal is created between the vial and the PTFE.  

The PTFE insert has four holes machined into it; two have a ¼-28 thread added to them 

to make two ports allowing standard fittings to be screwed into the lid. This enables the 

reactor to be attached to a Schlenk line through one of the ports via a short piece of 

tubing with a Luer fitting on the other end. The other port can be fitted with a blank fitting 

which can be removed to allow the addition of solvents or the removal of samples. The 

solution can also be removed from the bottle reactor using a cannula made from tubing 

and a ¼-28 fitting. Alternatively, one of the ports can be used to insert a silver wire to act 

as a pseudo reference electrode and also allows the possibility of in situ analysis, such 

as IR or UV-vis, if a probe is inserted through one of the ports (Figure 2.3). 
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Figure 2.2: The design of the bottle reactor – a batch reactor for electrochemistry in an undivided cell. 

 

The remaining two holes have a cone shape machined into them and complementary 

stainless steel electrode contacts were fashioned (Figure 2.2); when screwed into place 

the stainless steel is pulled up and into the PTFE. PTFE is a very soft plastic and is able 

to deform easily around the conical electrode contacts to create a good seal.131 The top 

of the steel contacts are joined to cables that can be connected to a power supply. 

Grooves were made in the  PTFE to allow electrodes to be placed in contact with the 

stainless steel contacts. A small grub screw in the wall of each groove can be tightened 

to hold the electrodes in place, thereby allowing electrodes up to 5 mm thick to be used, 

whilst maintaining a 4 mm interelectrode distance (Figure 2.3). This facilitates the use of 

a wide array of electrodes including strips of metal or carbon, as well as commercial 

electrodes. Foils or wires of expensive materials, such as gold or platinum, can be 

supported on strips of PTFE (Figure 2.3); allowing maximum use of the material whilst 

maintaining structural integrity and avoiding the use of plated electrodes which, 

depending on their design, can become unusable after scratching or chipping of the 

surface and are therefore unsuitable as sacrificial anodes. The first thread insert used to 

hold the grub screw worked initially, but after repeated use was found to twist out of the 

PTFE. This thread was subsequently replaced with a larger insert to improve the 

robustness of the reactor. 
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Figure 2.3: The bottle reactor lid, including a broad range of electrodes that can be accommodated. 

 

The ability to maintain a reproducible and constant interelectrode gap, whilst ensuring 

high flexibility of electrode materials, was of great importance during the design process. 

The distance between the electrodes remains constant to increase reproducibility of 

reactions, whilst allowing a broad range of electrode materials, with an assortment of 

shapes, thicknesses and lengths to be accommodated. Furthermore, the electrodes are 

able to connect to a range of commercially available power supply units using simple, 

readily available connectors to permit use of the reactor with a simple power supply unit 

or a potentiostat. 

2.1.4. A more robust design for commercialisation 

One of the key drawbacks of the PTFE bottle reactor was the tendency for the thread 

insert holding the grub screws to twist out of the PTFE head piece. The initial thread 

insert was replaced with an insert that had a larger surface area. Although this was 

effective in extending the working lifespan of the reactor, the setup remained 

troublesome and required regular tweaking and maintenance. Asynt had expressed an 

interest in commercialising the bottle reactor and it was decided that a more robust 

reactor that demanded less maintenance would be needed for commercialisation. 

It was anticipated that a harder plastic would reduce the incidence of threads twisting out 

of the insert. Polyether ether ketone (PEEK) is almost as chemically inert as PTFE and 

is much harder and therefore easier to machine.133 However, the PTFE bottle reactor 

relied upon how easy it is to deform PTFE to create a good seal around the stainless 

steel contacts and the rim of the vial. PEEK requires much larger forces to deform and 
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consequently the PEEK insert was designed to use o-rings to provide the seal (Figure 

2.4). The stainless steel contacts, and the holes which they are inserted into, were 

altered to have a flat shape as opposed to conical. This allows an o-ring to sit in-between 

the electrode contact and the headpiece to create a seal. It was anticipated that the 

o-rings were semi-consumables that needed to be replaced periodically. It was 

anticipated that the PEEK insert would be significantly more robust as it is more simple 

to replace an o-ring than a thread insert. 

 

Figure 2.4: Cross section of the PEEK head piece which uses flat stainless steel electrode contacts and 
o-rings to create a seal. 

 

2.2. Synthesis of ligand precursors 

To test the PTFE bottle reactor, a range of metal complexes were synthesised from a 

range of ligand precursors with different functional groups (Figure 2.5). Metal complexes 

have been electrochemically synthesised previously from these ligand precursors and, 

as such, they were chosen to evaluate the efficacy of the bottle reactor and to allow a 

direct comparison to previously reported results.14,98,99,112,134 Copper electrodes were to 

be used with L1 to L5. L1 and L2 were chosen as 1,3-bis(2,4,6-trimethylphenyl)imidazol-

2-ylidene (IMes) is a common ligand for metal-NHC complexes, with L1 being expected 

to produce the mono-NHC copper(I) complex and L2 the cationic bis-NHC copper(I) 

complex due to the non-coordinating nature of the hexafluorophosphate anion.99 L3 and 

L4 feature base sensitive groups (ester and allyl respectively) and would be unsuitable 

as ligand precursors if traditional methods of metal-NHC synthesis, involving the use of 

strong base, were used.99,112 These ligand precursors were chosen to highlight the 

advantages and complementary nature of the electrochemical methodology. The 

macrocyclic ligand precursor L5 was selected as a more challenging ligand, whilst L6 

and L7 were prepared for the use with iron electrodes. The use of L7 to form iron-salen 

complexes has been reported before,98 whilst it was expected that L6 could be used to 

make a coordinatively saturated iron(II)-bis(NHC) complex. 
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Figure 2.5: Ligand precursors to test the bottle reactor. 

 

2.2.1. IMesHX ligand precursors (L1 and L2) 

The diimine precursor (P1) was prepared using an adapted literature procedure, by 

reacting 2,4,6-trimethylaniline and glyoxal in the presence of an acid catalyst.112 P1 was 

then used to synthesise L1 via a condensation reaction with paraformaldehyde in 

anhydrous toluene on a multi-gram scale. A portion of L1 was used to produce L2 

through an anion exchange with NH4PF6 (Scheme 2.1).112  
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Scheme 2.1: Synthesis of L1 and L2 via condensation and anion exchange, with yields. 

 

All of the ligands were characterised using high resolution mass spectrometry (HRMS), 

proton nuclear magnetic resonance spectroscopy (1H NMR) and proton decoupled 

carbon nuclear magnetic resonance spectroscopy (13C{1H} NMR). HRMS was used to 

confirm the molecular weight of the cationic fragment of the imidazolium salts, whilst the 

1H and 13C{1H} NMR spectra were compared to literature data.98,99,112 NHC precursors 

feature a distinctive singlet between 8.5 and 11 ppm in their 1H NMR spectra, 

corresponding to the C2 proton. In instances where the imidazolium has a halide counter 

ion, the singlet can be found further downfield within this range due to a H-bonding 

interaction between the C2 proton and the halide.135 By contrast, the C2 proton (proton 

‘a’, Figure 2.6) in imidazoliums with non-coordinating anions is less de-shielded and is 

observed to be less downfield. For example, the C2 proton in L1 is observed at 10.70 

ppm, whilst in L2 it is found at 8.70 ppm, providing a useful way to determine if an anion 

exchange reaction has been successful (Figure 2.6). 
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Figure 2.6: 1H NMR spectra of L1 (blue trace, CDCl3, 300 MHz) and L2 (red trace, CD3CN, 400 MHz) 
showing significant deshielding of the NCHN proton when the counter ion is a halide. 

 

2.2.2. Other ligand precursors 

L3 was prepared by the reaction of N-methylimidazole with tert-butyl chloroacetate in a 

neat reaction (Scheme 2.2, a). Due to the extremely hygroscopic nature of L3 it was 

recrystallised under anhydrous conditions and stored in the glove box. L4 was prepared 

by Dr Benjamin Lake, a previous member of the Willans group. 

L5 was synthesised by initially heating 1,3-bis(bromomethyl)benzene to reflux with a 

large excess of imidazole. The resultant intermediate (P5.1) was added slowly to a 

solution of 1,3-bis(bromomethyl)benzene to produce the cyclophane with bromide 

anions (P5.2). An anion exchange delivered L5 (Scheme 2.2, b). 

L6 was synthesised by heating imidazole with two equivalents of 2-bromomethylpyridine 

in the presence of potassium carbonate to give the imidazolium bromide salt that 

underwent an anion exchange to yield L6 (Scheme 2.2, c). L7 was prepared through the 

condensation of salicylaldehyde with ethylenediamine (Scheme 2.2, d). 
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Scheme 2.2: Synthesis of L3, L5, L6 and L7 with yields. 

 

2.2.3. Cyclic voltammetry 

Cyclic voltammetry is a common technique within inorganic chemistry that is used to 

examine the redox potentials of species.136 When a species is reduced, an electron is 

transferred into its lowest unoccupied molecular orbital (LUMO). If done chemically the 

electron originates from the highest occupied molecular orbital (HOMO) of the reducing 

agent; whether the reaction occurs depends upon the energy difference between these 

two orbitals. The HOMO of the reducing agent must be higher than the LUMO of the 
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species being reduced for the reaction to be thermodynamically favourable and proceed 

(Figure 2.7, a). 

An analogous process occurs when reductions are conducted electrochemically. An 

electron is transferred from the electrode material to the species being reduced. The 

electron from the electrode must have sufficient energy to be higher than the LUMO of 

the species being reduced and the energy of this electron is determined by the potential 

applied to the cell.137 When the potential is sufficiently high, so that an electron from the 

electrode is higher in energy than the LUMO of the species being reduced, an electron 

is transferred to that species and consequently a current can be observed (Figure 2.7, 

b). This phenomenon can be used analytically to obtain information on the potential 

required to oxidise or reduce chemical species. It is from this that the term reduction 

potential is obtained, which is simply the potential which must be applied for a species 

to be reduced. The reduction potential can give mechanistic insights to chemical systems 

as well as helping to understand electrochemical systems.136 

 

Figure 2.7: a) In a chemical reduction an electron is transferred from the HOMO of the reducing agent into 
the LUMO of the reductant. b) For electrochemical reductions the energy of the electrons in the electrode 
can be increased by increasing the applied potential, which then allows the electron to be transferred into 

the LUMO of the reductant. 

 

The reduction potential of a species can be measured using cyclic voltammetry. When 

conducting these experiments three electrodes are used; typically a glassy carbon 

working electrode, a platinum counter electrode and a reference electrode.137 An argon 

saturated electrolyte solution, in which the analyte is dissolved, is subject to repeated 

cycles between two potentials using a triangular waveform, for example from -2.5 V to 

+2.5 V and back to -2.5V. In a reversible process, such as the reduction of Fc+ to Fc and 

the subsequent oxidation of Fc to Fc+, a ‘duck’ shaped voltammogram is obtained with 

the redox potential, or E0, being the potential half way between the two peaks (Figure 

2.8).138 
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The ‘duck’ shape originates from a combination of the Nernst equation and mass 

transfer. It is important to note that the solution is not stirred. During a cyclic voltammetry 

experiment the potential is decreased and an increase in the current is observed once 

the potential is sufficient to transfer an electron to the oxidised form of the analyte, for 

example reducing Fc+ to Fc. A more negative potential increases the rate of electron 

transfer and therefore the current. Simultaneously the concentration of Fc+ near the 

surface of the electrode decreases as the Fc+ is reduced to Fc, creating a diffusion layer 

of Fc near the electrode surface, thereby limiting the amount of Fc+ which can diffuse 

towards the electrode and leading to the current dropping.139 This diffusion limited current 

gives a CV its ‘duck’ shape. The opposite is true when the potential is reversed, with the 

initial concentration of Fc near the electrode being high and then decreasing as it is 

oxidised back to Fc+, leading to a symmetrical curve in the reverse direction (Figure 

2.8).136,138  

 

Figure 2.8: Voltammograms for analytes that can be reduced reversibly feature two symmetrical peaks 
with the reduction potential (E0) being halfway between the two peaks. 

 

Cyclic voltammetry using the bottle reactor was conducted to examine the reduction 

potentials of the ligand precursors L1-5. Each ligand precursor was dissolved in an 

electrolyte solution and ferrocene was used as an internal standard. A silver wire was 

inserted into the bottle reactor through one of the ports to act as a pseudo-reference 

electrode so that the applied potential can be accurately measured, whilst the other port 

was used to bubble argon through the solution. 

All of the ligand precursors featured an irreversible reduction between -2.2 and -2.9 V 

versus ferrocene (Graph 2.1 and Table 2.1), corresponding to the reduction of the ligand 

precursor. The reduction potentials for the imidazolium salts were all between -2.62 V 

and -2.84 V. By contrast the less electron rich benzimidazolium, L4, had a reduction 
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potential at -2.29 V. This can be attributed to the benzene ring on the backbone of L4, 

which acts to withdraw electron density from the imidazole ring.140 This would be 

expected to make L4 easier to reduce at the C2 position because it would be able to 

accept an electron more readily. Other notable features in the voltammograms include 

peaks at +0.66 V for L1 and L3, which correspond to the oxidation of Cl-.136 L4 features 

several peaks between -0.18 V and 1.01 V which are likely to be associated with the 

oxidation of Br-,136 as well as the allyl groups on the N-substituents.141 By contrast L2 

and L5 have no peaks in this region. 

 

Graph 2.1: Overlaid cyclic voltammograms of ligand precursors L1-5 (1 mM). A silver wire was used as 
pseudo-reference electrode with ferrocene (1 mM) as an internal standard. Experiments were performed 

with a scan rate of 300 mV s-1 in acetonitrile with Bu4NPF6 (0.1 M) as a supporting electrolyte. 

 

Ligand precursor Reduction potential (V vs SCE) 

L1 -2.62 

L2 -2.84 

L3 -2.74 

L4 -2.29 

L5 -2.69 

Table 2.1: Reduction potentials of ligand precursors. 
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2.3. Electrochemical synthesis of organometallic complexes 

2.3.1. Electrochemical procedure in the bottle reactor 

The bottle reactor lid was assembled with the appropriate electrodes and 1 mmol of the 

ligand precursor was weighed into the reactor which was then placed under argon on a 

Schlenk line. Anhydrous acetonitrile (15 mL) was added to the reactor and stirred until 

all of the ligand precursor had dissolved, whereupon a power supply was used to apply 

a constant current for 1.2 electron equivalents (Scheme 2.3). Galvanostatic conditions 

were used so that the amount of electrons transferred into the reaction could be 

controlled, allowing comparison between the different ligands and previous studies.  

 

Scheme 2.3: Electrochemical synthesis of Cu(IMes)Cl. 

 

Electron equivalents, F, refers to the number of electrons used in a reaction in an 

analogous way to the stoichiometry of other reagents in reactions. For example, the 

reduction of an imidazolium to a NHC requires one electron. Therefore, for 1 mmol of 

starting material 1 mmol of electrons will be needed, this is 1 F. If 2 mmol of electrons 

were provided then that would be 2 F mol-1. The amount of electron equivalents can be 

calculated from the current and the time elapsed using Equation 2.1, which is derived 

from Faraday’s law. 

𝑄 = 𝑛𝐹𝑁 

𝑡 =
𝑄

𝐼
 

∴  𝑡 =
𝑛𝐹𝑁

𝐼
 

Equation 2.1: Equations relating current and time with electron equivalents. Q = total charge (C), n = 
number of electrons transferred per molecule of starting material, F = Faraday’s constant (C mol-1), N = 

amount of starting material (mol), I = current (A), t = time (s). 

 

After 1.2 F mol-1 the reaction mixture was filtered through Celite. For the majority of the 

complexes this was done by transferring the reaction mixture via cannula onto a bed of 

Celite that had been placed under an atmosphere of argon and filtering it into a Schlenk 

tube. For the more air sensitive complexes, Cu3 and Fe6 for example, the reaction 
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mixture was transferred to an ampoule and then filtered through Celite pipettes in the 

glovebox.  

Once filtered, a portion of the eluent (~1 mL) was transferred to a small ampoule and the 

solvent was removed under vacuum. The solid residue was then dissolved in an 

appropriate deuterated solvent for analysis by 1H NMR spectroscopy to calculate the 

conversion based upon the integrals of the ligand precursor and the complex, as 

obtained from the literature.98,99,112,134,142 Working up reactions that have highly air 

sensitive products typically leads to a significantly lower yield than might otherwise be 

expected. This is due to the extra manipulations required to work up and purify the 

product, involving techniques such as cannula filtration, which usually lead to the loss of 

material. The aim of this study was to assess the ability of the bottle reactor to perform 

numerous and repeated electrochemical reactions under inert conditions. Consequently, 

the conversion of starting material to product was chosen to be analysed, to separate 

the experimental set up of the bottle reactor from the work up. In some instances, the 

remaining reaction mixture was recrystallised under anhydrous conditions to obtain an 

isolated yield, for example novel complexes such as Au3. 

2.3.2. Synthesis of copper-NHC complexes 

Initial testing of the bottle reactor was performed by the preparation of a range of 

copper-NHC complexes which require the use of inert atmospheres and anhydrous 

solvents. The electrochemical synthesis of metal-NHC complexes has been reported 

previously.14,99,112 This process requires the oxidation of a sacrificial anode, which 

releases metal ions into solution and the cathodic reduction of imidazolium salts to 

produce metal-NHC complexes via highly reactive carbene intermediates. These 

carbenes are extremely sensitive to the presence of oxygen and water, which results in 

the formation of imidazolone side products.14 Consequently, keeping the reaction under 

inert conditions is of paramount importance. 

The synthesis of the well documented Cu1 was chosen to begin with as it is a complex 

that can be easily synthesised from ligand precursor L1.99 A constant current of 50 mA 

was applied to a solution of ligand precursor L1 (0.05 M) for 1.2 electron equivalents and 

Cu1 was isolated in 95% yield after recrystallisation. Cu1 was characterised using 1H 

and 13C{1H} NMR spectroscopy, HRMS and single crystal X-ray crystallography. The 

masses of the expected adducts were observed in the HRMS. The NMR spectra 

corresponded to literature values and showed the loss of the characteristic C2 proton 

from the ligand precursor at 10.70 ppm, as would be expected (Figure 2.9).99 The protons 

on the imidazolium backbone are also observed to be less de-shielded when complexed, 

whilst the signals for protons on the mesityl rings remained largely unchanged (Figure 

2.9). 
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Figure 2.9: 1H NMR spectrum of Cu1, showing the loss of proton a. The spectrum for L1 was taken in 
CDCl3 at 300 MHz and C2 was taken in CDCl3 at 400 MHz. 

 

Single crystals of Cu1 were grown by vapour diffusion of diethyl ether into a concentrated 

solution of Cu1 in acetonitrile (Figure 2.10). The unit cell, bond lengths and angles were 

consistent with previously reported structures (Table 2.2).143 The copper complex 

exhibits a linear geometry with the plane of the mesityl rings perpendicular to that of the 

imidazolium. 

 

Figure 2.10: Molecular structure of Cu1. Ellipsoids are shown at 50% probability level and hydrogen 
atoms are omitted for clarity. 
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Atoms Bond lengths (Å) and angles (deg) 

Cu(1)-Cl(1) 2.0981(17) 

Cu(1)-C(2) 1.873(8) 

Cl(1)-Cu(1)-C(2) 180.0 

N(1)-C(2) 1.354(6) 

C(2)-N(3) 1.354(6) 

N(1)-C(2)-N(3) 104.4(7) 

Table 2.2: Selected bond lengths and angles for Cu1. 

 

A range of 5 copper-NHC complexes were prepared by applying a constant current to a 

solution of the ligand precursor (1 mmol) in anhydrous acetonitrile for 1.2 electron 

equivalents, with the ligand precursor acting as both the starting material and the 

electrolyte (Figure 2.11). Consequently, as the concentration of the imidazolium 

decreases the resistance of the cell increases, resulting in an increase in the potential. 

Typically the potential at the start of a reaction is approximately 5 V and this increases 

to 20-25 V as the reaction proceeds and the imidazolium is consumed.  

Complete conversion of L1 to the neutral mono-NHC complex Cu1 was obtained. L2 

features the same imidazolium cation as L1, but has a non-coordinating PF6
- anion which 

led to a 60% conversion to Cu2, the expected cationic bis-NHC complex.99 The non-

coordinating nature of the anion results in a second NHC ligand coordinating to the Cu(I) 

centre. The lower conversion of ligand precursors with PF6
- anions to complexes 

compared to halide anions is consistent with previously reported results which have 

found that the electrochemical synthesis of cationic, (bis)NHC-copper(I) complexes 

typically require higher electron equivalents to reach full conversion.99,112 

When the precursor was replaced with L3 or L4 complete conversion was observed after 

1.2 electron equivalents. L3 and L4 feature base-sensitive ester and allyl groups 

respectively and this highlights the complementary nature of the electrochemical 

approach to traditional chemical methods using strong bases. Cu3 and Cu4 would be 

impossible to synthesise using strong bases.99 When cyclophane derived bis-

imidazolium salt L5 was subject to electrolysis for 1.2 electron equivalents an 85% 

conversion to the dicationic, dinuclear complex Cu5 was observed, as expected from 

previous reports.99 Due to the poor solubility of L5, the synthesis of Cu5 was conducted 
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on a 0.5 mmol scale and supporting electrolyte was required to compensate for the poor 

conductivity of the solution.  

 

Figure 2.11: Copper complexes that have been synthesised in the bottle reactor with the conversions 
obtained for them as determined by 1H NMR spectroscopy. aIsolated yield. bElectrolyte (nBu4NPF6, 0.5 

equiv) added to solution. 

 

Time course experiments were conducted to investigate the different rates of formation 

of mono- and bis-NHC complexes from L1 and L2 (Graph 2.2). These ligands were 

chosen as the complexes which they produce are relatively air stable, remaining intact 

in solution for several hours, thereby greatly simplifying the process and increasing the 
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number of time points which could be taken. The ligand precursors were dissolved in 

acetonitrile and a constant current of 50 mA was applied. Aliquots were removed at 

regular intervals through one of the ports and analysed using 1H NMR spectroscopy, 

whilst the other port remained connected to the Schlenk line, providing a positive 

pressure of argon. None of the samples showed any evidence of imidazolone side 

products, demonstrating that samples can be taken from reaction mixtures, whilst 

maintaining an inert atmosphere. 

The formation of Cu1 is fast, with full conversion being reached after 1 F. Interestingly, 

almost immediately after 1 F had elapsed a green precipitate started to form, suggesting 

that the additional electrons were forming some form of copper(II) species. Formation of 

Cu2 was significantly slower, with a conversion of 85% after 1.6 F which rose only slightly 

more, to 92%, after 3.5 electron equivalents. Slower formation of Cu2 could be attributed 

to either mass transfer limitations because two carbenes must come into contact with a 

copper ion.99 

 

Graph 2.2: Time course experiments for the formation of Cu1 and Cu2. 

 

2.3.3. Synthesis of gold-NHCs 

The electrochemical synthesis of metal-NHC complexes can be translated to other 

metals with relative ease because the bottle reactor provides large flexibility with regards 

to the electrodes that can be used with it. L1 and L3 were tested using a gold anode and 

stainless steel cathode to produce Au1 and Au3 (Figure 2.12) by Madeleine Woodward. 

Commercial ‘gold’ electrodes are often stainless steel electrodes with gold plated onto 

them. This is perfectly adequate for synthetic organic chemistry providing the gold plating 

is not chipped or damaged, where the choice of electrodes is generally based upon their 

reactivity and the over potential required. However, plated electrodes are unsuitable for 
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electrochemical methodologies where the anode is sacrificial. Loss of the gold plating 

during the reaction could expose the stainless steel underneath and consequently lead 

to the synthesis of a range of unintended complexes. Consequently, high purity gold foil 

was utilised and supported on strips of PTFE, with a wire running from the foil up to the 

top of the strip to form a contact with the steel electrode contacts. 

When L1 was subjected to 1.2 electron equivalents using a gold anode and stainless 

steel cathode, a conversion of 74% to the expected mono-NHC product was observed. 

Interestingly, a significant amount (10%) of bis-NHC complex was produced in this 

reaction, contrasting with the analogous reaction using copper electrodes. Gold(I)-NHC 

complexes are often isostructural with copper(I)-NHC complexes,134 however in this 

instance a subtle blend of steric and electronic affects might enable the formation of bis-

NHC complexes. The larger size of the gold cation could produce less steric hindrance. 

In addition, gold(I) is softer than copper(I) and therefore might be expected to bond less 

strongly to hard chloride ligands which, combined with a reduction in steric hindrance, 

could go some way to explaining why the formation of Au1 is less selective than its 

copper counterpart. 

Conversely when L3 was electrolysed with gold and stainless steel electrodes no bis-

NHC product was observed, only the neutral mono-NHC complex. Au3 is isostructural 

to Cu3, although conversion of L3 to the gold complex was significantly lower (63%) than 

to the analogous copper complex (>99%). As Au3 is a novel complex it was fully isolated 

after 2 electron equivalents and characterised using HRMS, 1H and 13C{1H} NMR 

spectroscopy.  

 

Figure 2.12: Gold complexes that have been synthesised in the bottle reactor with the conversions 
obtained after 1.2 F mol-1. aIsolated yield after 2.0 F mol-1. 

 

2.3.4. Synthesis of iron complexes 

The current state of the art for the synthesis of iron(II)-NHC complexes utilises the 

[Fe{N(SiMe3)2}2] precursor, however this reagent is exceedingly air sensitive, challenging 

to prepare and often results in iron(III) impurities being present in the product.10,37 

Electrochemistry offers a promising alternative approach towards this class of 



49 
 

organometallic complexes. Iron(II)-NHC complexes are often extremely air sensitive, 

consequently ligand precursor L6 was chosen as it yields Fe6 (Figure 2.13); a 

coordinatively saturated octahedral complex which is slightly less sensitive than other 

iron(II)-(bis)NHC complexes and can be analysed using 1H NMR spectroscopy. A 

constant current was applied to an acetonitrile solution containing L6 (0.05 M) for 1.2 

electron equivalents using iron foil electrodes to provide Fe6 with 67% conversion. 

A salen ligand, L7, was used in conjunction with iron electrodes to showcase the 

versatility of the reactor. Initially, commercial stainless steel electrodes were used, 

however this led to the observation of chromium impurities via HRMS. The reduction 

potential of Cr3+ to Cr(s) is -0.74 V, compared -0.44 V for the reduction potential of Fe2+ 

to Fe(S).136 Consequently the chromium in the stainless steel electrode is oxidised to Cr3+ 

at the same time as the oxidation of the iron in the electrode. This highlights the 

importance of electrode selection, particularly sacrificial electrodes where the 

composition of the electrode must be carefully considered, and demonstrates the 

benefits of having a reactor which can accommodate a wide range of electrodes. For the 

subsequent synthesis of Fe7, iron foil electrodes were used to apply a constant current 

to L7 for 2.4 electron equivalents (L7 must be reduced twice) in air to form the iron(III)-

salen complex Fe7 with a yield of 99% (Figure 2.13). 

 

Figure 2.13: Iron complexes that have been synthesised in the bottle reactor with the conversions 
obtained for them. aIsolated yield after 2.4 electron equivalents. 

 

2.4. Electrochemical synthesis of organic molecules 

2.4.1. Sulphonamide synthesis 

In order to demonstrate the broad applicability of the bottle reactor to a range of 

transformations, two organic reactions were reproduced. The first was the synthesis of 

sulphonamides which involves the oxidative coupling of amines and thiols with hydrogen 

gas being the only by-product (Scheme 2.4). This reaction was developed by the Noël 
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group and, whilst the majority of their work was conducted in flow, they did a number of 

reactions in batch.128 The Noël group used a potential of 3.7 V and achieved a yield of 

55%, however no product was observed via 1H NMR spectroscopy when attempting to 

repeat the reaction in the bottle reactor under the same conditions. This discrepancy is 

not entirely unsurprising given that the Noël set up had a larger interelectrode gap of 7 

mm compared to the bottle reactor of 4 mm.128   Consequently the smaller interelectrode 

gap of the bottle reactor and the resulting lower resistance would be expected to 

significantly alter the reaction conditions and outcome.  

 

Scheme 2.4: Electrochemical coupling of amines and thiols to produce sulphonamides. 

 

A parallel plate made of aluminium was used to quickly optimise the reaction, performing 

six reactions simultaneously (Figure 2.14). Potentiostatic and galvanostatic conditions 

were tested with reactions performed in duplicate, demonstrating the reproducibility of 

the bottle reactor (Table 2.3). It was found that decreasing the potential to 3.2 V 

increased the yield to 51% and a further increase to 58% was observed when using a 

constant current of 20 mA, a yield which is comparable to that obtained by Noël.128 A 

lower current of 10 mA was applied for twice the amount of time to provide the same 

number of electron equivalents, although this resulted in a lower yield. The successful 

optimisation of this synthetic organic electrochemical reaction demonstrates the bottle 

reactor’s versatility and highlights the requirement of having an experimental set-up that 

is well defined to enhance inter-laboratory reproducibility. Had Noël not mentioned the 

interelectrode gap that they used the re-optimisation of this reaction would likely have 

taken significantly longer. 
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Figure 2.14: Six bottle reactors performing reactions in parallel. 

 

Potential or current Yield 1 (%) Yield 2 (%) Average (%) 

3.7 V <2 - - 

3.4 V 41 37 39 

3.2 V 48 54 51 

20 mA 56 60 58 

10 mA 40 - - 

Table 2.3: Yields for the sulphonamide reaction when using different constant potentials and currents. 

 

2.4.2. Hypervalent iodine reactions 

There is considerable interest in hypervalent iodine as mild and selective oxidising 

agents in organic chemistry.144–147 Historically, the synthetic route to hypervalent iodine 

species has been through stoichiometric chemical oxidants, such as hydrogen 

peroxide.147 More recently there have been several studies looking at the use of 

electrochemistry to produce hypervalent iodine species.148,149 The Wirth group developed 

a procedure for the synthesis of hypervalent iodine species in flow from the anodic 

oxidation of iodobenzene, which is then stabilised by fluorinated ligands (Scheme 2.5).115 
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Scheme 2.5: Electrochemical synthesis of hypervalent iodine species, stabilised by fluorinated ligands. I9 
was made in an analogous manner, using hexafluoroisopropanol. 

 

This reaction was attempted in batch in the bottle reactor using a platinum cathode and 

glassy carbon anode to electrolyse a solution of iodobenzene in either trifluoroethanol 

(TFE) or hexafluoroisopropanol (HFP) using nBu4NBF4 as supporting electrolyte. 

Hypervalent iodine species such as I8 or I9 are only stable in solution and consequently 

yields were obtained via 1H NMR spectroscopy, using nitrobenzene as an internal 

standard which was added after electrolysis to avoid the oxidation of nitrobenzene during 

electrolysis. When using HFIP a yield of 21% was obtained, by contrast TFE gave a 

significantly higher yield of 55%. The yield of I8 was further investigated via a subsequent 

oxidation of hydroquinone to benzoquinone mediated by I8 because both of these 

species are stable (Scheme 2.6). After I8 had been synthesised electrochemically the 

current was removed and hydroquinone was added to the solution. This yielded 

benzoquinone with a conversion of 75% and a yield of 20% (using nitrobenzene as an 

internal standard), a somewhat sibylline result. It is not clear where this discrepancy 

originated. As such, the optimisation of this transformation was not pursued further.  

 

Scheme 2.6: The oxidation of hydroquinone was used to as an indirect method to analyse the outcome of 
the electrolysis. 

 

2.5. Conclusions and future work 

A new flexible and standardised electrochemical batch reactor enabling both organic and 

inorganic transformations and analytical electrochemistry has been designed, developed 

and tested. This has enabled the synthesis of an assortment of organometallic species, 

some of which are exceedingly air sensitive. In addition, the batch reactor has been used 
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to perform organic reactions in parallel, allowing the quick optimisation of a literature 

procedure. This highlighted the importance of well-defined systems, although it is 

unnecessary for all reactions to use standardised equipment it is very helpful (if not 

essential) for reactors to be well defined and described to enhance reproducibility. Cyclic 

voltammetry can also be performed in the reactor. The design of this reactor is 

inexpensive and versatile, enabling its reproduction by synthetic chemists.  

The extensive use and rigorous testing of the bottle reactor has highlighted a key 

limitation of the design, namely the robustness of the thread insert for the screws which 

hold the electrodes. As a consequence, the PTFE insert has been redesigned to be 

made from a harder PEEK, which should prevent the thread inserts twisting out of place. 

The new design will need to be tested thoroughly before it is commercialised by Asynt. 

It is anticipated that the bottle reactor will increase the accessibility of electrochemistry 

to the synthetic chemistry community. 

The bottle reactor would be particularly suited to reactions requiring inert or specialised 

atmospheres, such as CO or CO2.150 The ability of the bottle reactor to accommodate 

electrodes with a wide range of dimensions also makes it suited to studies looking at the 

fabrication of electrodes which may be unlikely to fit in commercial reactors which are 

usually designed to be used with bespoke electrodes. 

Currently the design of the bottle reactor may only be used with vessels that have a GL32 

thread. It would be relatively straightforward to increase the diameter of the insert to 

accommodate a larger vessel for the scale-up of reactions. Equally, tall narrow vessels 

could be of use for photo-electrochemistry with longer electrodes as these would provide 

a relatively large surface area to volume ratio which is useful for photochemistry. 
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2.6. Experimental 

2.6.1. General considerations 

NMR data were obtained on either a Bruker A500 (CH dual cryoprobe) or Bruker Ascend 

400 spectrometer. 1H NMR and 13C{1H} NMR chemical shifts were referenced against 

residual solvent peaks. Spin-spin coupling constants J are given in Hz and refer to 

apparent multiplicities rather than true coupling constants. Data is reported as: chemical 

shift, multiplicity and integration. Carbon shifts are reported to the nearest 0.1 ppm. 

Carbons in an identical environment giving one signal are not indicated further. Mass 

spectra were collected on a Bruker Daltonics (micro TOF) instrument operating in 

electrospray mode. Elemental Analyses were performed by Mr Stephen Boyer at London 

Metropolitan University. Unless otherwise noted all reagents employed in these studies 

were used as received from Sigma-Aldrich, Fluorochem, Fischer Scientific or Acros 

Organics and used without purification. Anhydrous solvents were dried in a Dow-Grubbs 

solvent system by passing over activated alumina to remove water, copper catalyst to 

remove oxygen, and molecular sieves to remove any remaining water. Toluene and DCM 

were freeze-pump-thaw degassed, while other solvents were degassed by purging with 

argon. 

All crystals were obtained by recrystallisation from MeCN/ Et2O. Data was collected at 

120 K on crystals mounted on a Hampton Scientific cryoloop using a SuperNova, Dual, 

Cu at home/near, Atlas. The structures were solved by direct methods with SHELXT, 

refined using full-matrix least-squares routines against F2 with SHELXL, and visualized 

using OLEX2.151,152 All non-hydrogen atoms were refined anisotropically. All hydrogen 

atoms were placed in calculated positions and refined using a riding model with fixed C–

H distances of 0.95 Å (sp2CH), 1.00 Å (CH), 0.99 Å (CH2), 0.98 Å (CH3). The thermal 

parameters of all hydrogen atoms were estimated as Uiso(H) = 1.2Ueq(C) except for CH3 

where Uiso(H) = 1.5Ueq(C). 

Cyclic voltammetry of L1-5 was performed at room temperature in the bottle reactor 

using a Metrohm, DropSens, µSTAT 400 potentiostat and data acquired with DropView 

8400 software. Experiments were performed in anhydrous, degassed MeCN (1 mM), 

nBu4NPF6 (0.1 M) supporting electrolyte (scan rate of 300 mV s-1), with a Metrohm glassy 

carbon disk (1 mm) working electrode, platinum wire counter electrode, and silver wire 

pseudo-reference electrode. Ferrocene (Fc) was added as an internal standard (1 mM, 

Fc+/Fc at +0.380 V vs SCE) to reference experiments.  
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2.6.2. Bottle reactor design 

 

No. Item Supplier Part no. Notes 

1 Lid Duran 29 227 08 08 

GL32 thread 

two extra semi-circular 

holes filed out 

2 

PTFE insert 

School of 

Mechanical 

Engineering, 

University of Leeds 

 

Technical drawings 

attached as a pdf, 

CAD files available 

upon request 

Thread 

inserts 
RS PRO 175-0421 for ¼-28 fittings 
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Thread 

inserts 
RS PRO 175-0422 

for grub screws to hold 

electrodes 

3 Vial Menke 
24-0030-32-

20-20-17 

volume: 30 mL, thread 

size: GL32 

4 

Stainless 

steel 

electrode 

contacts 

School of 

Mechanical 

Engineering, 

University of Leeds 

 

technical drawings 

attached as a pdf, 

CAD files available 

upon request 

5 
Crimp 

terminal 
RS PRO 

FVW S1.25-

M3(LF) 

M3 stud size 

0.25 -1.65 mm2 wire 

size 

6 Washers RS PRO 560-338 Steel, M3 

7 Nuts RS PRO 483-0861 Steel, M3 

8 Grub screw RS PRO 137-742 
Stainless steel, M4, 

Hex socket set 

9 o-ring Simply Bearings BS019 

1.78 mm section, 

20.35 mm bore Viton 

rubber o-ring 

10 Cables Onecall 72-13842 
cut in half to make two 

cables 

- Blank fitting Cole-Parmer P-316 
flat bottom ¼-28 plug 

fitting 

- 
Orange 

fitting 
Cole-Parmer 002103 

flangeless fitting ¼-28, 

1/16” 

- ferrule Cole-Parmer 008FT16 ferrule 1/16” 

- Tubing Polyflon K6A0079040X 1/16" PFA tubing 

- Luer adapter Cole-Parmer P-628 
female Luer to female 

¼-28 
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2.6.3. Ligand synthesis 

2.6.3.1. L1 

 Trimethylaniline (25 mL, 178 mmol) was dissolved in 

methanol (100 mL) and acetic acid (2 mL) was added. 

Glyoxal (12 mL, 105 mmol) was added dropwise and 

the solution was stirred for 24 hours, leading to a red 

solution with a yellow precipitate. The precipitate was 

filtered under vacuum and washed with cold methanol to leave the diimine precursor to 

L1. The diimine was placed under nitrogen in a large round bottomed flask and dissolved 

in anhydrous toluene (~150 mL). Paraformaldehyde (2.5 g, 83 mmol) was dissolved in a 

solution of hydrochloric acid in dioxane (20 mL, 4 M) and added to the toluene solution 

which was heated to 70 °C for 22 hours. A brown precipitate formed and was filtered 

under vacuum before being washed with ethyl acetate to give an off white powder which 

was recrystallised from acetonitrile and diethyl ether to deliver L1 as colourless crystals 

(15.23 g, 38 mmol, 45%). 

1H NMR (501 MHz, CDCl3) δ 10.89 (s, 1H, NCHN), 7.59 (s, 2H, Imidbackbone), 7.03 (s, 4H, 

ArH), 2.34 (s, 6H, CH3 o-CH3), 2.18 (s, 12, CH3 p-CH3) ppm. 

13C{1H} NMR (126 MHz, CDCl3) δ 141.5 (CH), 140.0 (C), 134.2 (C), 130.7 (C), 130.1 

(CH), 124.4 (CH), 21.3 (CH3), 17.8 (CH3) ppm. 

HRMS (ESI+): m/z 305.2036 [M-Cl]+, calcd. 305.2012. 

Consistent with data previously reported.112 

2.6.3.2. L2 

 IMes∙HCl (L1) (2.9 g, 5.9 mmol) was dissolved in 

water (50 mL) and a solution of NH4PF6 (5.0 g, 66.8 

mmol) in water (100 mL) was slowly added, leading to 

a white precipitate. The slurry was stirred for a further 

30 minutes, before being filtered and washed with water. The white solid was then dried 

under vacuum to deliver the product (2.33 g, 5.2 mmol, 88%). 

1H NMR (400 MHz, MeCN-d3) δ 8.69 (s, 1H, NCHN), 7.71 (s, 2H, Imidbackbone), 7.16 (s, 

4H, ArH), 2.37 (s, 6H, CH3 o-CH3), 2.12 (s, 12H, CH3 p-CH3) ppm. 

13C{1H} NMR (101 MHz, MeCN-d3) δ 142.6 (CH), 138.3 (C), 135.6 (C), 131.7 (C), 130.6 

(CH), 125.9 (CH), 21.2 (CH3), 17.5 (CH3) ppm. 

HRMS (ESI+): m/z 305.2216 [M-PF6] +, calcd. 305.2012. 

Consistent with data previously reported.112 
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2.6.3.3. L3 

 Tert-butyl chloroacetate (3.75 mL, 26 mmol) and N-

methylimidazole (2 mL, 25 mmol) were placed in a sealed 

Schlenk tube and stirred for 24 hours to give a viscous 

colourless reaction mixture. The semi-solid was recrystallised 

with DCM/ pentane to give a white powder which was filtered 

and washed with diethyl ether. The resultant hygroscopic white powder rapidly became 

a viscous colourless oil. The crude oil of L3 was placed under nitrogen and washed with 

anhydrous diethyl ether (2 x 40mL) before being recrystallised with anhydrous DCM and 

hexane. The solution was filtered off and the remaining solid was dried under vacuum 

before being stored in the glove box as a white solid (4.03 g, 15 mmol, 61%). 

1H NMR (501 MHz, DMSO-d6) δ 9.43 (s, 1H, NCHN), 7.83 (s, 1H, Imidbackbone), 7.82 (s, 

1H, Imidbackbone), 5.27 (s, 2H, CH2), 3.93 (s, 3H, CH3), 1.43 (s, 9H, tBu) ppm. 

13C{1H} NMR (126 MHz, DMSO-d6) δ 165.9 (C), 137.8 (CH), 123.7 (CH), 123.2 (CH), 

82.9 (C), 49.9 (CH2), 35.87 (CH3), 27.7 (CH3) ppm. 

HRMS (ESI+): m/z 197.1287 [M-Cl]+, calcd. 197.1285, 141.0669 [M-tBu-Cl+H]+, calcd. 

141.0659. 

Consistent with data previously reported.112 

2.6.3.4. L4 

 Allyl bromide (8.0 mL, 94 mmol) was added to a suspension of 

benzimidazole (4.7 g, 40 mmol) and NaHCO3 (10 g) in acetonitrile 

(100 mL). The mixture was stirred at room temperature for 7 

days, after which the mixture was filtered under vacuum to give 

a yellow crystalline solid. The solid was recrystallised in 

acetonitrile to leave large off-white crystals (4.4 g, 16 mmol, 

39%). 

1H NMR (500 MHz, Chloroform-d) δ 11.41 (s, 1H, NCHN), 7.78 – 7.69 (m, 2H, ArH), 7.66 

– 7.57 (m, 2H, ArH), 6.20 – 6.05 (m, 2H, CH=CH2), 5.55 – 5.43 (m, 4H, CH=CH2), 5.32 

(d, J = 6.0 Hz, 4H, NCH2) ppm. 

13C{1H} NMR (126 MHz, CDCl3) δ 143.0 (CH), 131.5 (C), 129.6 (CH), 127.3 (CH), 122.1 

(CH), 113.8 (CH2), 50.3 (CH2) ppm. 

HRMS (ESI+): m/z 199.1238 [M-Br]+, calcd. 199.1230. 

Consistent with data previously reported.99 
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2.6.3.5. L5 

 1,3-Bis(bromomethyl)benzene (2.50 g, 9.41 mmol) was 

dissolved in anhydrous acetone (100 mL). A solution of 1,3-

bis(imidazole-1-ylmethyl)benzene (2.30 g, 9.41 mmol) in 

anhydrous acetone (100 mL) was added dropwise over 4 hours 

at room temperature. The mixture was further stirred for 18 

hours, upon which a colourless precipitate had formed, which 

was collected by vacuum filtration and washed with cold 

acetone (2 x 40 mL) and diethyl ether (2 x 40 mL) to leave the 

diimidazolium bromide as a microcrystalline colourless solid 

(2.70 g). The diimidazolium bromide (1.2 g, 2.40 mmol) was dissolved in methanol and 

a solution of ammonium hexafluorophosphate (3.90 g, 24.1 mmol) in methanol was 

added in a single portion and stirred for 2 hours. The resultant colourless precipitate was 

collected by vacuum filtration and washed with cold methanol (3 x 30 mL) followed by 

diethyl ether (3 x 30 mL) and dried in vacuo to deliver the product as a microcrystalline 

colourless solid. 

1H NMR (501 MHz, DMSO-d6) δ 9.23 (s, 2H, NCHN), 7.83 (d, J = 1.6 Hz, 4H, Imidbackbone), 

7.61 – 7.56 (m, 4H, ArH), 7.56 – 7.51 (m, 2H, ArH), 6.94 (s, 2H, ArH), 5.44 (s, 8H, CH2) 

ppm. 

13C{1H} NMR (126 MHz, DMSO) δ 136.2 (CH), 136.1 (CH), 129.5 (CH), 129.0 (CH), 

125.5 (CH), 123.2 (C), 51.8 (CH2) ppm. 

HRMS (ESI+): m/z 171.0912 [M-2PF6]2+, calcd. 171.0917, 341.1766 [M-2PF6-H]+, calcd. 

341.1761, 487.1497 [M-PF6]+, calcd. 487.1481.  

Consistent with data previously reported.112 

2.6.3.6. L6 

 Imidazole (1.0 g, 14.7 mmol), 2-(bromomethyl)pyridine 

hydrobromide (4.17 g, 29.4 mmol) and potassium carbonate 

(4.06 g, 58.8 mmol) were combined under an atmosphere of 

nitrogen before anhydrous acetonitrile (20 mL) was added. The 

resulting reaction mixture was maintained at 60 °C with constant 

stirring for 18 h. Then, the reaction mixture was concentrated 

under reduced pressure to ~10 mL and diethyl ether (50 mL) was added to precipitate 

the imidazolium bromide intermediate which was collected by filtration and washed with 

diethyl ether (2 x 10 mL). The precipitate was dissolved in water with constant stirring 

(30 mL) and ammonium hexafluorophosphate (2.40 g, 29.4 mmol) was added. The 
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resulting suspension was stirred for 1 h, then the resulting brown precipitate was 

collected by filtration and washed with diethyl ether (2 x 10 mL) to deliver the product as 

a brown amorphous solid (1.36 g, 3.37 mmol, 23%). 

1H NMR (400 MHz, DMSO-d6) δ 9.42 (s, 1H), 8.56 (s, 2H), 7.90 (td, J = 7.7, 1.8 Hz, 2H), 

7.81 (s, 2H), 7.49 (d, J = 7.8 Hz, 2H), 7.41 (dd, J = 7.5, 4.9 Hz, 2H), 5.62 (s, 4H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 150.1, 138.0, 124.1, 123.8, 123.0, 53.6, 40.0 ppm. 

HRMS (ESI+): m/z 251.1301, [M]+ calcd. 253.1291. 

2.6.3.7. L7 

 Salicylaldehyde (4.5 mL, 41 mmol) was dissolved in 

ethanol (50 mL) and ethylenediamine (1.5 mL, 22 mmol) 

was added, immediately turning the solution a bright 

yellow colour and forming a precipitate. The mixture was 

stirred for 30 minutes, after which it was cooled to 0 °C 

and filtered under vacuum. The bright yellow solid was 

washed with cold ethanol and diethyl ether to give N,N’-bis(salicylidene)ethylenediamine 

as a bright yellow solid (4.96 g, 18.5 mmol, 84%). 

1H NMR (400 MHz, Chloroform-d) δ 13.22 (s, 2H, OH), 8.36 (s, 2H, CH=N), 7.32-7.26 

(m, 2H, ArH), 7.25-7.20 (m, 2H, ArH), 6.98-6.90 (m, 2H, ArH), 6.89-6.83 (m, 2H, ArH), 

3.94 (s, 4H, CH2) ppm. 

13C{1H} NMR (101 MHz, CDCl3) δ 166.6 (C), 161.1 (C), 132.5 (CH), 131.6 (CH), 118.8 

(CH), 118.8 (CH), 117.1 (CH), 59.9 (CH2) ppm. 

HRMS (ESI+): m/z 269.1296 [M+H]+ calcd. 269.1290. 

2.6.4. Preparation of metal complexes 

2.6.4.1. General procedure 

A bottle reactor vial was charged with the ligand precursor (1 mmol), then the reactor 

was assembled and placed under an atmosphere of argon. MeCN (anhydrous, 15 mL) 

was added and Cu, Au or Fe electrodes were used to apply a constant current of 50 mA 

for 40 minutes (1.2 F mol-1) from a Tenma bench top power supply (72-10480 from 

Farnell). A sample of approximately 0.5 mL was taken at the end of the reaction and 

filtered through Celite after which the solvent was removed under reduced pressure. The 

resultant solid was redissolved in a suitable deuterated solvent and analysed using 1H 

NMR spectroscopy. Integrals for the complex and ligand were used to calculate the 

conversion. 
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2.6.4.2. Cu1 

 L1 (0.34 g, 1 mmol) was placed into the bottle reactor under argon 

and dissolved in anhydrous acetonitrile (15 mL). Copper electrodes 

were used to apply a constant current of 50 mA for 40 min (1.2 F mol-

1). The reaction mixture was filtered through Celite and the solvent 

removed under vacuum to give the copper complex as a white solid 

(0.383 g, 0.95 mmol, 95%). Suitable crystals were grown by the 

vapour diffusion of diethyl ether into a concentration solution of the 

complex in acetonitrile. 

1H NMR (400 MHz, Chloroform-d) δ 7.05 (s, 2H, Imidbackbone), 7.00 

(s, 4H, ArH), 2.34 (s, 6H, CH3-ortho), 2.10 (s, 13H, CH3-para), 2.00 

(d, J = 1.6 Hz, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 139.50, 135.10, 134.55, 129.49, 122.28, 21.12, 17.77. 

HRMS (ESI+): m/z 305.2009 [ligand]+ calcd. 305.2012, 408.1514 [M-Cl+MeCN]+ calcd. 

408.1496, 671.3183 [M-Cl+ligand]+ calcd. 671.3170. 

Consistent with data previously reported.99 

2.6.4.3. Au3 

 As Au3 is unreported in the literature the reaction was 

repeated for 2 electron equivalents to drive the reaction to 

completion. L3 (0.34 g, 1 mmol) was placed into the bottle 

reactor under argon and dissolved in anhydrous acetonitrile (15 

mL). A gold anode and steel cathode was used to apply a 

constant current of 50 mA for 80 min (2 F mol-1). The mixture 

was filtered through Celite and the solvent was removed under vacuum to give the 

copper complex as a pale gold solid (0.329 g, 0.77 mmol, 77%). 

1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 2.0 Hz, 1H, Imidbackbone), 6.98 (d, J = 2.0 Hz, 

1H, Imidbackbone), 4.86 (s, 2H, CH2), 3.83 (s, 3H, CH3), 1.48 (s, 9H, tBu) ppm. 

13C{1H} NMR (101 MHz, CDCl3) δ 172.8 (C), 166.2 (C), 122.0 (CH), 122.0 (CH), 84.1 (C), 

52.5 (CH2), 38.4 (CH3), 28.1 (CH3) ppm. 

HRMS (ESI+): m/z 434.1131 [M-Cl+MeCN]+ calcd. 434.1137, 378.0504 [M-Cl+MeCN-

tBu+H]+ calcd. 378.0511.  
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2.6.4.4. Fe7 

 Due to the paramagnetic nature of Fe7 the complex was 

fully isolated after being electrolysed using an iron 

electrode in air for 1.2 electron equivalents. Suitable 

crystals were grown by the vapour diffusion of diethyl ether 

into a concentration solution of the complex in acetonitrile.  

HRMS (ESI+): m/z 322.0411 [M-Fe-L-O]+, calcd. 

322.0405. 

 

2.6.5. Sulphonamide synthesis 

A bottle reactor vial was charged with tetramethylammonium tetrafluoroborate (32 mg, 

0.2 mmol), MeCN (15 mL) and aqueous HCl (0.3 M, 5 mL). Then cyclohexylamine 

(0.345 mL, 3 mmol) and thiophenol (0.205 mL, 2 mmol) were added. The bottle reactor 

lid was fitted with an IKA graphite anode and an IKA stainless steel cathode and a 

potential difference was applied for the specific time (potentiostatic or galvanostatic). 

After completion the reaction mixture was diluted with water (10 mL) and extracted with 

EtOAc (3 x 20 mL). The combined organic layers were washed with brine (20 mL), dried 

over MgSO4 and filtered. The solvent was removed under reduced pressure to deliver 

the crude product as a light brown oil. To that 2,4,6-trimethoxybenzene (internal 

standard, 112 mg, 0.66 mmol) and CDCl3 (3 mL) were added to form a homogeneous 

solution which was analysed by 1H NMR spectroscopy.  
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2.6.6. Synthesis of hypervalent iodine species 

Iodobenzene (110 µL, 1 mmol) and 

nBu4NBF4 (330 mg, 1 mmol) were 

placed in the bottle reactor in air and 

dissolved in trifluoroethanol (20 mL) 

to form I8 or hexafluoroisopropanol 

(20 mL) to form I9 . A glassy carbon 

anode (IKA) and platinum plated cathode (IKA) were used to apply a current of 50 mA 

for 2 hours ( XX F mol-1) resulting in a yellow solution with no precipitate. Hydroquinone 

(112 mg, 1 mmol) was added and the reaction stirred for 30 minutes, with the solution 

turning orange. The mixture was quenched with a saturated aqueous solution of Na2S2O3 

(50 mL) and an extraction was performed using EtOAc (3 x 25 mL). The combined 

organic layers were washed with water (25 mL) and brine (25 mL), dried with MgSO4 and 

filtered before removing the solvent under reduced pressure. Nitrobenzene (internal 

standard, 105 µL) was added, the residue was dissolved in CDCl3 and analysed usiung 

1H NMR spectroscopy to give a yield of 20% and a conversion of 75%. 
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3. Mass transfer within an electrochemical flow reactor 

Conducting electrochemistry in flow has several advantages over conducting it in batch, 

including a small interelectrode gap and an increased surface area to volume ratio.70 

Previous work within the Willans group has established the electrochemical generation 

of copper-NHC complexes in flow,112 and work has now turned to look at telescoping 

these complexes into other reactions to act as catalysts with the aim of building a catalyst 

screening platform (Figure 3.1). In order for this to be successful, the electrochemical 

flow reactor must be well understood and this chapter explores how changing the 

geometries of flow channels can alter the mass transfer within such reactors and affect 

the reaction outcomes. 

 

Figure 3.1: Proposed set up for a catalyst screening platform, with complexes produced electrochemically 
and telescoped into a reaction of interest.  

 

3.1. Electrochemical flow reactors 

Emerging technologies have been hailed in the chemistry community as a means of 

exploring new reactivity and increasing the accessibility or productivity of existing 

reactions. Electrochemistry and flow chemistry are two ‘emerging technologies’ that are 

well established and widely used by industry.153,154 Perhaps ‘maturing technology’ might 

be a better agnomen given the return of flow chemistry and electrochemistry to the 

laboratory over the past two decades and the ensuing multitude of new reactions which 

has broadened their applicability.46,50,69,116,155 Many of these emerging technologies 

complement one another, for example the combination of electro and photochemistry 

can lead to the generation of excited radicals with relative ease.156 Similarly, flow 

chemistry can greatly improve the efficiency of electro and photochemistry.108,157  

The much smaller interelectrode gap in flow cells reduces the amount of electrolyte 

needed, in some cases eliminating the need for it completely, thereby increasing the 

atom efficiency of the reaction.158 Furthermore, electrochemistry is a heterogeneous 

process and consequently the efficiency can be greatly increased by exploiting the large 
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surface area to volume ratio of flow reactors.108 The movement of species to and from a 

surface, the mass transfer, is of considerable importance during heterogeneous 

reactions,139 but despite this it is often overlooked by the synthetic chemistry community. 

Combine this with the relative youth of flow electrochemistry and it is not surprising that 

whilst considerable work has been conducted in performing electrochemical reactions in 

flow, relatively few studies have been published which consider how the design of a 

reactor effects the mass transfer of species within it. Mass transfer comprises of three 

components: diffusion, a slow process where species move from areas of high 

concentration to areas of low concentration; migration, where charged species are 

moved due to electrostatic forces and convection, where species are moved as a result 

of  the movement of the fluid. Convection is typically what people are referring to when 

they discuss ‘mixing’.  

Laminar flow normally dominates in microreactors,46,54 with turns providing a potential 

source of turbulence to aid mixing. Although other groups have used the layout of flow 

channels to rationalise the design of electrochemical flow reactors,159,160 only one study 

has directly compared designs.161 Instead, the design of reactors has focused on 

practicalities such as reducing the footprint of reactors or performing reactions in 

parallel.112,162,163  

3.1.1. Reactor designs 

Most work on mass transfer in electrochemical flow reactors has focused on using 

obstructions, such as meshes or beads to increase the mass transfer by introducing 

turbulence.164–168 These endeavours have been successful, however they add 

unnecessary complications to experimental set-ups, requiring the careful placement of 

turbulence promotors in-between electrodes for them to be effective. Ideally the mass 

transfer could be controlled by changing the shape or layout of flow channels. Several 

studies have used this idea to justify the design of their reactors.159,160,169 Pletcher et al 

have designed numerous cells including one with a ‘star’ shaped flow path and one with 

a ‘snaking’ channel to disrupt the flow and increase mass transfer (Figure 3.2, a and 

b).160,169The same group also designed a spiral shaped reactor to reduce the disruption 

to flow regimes caused by corners (Figure 3.2, c).159  
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Figure 3.2: Previous studies have used flow channel geometries to justify the design of reactors, but have 
not investigated it in detail. a) Star shaped channel.160 b) Snaking shaped channel.169 c) Spiral shaped 
channel.159  a and b reproduced with permission from Elsevier. c reproduced under creative commons 

licensing. 

 

In 2021 Jud et al designed and fabricated a flow reactor for conducting electrochemical 

reactions in a single pass.161 The group used the decarboxylative methoxylation of 

diphenylacetic acid as a model reaction and were able to obtain nearly full conversion in 

a single pass. They also tested three different flow channels, finding that channels with 

meandering paths or tangential mixers provided a small increase in yield, despite having 

a smaller electrode surface areas than the simple flow path (Figure 3.3). This was 

attributed to extra mixing. 
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Figure 3.3: The effect of different channel geometries on the decarboxylative methoxylation of 
diphenylacetic acid.161 Figure reproduced under creative commons licensing. 

 

The first electrochemical flow reactors to be used in the synthesis of organometallic 

complexes were made by the Willans group.112 This first generation reactor consisted of 

a linear PTFE flow channel (190.0 mm x 4.0 mm x 2.5 mm) with two copper electrodes 

2.5 mm apart (Figure 3.4, b). The formation of Cu(IMes)Cl (Cu1) was chosen as 

benchmark reaction to optimise the reaction conditions due to the air stable and 

diamagnetic nature of Cu1 which allowed reaction monitoring using 1H NMR 

spectroscopy. The reaction mixture was recirculated through the reactor and it was 

observed that the product contained a mixture of Cu1 and the corresponding bis-NHC 

product (Cu2), along with some CuCl2 (Figure 3.4, a). This was attributed to the large 

distance between the two electrodes, along with poor mass transfer. To rectify this, glass 

beads (2.0 mm outer diameter) were packed in a staggered fashion within the flow 

channel and this led to the formation of Cu1 as the only product (Figure 3.4, c and d).112 

Evidently mass transfer can have a significant effect on the selectivity of reactions and 

whether side-products are observed. 
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Figure 3.4: Design and set up of the first generation reactor and how glass beads were used to increase 
tubulance and selectivity.112 b was reproduced with permission from the Royal Scociety of Chemistry 

 

The first generation reactor had a faradaic efficiency of 67% and the group aimed to 

further increase this as well as be able to generate copper-NHC complexes in a single 

pass, without the need for recirculating reaction solutions. The second generation reactor 

was designed to give a high electrode surface area to volume ratio, with copper plates 

alternating with PTFE spacers (Figure 3.5). The spacers had sinuous flow channels to 

reduce the footprint of the reactor and were 1 mm thick. The smaller inter-electrode gap 

resulted in a higher faradaic efficiency when compared to the first generation reactor. 

The modular design of the stacked disk reactor also allowed the volume to be changed. 

With five spacers, a volume of 4 mL, and a residence time of 6 minutes Cu1 could be 
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formed in 97% yield in a single pass with a faradaic efficiency of 93%, a significant 

improvement of the first generation reactor.112 

 

Figure 3.5: The second generation reactor had a stacked disk design.112 Reproduced with permission 
from the Royal Scociety of Chemistry. 

 

3.1.2. Third generation flow reactor 

The second generation flow reactor used by Chapman et al,112 although effective, did 

have a relatively large volume (4 mL). Because the long term aim of this project is to 

incorporate an electrochemical flow reactor as part of a high throughput screening 

platform, it was desirable to have a reactor which had a relatively small volume, to enable 

the screening process to be faster and use less material. As a result, Professor Nikil 

Kapur (School of Mechanical Engineering, University of Leeds) designed a third 

generation reactor in collaboration with the Willans group. Like the second generation 

reactor it features stacked electrodes which alternate between cathode and anode with 

PTFE spacers in between (Figure 3.6). The volume can be varied by changing the 

number of PTFE spacers that are used, with one normal spacer giving a volume of  

approximately 0.5 mL. The shape of the flow channel in the PTFE spacer can also be 

varied, something which is discussed in section 3.2. 
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Figure 3.6: Assembling the third generation reactor: insulating PTFE gasket (1), electrode (2), spacer (3), 
electrode (4), spacer (5), electrode (6), gasket (7) and the steel housing (8). 

 

3.1.3. Set up of electrochemical reactions in flow 

The electrochemical synthesis of Cu1 provides a useful model reaction because the 

ligand can be prepared on a large scale and the resulting complex is air stable, thereby 

simplifying the set up and allowing a diverse range of conditions to be tested. In the 

electrochemical reactor, L1 is reduced at the cathode to generate the carbene, which 

subsequently reacts with a copper ion which has been formed by oxidation of the anode 

to produce Cu1 (Figure 3.7).112 Throughout these studies a 6 mM solution of L1 in 

anhydrous acetonitrile was used. This solution was prepared under argon to try and 

reduce the formation of imidazolones which are formed when free carbenes react with 

oxygen. The solution was transferred into a syringe and pumped through the reactor 

using a syringe pump. A power supply was connected to the electrode and a multimeter 

enabled the current to be monitored (Figure 3.8). Darkening of the electrodes, possibly 

due to deposition, was observed following reactions. Consequently, the electrodes were 

sanded down and cleaned with acetone, water and hydrochloric acid after each reaction. 
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Figure 3.7: Electrochemical synthesis of Cu1. 

 

Figure 3.8: Set up of the electrochemical flow reactor. 

 

Initial optimisation work was conducted by Dr Christiane Schotten, another member of 

the Willans group, demonstrating that using a 6 mM concentration of ligand precursor 
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and a flow rate 0.034 mL min-1

 would provide full conversion of L1 to Cu1 when two 

normal spacers (volume = 0.92 mL) were used and a constant potential of 1.8 V was 

applied. It was found that using a constant potential gave more consistent results 

compared to using a constant current. A polarity flicker was added in series after work 

by Dr Christiane Schotten demonstrated that alternating the polarity of the electrodes at 

a low frequency (1/60 Hz) increased the conversion (Graph 3.1, a) and increased the 

stability of the reactor over long periods of time (Graph 3.1, b),170 an import consideration 

for a screening platform. The flicker is an Arduino circuit that alternates the polarity of 

the electrodes, it is thought that this reduces deposition and fouling of the electrodes and 

helps to prevent short circuits within the reactor.  

 

Graph 3.1: Examining the frequency of the polarity flicker and its effect on the long term stability of a 
reaction.170 

 

3.2. Investigation of different flow paths 

3.2.1. Initial investigations 

To explore whether the shape of flow channels had an impact on the outcome of a 

reaction, four spacers with different flow paths were initially investigated (Figure 3.9). All 

had the same depth (1 mm), but the width and number of turns were varied. The ‘normal’ 

spacer had 7 turns and a width of 2 mm. A thinner, ‘thin normal’ version with a width of 

0.5 mm and 7 turns was also tested. Four ‘thin normal’ spacers were needed to give a 

comparable volume to one ‘normal’ spacer. To increase the number of turns a ‘wiggly’ 

spacer with 82 turns (0.5 mm width) and a ‘short wiggly’ spacer with 30 turns (0.5mm 

width) were investigated. Two ‘wiggly’ spacers and four ‘short wiggly’ spacers were 

required to give a volume of approximately 0.5 mL. Whenever multiple spacers were 
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used the flow path must pass through an electrode, as shown in Figure 3.6, in what will 

be referred to as a ‘hop’. 

 

Figure 3.9: The spacers that were tested. Colours correspond to Graph 3.2.  

 

The synthesis of Cu1 was examined using the different flow channels at a range of flow 

rates. Two residence times were allowed to elapse to ensure that steady state had been 

reached before the eluent was collected for one residence time. The solvent was then 

removed under vacuum and the remaining white solid dissolved in deuterated 

chloroform. 1H NMR spectroscopy was used to calculate the conversion from the 

integrals of the imidazolium salt and the copper-NHC complex at δ 7.62 ppm (s, 2H) and 

7.00 ppm (s, 4H) respectively. Each reaction was performed a minimum of three times 

and a mean of the conversion at each flow rate was calculated for each spacer. This was 

plotted against the residence time and the standard error calculated for each point 

(Graph 3.2). Although there is some overlap in errors, the general trend is that the ‘short 

wiggly’ spacer gave the best conversion, followed by the ‘wiggly’, ‘thin normal’ and then 

the ‘normal’ spacer gave the lowest conversion. The differences in conversion which 

were observed are likely to arise from the different geometries of the spacers which could 

affect the mass transfer within the reactor. 
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Graph 3.2: The different spacers at a range of flow rates. 

 

3.2.2. Modelling mass transfer 

Equation 3.1 was used to estimate which spacer provides the most efficient mass 

transfer. Equation 3.1 uses the dimensions of a flow channel, along with the flow rate 

and diffusivity constants to estimate the mass transfer coefficient. It is based upon a 

similar equation used by Colli et al which used L instead of L/N.164 Mass transfer is 

highest directly after the flow has been disturbed, such as after a segmented electrode 

as demonstrated by Colli et al.171 If the turns in our system disturb the flow, and thereby 

influence mass transfer, then this could be approximated by dividing the length of the 

flow channel into segments. The number of segments (N) would be equal to the number 

of straight sections or the number of turns plus one. This gives Equation 3.1, which 

assumes that each turn provides perfect mixing. This assumption is unlikely to be true, 

but should provide a qualitative estimate to rank the efficiency of each flow channel.  

 

 



75 

 

𝑘𝑚 = 1.85
𝐷

𝑑ℎ
(

𝑑ℎ
2 ∙ 𝑉̇

𝜈ℎ𝑤
𝐿
𝑁

𝑆𝑐)

1
3

 

Equation 3.1 Calculating the mass transfer coefficient (km). D is the diffusion coefficient, dh the hydraulic 
diameter, V̇ the flow rate, ν  the kinematic viscosity, h and w the height and width of the channel 

respectively, L the length, N the number of segments and Sc the Schmidt number. 

 

The results of this simple mass transfer model are summarised in Graph 3.3 and show 

that the ‘wiggly’ spacer is expected to perform the best as this has the highest number 

of turns (164 for 2 spacers), followed the ‘short wiggly’ (120 turns for 4 spacers) and then 

the ‘thin normal’ (28 turns, 4 spacers) and the ‘normal’ (7 turns, 1 spacers). In contrast 

to experimental results, this simple model under predicts the performance of the ‘short 

wiggly’ spacer. The primary difference is that this spacer has a small individual volume, 

meaning that several spacers must be used to have a comparable volume. The 

consequence of this is that the flow path passes through the electrode more often. 

Equation 3.1 treats any change in direction of the flow path as equivalent; the effect of a 

turn being equal to that of passing through an electrode. The discrepancy between the 

predicted mass transfer (Graph 3.3) and the conversion (Graph 3.2) would suggest that 

any mass transfer induced by passing through the electrode is not equivalent to the mass 

transfer caused by a turn. 

 

Graph 3.3: Estimated mass transfer coefficients (km) using Equation 1. 
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3.3. Computational fluid dynamics 

3.3.1. Basic principles of fluid dynamics  

Fluid dynamics is a discipline which studies and describes the behaviour of fluids. 

Broadly speaking, fluid flow can be categorised as either laminar or turbulent. In laminar 

flow fluid particles maintain a constant velocity relative to the other particles, resulting in 

layers of fluid sliding past each other (Figure 3.10), consequently mixing usually occurs 

via diffusion. By contrast turbulent flow is highly irregular, with fluid particles having 

different velocities resulting in the formations of eddies and a non-uniform flow regime 

which aids mixing.172 

 

Figure 3.10: Laminar flow consists of parallel layers of fluid moving past each other, with the largest 
velocity found in the centre of channels. 

 

The Reynolds number of a fluid can be used to estimate whether laminar or turbulent 

flow dominates. This dimensionless number describes the ratio of inertial forces to 

viscous forces (Equation 3.2).173 If the Reynolds number is less than 2000 then the flow 

is usually  assumed to be laminar. Consequently if the flow channel has small dimensions 

or the fluid is flowing slowly laminar flow is likely to dominate. 

𝑅𝑒 =  
𝜌𝑢𝐿

𝜇
 

Equation 3.2: Calculating the Reynolds number (Re) where ρ is the fluid density, u is the velocity, L is the 
length of the channel and µ is the kinematic viscosity. 

 

The type of flow (i.e. turbulent or laminar), along with the type of fluid (incompressible 

like a liquid or compressible like a gas), is important in determining how we describe the 

motion of a fluid. The Navier-Stokes equations govern how fluids move and are built 

upon Newton’s second law of motion (Equation 3.3).173 Conventionally, this is written in 

the form ma = F; where the mass and acceleration components are governed by the 

density and velocity of the fluid (the inertial forces) and the force is a combination of the 

pressure, the viscous forces and any external forces applied to the fluid.  Depending on 
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the circumstances the Navier-Stokes equations cannot always be solved, but it can be 

simplified using assumptions based upon the type of flow and the type of fluid. 

𝑚𝑎 = 𝐹 

𝜌 (
𝛿𝑢

𝛿𝑡
+ 𝑢 ∙ ∇𝑢) =  −∇𝑝 + ∇ ∙ (𝜇(∇𝑢 + (∇𝑢)𝑇) −

2

3
𝜇(∇ ∙ 𝑢)𝐼) + 𝐹 

Equation 3.3: Newton’s second law of motion (top) and its relation to the Navier-Stokes equation (bottom). 
Where m is mass, a  is acceleration, F is force, ρ is the fluid density, p is pressure, µ is kinematic viscosity, 

u  is the velocity and T is the temperature. 

 

For example the Navier-Stokes equations are always accompanied by a continuity 

equation which says that mass is conserved. If the fluid is incompressible, which is the 

case for most liquids, then the continuity equation can be simplified to  

∇ ∙ 𝑢 = 0.  This also allows 
2

3
𝜇(∇ ∙ 𝑢)𝐼 to be removed from the Navier-Stokes equation . If 

the flow is laminar then it is assumed that the inertial forces are inconsequential when 

compared to the viscous forces and they can therefore also be ignored. In the instance 

of the electrochemical flow reactors examined in this chapter both of these are the case, 

allowing the Navier-Stokes equation to be simplified to Equation 3.4.173 

∇ ∙ 𝑢 = 0 

0 =  −∇𝑝 + ∇ ∙ (𝜇(∇𝑢 + (∇𝑢)𝑇)) + 𝐹 

Equation 3.4: Continuity equation (top) and simplified Navier-Stokes equation (bottom). Where u is 
velocity, p is pressure, µ is kinematic viscosity, T is temperature and F is force. 

 

3.3.2. Simulating an electrochemical flow reactor 

Fluid flow can be modelled computationally using computational fluid dynamics (CFD) 

and is often conducted using commercially available software. COMSOL multiphysics 

was used in the study to construct virtual flow channels, simulate fluid flow through them 

and visualise the results. 

Five flow channels were constructed; a straight channel, a channel with s-shaped turns, 

a channel with right angled stepped turns, a channel with square hops and a channel 

with cylindrical hops, each with a channel height and width of 1 mm (Figure 3.11). The 

straight channel was a simple cuboid, 100 mm in length while the channel with turns 

featured twenty 180° turns and a path length of 100 mm. The geometric shape of the 

channels with stepped turns and square hops were identical, the only difference being 
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which surface was modelled as an electrode; ten stepped turns were connected with 

straight sections, giving a path length of 120 mm. This was to try and distinguish between 

the shape of the channel and the act of passing through an electrode. The cylindrical 

hops had the same basic shape as the square hops, but with cylinders connecting the 

straight sections instead of cuboids. This was to replicate the flow paths in section 3.2 

which had wider holes when passing through an electrode. Consequently the volume 

was 159 cm3, slightly larger than the volume of the square hops (120 cm3) although the 

mean path length remained the same.  

 

Figure 3.11: Five flow channels were constructed within COMSOL multiphysics. One wall in each channel 
was chosen to simulate the surface of the electrode, shown in blue. 

 

An unstructured mesh was generated for each channel. This is where the channel 

geometry is divided into a network of polyhedra, enabling each polyhedron to be solved 

individually (Figure 3.12). The main advantage of using an unstructured mesh is that the 

size of the polyhedra may be changed so that greater resolution can be achieved at 

points of interest (i.e. at corners or close to the boundaries) without unnecessarily 

increasing the amount of computing power required for the rest of the model. 
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Figure 3.12: Unstructured mesh for steps and square hops. 

 

The ‘laminar flow’ and ‘transport of dilute species’ packages within COMSOL were used 

to model the fluid flow within the flow channels. To do this, velocity fields were modelled 

using Navier-Stokes equations assuming that the flow was at steady state. A ‘no slip’ 

condition was applied to the wall, meaning the velocity of fluid next to the walls would be 

treated as 0 m s-1, whilst the inlet was set to an initial velocity of 0.001 m s-1 with a fully 

developed flow. Visualisation of the fluid flow shows clear laminar flow with a well-

developed parabolic profile (Figure 3.13). The ability of eddies to form at sharp corners 

during laminar flow has been demonstrated,174 however no evidence of this was 

observed during the CFD. 
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Figure 3.13: Velocity fields calculated using Navier-Stokes equations. No eddies or back mixing can be 
seen. Size of the arrows corresponds to their relative velocity. 

 

The ‘transport of dilute species’ package was used to simulate species leaving the 

surface of an electrode. To do this one wall of the channel (shown in blue, Figure 3.11) 

was set to a concentration of 1 mol m-3, whilst the initial concentration of the inlet was 

set to 0 mol m-3. The remaining boundaries were to set to have no flux. Equation 3.5 was 

used to model the concentration within the channel using velocity fields produced from 

the Navier-Stokes equation (Equation 3.4). The bottom wall of the straight channel, the 

channel with turns and the stepped turns was used to act as the electrode. For the square 

hops and the cylindrical hops the wall acting as an electrode was alternated between the 

top and bottom wall each time the channel passed through a hop. 

∇ ∙ 𝐽𝑖 + 𝑢 ∙ ∇𝑐𝑖 =  𝑅𝑖 

𝐽𝑖 =  −𝐷𝑖∇𝑐𝑖 

Equation 3.5: Calculating the concentration. Where Ji is the mass flux diffusive flux vector, u is the flow 
velocity vector, ci is the concentration of the species, Ri is the reaction rate expression and Di is the 

diffusion coefficient (set to 1x10-9 m2 s-1). 
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To obtain the concentration of the species in the bulk solution planes were cut across 

the channel at regular intervals and the average concentration for the surface of each 

plane was calculated (Figure 3.14). The concentration was then plotted against the 

distance along each flow channel (Graph 3.4). The straight channel, turns and stepped 

turns all performed similarly, with a concentration of between 0.51 and 0.54 mol m-3 at 

100 mm along the channel. However the two channels with hops were calculated to have 

a much higher concentration in the bulk solution with 0.67 and 0.66 mol m-3 for the square 

hops and cylindrical hops respectively at 100 mm. The slightly lower concentration seen 

for the cylindrical hops is due to the smaller surface area of the electrode; 91 mm2 for 

the square hops compared to 75 mm2 for the cylindrical hops. This further supports the 

hypothesis that hops increase the effective mass transfer coefficient, facilitating the 

removal of material from the electrode surface and into the bulk solution. 

 

Figure 3.14: Plains perpendicular to the direction of fluid flow (shown in red) were used to obtain the 
average concentration at intervals along the flow channels. 
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Graph 3.4: Mean concentration of a species along a flow channel. 

 

3.4. The effect of hops on mass transfer 

3.4.1. Rationalising the effect of hops 

Electrochemistry is a heterogeneous process which does not occur uniformly in a flow 

channel as it can only occur at the surfaces of the electrodes which make up the top and 

bottom of the channel.108,139,157 For the synthesis of Cu1, the intermediates produced at 

each electrode must come into contact with each other. The exact mechanism for this is 

currently unknown, however it is likely that mass transfer across the channel and 

between the two electrodes will be important (Figure 3.15). 
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Figure 3.15: Representation of a hop in the flow channel. 

 

All of the flow channels tested in section 3.2.1 had a varying number of turns which were 

shown through CFD to increase the efficiency of mass transfer, although to a lesser 

extent than when the solution passed through the electrode in a ‘hop’. Small Reynolds 

numbers, due to the dimensions of the reactor, mean that laminar flow dominates. In 

passing through a hop, the solution in contact or in proximity to the bottom electrode 

remains at the bottom of the flow channel, but is now in contact with the electrode of 

opposite polarity and vice versa (Figure 3.15). Consequently metal ions produced at the 

anode quickly come into close proximity with the cathode and the carbene generated 

there. A further effect, which is observed in the CFD models, is that of concentration 

gradients (Figure 3.16). In the model, one surface has a concentration of 1 (shown in 

blue) and the solution entering the channel has a concentration of 0. Therefore at the 

beginning of the channel there is a large concentration gradient. This gradient decreases 

along the channel as the concentration of the bulk solution near to the blue surface 

increases. After a hop the blue surface is brought into contact with solution that has a 

low concentration, resulting in a large concentration gradient and increasing the rate of 

diffusion.  
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Figure 3.16: Diagram CFD results for a) straight channel and b) channel with hops. One side of the flow 
channel (the ‘electrode’) is shown in blue. Species diffuse away from this surface into the bulk. 

 

3.4.2. The happy hopper 

To test whether extra hops improved the conversions obtained from the reactor a new 

flow path was designed which only featured hops in the absence of turns. The original 

hopper had a narrow channel width and more than eighty hops. This led to a large 

pressure drop and consequently required the reactor to be bolted together with 

significantly more force than was required for the other spacers to prevent it leaking. This 

led to the deformation of the PTFE channels, such that the channels become blocked 

and made the original hopper unusable. It was redesigned to have a smaller number of 

hops and with wider channels (0.5 mm). This happy hopper was a less extreme version 

of the original hopper and consisted of a pair of PTFE spacers that each had ten straight 

channels connected to each other by a series of hops (Figure 3.17). Three pairs of happy 

hopper spacers gave a volume of approximately 0.5 mL, allowing its performance to be 

compared with the other spacers. 
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Figure 3.17: The happy hopper spacer. Left: how the straight channels are connected via hops. Right: the 
layout of the spacers which are used as a pair. 

 

The happy hopper was added to the simple model for mass transfer and based upon 

three pairs having 60 hops, the happy hopper would be expected to have inferior mass 

transfer when compared to the short wiggly spacer. As discussed in section 3.2.2, this 

model assumes hops and turns are equal with respect to mass transfer and consequently 

it would not be surprising for the happy hopper to display an improved experimental 

performance with respect to the other spacers despite poor performance in the simple 

mass transfer model. 
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Graph 3.5: Estimated mass transfer using Equation 1.1, including the happy hopper. 

 

The production of Cu1 was used to evaluate the efficiency of mass transfer of the happy 

hopper in the same way as the other four spacers by varying the flow rate (Graph 3.6). 

At the slowest flow rate of 0.04 mL min-1 full conversion was obtained, as determined by 

1H NMR spectroscopy, higher than that of the other spacers. This trend continued, with 

higher conversions observed at longer residence times. At shorter residence times (and 

faster flow rates) a lower conversion was observed. The exact reason for this is unclear, 

but could conceivably be due to the time scale of the reaction. If the polarity of the 

electrode is alternated more quickly than the reaction can take place then a drop in 

conversion would be expected. The mechanism, and by extension the rates for this 

reaction are poorly understood and consequently it is unclear whether this effect is 

responsible for the reduction in conversion or alternative effects are at play. 
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Graph 3.6: Different spacers, including the happy hopper at a range of flow rates. 

 

3.5. A systematic study 

3.5.1. Design of flow channels 

Initial investigations used flow paths that varied from one another with regards to channel 

width, the number of turns and the number of hops. This was due to the design of the 

third generation reactor which was made with the synthesis of organometallic complexes 

in mind, consequently disentangling the effects of hops and turns was challenging. A 

more systematic approach would allow the effects that hops and turns have on mass 

transfer to be examined independently from one another. This was conducted with help 

of Sarah Boyall, a summer student in the Willans group. 

Four flow paths were designed to have the same volume (0.090 mL), length (90.0 mm) 

and cross sectional area of flow path (1.0 mm x 1.0 mm) to make them easily comparable 

(Figure 3.18). These flow paths were laser cut into pieces of PTFE to be used as spacers 

in a reactor which had the same stacked plate design as the second and third generation 

reactors. A straight channel with no hops or turns was designed as the control. One 

channel had five ‘s-shaped’ turns and another five hops, where the channel passed 

through the electrode. A fourth ‘stepped turns’ channel was designed with 5 dog-leg turns 
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to provide the same shape and dimensions of the hops spacer, but without passing 

through the electrode. The stepped turn channel was designed as a control to see if any 

difference in the hops channel was due to the shape of the hops or the act of passing 

through the electrode. 

 

Figure 3.18: Flow channels used in the systematic study. 

 

3.5.2. Characterisation of the spacers 

The residence time distribution of the four spacers were obtained by pumping acetonitrile 

through the reactor and using valves to introduce short pulses of methylene blue in 

acetonitrile into the reactor. The absorbance of the solution leaving the reactor was then 

measured using an inline UV-Vis spectrometer. The residence time distribution was 

calculated as the time between 50% relative absorbance over an average of four runs 

(Figure 3.19). The residence time distributions for the straight, hops and stepped turn 

spacers were identical, suggesting that the shape of the hops has little to no effect on 

back mixing. The residence time distribution was significantly longer for the turns spacer, 

however this is not unexpected. The volume of the turns spacer is the same as the other 

spacers, so the amount of time that reaction solutions are in contact with the electrodes 

should be the same, however another flow channel (which is insulated from the 

electrodes) is required to bring the solution to the outlet. Consequently the residence 

time distribution of the turns spacer is anticipated to be comparable to the other spacers 

when the solution is in contact with the electrodes. 
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Figure 3.19: The residence time distribution was calculated as the time between 50% relative absorbance 
and the residence time distributions for the four spacers.  

 

Diffusion and back mixing both contribute to the longitudinal spread of a tracer in a 

tubular reactor, which is characterised by the axial dispersion coefficient (Dax).175 An 

estimate of the axial dispersion coefficient can be obtained by fitting a model to 

experimental data. When the Reynolds number is less than 100 two models may be 

used, a symmetrical model (Equation 3.6) which is most appropriate when axial 

dispersion is small and an asymmetric model (Equation 3.7) when axial dispersion is 

high.176 The amount of axial dispersion is described by the vessel dispersion number 

(NL), NL is in turn calculated from the axial dispersion coefficient (Equation 3.8). As Dax 

and NL are both unknown it is customary to fit both models and select the one which 

corresponds to the experimental data the closest, from this NL may be calculated.176 The 

asymmetric model was most  similar to that obtained for the four spacers investigated in 

this study (Graph 3.7), giving an NL of 0.06 and an axial dispersion coefficient of 2.5 x 

10-4 m2 s-1. The large value of NL would suggest that some back mixing does occur, 

however the similarities in residence time distributions across the different spacers 

indicates that there is an equal amount of back mixing in each spacer. 

𝑁𝐿 < 0.01:    𝐸𝑡,𝐴𝐷𝑀 =  √
𝑢3

4𝜋𝐷𝑎𝑥𝐿
 𝑒𝑥𝑝 [−

(𝐿 − 𝑢𝑡)2

4𝐷𝑎𝑥𝐿
] 

Equation 3.6: Symetrical model for calculating the axial dispersion coefficient (Dax) for small NL values. 
Where u is the average velocity, t is the time, L is the length and Et is the exit time. 

𝑁𝐿 >  0.01:     𝐸𝑡 =
𝑢

√4𝜋𝐷𝑎𝑥𝑡
𝑒𝑥𝑝 [−

(𝐿 − 𝑢𝑡)2

4𝐷𝑎𝑥𝑡
] 

Equation 3.7: Asymmetrical model for calculating the axial dispersion coefficient (Dax) for large NL values. 
Where u is the average velocity, t is the time, L is the length and Et is the exit time. 
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𝑁𝐿 =  
1

𝑃𝑒𝐿
=  

𝐷𝑎𝑥

𝑢𝐿
 

Equation 3.8: Calculating the vessel dispersion number (NL). Where PeL is the Peclet number, Dax is the 
axial dispersion coefficient, u is the average velocity and L is the length. 

 

Graph 3.7: Comparison of symmetrical and asymmetrical models of residence time distributions with 
experimental values. 

 

Mass transfer coefficients can be calculated in electrochemical flow reactors by using 

the limiting current method.177 When an electrochemical reaction is taking place there is 

the transfer of electrons, which can be observed as a current. By increasing the potential, 

the rate of the electrochemical step is increased and consequently the current. When the 

mass transfer of species to the electrode surface becomes the rate limiting step the 

current plateaus despite an increase in the potential (Figure 3.20). From this the mass 

transfer coefficient may be calculated (Equation 3.9).27 An aqueous solution of 

K3Fe(CN)6 and K4Fe(CN)6 with a supporting electrolyte was used. Initially copper 

electrodes were used, however a suitable voltammogram could not be obtained and blue 

deposits were observed, consistent with the electrochemical formation of Prussian 

blue.178 
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Figure 3.20: A schematic representation of a typical voltammogram used to calculate the limiting 
current.177 

𝑘𝑚 =
𝐼𝑙𝑖𝑚

𝑛𝐹𝐴𝐶𝐵
 

Equation 3.9: Calculating the mass transfer coefficient (km) from the limiting current (Ilim). Where n is the 
number of electrons exchanged, F is the Faraday constant and CB is the concentration of the bulk 

solution.177 

 

The copper electrodes were replaced with graphite electrodes and the solution passed 

through it whilst the potential was slowly increased. A plateau was only observed when 

a low flow rate (0.04 ml min-1) was used, suggesting that mass transfer is not the rate 

limiting step at higher flow rates. The straight, turns and stepped turned spacers all had 

nearly identical mass transfer coefficients. By contrast the hops spacer had a mass 

transfer coefficient 5 times higher, demonstrating that hops do increase mass transfer 

significantly (Graph 3.8). Importantly the stepped turns spacer’s mass transfer coefficient 

was comparable to both the straight and turns spacer confirming that the increased mass 

transfer coefficient of the hops spacer is not due to the shape of it. 
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Graph 3.8: Mass transfer coefficients for the four spacers in the systematic study. 

 

When scaling up reactors the energy input (via pumping power due to pressure drop) is 

of considerable importance. To investigate this the energy dispersion rate was calculated 

using pressure drops obtained from the CFD studies; these were scaled to reflect the 

slightly shorter channel lengths. The channels with steps and hops had a slightly higher 

pressure drop, resulting in an energy dispersion rate 10% higher. The ratio between 

mass transfer coefficients and energy dispersion rates was calculated, with hops 

providing a threefold increase when compared to turns, offsetting the slight increase in 

energy requirements (Graph 3.9). This also demonstrates that the increase in effective 

mass transfer is due to the hops themselves and how the position of the electrode 

changes relative to the channel, as opposed to any changes in the flow regime.  
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3.5.3. Synthesis of copper species 

To probe whether the increase in mass transfer coefficient translated into more efficient 

reactions, Cu1 was synthesised in the systematic flow channels. Only a small increase 

in the conversion was observed for the hops spacer at 0.04 mL min-1 (Graph 3.10), 

suggesting that the production of Cu1 is not mass transfer limited in this reactor. The 

limiting current method for calculating mass transfer coefficients uses K3Fe(CN)6 in 

excess and consequently only considers the reaction at one of the electrodes.177 By 

contrast, the synthesis of Cu1 involves species generated at both electrodes coming into 

contact with one another and this additional complexity might explain why an increase in 

the conversion to Cu1 is not observed for the hops spacer. 

Graph 3.9: Ratio of mass transfer coefficient to energy dispersion rate for the different 
spacers. 
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Graph 3.10: Conversion of L1 to Cu1 in the systematic spacers with an applied potential of 1.8 V and a 
flow rate of 0.04 mL min-1. 

 

3.5.4. Carboxylation of imidazoliums 

The carboxylation of imidazoliums was chosen as a simpler version of the synthesis of 

Cu1 to examine whether channel geometries can change the outcome of a reaction. The 

idea was to look at the formation of free carbenes at the cathode by trapping them via 

reaction with dissolved CO2 . This reaction was previously reported by de Robillard et 

al.150 They investigated the carboxylation of a range of non-bulky imidazoliums by 

reducing the imidazoliums to carbenes at the cathode and then reacting the carbenes 

with CO2. De Robillard et al conducted this reaction in a divided cell using platinum 

electrodes and a supporting electrolyte. CO2 was bubbled through the reaction whilst the 

imidazolium was electrolysed (Scheme 3.1).150 

 

Scheme 3.1: Carboxylation of imidazoliums with the conditions used by de Robillard et al.150  

 

The bottle reactor was used for initial investigations looking at transferring de Robillard 

et al’s methodology into a non-divided cell. Dimethyl imidazolium iodide (L8) was 
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electrolysed in the bottle reactor without an electrolyte using graphite electrodes whilst 

CO2 was bubbled through the solution. 1H NMR spectroscopy showed a conversion of 

33%. Although this is significantly lower than previously reported (77%)150 the conditions 

are more suitable for a flow reaction; the reaction can be conducted in a undivided cell 

and graphite electrodes can be used instead of platinum. L1 was also tried in the bottle 

reactor, but this gave no product, possibly due to its bulky nature. 

To transfer the reaction into flow the reaction solutions were prepared under argon and 

then CO2 was bubbled through the solution for 30 minutes to saturate the solution and 

once in the reactor a back pressure regulator was required to keep the CO2 in solution 

(Scheme 3.2). Initial attempts using graphite electrodes found that the results were not 

very reproducible, with the conversion varying by large amounts. To try to solve this the 

cathode was swapped for a copper electrode because metal electrodes are generally 

easier to clean in a consistent way. Similarly potentiostatic conditions were found to be 

more reliable than galvanostatic conditions. 

 

Scheme 3.2: Carboxylation of imidazoliums under continuous conditions gives a mixture of products. 

 

Interestingly when conducting the reaction in flow two products are observed along with 

the starting material. One is the desired carboxylate, the other is thought to be an 

imidazolone. Although it is unclear where the oxygen is coming from, it should not matter 

too much as, like the carboxylate, the imidazolone is also formed from the carbene. 

Consequently the combined conversion of the carboxylate and imidazolone will still 

provide information for how much of L8 is being reduced to form a carbene. 

The outlet of the reactor was sampled at regular intervals after two residence times had 

elapsed to try and ascertain whether steady state has been reached. Steady state was 

not reached for any of the spacers; the conversion increased over time until between 60 

and 80 minutes before reducing again. This could suggest that something is happening 

at the surface of the electrode which is reducing the effectiveness of the reaction.  

Whilst running the time course experiments is was noted that the reactions remained 

poorly reproducible, despite changing the electrodes, with the current varying 
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considerably. To try and rectify this electrolyte was added back into the reaction to try 

and ensure that the solution had a constant resistance during the reaction. This helped 

greatly and allowed the reaction to be reproducible, although steady state could still not 

be reached. The aim of this study was to examine the channel geometry, rather than the 

surface chemistry of the electrodes. Consequently the lack of a steady state wasn’t of 

huge concern as long as steady state wasn’t reached in a reproducible way. All four 

spacers gave conversions of approximately 30%, suggesting that this reaction is not 

limited by mass transfer. 
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3.6. Conclusions and future work 

Five different flow channels have been used to investigate the efficiency of mass transfer 

within an electrochemical flow reactor. These results, combined with CFD modelling 

have demonstrated that turns and hops both increase the efficiency of mass transfer, but 

that hops have a greater effect possibly due to improved rates of diffusion. The improved 

performance of the hops could also be attributed to a ‘reverse mass transfer’, where the 

opposite electrode is brought close to the intermediates, as opposed to moving the 

intermediates across the channel to reach the other electrode. Furthermore, the increase 

in mass transfer has been exploited to give full conversion of L1 to Cu1 within an 

electrochemical flow reactor, whilst maintaining a small reactor volume. This 

underscores the importance of considering mass transfer when designing flow reactors, 

especially if the reaction has heterogeneous components. 

A more systematic study was also conducted and the mass transfer coefficients for four 

spacers were obtained empirically, demonstrating that hops do increase mass transfer 

and that the increase is due to the nature of the hops, as opposed to the additional energy 

input from the (relatively modest) increase in pumping power required and that hops do 

not change the flow regime. However the increase in mass transfer did not correspond 

with an increase in the conversion of Cu1, possibly due to the added complexity of this 

reaction. A simpler reaction was used to further investigate this, where the carbene 

generated at the cathode reacts with carbon dioxide. This reaction, which was previously 

reported, was modified so that it could be conducted under continuous conditions. 

However no difference was observed between the different spacers suggesting that the 

reaction is not limited by mass transfer, at least in this reactor. Several products were 

produced when graphite and copper electrodes were used, furthermore the reaction was 

demonstrated to be unstable over time. Both of these observations suggest that some 

interesting surface chemistry is going on. Future studies could look at using glassy 

carbon electrodes to try and enable steady state to be reached. 

Previous studies within the group have demonstrated that alternating the polarity can be 

beneficial for reactions, however one of the limitations of this is that it requires both 

electrodes to be made of the same material.170 When the polarity is alternated the 

position of each electrode changes, similar to when a solution passes through a hop. 

Hops could be used to provide similar benefits to alternating polarity for reactions where 

it is not possible to have identical electrodes, for example in organic electrochemical 

reactions where the anode and cathode are often made from different materials. 

Incorporating hops into the design of a reactor could be of particular benefit for organic 
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reactions where both electrodes are involved (i.e. the counter reaction is either useful or 

essential, as opposed to solvent degradation). 

Hops could be used for paired electrosynthesis, or redox combined electrochemical 

reactions such as those reported by Amemiya et al (Scheme 3.3) and Hartmer et al 

(Scheme 3.4) respectively.179,180 Reactions such as Hartmer et al’s synthesis of nitriles 

would benefit from being conducted in flow due to the small interelectrode gap, allowing 

species to diffuse between electrodes more quickly. This could be further enhanced by 

the use of hops to replenish the concentration of starting materials near the anode and 

then ‘moving’ the cathode closer to the intermediates that formed at the anode. 

 

Scheme 3.3: Paired electrosynthesis reported by Amemiya et al.179  

 

Scheme 3.4: Domino oxidation-reduction for the synthesis of nitriles, reported by Hartmer et al.180 
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3.7. Experimental 

NMR data were obtained on either a Bruker AVneo 500 (CH dual cryoprobe) or Bruker 

Ascend 400 spectrometer. 1H NMR and 13C{1H} chemical shifts were referenced 

against residual solvent peaks. Mass spectra were collected on a Bruker Daltonics (micro 

TOF) instrument operating in the electrospray mode. Elemental Analyses were 

performed by Mr Stephen Boyer at London Metropolitan University. 

Where stated, reactions were carried out under an inert atmosphere of dry nitrogen or 

argon, using standard Schlenk line or glovebox technique. Anhydrous solvents were 

dried by passing over activated alumina to remove water and copper catalyst to remove 

oxygen via the Dow-Grubbs solvent system. They were collected onto activated 

molecular sieves to remove any remaining water. Acetonitrile was degassed with argon. 

All reagents were used as supplied, without further purification. 

Flexible graphite sheets were donated by Dr Itziar Penafiel from the University of 

Manchester. 

3.7.1. Third generation reactor 

3.7.1.1. Reactor manufacture and assembly 

The third generation electrochemical flow reactor was machined out of stainless steel by 

the workshop in the School of Mechanical Engineering at the University of Leeds. 

Electrodes and spacers were designed on Corel Draw. Copper electrodes were laser cut 

by Laser Master (Redruth, TR16 6HY) from C160 copper sheet with a thickness of 0.9 

mm. Spacers were laser cut by Laser Web (Barnsley, S71 3HS) from PTFE sheets with 

a thickness of 1 mm. 

The third generation reactor features stacked electrodes which alternate between 

cathode and anode with PTFE spacers in between (Figure 3.6). PTFE gaskets insulate 

the stainless steel housing and M5 bolts are used to sandwich the reactor together. The 

volume can be varied by changing the number of PTFE spacers that are used, with one 

A spacer giving a volume of  approximately 0.5 mL.  
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3.7.1.2. Spacer design 

Five spacers (A-E) were designed (Figure 2.3a). All had a thickness of 1 mm, whilst the width and number of turns in each spacer was varied. Volumes 

were calculated from the area of the flow channels. 

Spacer A B C D E 

     

Channel width 2 mm 0.5 mm 0.5 mm 0.5 mm 0.5 mm 

Number of turns 7 7 82 30 0 

Volume 0.463 mL 0.128 mL 0.260 mL 0.128 mL 0.162 (pair) 

Number of spacers 

to get 0.5 mL 

1 4 2 4 3 pairs 

Turns per 0.5 mL 7 28 164 120 0 

Hops per 0.5 mL 0 3 1 3 60 
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3.7.2. Copper-NHC reaction 

3.7.2.1. General procedure for the synthesis of Cu1 

The electrochemical synthesis of Cu(IMes)Cl (Cu1) from IMesHCl (L1) is a well-

established reaction that has been used by our group as a model reaction 

previously.112,170 L1 was prepared via literature procedures.181 6mM solutions of L1 in 

anhydrous acetonitrile were prepared under argon to avoid the formation of 

imidazolones. The solution was transferred to a syringed and pumped through the 

reactor using a syringe pump. A constant potential of 1.8 V was applied using a Tenma 

bench top power supply (72-10480 from Farnell) with a multimeter and alternating 

polarity microcontroller (Arduino MKZERO with Arduino MKR relay proto shield)  set to 

1/60 Hz in series.170 

Two residence times were allowed to elapse for the reactor to reach steady state (Table 

3.1), before the eluent was collected for one residence time in a round bottomed flask in 

air. The solvent was removed under vacuum and the remaining white solid dissolved in 

deuterated chloroform. 1H NMR spectroscopy was used to calculate the conversion from 

the integrals of the imidazolium salt and the copper-NHC complex at δ 7.59 ppm (s, 2H, 

Imidbackbone) and 7.00 ppm (s, 4H, ArH) respectively. 

V̇ / mL min-1 τ / min Wait time / min Collection time / min 

0.04 12.50 25 10 

0.08 6.25 15 5 

0.12 4.17 10 4 

0.16 3.13 8 3 

0.20 2.50 6 2 

Table 3.1: Residence times, time to reach steady state and the collection times when the volume of the 
reactor is 0.5 mL. 

Proton L1 (ppm) Cu1 (ppm) 

NCHN 10.89 - 

Imidbackbone 7.59 7.05 
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ArH 7.03 7.00 

p-CH3 2.18 2.34 

o-CH3 2.34 2.10 

Table 3.2: Chemical shifts for L1 and Cu1. 

In between each reaction the reactor was disassembled and the electrodes cleaned. The 

copper electrodes were cleaned by rinsing with acetone, sandpapering, washing with 

HCl (~3 M) and rinsed a second time with acetone. 

3.7.2.2. Different spacer experiments 

The general electrochemical flow procedure was followed, using different spacers each 

with a volume of approximately 0.5 mL at a range of flow rates. Numerous experiments 

were conducted using different batches of L1 and anhydrous acetonitrile. Each reaction 

was performed a minimum of two times and a mean of the conversion at each flow rate 

was calculated for each spacer. This was plotted against the residence time and the 

standard error calculated for each point. 

 

 
A (1 spacer) 

Residence 
time 

11.58 5.79 3.86 2.89 2.32 

Conversion 97.3 69.2 61.7 49.2 41.3 
 

88.9 70.3 61.5 51.9 51.3 
 

97.1 76.5 56.0 60.9 52.3 
 

96.8 74.5 64.5 60.2 57.3 
 

81.2 
 

63.2 
  

 
85.6 

 
65.9 

  

   
67.0 

  

   
65.2 

  

   
83.6 

  

   
81.6 

  

   
62.3 

  

Mean 91.1 72.6 66.6 55.5 50.6 

SD 6.3 3.0 8.0 5.1 5.8 

Standard 
error 

2.6 1.5 2.4 2.5 2.9 
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Table 3.3: Combined data for A. Volume = 0.463 mL. 

 

 

B (4 spacers) 

Residence 
time 

12.80 6.40 4.27 3.20 2.56 

Conversion 100.0 82.2 69.2 75.2 68.9  

94.2 80.8 67.0 68.7 59.8   

79.3 76.1 65.8 58.4    

71.6 

  

Mean 97.1 80.7 71.0 69.9 62.4 

SD 2.9 1.2 3.4 3.9 4.7 

Standard 
error 

2.0 0.7 1.7 2.3 2.7 

Table 3.4: Combined data for B. Volume = 0.512 mL. 

 

 

C (2 spacers) 

Residence 
time 

13.00 6.50 4.33 3.25 2.60 

Conversion 96.7 81.0 68.3 60.6 61.0  

97.2 91.1 78.3 74.4 66.0  

97.6 82.3 73.0 69.7 75.7  

99.1 91.7 69.9 

 

65.4   

81.7 75.8 

 

70.8    

79.6 

  

Mean 97.6 85.5 74.1 68.3 67.8 

SD 0.9 4.8 4.1 5.7 5.0 

Standard 
error 

0.4 2.1 1.7 3.3 2.2 

Table 3.5: Combined data for C. Volume = 0.520 mL. 

 

 
D (4 spacers) 

Residence 
time 

12.80 6.40 4.27 3.20 2.56 

Conversion 98.6 83.7 74.1 73.8 66.0 
 

99.4 92.8 74.1 70.2 72.1 
  

85.3 80.4 
 

70.7 
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77.3 
  

Mean 99.0 87.3 76.5 72.0 69.6 

SD 0.4 4.0 2.6 1.8 2.6 

Standard 
error 

0.3 2.3 1.3 1.3 1.5 

Table 3.6: Combined data for D. Volume = 0.512 mL. 

 

 E (3 pairs of spacers) 

Residence 
time 

12.15 6.08 4.05 3.04 2.43 

Conversion 100.0 94.7 82.5 60.7 57.6 

 100.0 88.2 80.4 74.6 58.2 

 100.0 88.9 76.6 75.0 71.0 

Mean 100.0 90.6 79.8 70.1 62.3 

SD 0.0 2.9 2.5 6.6 6.2 

Standard 
error 

0.0 1.7 1.4 3.8 3.6 

Table 3.7: Combined data for E. Volume = 0.486 mL. 

 

3.7.3. Computational fluid dynamics studies 

Computational fluid dynamics (CFD) were conducted using the laminar flow and 

transport of diluted species packages within Comsol Multiphysics 5.5. This uses the finite 

element method182 to solve the Navier Stokes equations (for flow) and the advection-

diffusion equation for modelling the transport of species within the electro-chemical 

reactor. The steps in this are (i) define a geometry; (ii) assign inlet, outlet and wall 

boundary conditions; (iii) solve the steady state flow field; (iv) define the inlet 

concentration and wall concentration; (v) solve the advection-diffusion equation with the 

flow field being defined by step iii; (vi) calculate the mean concentration at positions down 

the channel; (vii) rank the mass transport from the channel wall to the bulk flow as a 

function of geometry.   

The approach where one surface is held at a concentration of 1 (with the others at 0) 

does not explicitly model the electrochemical process, but it does capture the transport 

of material away from the electrode surface under the limit of mass transport. This allows 
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comparative evaluation of the mass transfer characteristics of the flow cell design, whilst 

considerably simplifying the modelling process, when compared to a full kinetic model. 

Throughout the simulation the reference pressure and temperature were set to 1 

atmosphere and 293.15 K respectively. The fluid was modelled as water with a density 

of  997 kg m-3 and a viscosity of 0.001 Pa S. The species had diffusion coefficients of 

1x10-9 m2 s-1. 

3.7.3.1. Modelling fluid flow 

The velocity fields were modelled using the laminar flow equations for a steady state 

flow.  using the Navier-Stokes equation and conservation of mass:  

𝜌(𝑢 ∙ ∇)𝑢 =  ∇𝑃 + 𝜇∇ ∙ [∇𝑢 + ∇𝑢𝑇] + 𝐹 

𝜌∇ ∙ 𝑢 = 0 

Equation 3.10: Navier-Stokes equation. Where ρ is the density, u is the velocity field, 𝝁 the viscosity, P is 
the pressure, F is the volume force vector (body force in this case). 

The inlet boundary was set to a velocity of 0.001 m s-1 with a flat inflow velocity. The 

outlet was set to supress backflow and the remaining walls had a no-slip boundary 

condition applied to them. The pressure drop was calculated for four of the channels. 

Channel P inlet / Pa P outlet / Pa P drop / Pa 

Straight 2.8256 0.0026 2.8230 

Turns 2.8605 0.0030 2.8575 

Steps 3.1301 0.0028 3.1273 

Hops 3.1295 0.0028 3.1267 

Table 3.8: Pressure drop for four of the flow channels. 

 

 

3.7.3.2. Simulating material transport from the electrode 

The transport of dilute species package within Comsol was used to simulate the flux of 

a chemical species leaving the surface of an electrode. To do this, one wall of the channel 

was set to a concentration of 1 mol m-3 (shown a blue surface in Figure 3.11) with the 
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inlet concentration of fluid set to 0 mol m-3. The remaining boundaries, apart from the 

outlet, were set to have no flux transport across them. 

The transport of material away from this electrode into the bulk is as a result of advection 

(with the flow field calculated using equation 4.1) and diffusion with Equation 3.11, the 

advection-diffusion equation is used to calculate the movement of the solute. 

∇ ∙ 𝐽𝑖 + 𝑢 ∙ ∇𝑐𝑖 =  𝑅𝑖 

𝐽𝑖 =  −𝐷𝑖∇𝑐𝑖 

Equation 3.11: Calculating the concentration. Where Ji is the mass flux diffusive flux vector, u is the flow 
velocity vector, ci is the concentration of the species, Ri is the reaction rate expression – here zero- and Di 

is the diffusion coefficient. 

The concentration was then reported as an average concentration from a series of 

planes taken normal to the flow at positions down the channel (Figure 3.21).  The mean 

concentration captures the mass transfer away from his surface, with the flow 

parameters and channel geometry influencing this rate. 

 

Figure 3.21: Planes across the channels were used to calculate the mean concentration at intervals along 
the channel. 

 

3.7.3.3. Flow channel designs 

Five flow channels were modelled. All had a depth and width of 1 mm. The fluid 

properties were taken as water at 25° C. Once constructed the mesh was generated 

using physics-controlled mesh with the element size set to normal.  



107 

 
3.7.3.3.1. Straight channel 

The straight channel was a simple cuboid 1 mm x 1 mm x 100 mm. 495368 elements 

were used to construct the mesh. 

 

Figure 3.22: Dimensions of the straight channel. 

 

Figure 3.23: Straight channel used in the CFD studies. 

The bottom wall of the straight channel was used to act as the electrode (shown in blue). 
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Figure 3.24: Position of the electrode in the straight channel. 

 

Height / mm 1 

Width / mm 1 

Length / mm 100 

Electrode area 
/ mm2 

100 

Volume / mm3 

 

100 

Table 3.9: Dimensions of the straight channel. 

 

Distance / 
mm 

Mean 
concentration / mol 

m-3 

0 0.007 

10 0.148 

20 0.206 

30 0.257 
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40 0.302 

50 0.344 

60 0.382 

70 0.419 

80 0.453 

90 0.484 

100 0.510 

Table 3.10: Mean concentrations at distances along the straight channel. 

3.7.3.3.2. Channel with turns 

The channel with turns was constructed in a 2D plane from 10 repeating units, with a 

channel width of 1 mm and centre-line path length of 100 mm. This was extruded by 1 

mm  in the z -direction (out of the page) to give a flow channel with square cross section 

(1 mm by 1 mm). 303356 elements were used to construct the mesh. 

  

Figure 3.25: Dimensions of the turns used to construct the channel with turns. 
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Figure 3.26: Channel with turns. 

The bottom wall of the channel with turns was used to act as the electrode (shown in 

blue). 

 

Figure 3.27: Position of the electrode in the channel with turns. 
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Height / mm 1 

Width / mm 1 

Length / mm 100 

Electrode area 
/ mm2 

100 

Volume / mm3 

 

100 

Table 3.11: Dimensions of the channel with turns. 

Distance / 
mm 

Mean 
concentration / mol 

m-3 

0 0.010 

5 0.107 

10 0.143 

15 0.175 

20 0.204 

25 0.232 

30 0.257 

35 0.282 

40 0.305 

45 0.329 

50 0.350 

55 0.371 

60 0.391 

65 0.411 

70 0.429 

75 0.447 

80 0.464 

85 0.481 

90 0.497 

95 0.513 

100 0.523 

Table 3.12: Mean concentrations at distances along the channel with turns. 
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3.7.3.3.3. Channel with hops 

The channel with turns was constructed in a 2D plane from 10 repeating units, with a 

channel width of 1 mm and centre-line path length of 120 mm. This was extruded by 1 

mm to give a flow channel with square cross section (1 mm by 1 mm). 387120 elements 

were used to construct the mesh. 

 

 

Figure 3.28: Dimensions of the 90° turns used to construct the channel with hops and the channel with 
stepped turns. 

 

 

Figure 3.29: Channel with hops and channel with stepped turns. 
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The channel with hops had the electrode such that it alternated which side of the channel 

it was on every time the channel went through a dogleg. 

 

Figure 3.30: Position of the electrode in the channel with hops. 

Height / mm 1 

Width / mm 1 

Length / mm 120 

Electrode area 
/ mm2 

91 

Volume / mm3 

 

120 

Table 3.13: Dimensions of the channel with hops. 

Distance / 
mm 

Mean 
concentration / mol 

m-3 

0 0.014 

4.3 0.106 

15.4 0.209 
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26.5 0.291 

37.6 0.366 

48.7 0.432 

59.8 0.493 

70.9 0.547 

82 0.594 

93.1 0.637 

104.2 0.675 

115.3 0.709 

120 0.716 

Table 3.14: Mean concentrations at distances along the channel with hops. 

 

3.7.3.3.4. Channel with stepped turns 

The geometries of the channel with steps is the same as the one with hops, but the 

electrode remains on the same side of the channel. This was to distinguish between the 

shape of the channel with hops (i.e. 90° turns) with the position of the electrode. 

 

Figure 3.31: Position of the electrode in the channel with stepped turns. 
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Height / mm 1 

Width / mm 1 

Length / mm 120 

Electrode area 
/ mm2 

120 

Volume / mm3 

 

120 

Table 3.15: Dimensions of the channel with steps. 

Distance / 
mm 

Mean 
concentration / mol 

m-3 

0 0.015 

4.3 0.105 

15.4 0.182 

26.5 0.246 

37.6 0.300 

48.7 0.350 

59.8 0.398 

70.9 0.442 

82 0.481 

93.1 0.519 

104.2 0.552 

115.3 0.584 

120 0.592 

Table 3.16: Mean concentrations at distances along the channel with steps. 
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3.7.4. Systematic studies 

3.7.4.1. Reactor and spacer design 

One of our old second generation reactors112 was adapted by the workshop in the School 

of Mechanical Engineering at the University of Leeds by machining two ¼-28 fittings 90 

mm apart. 

 

Figure 3.32: Modified second generation reactor. 

Graphite electrodes were cut from graphite foil purchased from Alfa Aesar (43083, 1 mm 

thick). Spacers were laser cut by Laser Web (Barnsley, S71 3HS) from PTFE sheets with 

a thickness of 1 mm. 4 spacers were designed so that they had width and depth of 1 

mm. Each channel had a path length of 90 mm, giving a volume of 90 mm3. Volumes 

were calculated from the area of the flow channels using Coral Draw. 

A straight channel (F) was included as a control. A channel with turns (G) was made to 

test what effect adding turns had. H was included to test the effect of 90° turns and to 

compare with the channel with hops. H and I have very similar geometries the difference 

is that H remains within two electrodes, whilst I passes through an electrode in a series 

of hops. 
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Figure 3.33: Flow channels used in the systematic study. 

3.7.4.2. Residence time distributions 

A solution of methylene blue (20 mg, 0.063 mmol) in acetonitrile (100 mL) was pumped 

into a 15 μL sample loop and then pumped through the reactor with a solution of 

acetonitrile at a flow rate of 0.04 mL min-1. A UV/Vis spectrometer was then used to 

measure the absorbance, at 600 nm, of the solution leaving the reactor and a graph was 

plotted of absorbance against time. This was repeated 4 times and an average residence 

time distribution was taken for each spacer. This was found by taking the points where 

the graph showed 50% absorbance at each side of the peak and the RTD was the time 

between these points.  

F, H and I all have the same RTD, suggesting that there is no back mixing. G has as 

longer RTD due to the shape of the flow channel. G has the same volume and electrode 

surface area as the other spacers, however due to the meandering flow channel the 

outlet is only 40 mm away from the inlet. Consequently a straight channel 50 mm in 

length was needed to carry the solution to the outlet of the reactor. This channel was 

insulated from the electrodes and thereofre should have no impact on the 

electrochemistry but it will increase the RTD because more diffusion can occur. 

The axial dispersion coefficient (Dax) was calculated using Equation 3.12Error! 

Reference source not found.,176 giving a good fit to the experimental curves when Dax 

was 2.5 x 10-4 m2 s-1 (Graph 3.11). The assymetric model was used because the 

dispersion number (NL) is greater than 0.01. 

𝐸𝑡 =
𝑢

√4𝜋𝐷𝑎𝑥𝑡
𝑒𝑥𝑝 [−

(𝐿 − 𝑢𝑡)2

4𝐷𝑎𝑥𝑡
] 

Equation 3.12: Calculating the axial dispersion coefficient (Dax). Where u is the average velocity, t is the 
time, L is the length and Et is the exit time. 
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Graph 3.11: Experimental RTD with modelled RTD where Dax = 2.5 x 10-4 and the 
dispersion number (NL)  = 0.06. 

3.7.4.3. Mass transfer coefficients 

Mass transfer coefficients can be calculated in electrochemical flow reactors by using 

the limiting current method and Equation 3.13.  

𝑘𝑚 =  
𝐼𝑙𝑖𝑚

𝑛𝐹𝐴𝐶𝐵
 

Equation 3.13: Calculating the mass transfer coefficient (km) from the limiting current (Ilim). Where n is the 
number of electrons exchanged, F is the Faraday constant and CB is the concentration of the bulk solution. 

A solution of potassium hexacyanoferrate (II) trihydrate (2.11 g, 5 mmol), potassium 

hexacyanoferrate (III) (3.29 g , 10 mmol) and sodium carbonate (5.30 g, 50 mmol) in 

water (100 mL) was prepared and pumped through a reactor with graphite electrodes at 

a flow rate of 0.04 mL min-1. The current was recorded at increasing voltages and a graph 

of current against voltage was plotted to determine the limiting current of the spacer. 

These were then used to calculate the mass transfer coefficient for the spacers and could 

be compared to calculated values. 

3.7.4.3.1. Straight channel 

Run Number Limiting Current / mA km / m s-1 

2 1.7682 0.00204 

3 1.6138 0.00186 

4 1.7038 0.00196 

Average 1.6953 0.00195 
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Std Dev.  0.0776 0.00009 

Std Error in mean 0.0448 0.00005 

Table 3.17: Limiting current and calculated mass transfer coefficient for F. 

3.7.4.3.2. Channel with turns 

Run No.  Limiting Current / 
mA 

km 

2 1.5000 0.00173 

3 1.4996 0.00173 

4 1.5140 0.00174 

Average  1.5045 0.00173 

Std. Dev.  0.0082 9.44394E-
06 

Std. Error in 
Mean 

0.0047 5.45246E-
06 

Table 3.18: Limiting current and calculated mass transfer coefficient for G. 

 

3.7.4.3.3. Channel with stepped turns 

Run Number  Limiting Current / mA km / m s-

1 

1 2.3064 0.00266 

2 2.0986 0.00242 

6 2.3610 0.00272 

7 2.1428 0.00247 

8 2.4516 0.00282 

Average 2.2721 0.00262 

Std. Dev. 0.1484 0.00017 

Std. Error in Mean 0.0664 0.00008 

Table 3.19: Limiting current and calculated mass transfer coefficient for H. 
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3.7.4.3.4. Channel with hops 

Run No.  Limiting Current / mA Km / m s-

1 

2 5.3000 0.00610 

3 5.5400 0.00638 

4 5.0200 0.00578 

5 5.1800 0.00597 

Average 5.2600 0.00606 

Std. Dev.  0.2191 0.00025 

Std. Error in 
Mean 

0.1265 0.00013 

Table 3.20: Limiting current and calculated mass transfer coefficient for I. 

 

3.7.4.4. Synthesis of Cu1 

The synthesis of Cu1 in the systematic reactor was performed in an analogous manner 

to the general procedure (3.7.2.1). A 6 mM solution of L1 in anhydrous acetonitrile was 

prepared under argon and pumped through the assembled reactor. 1.8 V was applied 

without alternating the polarity. Two residence times (5 mins) were allowed to elapse for 

the reactor to reach steady state. Eluent was collected for 10 mins due to the small 

volume of the reactor, to ensure that there was sufficient material for analysis.  

Channel 
Mean conversion 

/ % 
Error 

Straight 55.12 2.12 

Turns 56.34 1.16 

Hops 61.48 2.12 

Stepped 
turns 

60.04 0.44 

Table 3.21: Mean conversions of L1 to Cu1 for the systematic spacers at 1.8 V with a flow rate of 0.04 mL 
min-1. 
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3.7.4.5. CO2 reactions 

For batch reaction L8 (0.23 g, 1 mmol) was placed in the bottle reactor under argon and 

dissolved in anhydrous acetonitrile. CO2 was bubbled through the solution for 15 minutes 

before graphite electrodes were used to apply a current of 50 mA for 1 hour (2 F mol-1), 

whilst CO2 was bubbled through the solution. Analysis by 1H NMR showed a conversion 

of 33%  

For flow reactions L8 (0.67 g, 3 mmol) and Bu4NBF4 (0.50 mmol, 1.5 g) were placed 

under argon and dissolved in anhydrous acetonitrile (60 mL). CO2 was bubbled though 

the solution for 30 mins. The systematic reactor was assembled with graphite electrode 

and a 5 PSI back pressure regulator. The solution was pumped though the reactor at a 

flow rate of 0.04 mL min-1 and a potential of 3.0 V was applied . A mixture of carboxylate 

and imidazolone product were observed using 1H NMR. 

Channel 
Mean conversion 

/ % 
Error 

Straight 32.5 0.5 

Turns 34.0 2.0 

Hops 30.5 1.5 

Stepped 
turns 

30.5 2.5 

Table 3.22: Combined conversion of L8 to carboxylate and imidazole. 
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4. Continuous electrochemical synthesis of nickel(II)-N-

heterocyclic carbene complexes  

In recent years there has been renewed interest in first row metals as homogenous 

catalysts, however complexes of these metals can be difficult to synthesise due to the 

often air sensitive nature of the intermediates and the complexes themselves. The 

Willans group have previously reported an electrochemical flow reactor that has been 

used to synthesise copper(I)-N-heterocyclic carbene (NHC) complexes and telescoped 

the copper species directly into reactions to act as catalysts.112 This chapter focuses on 

extending this methodology to nickel(II) complexes. Several different analytical and 

experimental techniques have been used to explore the reaction mechanism, including 

surface analysis, cyclic voltammetry, divided cell experiments and the use of alternating 

polarity. Mechanistic insights have subsequently been used to optimise the synthesis of 

nickel(II)-NHC complexes.  

4.1. Synthesis of metal complexes 

This work aimed to extend the electrochemical synthesis of copper-NHC complexes to 

other first row metals such as iron and nickel. Initial work with iron(II)-NHCs was found 

to be challenging due to the presence of iron(III) impurities in the product, making 

analysis very difficult. It was thought that studies on nickel-NHCs would help our 

understanding of the iron reaction because both nickel and iron require the metal to be 

oxidised twice and the ligand to be reduced twice. Furthermore, the synthesis of 

nickel(II)-NHCs is a worthwhile endeavour in its own right. They have a large potential 

as homogenous catalysts and the ability to synthesise them on demand would be 

exceedingly useful, increasing the through put and enabling catalysts to be telescoped 

into reactions.27–29,183 Although nickel(II) complexes are not usually air sensitive, unlike 

iron(II), making them under continuous conditions would be highly beneficial from a 

safety perspective.  

Although one must be careful when generalising about metal toxicities,184 it is widely 

accepted that nickel presents more of a hazard than other base metals (with the 

exception of cobalt).185,186 The International Council for Harmonisation limits its levels in 

active pharmaceutical ingredients (APIs) to 20 ppm for oral administration, compared 

with 300 ppm for copper.187 Of particular concern is the use of nickel catalysts at a plant 

scale, which typically involves the in-situ generation of nickel species from powdered 

nickel salts.184 This poses a significant risk to plant operators,188 a risk which could be 

avoided through the on-demand synthesis of nickel complexes from solid nickel 

electrodes. 
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4.1.1. Nickel(II)-NHC complexes 

The current state of the art for the synthesis of nickel(II)-NHC complexes may be broadly 

subdivided into four synthetic methodologies. The first method uses stoichiometric 

amounts of base to deprotonate the imidazolium, where upon it can coordinate to a 

source of nickel (a, Scheme 4.1).1,28 These steps can be performed sequentially or 

concurrently. Typical sources of nickel(II) include NiCl2 and Ni(OAc)2. Alternatively, the 

imidazolium salt can be reacted with Ag2O to form a silver-NHC. The NHC can then be 

transmetallated from the silver to a nickel complex (b, Scheme 4.1).189 

 

Scheme 4.1: a) Synthesis of Ni(II)-NHC complexes using a base. b) Synthesis of Ni(II)-NHC complexes 
via transmetallation. 

 

More recently the Chen group have developed several novel methodologies for the 

synthesis of metal-NHCs. Powdered nickel can be reacted with an imidazolium in air to 

produce Ni(II)-NHC complexes.41 However this reaction is very slow and can lead to the 

formation of imidazolone side products. The same group also developed an 

electrochemical methodology which is discussed in more detail in Section 4.2.1.14 

4.1.2. Continuous synthesis of copper complexes 

The Willans group have successfully synthesised copper(I) complexes electrochemically 

using electrochemical flow reactors (Scheme 4.2).112,170,190 These complexes are 

typically very air sensitive, consequently the ability to make them on-demand and 

dispense them into reactions to act as catalysts is highly attractive. This occurs via the 

cathodic reduction of the ligand precursor and the production of metal ions at a sacrificial 

anode. This methodology has been found to be highly effective, generating a range 

copper complexes with excellent yields (>95%) in a single pass and without any 

undesired side products.170 If copper(I)-NHC complexes are required, this is the method 

that the author would recommend; neutral or cationic complexes may be produced 
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selectively with ease, even without prior expertise in organometallic or electrochemical 

synthesis. 

 

Scheme 4.2: Continuous electrochemical synthesis of copper(I)-NHC complexes. 

  

4.2. Initial studies 

4.2.1. Translating batch into flow 

The electrochemical synthesis of nickel(II)-NHC complexes was first reported by the 

Chen group.14 They produced three nickel complexes by using a platinum cathode to 

reduce the imidazolium precursor and a sacrificial anode made of nickel. They obtained 

moderate yields for these reactions, producing mono-, bis- and tetrakis-NHC complexes 

(Scheme 4.3). 

 

Scheme 4.3: Electrochemical synthesis of nickel-NHC complexes conducted by the Chen group.14 

 

Chen’s reaction was reproduced in batch using the bottle reactor. In anticipation of 

conducting this reaction in flow the platinum cathode was swapped for a nickel one to 

simplify the reaction, as well as reduce the cost and enable the use of an alternating 
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polarity. A solution of L9 in anhydrous acetonitrile was electrolysed under galvanostatic 

conditions (50 mA) for 2.4 F mol-1, as per the general procedure used within the group 

(Scheme 4.4).181 Over the course of the reaction the applied potential rose from 5.7 V to 

12 V, similar to the preparation of other metal-NHC complexes in batch. The imidazolium 

salt acts as the electrolyte as well as the starting material, resulting in the resistance of 

the solution increasing as the reaction progresses and the electrolyte is consumed. Ni9 

was produced with a conversion of 49% by 1H NMR spectroscopy, with a spectrum that 

was consistent with previous reports.14 In addition, the diamagnetic nature and dark 

orange colour of the solution is consistent with the formation of a nickel(II) square planar 

complex.191–193  

 

Scheme 4.4: Adaptation of Chen’s procedure in the bottle reactor using two nickel electrodes. 

 

Once it had been established that Ni9 could be produced with two nickel electrodes the 

electrochemical flow reactor described in chapter 3 was used to generate Ni9 under 

continuous conditions. As a starting point the optimised conditions for the synthesis of 

Cu1 were used (Scheme 4.5).170,194,195 The flow reactor was assembled with three nickel 

electrodes and two ‘normal’ spacers (giving a volume of approximately 1 mL) and a 6 mM 

solution of L9 was pumped through at a flow rate of 0.04 mL min-1 whilst a constant 

potential of 1.8 V was applied with an alternating polarity microcontroller (APM) in series. 

This gave an encouraging conversion of 28%. By increasing the potential to 2.3 V a 

higher conversion of 55% could be obtained. It was thought that the reaction could be 

monitored using inline UV-Vis spectroscopy. However, a sample of the outlet proved to 

be too strongly absorbing, requiring a 100-fold dilution for a spectrum to be obtained, 

rendering inline analysis with UV-Vis spectroscopy impractical.  
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Scheme 4.5: Synthesis of Ni9 under potentiostatic conditions. 

 

Galvanostatic conditions were found to give full conversion when a constant current of 

1 mA was applied (Scheme 4.6).  Using a constant current also allows the amount of 

electrons put into a reaction to be controlled by using Equation 4.1.70,196,197 

Trimethoxybenzene (TMB) was used as an external standard to check the mass balance 

of the reaction. Surprisingly this did not correspond to the conversion; a yield of 47% was 

achieved using these reaction conditions, indicating that a significant amount of material 

was unaccounted for. Ni9 is a tetrakis square planar complex comprising of two bis-NHC 

ligands. Consequently, for each complex, four reductions must occur to produce four 

carbene centres and two oxidations to produce one Ni2+ ion. As a yield of approximately 

50% was obtained it was thought that the lack of charge balance in the product might be 

responsible in some way (with the remaining charge possibly generating some other 

species). To test this hypothesis a number of different ligands were screened. 

 

Scheme 4.6: Galvanostatic conditions gave full conversion of L9 to Ni9, but a yield of 49% indicating that 
half of the material was unaccounted for. 

𝐼 = 𝑛𝐹𝑐𝑉̇ 

Equation 4.1: Equation for calculating the required current for an electrochemical flow reaction where I is 
the current, n is the number of electrons required for each substrate, F is the Faraday coefficient, c is the 

concentration and V̇ is the flow rate.197 
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4.2.2. Ligand screen 

L10 is a popular ligand for catalysis and it was anticipated that it would produce Ni10, a 

coordinatively unsaturated complex, which might be catalytically active. Unfortunately a 

conversion of 40% was obtained with a yield of 4% (Scheme 4.7). Due to the large steric 

bulk of the N-substituents only two NHCs are able to coordinate to the nickel centre. 

Whilst this complex has good charge balance, its coordinatively unsaturated nature might 

mean that it is less stable under the reaction conditions. 

L11 had been used by Chen’s group to generate Ni-NHC complexes electrochemically 

in batch. By pumping L11 though the electrochemical flow reactor Ni11 could be 

synthesised with full conversion and a yield of 18% (Scheme 4.7). It was anticipated that 

by exchanging the pyridyl N-substituents for the more flexible picoly substituents of L12 

that a higher yield might be obtained due to the macrocycle being less strained. A 

moderate increase of the yield to 24% was obtained for Ni12 (Scheme 4.7). 

L9, L11 and L12 are all multidentate ligands which might help to stabilise any nickel 

complex which is forming. L13 was tested to see if it was the bis-NHC motif or the general 

mulitdentate nature of ligands which helped the formation of Ni-NHC complexes. No 

product was observed and only a small amount of starting material was recovered, 

meaning that even more material was going missing (Scheme 4.7). This also 

demonstrates that the bis-NHC motif is required to produce a meaningful amount of 

complex. L11 was chosen to conduct further studies because it is easier to synthesise 

than L12 and exhibits better charge balance than L9. 
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Scheme 4.7: Electrochemical synthesis of a range of Ni(II)-NHC complexes. 

 

4.2.3. Selectivity of flow vs batch 

During our studies it was desirable to make a pure sample of Ni11 for full 

characterisation, so that the outputs of flow reactions could be compared to it. To do this 

L11 was electrolysed in batch with nickel electrodes by Megan Bradbury, a member of 

the Willans group. Analysis by 1H NMR spectroscopy showed the presence of two sets 

of peaks, suggesting that two species had been produced (Figure 4.1). Of note were the 

doublets at 6.34 ppm and 6.20 ppm which correspond to a methylene that has been 

pushed out of the plane of the complex, thus making the two protons anisotropic and 

leading to two signals being seen in the spectrum. This would suggest that some of the 

expected Ni11 has been synthesised, along with an unknown asymmetric nickel species.  
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Figure 4.1: Top: 1H NMR spectrum of Ni11 (400 mHz, CD3CN), prepared electrochemically in the flow 
reactor. Bottom: 1H NMR spectrum of Ni11 (500 mHz, CD3CN), prepared electrochemically in the bottle 

reactor and showing multiple sets of peaks.   

 

Crystals suitable for single X-ray crystallography were grown by Megan Bradbury via 

vapour diffusion of diethyl ether into a concentrated solution of the reaction mixture in 

acetonitrile. Two types of visibly distinct crystals were found in the vial, orange needles 

and clear blocks. The crystal structure of the orange needles were solved to give Ni11 

(Figure 4.2) with a unique triclinic unit cell, in contrast to the previously reported 

monoclinic unit cell.198 The nickel centre exhibits a distorted square planar geometry; L11 

remains within the plane but the bond angles differ from the 90° of a perfect square 

planar complex. The N(12)-Ni(1)-N(18) angle was 111°, while the other metal-ligand 

bond angles were between 82° and 85°. The bond angles and lengths are consistent 

with the previously reported structure.198 
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Figure 4.2: Molecular structure of Ni11. Ellipsoids are shown at 50% probability level. Hydrogen atoms 
and PF6 counter ions are omitted for clarity. 

 

Atoms Bond lengths (Å) and angles (deg) 

Ni(1)-C(2) 1.8068 

Ni(1)-C(8) 1.8143 

Ni(1)-N(12) 1.9891 

Ni(1)-N(18) 1.9856 

N(12)-Ni(1)-C(2) 82.44 

C(2)-Ni(1)-C(8) 84.40 

C(8)-Ni(1)-N(18) 82.20 

N(18)-Ni(1)-N(12) 111.04 

N(3)-C(6)-N(7) 109.62 

Table 4.1: Selected bond lengths and angles for Ni11. 

 

The colourless blocks were found to contain an asymmetric unit featuring L11 bonded to 

a nickel centre through both NHCs. A centre of inversion lies at the nickel atom, giving 

Ni(11)2 with two ligands bonded to the Ni(II) centre to give a tetrakis-NHC complex, with 

the pyridyl substituents remaining uncoordinated (Figure 4.3). 
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Figure 4.3: Molecular structure of Ni(11)2. Ellipsoids are shown at 50% probability level. Hydrogen atoms 
and PF6 counter ions are omitted for clarity. 

 

Atoms Bond lengths (Å) and angles (deg) 

Ni(1)-C(2) 1.9078 

Ni(1)-C(8) 1.8872 

C(2)-Ni(1)-C(8) 86.68 

C(8)-Ni(1)-C(2’) 93.32 

N(3)-C(6)-N(7) 108.82 

Table 4.2: Selected bond lengths and angles for Ni(11)2. 

 

The lack of selectivity observed in the bottle reactor is likely due to poor mass transfer. 

During the reaction the stirrer bar could only turn slowly, because at fast revolutions it 

often stuck to the nickel electrodes. Consequently the mass transfer is likely to be poorer  

than when the reaction is conducted in flow and the electrodes are much closer together. 

This highlights the increased selectivity of conducting this reaction in flow, avoiding the 

inadvertent synthesis of Ni(11)2. 

To circumvent the lack of selectivity observed in the bottler reactor, Ni11 was chemically 

synthesised using a modified literature procedure.199 L11 and an excess of 

Ni(OAc)2·6H2O were dissolved in DMSO and heated to 50 °C (Scheme 4.8). After the 

solvent was removed under vacuum the solid was triturated with THF and recrystallised 
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with acetonitrile and diethyl ether to give Ni11 as a pale yellow powder without any 

impurities. Ni(OAc)2·6H2O is readily soluble in THF and an excess was required to avoid 

unreacted L11 in the product. 

 

Scheme 4.8: Chemical synthesis of Ni11. 

 

4.2.4. Optimisation in flow 

The synthesis of Ni11 was used as model reaction due to the ease of synthesis of L11 

and the good charge balance that it displays. The solvent and current were initially 

identified as areas for the optimisation of this reaction. 

Acetonitrile is often used as a solvent for the electrochemical synthesis of metal 

complexes due to its broad electrochemical window.80 Acetonitrile is also able to 

coordinate to metal centres, helping to stabilise metal ions and complexes in solution, 

something that the Willans group have found helpful in the synthesis of copper 

complexes.99,170,181,190,195 Copper(I) centres are softer than nickel(II) and it was thought 

that a different solvent might help to stabilise nickel(II) more than the relatively soft 

acetonitrile.200,201 

DMF, THF and methanol were chosen to test due to their relatively large electrochemical 

windows and their commercial availability in anhydrous forms.202 DMF gave a 

comparable yield to acetonitrile (Table 4.3). No product was observed using THF or 

methanol, although precipitates were observed in the tubing suggesting that Ni11 isn’t 

soluble in these solvents. 
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Solvent Yield 

MeCN 19% 

DMF 20% 

THF 0% (ppt in tubing) 

MeOH 0% (ppt in tubing) 

Table 4.3: Solvent screen for the electrochemical synthesis of Ni11. 

 

A series of solutions of Ni11 and L11 in different solvents were set up to test their 

solubility (Figure 4.4). This was partly for the development of a continuous synthetic 

methodology, but also for the development of catalytic protocols using these nickel 

complexes. 20 mM solutions were prepared, with complete dissolution of the ligand and 

the complex observed for acetonitrile, DMF, pyridine and DMSO and partial dissolution 

in THF and methanol. Interestingly, whilst solutions of Ni11 were yellow in acetonitrile, 

DMF and DMSO the pyridine solution was slightly green. This perhaps suggests that 

there is some coordination of the pyridine, giving an octahedral geometry. The use of 

pyridine also exhibited a colour change when L11 was dissolved, giving an orange 

colour, suggesting some form of interaction. 

Figure 4.4: Solubility studies of L11 (a) and Ni11 (b) in a range of solvents. Green indicates complete 
dissolution, amber partial dissolution and red little or no dissolution. 
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For the electrochemical synthesis of nickel complexes the use of pyridine and DMSO 

was dismissed due to the difficulty in drying them and their narrow electrochemical 

windows. Acetonitrile was chosen in preference to DMF due to its broader 

electrochemical window and greener credentials.203 

The effects of current and potential were investigated (Table 4.4). When conducting this 

reaction with a constant current of 1 mA the potential varied between 1.5 V and 2.5 V 

due to the presence of the Alternating Polarity Microcontroller (APM), giving a yield of 

19%. A constant potential of 2.0 V was applied and this did not improve the production 

of Ni11. When under potentiostatic conditions the current will very due to the APM, 

meaning that the amount of electrons delivered is unknown. To avoid this galvanostatic 

conditions were chosen. 

As the reaction proceeds the starting material, which also acts as the electrolyte, is 

consumed. Although the product is also charged, the lack of mass balance may mean 

that the conductivity of the solution reduces as the solution flows through the reactor. To 

see if this has an effect Bu4NPF6 was added to act as an electrolyte so that the 

conductivity remained constant, though the yield of Ni11 remained the same. The APM 

was found to be essential for running the copper reaction for extended periods, but not 

necessary for short periods.170 The synthesis of Ni11 was carried out without the use of 

an APM and a significant drop in the yield was observed, suggesting that the APM is 

essential for this reaction. 

Electrolyte I or P APM Yield 

No 0 0 Hz 0% (100% SM) 

No 1 mA 1/60 Hz 19% 

No 2.0 V 1/60 Hz 19% 

Yes 1 mA 1/60 Hz 19% 

Yes 1 mA 0 Hz 4% 

Table 4.4: Effects of current and potential on the synthesis of Ni11 in the presence and absence of 
electrolyte and alternating polarity. 

 

4.3. The mystery of the missing material – mechanistic studies 

During the initial studies it was noted that the mass balance for the nickel reaction was 

very poor. The synthesis of Ni11 and other bis-NHC complexes could be conducted with 

full conversion of the ligand precursor but very poor yield (<50% in all cases). No other 
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species were observed via 1H NMR spectroscopy and high resolution mass spectrometry 

(HRMS), meaning that a large amount of material was unaccounted for. To try and 

ascertain where this material was going, a series of mechanistic studies were conducted, 

looking at the effects of alternating polarity, examining the surface of the electrodes and 

using divided cells and colour analysis to investigate where the reaction is taking place. 

4.3.1. Alternating polarity 

During work on the copper reaction it was observed that when a direct current was 

applied the conversion was stable for a few hours, before dropping very quickly.170 This 

was attributed to changes in the surface of the electrode, either from deposition or the 

formation of dendrites which could short circuit the cell. To circumvent this issue an APM 

was employed. This programmable Arduino circuit alternates the polarity of the 

electrodes, so that each electrode spends half of the time as an anode and half the time 

as a cathode. The current delivered by the APM is described as a square wave direct 

current (sometimes referred to as a reverse pulse); the potential (or current depending 

on whether galvano- or potentiostatic conditions are used) is constant (Figure 4.5). By 

contrast, alternating current, as delivered by the national grid, delivers potential that 

varies as a sinusoidal wave. 

 

Figure 4.5: Descriptions of direct current (blue), alternating current (orange) and alternating potential 
(green). The period is indicated by a red arrow. 

 

The use of alternating polarity was also found to aid the stability of the nickel reaction 

(Graph 4.1). The synthesis of Ni11 could be conducted continuously for 3.5 hours with 

no loss in the yield, meaning that the reaction can be maintained at a steady state. This 

suggests that any fouling of the electrodes is held at a constant level by the APM. 
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Graph 4.1: Time monitoring of the electrochemical synthesis of Ni11. Samples of the outlet were taken at 
30 minute intervals. 

 

For the copper reaction it was found that alternating the polarity at a fast frequency led 

to a drop in the conversion (Graph 4.2).170 It was hypothesised that that this was because 

the imidazolium was remaining ‘stagnant’ in the middle of the flow channel as the polarity 

of the electrode changes too quickly for it to move via migration to the cathode surface. 

Similarly Cu(I) ions generated at the anode might have insufficient time to diffuse away 

from the surface before the polarity is changed and they are reduced back to Cu(0). 

 

Graph 4.2: Relationship between the conversion of Cu1 and the frequency of the APM when 1.8V is 
applied. Conversion obtained without the APM (87%) is shown in orange.170 

 

This phenomenon was also observed for the nickel reaction; as the frequency increases, 

from 1/10 to 10 Hz, the yield decreases. However, unlike the copper reaction, the yield 

is not constant at slower frequencies. Instead it decreases, leading to an inverted U 
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shape and an optimum frequency of 1/10 Hz (28% yield) (Graph 4.3). When the 

frequency is slow, species will spend longer near the surface of the electrode before the 

polarity is switched. This might suggest that there are undesirable reactions occurring 

which reduce the yield, possibly product degradation. Consequently there is a ‘sweet 

spot’ for the APM frequency; too fast and there is insufficient time for the reaction to take 

place, too slow and the product spends too long near one electrode and is degraded. 

 

Graph 4.3: Relationship between the conversion of Ni11 and the frequency of the APM when 1 mA is 
applied. Conversion obtained without the APM (4%) is shown in orange. 

 

4.3.2. Surface analysis 

Throughout these studies black deposits have been observed visually on the surface of 

the electrode following a reaction. Consequently the electrodes were thoroughly cleaned 

in between uses by sandpapering the surface and then wiping it with hydrochloric acid 

(~3 M), water and finally acetone. To try and ascertain what these deposits might be, 

scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) 

were used to examine the surfaces of electrodes which had been used in a reaction. 

The synthesis of Ni11 was performed without use of the APM so that the anode and 

cathodes could be examined separately. The reactor was disassembled and large 

quantities of black deposits could be seen on the cathode, by contrast the anode was 

relatively clean. SEM images were taken of the anode, the cathodes (two cathodes were 

used), and an electrode that had been cleaned, but not used (Figure 4.6). A combination 

of an Everhart-Thornley detector (ETD) and circular backscatter detector (CBS) were 

used. The ETD is able to collect secondary electrons, allowing topographical information 

to be obtained.204 By contrast the CBS only collects backscattered electrons. This means 
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that the topology of a sample cannot be observed but it can be used to gain information 

about the composition of a sample. The heavier the element present, the higher energy 

the backscattered electrons have. Consequently bright areas on an image collected with 

a CBS typically contain heavy elements, such as metals, whilst darker area usually 

contain lighter elements, such as organic compounds.204 EDX was used to specify which 

elements were present on the samples. During EDX, X-rays are used to remove an 

electron from an atom. An electron from a higher energy orbital than replaces the 

electron that has been lost, releasing an X-ray as it moves to a lower energy orbital. The 

energy of the emitted X-rays can be used to identify the element responsible.  

 

Figure 4.6: Electrodes examined using SEM. 

 

The unused electrode had scratches on the surface, consistent with the use of 

sandpaper (a, Figure 4.7). Use of the BSE, which displays metals in a light colour and 

organics in a dark colour, showed some dark patches in the corners of the scratches (b, 

Figure 4.7). These could be remnants of solvent from the cleaning procedure. EDX on 

the sample showed the presence of a very small amount of carbon, possibly from 

acetone, and a small amount of silicon (c, Figure 4.7). The silicon may be from the 

sandpaper. 
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Figure 4.7: ETD (a) and CBS (b) images of an unused electrode, showing scratches from sandpaper and 
small amounts of organic material (500 x mag.). c) EDX spectrum showing small amounts of carbon and 

silicon.   

 

The surface of the anode exhibited clear differences between the surface inside the flow 

channel, in contact with the solution, and the surface outside the flow channel that was 

in contact with the PTFE of the spacer (Figure 4.8). Outside the channel, scratches 

similar to the unused electrode can be seen, whilst inside the channel scarring and the 

presence of small craters, or pitting, can be observed. During analysis several parts of 

the anode were observed. Regions close to the inlet exhibited moderate scaring (a, 

Figure 4.9), with striations following along where you might have expected scratches to 

be before a current was applied. This might suggest that metal ions are produced 

preferentially at surface imperfections, such as scratches. Further along the flow channel 

pitting starts to occur. At first with relatively small craters (b, Figure 4.9), which increase 

in size closer to the outlet (c, Figure 4.9). This would suggest that metal ions are not 

produced at the same rate along the length of the channel. 
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Figure 4.8: EDT image of the anode (100 x mag.). The top left of the image is outside of the flow channel, 
while the rest of the image was inside the flow channel, in contact with the reaction solution. 

 

 

Figure 4.9: EDT images of the anode at different points along the flow channel. a) Striations close to the 
inlet (500 x mag.) b) Pitting starts to occur roughly halfway along the flow channel (500 x mag.). c) Large 

amounts of pitting was observed near the outlet (1000 x mag.). 

 

This phenomenon, of a reaction proceeding unevenly along the length of a flow channel, 

was also observed on the cathodes. The surface close to the inlet showed relatively little 
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deposition (a, Figure 4.10). The portion inside the flow channel could be clearly identified 

using the backscattering detector, with a dark film of organics observed on the surface 

(b, Figure 4.10), however at low magnification few anomalous structures could be seen. 

On higher magnifications the deposition of organic and metallic species could be 

observed. Clusters of arborous organic deposits could be seen in some sections (a, b, 

Figure 4.11). In others, numerous conical structures were observed (c, d, Figure 4.11). 

The backscattering detector would suggest that these are a similar material to the 

electrode due to the low contrast between them. Other groups have reported nickel 

deposits from electrodeposition with similar morphologies, which would support these 

cones being nickel deposits.205,206 

 

Figure 4.10: ETD (a) and CBS (b) images of the first cathode (100 x mag.). 

 

Figure 4.11: ETD (a) and CBS (b) images of the first cathode showing organic deposits (1000 x mag.). 
ETD (c) and CBD (d) images of the first cathode showing conical nickel deposits (5000 x mag.). 
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The cathode close to the outlet looked markedly different. Even by eye, large amounts 

of deposition could be seen. Images taken by SEM show a clear difference between the 

surface inside the flow channel and that outside the flow channel, with large amounts of 

reticulated deposition inside the flow channel (a, Figure 4.12). Backscattering confirmed 

that this deposition was largely formed of organics (b, Figure 4.12). EDX of the cathode 

showed the presence of carbon, nitrogen and phosphorus (c, Figure 4.12). The 

phosphorus is presumably from the PF6 counter ion. It is not clear whether the carbon 

and nitrogen is from solvent, ligand, product degradation or a mixture of all three. 

 

Figure 4.12: EDT (a) and CBS (b) images of the second cathode, showing large amounts of organic 
deposition (100 x mag.). 

 

As previously noted, it is likely that the resistance changes along the course of the flow 

channel. This would result in different potentials and might explain why the amount of 

degradation increases closer towards the outlet. Similarly, more deposition in the second 

half of the reactor would be expected if product degradation is causing the fouling. 

4.3.3. Divided cell experiments 

The mechanism proposed for the synthesis of metal-NHC complexes involves the 

generation of metal ions at the cathode and the reduction of imidazolium to carbene at 

the cathode,170,189 but it has not been directly studied. To try and understand why the 

synthesis of nickel-NHC complexes is more challenging than copper-NHC complexes a 
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series of divided cell experiments were designed to try and understand where different 

parts of the reaction are taking place. To the best of our knowledge, this is the first time 

that divided cells have been used to gather mechanistic information. For example, it is 

known that the imidazolium is reduced at the cathode, but not what happens afterwards. 

Once reduced there are two possibilities: the carbene could dissociate to become a free 

carbene in solution (a, Scheme 4.9) or it could remain coordinated to the electrode (b, 

Scheme 4.9). The Glorius group have demonstrated that carbenes can coordinate to 

gold surfaces207,208 and the Crudden group have extended this to copper and platinum 

surfaces.209–211 If this did occur then a metal ion would need to ‘pick up’ the carbene by 

inserting into this bond. 

 

Scheme 4.9: Proposed mechanism for the formation of metal-NHC complexes where the carbene is free 
in solution (a) or remains coordinated to the cathode (b). 

 

For single oxidations and reductions, such as the formation of copper(I)-NHCs, this is 

relatively simple. However when multiple reductions are involved, such as in the 

formation of nickel(II)- and iron(II)-NHCs, it could become more complicated. Are both 

carbenes of a bis-NHC ligand produced at the same time? Does the nickel go directly to 

Ni(II), or is it stepwise with ligand cooperation? Are there any differences in the 

mechanism and does this explain why the copper and nickel reaction appear to behave 

differently to one another? 

A divided cell comprises of two chambers separated by an ion exchange membrane, 

allowing the transfer of charge. One chamber has the cathode and the other the anode. 

Typically these cells are used when the reaction at the counter electrode is deleterious 

for a process. The large distance between the electrodes and the presence of the 

membrane result in an increased cell resistance, consequently large concentrations of 

electrolyte are usually employed for divided electrochemical reactions.69,70 
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A divided cell was prepared using a Nafion-115 membrane, a proton exchange 

membrane which allows charge transfer through the movement of protons through it. 

The cathodic chamber B was charged with ligand precursor and electrolyte in anhydrous 

acetonitrile, and an anhydrous solution of electrolyte in acetonitrile was placed in the 

anodic chamber A (Figure 4.13). The solution was stirred on a low RPM to prevent the 

stirrer bars sticking to the electrodes and argon was bubbled through both chambers to 

aid mixing. When a current was applied it would be expected that metal ions would be 

produced in the anodic chamber and ligand precursor reduced to carbene (either in 

solution or on the electrode surface) in the cathodic chamber, but these species would 

be unable to pass through the membrane (a, Scheme 4.10). Consequently samples of 

each chamber would be expected to contain no product. 

 

Figure 4.13: Divided cell experiments: the anodic chamber A contains electrolyte and the cathodic 
chamber B contains electrolyte and ligand precursor. Electrodes are either copper or nickel, depending 

upon the experiment. 

 

If current was applied using an APM then you would expect to observe product in the 

‘cathodic’ chamber B and no product in chamber A (b, Scheme 4.10). In this instance 

both electrodes are acting as anode and cathode. Chamber A only contains electrolyte, 

so metal ions will be produced in the anodic phases and then possibly reduced in the 

cathodic phase, either plating the electrode or forming aggregates. In chamber B, metal 

ions will be produced in the anodic phases and carbenes will be produced in the cathodic 

phases. These species can coordinate together to form the metal complex. 

Both of these experiments are control experiments, the first should yield no product and 

tests whether species produced (other than protons) can pass through the membrane. 

The second acts as a positive control. The last experiment involves applying a current to 

the divided cell for a fixed amount of time, 1 F for example, and then halting the reaction. 

At this point half of the solution in each chamber is removed simultaneously and 

transferred to the opposite chamber (c, Scheme 4.10). If free carbenes are in solution 
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then product should be observed in the anodic chamber. If the carbenes remain stuck to 

the surface of the electrode then product will only be observed in the cathodic chamber. 

 

Scheme 4.10: Series of divided cell experiments and the expected results. a) Metal ions and carbenes are 
produced at opposite electrodes and unable to form the product. b) With an APM both electrodes act as 

anode and cathode. c) Transferring solution between the two chambers. 

 

These reactions were performed using copper electrodes and L10 as the ligand 

precursor, and using nickel electrodes with L11 as the ligand precursor. When the first 

experiment, applying a current to the divided cell, was conducted with the copper 

electrodes, the anodic chamber turned a light green, which is interesting because 

[Cu(MeCN)4]+ is colourless (a, Figure 4.14).212 This could suggest that some copper(II) 

ions are present. The cathodic chamber turned from colourless to red, a colour that 

corresponds to the presence of free carbene in solution.213 Samples taken from each 

chamber and analysed with 1H NMR spectroscopy and HRMS gave the expected results 

(Entry 1, Table 4.5); only electrolyte in the anodic chamber and electrolyte and L10 in 

the cathodic chamber. Solvent was removed from the samples under reduced pressure 

and the residue was dissolved in hydrous deuterated acetonitrile. Consequently the free 

carbene would not be expected to be observed as protons from the water in the solvent 

would protonate the carbene, generating the starting material L10. It had been hoped 

that this technique could be used to produce quantitative conversions, however the 

electrolyte was in such large excess that product and starting material peaks could not 
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be fully resolved. Instead only qualitative analysis, i.e. the presence or absence of 

species, could be conducted. 

 

Figure 4.14: Images of the first divided cell experiment at the end of the reaction. Chamber A contained 
electrolyte and chamber B contained electrolyte and ligand precursor. The reaction was carried out using 

copper electrode and L10 (a) and using nickel electrodes and L11 (b). 

 

The use of nickel electrodes with L11 gave the same results, no product was observed 

in either chamber (Entry 1, Table 4.5). The anodic chamber was blue suggesting the 

formation of Ni(II) ions, which when in acetonitrile would be expected to form the pale 

blue octahedral [Ni(MeCN)6]2+ (b, Figure 4.14).191 Similar to the copper reaction, the 

solution in the cathodic chamber turned red indicating the presence of free carbene. 

Copper and nickel reactions also gave the same result as each other for the second 

experiment, applying a current with the APM. In both cases no product was observed in 

the ‘anodic’ chamber A which contained no ligand precursor, and product (Cu- or 

Ni-NHC) was observed in the ‘cathodic’ chamber B, as would be expected (Entry 2, 

Table 4.5). 

The final experiment, transferring solutions between the two chambers, saw the 

formation of Cu10 and Ni11 in both chambers when copper and nickel electrodes were 

used respectively (Entry 3, Table 4.5). This confirms the colour observations of the first 

experiment, that there is some free carbene in solution. Prior to the transfer of solutions 

the same colours as those observed in the first experiment were also seen. No partially 

reduced product, with one carbene and one imidazolium, were observed via HRMS. This 

is particularly interesting for the formation of Ni11 which was found to be present in the 

anodic chamber, meaning that both imidazoliums in L11 had been reduced to form the 

bis-carbene. This would suggest that the rate of electrochemical reduction of L11 is fast 

as both imidazoliums are reduced before the ligand can diffuse away from the electrode. 

Although these experiments do not confirm the absence of ligand coordinated to the 

electrode, they do demonstrate that free carbenes and metal ions may be found in 

solution. Furthermore, they show that a similar mechanism is likely responsible for the 

formation of copper and nickel species. 
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Entry Experiment 

Copper reaction Nickel reaction 

Chamber A Chamber B Chamber A Chamber B 

1 50 mA Bu4N+ 
Bu4N+ 

L10 
Bu4N+ 

Bu4N+ 

L11 

2 50 mA, 1/60 Hz Bu4N+ 

Bu4N+ 

L10 

Cu10 

Bu4N+ 

Bu4N+ 

L11 

Ni11 

3 

1) 50 mA 
2) Remove half of 

the solution from 
each chamber 
and transfer it to 
the opposite 
chamber. 

Bu4N+ 

L10 

Cu10 

Bu4N+ 

L10 

Cu10 

Bu4N+ 

L11 

Ni11 

Bu4N+ 

L11 

Ni11 

Table 4.5: Summary of the divided cell experiments and the species observed via 1H NMR spectroscopy 
and HRMS. For the copper reactions the solution was electrolysed with copper electrodes for 1.2 F mol-1. 

For the nickel reactions the solution was electrolysed with nickel electrodes for 2.4 F mol -1. 

 

4.3.4. Colour analysis 

As demonstrated previously, the formation of nickel(II)-complexes exhibits a strong 

colour change from the pale yellow or colourless solutions of ligand precursors to the 

dark yellow and orange solutions characteristic of nickel(II)-square planar complexes. 

Colour changes are a useful observation for chemists to make and amongst the oldest 

analytical technique, along with taste and smell.214,215 Whilst the modern chemist should 

be dissuaded from using their olfactory and gustatory senses, the colour of reactions 

remains a useful and often underutilised observation. 

Typically the colour of a reaction is used qualitatively as a throw away remark in the 

experimental procedure whilst other techniques based upon similar principles, such as 

UV-vis spectroscopy, are used quantitatively. More recently there has been an increase 

in interest for using colour to analyse reaction progression.216,217 Research by Dr Marc 

Reid (University of Strathclyde) has used the filming of reactions and subsequent 

computer processing to quantitatively analyse how the colour of a reaction changes as 

a reaction proceeds.218 

First, a reaction is carried out and filmed (Figure 4.15). During the filming process it is 

important for the focus to remain constant (a camera with manual focus is recommended) 

and the lighting to remain even. To achieve this, reactions should be performed in a light 

box so that passing shadows do not affect the colour analysis. The footage is then 

uploaded to a computer and a region (or regions) of interest is selected. A script is run, 

analysing the hue of each pixel within the region of interest in each frame. How the hue 
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changes over time can be plotted as its red, green and blue components or as deltaE, 

which combines all components and compares the hue, saturation and brightness at any 

given time point to the start of the reaction (t0). How fast a reaction changes colour can 

be used to gather kinetic information. 

 

Figure 4.15: Workflow for the colour analysis of reactions. 

 

More specifically, deltaE is a colour independent measure of contrast. It is a measure of 

the distance between two colours in the CIEL*A*B* colour space using the Euclidean 

distance formula (Equation 4.2). The CIEL*A*B* colour space is defined by the 

International Commission on Illumination (CIE) as a three dimensional space with the 

axis a*, b* and L*. The L* axis describes the lightness from white (100) to black (0), while 

the a* and b* axis describe the amount of red (+a*), green (-a*), yellow (+b*) and blue 

(-b*).219 
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Equation 4.2: Calculating deltaE using the CIEL*a*b* colour space. 

    

UV-vis spectroscopy is frequently used as a form of inline analysis for flow reactions,46 

however it was thought to be impractical for this study due to the strongly absorbing 

nature of the nickel complexes. Instead it was anticipated that colour analysis of the 

outlet tubing could be used to monitor the reaction. The outlet of the electrochemical flow 

reactor was filmed by Helen Hoyle (a masters student in the Willans group) and analysed 

using colour analysis (by Dr Marc Reid – University of Strathclyde), with a sample also 

collected for analysis by 1H NMR spectroscopy. This was compared to a series of 

calibration films where  solutions with a known concentration of Ni11 and L11 were 

placed in a piece of tubing and filmed for a short time (Graph 4.4). The electrochemical 

reaction eluent showed a stark contrast to the calibration solutions, with the eluent a 

much darker yellow (Graph 4.5). This would suggest that there might be species other 

than Ni11 present in solution, giving it a much darker colour. Whilst these other species 

are unknown this technique will be of limited used for the inline analysis of this particular 

reaction. 
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Graph 4.4: Top: Colour calibration for the flow reactions. A combined 6 mM solution of Ni11 and L11 were 
filmed. 1.2 mM of Ni11 corresponds to 20% yield. Bottom: video stills of each concentration. 

 

Graph 4.5: Colour analysis of the continuous electrochemical synthesis of Ni11: 6 mM, 1 mA, 1/60 Hz, 
0.04 mL min-1. Orange line from calibration corresponds to 20% yield. 1H NMR analysis showed a yield of 

19%. 
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Colour analysis can be used to compare multiple regions of a reaction vessel, unlike 

other in situ techniques such as UV-vis or IR spectroscopy which look at a single point 

in the reaction. For heterogeneous reactions, such as electrochemistry, the ability to look 

at multiple regions of a reaction vessel might be of considerable use. Initial studies, by 

Helen Hoyle, on the preparation of Ni11 in batch using the bottle reactor showed a typical 

kinetic curve when analysed by colour (Graph 4.6). These reactions were stirred, which 

even with imperfect stirring, would quickly render the reaction solution homogenous. 

Bubbles, likely hydrogen gas, could also be observed coming off the cathode. 

 

Graph 4.6: Colour analysis of the synthesis of Ni11 in a stirred batch reactor. 

 

To try and gain more insight into where the reaction takes place Ni11 was prepared in 

batch, but without any stirring. Colour analysis clearly showed that the reaction did not 

occur evenly throughout the reactor, with streams of the product being observed coming 

off of the cathode (Graph 4.7). Any nickel ions produced at the anode are positively 

charged, meaning that they will be attracted to the negatively charged cathode, moving 

quickly via migration. By contrast, the neutral carbenes generated at the cathode will 

only be able to mix via diffusion which is significantly slower, resulting in the coordination 

of nickel ions to carbenes occurring close to the cathode.  
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Graph 4.7: Colour analysis of the synthesis of Ni11 in an unstirred batch reactor, with regions of interest 
near the anode (orange), in between the electrodes (blue) and near the cathode (green). 

 

When the reactor was divided in half, it was noted that the bottom half remained 

colourless, even when the solution around the anode became coloured (Graph 4.8). This 

would suggest that there is very poor mixing between the solution at the top of the reactor 

and the bottom of the reactor. The fact that this interface appears directly beneath the 

bottom of the electrodes might suggest that the electrochemistry bears some 

responsibility. Perhaps it is down to a difference in the conductivity or the presence of 

ions in solutions which allows this bilayer to appear. Alternatively the bubbles produced 

at the cathode may aid mixing in the top half of the reactor. 
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Graph 4.8: Colour analysis of the synthesis of Ni11 in an unstirred batch reactor, with regions of interest 
near the electrodes (blue) and near the base (orange). 

 

4.4. Product degradation 

As well as identifying where the nickel reaction might be taking place, the mechanistic 

studies suggested that some product degradation might be occurring; a drop in the yield 

was observed when a slow alternating polarity was used and organic deposits were 

observed on the cathode. Cyclic voltammetry and the electrolysis of Ni11 were used to 

probe the likelihood of product degradation and identify conditions that might reduce the 

amount of degradation. 

4.4.1. Cyclic voltammetry 

Cyclic voltammograms of L11 and Ni11 were obtained using the bottle reactor and a 

silver wire as a pseudo-reference electrode, with ferrocene as an internal standard 

(Figure 4.16). The ligand precursor has an irreversible reduction at -1.2 V. The nickel 

complex appears to have multiple irreversible reduction peaks at -1.25, -1.66, -2.01 and 

-2.63 V. The Chang group have reported cyclic voltammograms for the same complex in 

water, observing an irreversible reduction at -0.84 and a partially reversible peak at 1.69 

V (vs SCE), they did not scan beyond 2.0 V.220 Other groups have found that similar 

complexes exhibit a semi-reversible reduction around 0.9 V.221,222 To see if this was the 

case for Ni11 the scan rate was increased from 300 mV s-1 to 500 and 800 mV s-1, 

however no reversible peaks were observed. The irreversible reductions observed for 

Ni11 could suggest that the complex might be degraded under conditions that are 

required to produce carbenes. 
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Figure 4.16: Overlaid cyclic voltammograms of ligand precursors L11 and Ni11 (1 mM). A silver wire was 
used as pseudo-reference electrode with ferrocene (1 mM) as an internal standard. Experiments were 

performed with a scan rate of 300 mV s-1 in acetonitrile with Bu4NPF6 (0.1 M) as a supporting electrolyte.  

 

4.4.2. Over-reaction of products 

To ascertain whether Ni11 is stable under reaction conditions a solution of Ni11 was 

pumped through the reactor whilst a constant current of 1 mA was applied (Scheme 

4.11). The potential was roughly twice that observed when a solution of the ligand 

precursor is electrolysed, suggesting that Ni11 is less conductive than L11. Only 3% of 

Ni11 was observed in the eluent, suggesting that Ni11 is not stable under reaction 

conditions. 

 

Scheme 4.11: Ni11 was pumped through the reactor to test its stability under reaction conditions. 

 

When using an APM under galvanostatic conditions the potential will vary, because 

charge will build up close to the surface of electrodes. When the polarity of the electrodes 
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swaps the Nernst layers are disrupted, resulting in a low potential that increases 

logarithmically. The potential was recorded when solutions of L11 and Ni11 were 

pumped through the reactor and a constant current (1 mA) was applied using the APM 

at 1/60 Hz (Graph 4.9). The potential remained between 1.5 V and 2.5 V for the solution 

of L11 for most of the time. By contrast the solution of Ni11 spent the majority of the time 

with a potential between 2.5 V and 3.8 V being applied. This would suggest that Ni11 is 

less conductive than L11, resulting in a higher potential. 

 

Graph 4.9: Average potential for half of a period at 1/60 Hz (30 s) when 1 mA is applied to a solution of 
L11 or Ni11. 

 

To try and reduce the amount of product degradation, potentiostatic conditions were 

adopted (Table 4.6). Ni11 was flowed through the reactor while a constant potential of 

2.0 V was applied. 13% of Ni11 was observed in the eluent. The potential was further 

reduced to 1.5 V and the amount of Ni11 observed increased to 19%. Further reductions 

in the potential were not attempted because the ligand is reduced at -1.40 V and a 

potential any lower would be insufficient for the formation of the carbene. 

I or P APM Recovery 

0 0 Hz 100% 

1 mA 1/60 Hz 3% 

2.0 V 1/60 Hz 13% 

1.5 V 1/60 Hz 19% 

Table 4.6: Testing the stability of Ni11 under different reaction conditions. 
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The results of the alternating polarity experiments and the studies looking at the stability 

of Ni11 were combined to produce new reaction conditions. L11 was electrolysed using 

a constant potential of 1.5 V and using an APM with a frequency of 1/10 Hz (Scheme 

4.12). This produced Ni11 with a conversion of 19% and a yield of 18%. The mass 

balance (combination of L11 and Ni11) was 81%, suggesting that product degradation 

has been reduced significantly.  

 

Scheme 4.12: Reaction conditions for the synthesis of Ni11 that reduce the amount of product 
degradation. 

4.5. Conclusions and future work 

A range of nickel(II)-NHC complexes have been synthesised under continuous 

electrochemical conditions, with varying degrees of success. Given the ease at which 

the synthesis of copper(I)-NHCs proceeds, it was surprising that nickel complexes had 

proven to be considerably more challenging. Despite the difficulties, flow 

electrochemistry has been demonstrated to offer advantages with regards to the 

enhanced selectivity for the synthesis of Ni11, avoiding the production of Ni(11)2 which 

is observed in batch. 

Initial studies identified that nickel-NHC complexes could be made but with a poor mass 

balance. Surface analysis using SEM and EDX showed large amounts of organic 

deposition on the cathode surface, particularly in the second half of the reactor. Cyclic 

voltammetry suggested that this could be as a result of product degradation, something 

confirmed by the electrolysis of the product under reaction conditions. The ligand screen, 

and the poor mass balance observed, suggests that product degradation is not limited 

to Ni11.  

The frequency of the alternating polarity was found to have a significant effect on the 

yield, with fast and slow frequencies both leading to a reduction in the yield. This is 

thought to be because fast frequencies mean that species have insufficient time to 

diffuse or migrate to the electrode surface and undergo an electrochemical reaction, and 
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slow frequencies result in the product spending too long at the cathode, leading to 

product degradation. 

Through monitoring a batch electrochemical reaction with colour analysis it was 

suggested that the majority of complex forms close to the cathode. This is because 

nickel(II) ions will migrate from the anode to the cathode faster than the neutral carbenes 

will diffuse from cathode to anode. The use of divided cells was also used to investigate 

the mechanism, confirming that free carbenes can be found in solution and that the 

copper and nickel reactions are likely to proceed via a similar mechanism. This further 

supports the idea that product degradation is responsible for the difference in mass 

balance between copper and nickel reactions, as opposed to a difference in the 

mechanism. 

Using the knowledge obtained about how the potential and alternating polarity affects 

the reaction, reaction conditions were optimised to minimise the amount of product 

degradation by reducing the applied potential and using a moderate flicker frequency. 

Although this did not improve the yield of the reaction, it did increase the mass balance 

by fourfold. This is significant because if nickel complexes are to be produced on-

demand to act as catalysts it is essential to know what species are being dispensed into 

a reaction, especially for the synthesis of pharmaceuticals. It is expected that there will 

be a trade-off between the yield and the mass balance, with more forcing conditions 

leading to more product but also more product degradation (Graph 4.10). 

 

Graph 4.10: Hypothesised trade-off between yield and mass balance. 
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It is anticipated that the divided cell experiment could be used in investigate the 

mechanism of other reactions that involve successive oxidations and reductions, such 

as the domino oxidation-reduction reaction developed by the Waldvogel group.180 The 

electrochemical synthesis literature is currently dominated by reactions involving a single 

oxidation or reduction with a counter reaction, typically involving the solvent, occurring 

at the opposite electrode. As electrochemistry matures it is expected that an increasing 

number of reactions will use both electrodes and a larger number of domino-type 

reactions will be developed. Consequently, techniques such as the divided cell 

experiments described here might be helpful in elucidating the mechanisms of such 

reactions. 
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4.6. Experimental 

4.6.1. General considerations 

NMR data was obtained on either a Bruker AVneo 500 (CH dual cryoprobe) or Bruker 

Ascend 400 spectrometer. 1H NMR and 13C{1H} chemical shifts were referenced against 

residual solvent peaks. Mass spectra were collected on a Bruker Daltonics (micro TOF) 

instrument operating in the electrospray mode. Elemental Analyses were performed by 

Mr Stephen Boyer at London Metropolitan University. 

Where stated, reactions were carried out under an inert atmosphere of dry nitrogen or 

argon, using standard Schlenk line or glovebox technique. Anhydrous solvents were 

dried by passing over activated alumina to remove water and copper catalyst to remove 

oxygen via the Dow-Grubbs solvent system. They were collected onto activated 

molecular sieves to remove any remaining water. Acetonitrile was degassed with argon. 

All reagents were used as supplied, without further purification. 

All crystals were obtained by recrystallisation from MeCN/ Et2O. Data was collected at 

120 K on crystals mounted on a Hampton Scientific cryoloop using a SuperNova, Dual, 

Cu at home/near, Atlas. The structures were solved by direct methods with SHELXT, 

refined using full-matrix least-squares routines against F2 with SHELXL, and visualized 

using OLEX2.151,152 All non-hydrogen atoms were refined anisotropically. All hydrogen 

atoms were placed in calculated positions and refined using a riding model with fixed C–

H distances of 0.95 Å (sp2CH), 1.00 Å (CH), 0.99 Å (CH2), 0.98 Å (CH3). The thermal 

parameters of all hydrogen atoms were estimated as Uiso(H) = 1.2Ueq(C) except for CH3 

where Uiso(H) = 1.5Ueq(C). 

Cyclic voltammetry of L11 and Ni11 were performed at room temperature in the bottle 

reactor using a Metrohm, DropSens, µSTAT 400 potentiostat and data acquired with 

DropView 8400 software. Experiments were performed in anhydrous, degassed 

acetonitrile (1 mM), nBu4NPF6 (0.1 M) supporting electrolyte (scan rate of 300 mV s-1), 

with an IKA glassy carbon disk (1 mm) working electrode, platinum wire counter 

electrode, and silver wire pseudo-reference electrode. Ferrocene (Fc) was added as an 

internal standard (1 mM, Fc+/Fc at +0.380 V vs SCE) to reference experiments.  

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were 

conducted on an FEI NanoSEM Nova 450 by Dr Alexander Kulak (University of Leeds). 

4.6.2. Ligand synthesis 

L12 was prepared by Dr Thomas Nicholls and was used without further purification. 
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4.6.2.1. L9 

N-methyl imidazole (4 mL, 50 mmol) was placed in an apoule under 

nitrogen and dibromomethane (20 mL, 250 mmol) was added. The 

ampoule was sealed and heated to 100 °C for 25 hours to leave a 

yellow semi-solid mass. The remaining dibromomethane was 

removed under vacuum and the solid washed with diethyl ether 

(30 mL), acetone (30 mL) and diethyl ether (30 mL). The solid was 

redissolved in water (200 mL) with NH4PF6 (10 g, 60 mmol) and stirred for 2 hours, 

forming a precipitate. The mixture was filtered and the solid washed with water and 

diethylether to leave L9 as a white powder (5.77 g, 12.3 mmol, 25%).  

1H NMR (400 MHz, CD3CN) δ 8.73 (s, 2H, NCHN), 7.59 (d, J = 1.8 Hz, 2H, Imidbackbone), 
7.47 (d, J = 1.8 Hz, 2H, imidbackbone), 6.40 (s, 2H, CH2), 3.91 (s, 6H, CH3). 

13C{1H} NMR (101 MHz, CD3CN) δ 137.92 (NCHN), 125.55 (CH), 122.60 (CH), 118.00 
(CH2), 59.28 (CH3). 

HRMS (ESI+): m/z 89.0594 [M-2PF6]2+, calcd. 89.0607. 

4.6.2.2. L10 

2,6-Diisopropyl analine (50 mL, 400 mmol) was dissolved in 

methanol (200 mL). Acetic acid (3 mL) was added followed 

by the dropwise addition of glyoxal (30 mL, 160 mmol). The 

reaction was stirred for 6 hours, resulting in a bright yellow 

precipitate. The mixture was filtered and the precipitate 

washed with methanol before a portion (4.71 g, 12.5 mmol) 

was dissolved in ethyl acetate (100 mL). Paraformaldehyde 

(0.40 g, 13.1 mmol) was added and the solution was heated to 70 °C. A solution of TMSCl 

(1.7 mL, 13.1 mmol) in ethyl acetate (10 mL) was added dropwise and the solution was 

heated for a further 2 hours, resulting in the formation of a precipitate. The mixture was 

cooled, filtered under vacuum and washed with ethyl acetate (3x25 mL) to give L10 as 

a white power (4.83 g, 11.3 mmol, 90%).  

1H NMR (400 MHz, CD3CN) δ 9.64 (s, 1H, NCHN), 7.87 (d, J = 1.6 Hz, 2H, Imidbackbone), 

7.69 – 7.60 (t, J= 7.8 Hz, 2H, ArH), 7.47 (d, J = 7.8 Hz, 4H, ArH), 4.06, 2.42 (hept, J = 

6.8 Hz, 4H, CH), 1.30 – 1.16 (m, 24H, CH3). 

13C NMR (101 MHz, CD3CN) δ 146.30 (NCHN), 138.62 (CHimid), 133.03 (ArH), 130.00 

(ArH) 126.85 (ArH), 125.62 (ArH), 29.84 (CH), 24.53 (CH3), 23.71 (CH3). 

HRMS (ESI+): m/z 389.2749 [M-Cl]+, calcd. 389.2951. 

Consistent with data previously reported.223 
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4.6.2.3. L11 

Imidazole (9.19 g, 135 mmol) and potassium hydroxide 

(12.5 g, 250 mmol) were placed in an ampoule under nitrogen 

and 2-bromopyridine (4.3 mL, 45 mmol) was added. The 

ampoule was sealed and heated to 190°C for 21 hours. The 

resultant solid was dissolved in water and extracted with DCM 

(3x30 mL). The combined organic extracts were washed with 

aquous solutions of sodium carbonate (5x50 mL) and water 

(50 mL), dried with magnesium sulphate and filtered before the solvent was removed to 

leave a yellow/orange oil. The oil was left to crystalise in the freezer over the course of 

3 days. A portion of the solid (1.7 g, 11 mmol) was placed in an ampoule under nitrogen 

and dibromomethane (12 mL, 150 mmol) was added. The Ampoule was sealed and 

heated to 100°C for 21 hours, resulting in a solid yellow mass. This was suspended in 

ether (via sonication) and filtered. The solid was then dissolved in water and NH4PF6 (7.0 

g, 43 mmol) was added. The solution was stirred for 2 hours and the solid was filtered 

off and washed with water and diethyl ether to leave L11 as an off-white powder (2.71g, 

4.5 mmol, 41%). 

1H NMR (400 MHz, DMSO) δ 10.38 (s, 2H, NCHN), 8.71 (d, J = 4.8 Hz, 2H), 8.64 (dd, J 

= 2.6, 1.1 Hz, 2H), 8.32 – 8.22 (m, 4H), 8.05 (d, J = 8.2 Hz, 2H), 7.74 – 7.65 (m, 2H), 

6.85 (s, 2H, CH2). 

13C{1H} NMR (101 MHz, DMSO) δ 149.93 (NCHN), 146.50 (ArH), 141.37 (ArH), 137.58 

(ArH), 126.26 (ArH), 123.86 (CH), 120.22 (CH), 114.79 (ArH), 59.66 (CH2). 

HRMS (ESI+): m/z 152.0702 [M-2PF6]2+, calcd. 152.0713, 449.1089 [M-PF6]+, calcd. 

449.1073. 

Consistent with data previously reported.224 

4.6.2.4. L13 

2-Chloropyrimidine (3 g, 26.4 mmol) was placed in an ampule and 

dissolved in N-methyl imidazole (2.1 mL, 26.2 mmol). The ampule 

was sealed and heated to 110 °C for 18 hours to give a brown solid. 

The solid was dissolved in methanol (5 mL) and THF was added 

(80 mL) to produce a pale yellow precipitate. The precipitate was 

filtered off and dissolved in water (20 mL) and ammonium hexafluorophosphate was 

added (4.2 g). The solution was stirred for 1.5 hours and the resultant pale yellow 

precipitate was filtered off, washed with diethyl ether and recrystallised in acetonitrile.  
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1H NMR (300 MHz, CD3CN) δ 9.41 (s, 1H, NCHN), 8.88 (d, J = 4.9 Hz, 2H, ArH), 8.21 

(d, J = 1.9 Hz, 1H, CHimid), 7.60 (t, J = 4.9 Hz, 1H, ArH), 7.53 (d, J = 1.9 Hz, 1H, CHimid), 

3.97 (s, 3H, CH3). 

13C NMR (101 MHz, CD3CN) δ 160.48 (NCHN), 152.89 (ArH), 136.01 (ArH), 125.54 

(ArH), 123.03 (CHimid), 119.66 (CHimid),  37.27 (CH3). 

HRMS (ESI+): m/z 161.0824 [M-PF6]2+, calcd. 161.0822. 

Consistent with data previously reported.225 

4.6.3. Chemical synthesis of Ni11 

L11 (0.50 g, 85 mmol) and Ni(OAc)2·4H2O (0.43 g, 170 

mmol) were placed under argon and dissolved in DMSO. 

The green solution was heated at 50 °C for four hours to 

give a orange-brown solution. The solvent was removed 

under vacuum and the yellow solid washed with THF (3 

x 30 mL) to give Ni11 (0.41 g, 60 mmol, 71%). 

1H NMR (400 MHz, DMSO) δ 8.83 (d, J = 4.9 Hz, 2H, ArH), 8.53 (s, 2H, Imid), 8.41 (t, J 

= 7.1 Hz, 2H, ArH), 8.21 (d, J = 7.6 Hz, 2H, ArH), 8.04 (s, 2H, Imid), 7.69 (t, J = 7.3 Hz, 

2H, ArH), 6.59 (s, 2H, CH2). 

13C NMR (101 MHz, DMSO) δ 159.60 (ArH), 150.07 (ArH), 149.51 (ArH), 143.62 (ArH), 

124.63 (CHimid), 124.15 (CHimid), 118.97, 112.77 (CH2). 

HRMS (ESI+): m/z 180.0303 [M-2PF6]2+, calcd. 180.0311 

Consistent with data previously reported.14  

4.6.4. Electrochemical batch reactions 

4.6.4.1. General procedure 

A bottle reactor vial was charged with the ligand precursor (1 mmol), then the reactor 

was assembled and placed under an atmosphere of argon. MeCN (anhydrous, 15 mL) 

was added and nickel electrodes were used to apply a constant current of 50 mA for 80 

minutes (2.4 F mol-1) from a Tenma bench top power supply (72-10480 from Farnell). A 

sample of approximately 0.5 mL was taken at the end of the reaction and filtered through 

Celite after which the solvent was removed under reduced pressure. The resultant solid 

was redissolved in a suitable deuterated solvent and analysed using 1H NMR 

spectroscopy. Integrals for the complex and ligand were used to calculate the 

conversion. 
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4.6.5. Electrochemical flow reactions 

The third generation electrochemical flow reactor was machined out of stainless steel by 

the workshop in the School of Mechanical Engineering at the University of Leeds. 

Electrodes and spacers were designed on Corel Draw. Nickel foil (1.0 mm thick, 99.0%, 

NI000608) was purchased from Goodfellow Cambridge Limited and cut into electrodes 

by Laser Master (Redruth, TR16 6HY). Spacers were laser cut by Laser Web (Barnsley, 

S71 3HS) from PTFE sheets with a thickness of 1 mm. 

4.6.5.1. General procedure 

6mM solutions of ligand precursor in anhydrous acetonitrile were prepared under argon. 

The solution was transferred to a syringe and pumped through the reactor (3 nickel 

electrodes, 2 ‘normal’ spacers, 0.926 mL) using a syringe pump. A constant potential or 

current was applied using a Tenma bench top power supply (72-10480 from Farnell) with 

an alternating polarity microcontroller (Arduino MKZERO with Arduino MKR relay proto 

shield) in series.  

Two residence times were allowed to elapse for the reactor to reach steady state, before 

the eluent was collected for one residence time in a round bottomed flask in air. A portion 

of eluent (1 mL) and TMB (6 mM, 0.33 mL) were combined. The solvent was removed 

under vacuum and the remaining solid dissolved in deuterated acetonitrile. 1H NMR 

spectroscopy was used to calculate the conversion from the integrals of the imidazolium 

salt and the nickel-NHC complexes and the yield from the integrals of the nickel-NHC 

and the TMB. 

Where the potential was recorded (Graph 4.9), the power supply was recorded with a 

video camera and the potential noted manually for 2 periods (2 minutes). The potential 

was then averaged for each 30 s (each half period). 

4.6.5.2. Ni9 

I or P APM Conversion Yield 

1.8 V 1/60 Hz 28% - 

2.3 V 1/60 Hz 55% - 

1 mA 1/60 Hz 100% 49% 

Table 4.7: Results for the continuous electrochemical synthesis of Ni9. 
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4.6.5.3. Ni10 

I or P APM Conversion Yield 

1 mA 1/60 Hz 40% 4% 

Table 4.8: Results for the continuous electrochemical synthesis of Ni10. 

4.6.5.4. Ni11 

Solvent Electrolyte I or P APM Conversion Yield 

MeCN No 0 0 0% 0% 

MeCN No 1 mA 1/60 Hz 100% 19% 

DMF No 1 mA 1/60 Hz 100% 19% 

THF No 1 mA 1/60 Hz 0% 0% 

MeOH No 1 mA 1/60 Hz 0% 0% 

MeCN No 2.0 V 1/60 Hz 100% 19% 

MeCN Yes 1 mA 1/60 Hz 100% 19% 

MeCN Yes 1 mA 0 Hz 100% 4% 

MeCN No 1 mA 5 Hz 100% 10% 

MeCN No 1 mA 3 Hz 100% 17% 

MeCN No 1 mA 1Hz 100% 19% 

MeCN No 1 mA 1/3 Hz 100% 25% 

MeCN No 1 mA 1/10 Hz 100% 28% 

MeCN No 1 mA 1/30 Hz 100% 24% 

MeCN No 1 mA 1/120 Hz 100% 16% 

MeCN No 1 mA 1/240 Hz 100% 12% 

MeCN No 1.5 V 1/10 Hz 19% 18% 

Table 4.9: Results for the continuous electrochemical synthesis of Ni11. 
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4.6.5.5. Ni12 

I or P APM Conversion Yield 

1 mA 1/60 Hz 100% 24% 

Table 4.10: Results for the continuous electrochemical synthesis of Ni12. 

4.6.5.6. Ni13 

I or P APM Conversion Yield 

1 mA 1/60 Hz 0% (no L13) 0% 

Table 4.11: Results for the continuous electrochemical synthesis of Ni13. 

4.6.6. Divided cell experiments 

The divided cell was assembled with Nafion-115 membrane and a metal anode and 

cathode. The cathodic chamber was charged with ligand precursor (1 mmol, L10 with 

copper electrode and L11 with nickel electrodes) and Bu4NBF4 (4.0 g, 12.1 mmol) and 

the anodic chamber with Bu4NBF4 (4.0 g, 12.1 mmol). Both chambers were placed under 

argon and anhydrous acetonitrile (20 mL) was added to both chambers and stirred until 

all material had dissolved. Both chambers were stirred and argon was bubbled though 

to aid mixing. A current was then applied for 2.5 F mol-1, afterwhich a sample was 

removed and analysed using 1H NMR and HRMS. 

571.5734 was present in all samples analysed by HRMS, this is possibly from the 

membrane. 

m/z Species 

242.2867 Bu4N+ 

389.2950 [L10 - H]+ 

492.2438 [Cu10 – Cl + MeCN]+ 

152.0702  [L11 - 2PF6]2+, 

629.5337 [Ni11 – PF6 + 3MeCN]+ 

Table 4.12: Species observed via HRMS during the divided cell experiments. 

Experiment 1: 50 mA was applied for 2.5 F mol-1. 

Experiment 2: 50 mA was applied for 2.5 F mol-1 with an APM (1/60 Hz). 

Experiment 3: 50 mA was applied for 2.5 F mol-1, half of the solution in each chamber 

was then removed and transferred to the opposite chamber. 
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Experiment 

Copper reaction Nickel reaction 

Chamber A Chamber B Chamber A Chamber B 

1 50 mA Bu4N+ Bu4N+ 

L10 
Bu4N+ 

Bu4N+ 

L11 

2 50 mA, 1/60 Hz Bu4N+ 
Bu4N+ 

L10 
Cu10 

Bu4N+ 
Bu4N+ 

L11 
Ni11 

3 

3) 50 mA 
4) Remove half of 

the solution from 
each chamber 
and transfer it to 
the opposite 
chamber. 

Bu4N+ 

L10 
Cu10 

Bu4N+ 

L10 
Cu10 

Bu4N+ 

L11 
Ni11 

Bu4N+ 

L11 
Ni11 

Table 4.13: Summary of the results from the divided cell experiments. 

 

4.6.7. Colour analysis 

All video footage was collected using a RS Pro Webcam (part no. 201-3517). All footage 

was captured using the standard camera settings (30 frames per second, 1080x720 

resolution). Due to a maximum video recording length of 10 mins, where reactions were 

recorded for longer, the collected 10-min video clips were combined into a single video 

file before analysis.  

 Video analysis was performed in collaboration with Dr Marc Reid (University of 

Strathclyde) using the developmental video analysis software Kineticolor.  An early 

electrochemically-focused application of this software has been reported in the 

literature.218 All video data in this report were analysed using the December 2021 version 

of the software.  

All videos were analysed by breaking videos into their constituent frames, and each 

frame being analysed in turn. A user-selected region of interest was analysed, averaging 

all pixel values in the selected range. All background data outside the selected region 

was ignored in the analysis. Data were analysed according to a user-selected number of 

frames to be skipped. For example, most datasets were analysed at a sample rate of 

one datapoint per second. This was achieved by setting the software to analyse only 

every 30th frame. The analysed frames were curated in plots of various colour 

components versus time to enable semi-quantitative and comparative kinetic analysis 

between different video analysis datasets.  

 Extracted colour data was provided from across a common subset of colour models, 

namely: RGB, HSV, CIE-L*a*b*, and CIE-XYZ. For the purposes of this report, analysis 

primarily focused on plots of Delta E versus time. Delta E is the colour-independent 
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measure of contrast, measured as the Euclidean distance between two colours in the 

CIE_L*a*b* colour space.216 
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5. Conclusion 

Sustainable manufacturing is a key part of the UKRI’s strategy to reach NET zero. 

Emerging technologies, such as electrochemistry, will be essential to reducing the 

environmental impact of large scale chemical processes. Electrochemistry is an atom 

efficient means of performing redox reactions, avoiding the use of stoichiometric 

reagents. Another key challenge is the replacement of second and third row metal 

catalysts, that are costly and scarce, with earth abundant base metals. Typically first row 

transition metal complexes are challenging to synthesise and store, making them 

unattractive catalysts for medicinal and process chemists that often have to design 

routes within a tight timeframe. This thesis has aimed to address these issues: the 

accessibility of electrochemical reactors, along with our understanding of 

electrochemical flow reactors, and the ability to produce first row metal complexes on 

demand via electrochemical methodologies.  

Presently there is a lack of affordable reactors that researchers can use to develop 

electrochemical reactions. The bottle reactor was designed with versatility and cost in 

mind. It may be used with a wide array of electrodes with different dimensions, unlike 

many commercial counterparts, and it can be placed under an inert atmosphere with 

ease. Ports allow solutions to be added and removed during the reaction, or for analysis 

to be performed. The development and manufacture of the bottle reactor aims to 

increase the accessibility of electrochemistry to the synthetic chemist. The low cost and 

versatility of the bottle reactor will enable more research laboratories to experiment with 

electrochemistry. 

Electrochemistry can be challenging to scale up in batch, instead most groups turn to 

flow chemistry, which typically has a higher throughput. In the course of developing an 

electrochemical flow reactor it was noted that hops, where the solution passes through 

an electrode, led to an increase in the amount of product observed. Computational 

studies and electrochemical analysis confirmed that the shape of the hops led to an 

increase in the effective mass transfer without changing the flow regime. This 

demonstrated that the increase in effective mass transfer came from the fact that during 

a hop the electrodes swap which side of the channel they are on, as opposed to the 

additional pumping power required, which is relatively modest. The increase in mass 

transfer without an appreciable pressure drop is likely to be of use for the scale up of 

electrochemical flow reactors, something that will be essential if electrochemistry is to 

become widely used for the manufacture of large quantities of product. 
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Flow electrochemistry may also be used to produce metal complexes and telescope 

them into reactions to act as catalysts. This of particular interest as the chemistry 

community pivots towards the use of first row metals, which are challenging to synthesise 

using traditional methods and are particularly well suited to synthesis via electrochemical 

means. Such methodologies already exist for the synthesis of copper(I)-NHC complexes; 

this thesis aimed to extend it to nickel(II)-NHC complexes. This class of complexes is of 

particular interest due to its ability to act as catalysts for cross coupling reactions. During 

the course of synthesising nickel(II)-NHC complexes in flow it was noted that the reaction 

had a very poor mass balance and significant amounts of material was being destroyed. 

A raft of techniques were used to gain mechanistic understanding, demonstrating that 

the product was being degraded. These insights enabled reaction conditions to be 

modified to reduce the amount of product degradation and improved the mass balance. 

It is anticipated that such methodologies, which are generally simple to perform even for 

non-specialists, will increase the accessibility of first row complexes for the synthetic 

chemistry community. 
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