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Abstract 

 

 

Mechanochemistry in this thesis is taken to mean the formation of new covalent 

chemical bonds using any form of mechanical activation, and usually in a solvent free 

environment. This is in contrast to typical chemical reactions which take place in 

solvents and are often promoted by thermal energy. The opening chapter begins by 

giving on overview to the history and development of mechanochemistry to the 

present day. It then discusses the position of  mechanochemical synthesis in the 

burgeoning field of ‘Green’ chemistry, specifically by looking at the solvent free 

aspects of synthesis using this technique via reaction monitoring through to 

continuous synthetic methods. This is achieved by making a selection of small 

molecules and organic materials – those containing the atoms C, H, N, O and S only. 

This thesis gives an overview of the specific chemistry relevant to the syntheses 

undertaken: the Zincke reaction, its pyridinium  and anilino products and their use as 

precursors for the synthesis of useful functional polymeric conductors, and 

polymethine dyes.
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1. Introduction 

 

Mechanochemistry is scientific discipline that has been identified and developed in the last 

150 years. It has its roots in mechanical activation which is concerned with structural 

changes to materials that have been brought about by mechanical energy. 

Mechanochemistry, in the form of ball milling, uses energy generated by an oscillating or 

rotating ball mill at high frequencies which gives the milling medium (balls) the kinetic 

energy to collide with the reagents, walls of the vessel and each other to facilitate chemical 

transformation. The methodology is solvent-free although solvent can be added, if it 

promotes reactivity. At the gram scale of synthesis, volumes of liquid added are in the 

microlitres and is given the term LAG, or Liquid Assisted Grinding. 

 

The influence of mechanochemistry in research and development terms has grown far 

wider than just to synthetic bench chemists.1 This brings with it a new lexicon, as experts 

in different fields such as materials, pharmaceutics, polymer and crystal engineering may 

use the same or similar terms to describe a process and in different contexts. Mechanical 

activation are two such words where better definition would bring clarity. The field is so 

new that the symbol for ball milling, a form of mechanical activation, was first suggested in 

2016 by Hanusa.2 The three-ball symbol is used in conjunction with the reaction arrow in 

mechanochemistry schemes. 
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Symbol 
Type of mechanical 

activation 
Variables 

 

a 

 

Vibratory Ball Mill (VBM) 

Planetary Ball Mill (PBM) 

time, t 
frequency of 
oscillation, Hz 
number and size of 
balls 

 

b 

  

Twin screw extrusion 

time, t 
screw speed, rpm 
torque, Nm 
temperature, 
T (max. 450°C) 

 

c 
 

 

Single screw extrusion 

time, t 
screw speed, rpm 
temperature, 
T (max. 250°C) 

 

d 

 

 

 

Twin screw extrusion 

time, t 
screw speed, rpm 
torque, Nm 
temperature, 
T (max. 450°C) 

e 

 

  

Single screw extrusion 

time, t 
screw speed, rpm 
temperature, 
T (max. 250°C) 

                                    

Figure 1-1   (a) Ball symbol for ball milling  taken from Hanusa2 et al. (b) and (c)  screws in place of 
reaction arrows for extrusion reactions used by Browne3 et al. (d) and (e) in this thesis, the screws 

icon are used with reaction arrows 

 

 

There is yet to be a formalised symbol for extrusion but it is noted that in the review paper 

by Browne et al. concerning reactive extrusion3, they use twin and single screws shown in 

Figure 1-1 (b) and (c) to represent the reaction arrows in between the chemical structures 

or reagents and products in place of the commonly used black arrow, as shown in Scheme 

1-1.  
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Scheme 1-1   Imine Formation taken from3 

 

In this thesis a symbol with screws will be used in addition to the reaction arrow, (d) and 

(e), to signify reactive extrusion.  

 

Other terms that have been applied to mechanical activation include grinding,4–8 

tribochemistry,1,9 Hot Melt Extrusion (HME),10–12 and mechanical alloying.13–16 This is an 

illustrative but not exhaustive list of the many ways that change can be induced in materials 

using mechanical force as the primary agent. 

 

Mechanical activation encompasses different processes of which mechanochemistry is a 

sub-set. Figure 1-2 sets out the types of changes that can be achieved using mechanical 

activation. Where new intermolecular bonds between atoms are formed, this constitutes 

a chemical transformation and so the term ‘mechanochemistry’ is applicable and is used to 

make the distinction from other forms of mechanical activation. Categories I – V in the table 

show examples of mechanical activation but only Category V is considered as 

mechanochemistry. 
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 I  
 
Milling particles to a 
small size 

 

II 
 
Generating new or 
larger surfaces, taken 
from17  
 
 
 
 
 
 
 
 
 
 

 

III 
 
Transformations in 
polymorphic materials, 
taken from4 

 

IV    
 
Cocrystallisation  
Scheme taken from18 

 

 

 

 

 

 

V   Mechanochemistry 
 
Reactions via 
mechanical activation 
including ball-milling 
and extrusion 

 
COFs / MOFs / Organometallic complex formation / Small 
organic molecules / Redox reactions / Ion exchange / 
Polymerisation / Telescoped reactions / Cascade reactions – 
all the wide-ranging classes of reaction conducted in solvent-
free conditions 
 

Figure 1-2   Examples of the Types of Mechanical Activation of Materials (I) non-reactive milling to 
smaller particles (II) sheet-forming of malleable metals (III) formation of polymorphic materials 

(IV) Cocrystallisation (V) Reactive Ball-milling 
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1.1  Greener synthesis through mechanochemistry 

 

Mechanochemistry is fast emerging as an efficient and cost-effective method for synthesis 

of novel compounds. Its ‘green’ credentials are further endorsed by the fact that the 

process does not require any solvent. Chemical transformations that can be conducted 

using this solvent-free methodology has been increasingly investigated in recent times19–26 

and is the primary methodology used in this thesis.  Discoveries utilising solvent-free 

methods include results that are not achievable via solution chemistry, new reactivities, 

selectivity, and even the trimerisation of fullerenes.27 Mechanochemistry is thus a valuable 

addition to the methodologies available to the modern synthetic chemist, alongside the 

more established routes such as solution, thermal, photochemical, flow, microwave, 

sonochemistry and electrochemical activation. 

 

Organised labour using machine manufacturing and the advent of steam engines in the 

mid-1800s which shaped the Industrial Revolution meant that technological advances 

spread widely and quickly between trading partners. For the chemical industries, new 

innovations also created unexpected problems e.g. early refrigerants and the discovery of 

a hole in the ozone layer,28 poisonous lead in pipes, paints and petrol, acid rain29 resulting 

from nitrous oxides and sulfides from the combustion of fossil fuels, pesticides used in 

agriculture that persist in the food chain and is also a disruptor of biodiversity.30 Air 

pollution in densely populated areas and plastic pollution in our oceans31 are an ongoing 

topic of public discourse and are highlighted by international climate change conferences 

organised by the United Nations Committee and are an emotive cause for environmental 

activism. 

 

There are also ‘endangered’ elements32 that are used and not recycled in mobile phones 

leading to sustainability issues. In the 1990s a set of 12 Principles of Green Chemistry,33 

created by Anastas and Warner and published by  the American Chemical Society to help 

address growing problems. Green chemistry, then, is an ongoing attempt to address the 

problems that chemicals and chemical processes can sometimes cause. 
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Figure 1-3   The 12 Principles of Green Chemistry by Anastas and Warner33 

 

Mechanical activation through human activity, is as ‘old as the hills,’ evidence of the use of 

mechanical activation - as a means of grinding husks off grain, for example, by our ancestors 

has been dated to the Holocene and Pleistocene Epochs34 some 1.6 million years ago. A 

recent archaeological find by Schimelmitz35 and co-workers has shown human-induced 

wear on a dolomite cobble when compared to wear due to natural processes of 

weathering, from the Tabun Cave in Israel. They have dated this as between 300 – 400 ka. 

With further refinement, the technology took the form of what we recognise today as a 

pestle and mortar. 

 

 

 

 

 

Figure 1-4   (L) A cobble used as an abrading tool from the Tabun Cave in Israel taken from35 and 
(R) a contemporary pestle and mortar 

 

The earliest documented chemical transformation utilising mechanical activation is 

considered to be the extraction of mercury from its ore cinnabar36 (mercury sulfide).  A 

description of the procedure was written in Theophrastus’ book On Stones in the fourth 

The 12 Green Principles 

1. Prevent waste 
2. Atom economy 
3. Less hazardous synthesis 
4. Design benign chemicals 
5. Benign solvents and auxiliaries 
6. Design for energy efficiency 
7. Use of renewable feedstocks 
8. Reduce derivatives 
9. Catalysis vs stoichiometric 
10. Design for degradation 
11. Real time analysis of pollution prevention 
12. Inherently benign chemistry for accident prevention 
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century B.C. The clearest translation was provided by Eichholz37 - quicksilver (mercury) “is 

made by pounding cinnabar with vinegar in a copper mortar with a copper pestle.” 

 

1.2  Solvent use in synthetic chemistry 

 

In 2000, Tanaka and Toda38 in their paper, Solvent-Free Organic Synthesis which has been 

cited over 2,000 times on ClarivateTM made the following observation concerning solvents 

and the liquid state, 

 

Crushed grapes give wine by fermentation, but dried grapes do not result in wine. Although 

milk turns sour and shaking of milk gives cheese, dried milk can be kept unaltered. Similarly 

dried meat can be stored for a long time, whereas meat soup rapidly putrefies on standing. 

By observation of these phenomena, one can see that conversion of one material into 

another one occurs in the liquid state. One of the most famous ancient philosophers in 

Greece, Aristotle, summarised these observations by concluding, “No Coopora nisi Fluida”, 

which means “No reaction occurs in the absence of solvent”. Such philosophies had a big 

influence of the evolution of the modern sciences in Europe, and this provides one historical 

reason most organic reactions have been studied in solution.  Nevertheless, it is remarkable 

that chemists still carry out their reactions in solution, even when a special reason for the 

use of solvent cannot be found [my emphasis]. 

 

The opening paragraphs from a publication by Tanaka et al. goes on to detail a plethora of 

organic transformations in the solid state. Published 22 years ago, and despite the growth 

in solvent-free methodologies, chemical transformation using solution chemistry continues 

to be the preferred route as evidenced by searching for solvent-free preparations using 

ReAxys.   

 

For example, a search on the synthesis of the Zincke Chloride salt 1-1, discovered in 1904, 

returned 37 published preparations where only four examples are solvent-free.39 For the 

di-Zincke salt, 1-2, ReAxys returned 44 preparations, all of them used solvent with 29 

dissolving their starting materials in acetronitrile before heating under reflux. 
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                        1-1                                                  1-2              

Figure 1-5 The Zincke Chloride salt, 1-1 and the di-Zincke salt, 1-2 

 

There are circumstances, however, such as when solvated ions can affect the stereo-

chemistry of products.   For example, reactions can be either SN1 or SN2 depending on 

whether the nucleophile is in a protic or aprotic solvent. In Scheme 1-1, a textbook 

example,40 where methanol is the polar protic solvent and the weak nucleophile in this 

reaction. The electrophile is the tertiary alkyl bromide 1-3 and as the substitution happens 

at a chiral carbon, the process proceeds with partially racemised  products via an SN1 

mechanism to give 1-5. The substitution can occur from both sides of the carbocation 

intermediate. Experimentally, however, the conformer with methyl groups in axial (↑↓) 

positions is energetically the least stable  of the possible conformers and so the product 

has predominantly the methyl in the equatorial conformation, 1-5 (Z). 

 

 

     1-3    1-4     1-5 

Scheme 1-2   An SN1 reaction mechanism using the protic solvent methanol 

 

When the nucleophile is the thiolate anion in the reaction as shown in Scheme 1-3. The 

electrophile is the secondary alkyl bromide 1-6, and both SN1 and SN2 mechanisms are 

possible. However, SN2 is the favoured pathway because the solvent is acetone which is 

aprotic and so the reaction prefers to proceed with an inversion of configuration. 
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                1-6                                        1-7 

Scheme 1-3   An SN2 reaction mechanism featuring the polar aprotic solvent, acetone 

 

Selectivity through the use of solvent is a useful tool and can give an advantage in designing 

synthetic pathways. Effects such as these have particular relevance in pharmaceutical and 

medicinal chemistry.41 

 

For reactions that do not need a determined chirality in their products, the use of solvent 

by default in synthesis should be questioned. The belief that solvents are an essential 

medium for chemical reactions may have developed from Aristotle’s false statement, “No 

Coopora nisi Fluida”. This could be a consequence of our collective approach to problem-

solving. When we are presented with a difficulty, we often think that the addition of 

something to a problem will help solve it. There is new research to support the idea that 

‘People Systematically Overlook Subtractive Changes’.42 The notion is also embedded in the 

language that describes our world. ‘Solve’ is from the Latin root solvere which means 

“dissolve, loosen or solve” and refers to a changing the physical or figurative state. 

Together, these are powerful and suggestible ideas with an enduring legacy. 

 

With the exception of solvent-free purification using sublimation, the predominant 

methods for the removal of unwanted side-products formed during the reaction involve 

solvent. Purification methodologies such as recrystallisation, precipitation and trituration 

use far greater quantities of solvent than when used for the initial synthesis. We can reduce 

the use of the more harmful solvents if we were to move to greener alternatives such as 

water and acetone. For example, biofuels that are obtained from the shorter lifecycles (tens 

of years) of available biomass materials compared with fossil fuels, which are formed from 

very slow geological processes (millions of years).  can be assessed to give measurable 

improvements for waste and sustainability.43  
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The use of petrochemicals from fossil fuels are already problematic because they are 

hazardous materials in themselves. After fractionally distilled solvents have been used for 

the relatively short few hours during a reaction, for example, they then become a waste 

product which are bound for incineration and ultimately the release of greenhouse gases 

into the atmosphere. Studies into the least harmful volatile organic chemicals (VOCs) can 

help us create greener practices for industry.44 Qualitative data as shown in illustrate the 

extent to which creating these solvents through distillation as well as getting rid of them 

after they have served their purpose consume large amounts of energy. A solvent’s 

Cumulative Energy Demand (CED) can be quantified and when plotted against 

Environmental Health and Safety (EHS) score. This helpfully shows that solvents such as 

tetrahydrofuran, formaldehyde and dioxane are particularly high tariff in terms of 

harmfulness when compared with ethanol and methyl acetate. 

 

 

Figure 1-6   Environmental, Health and Safety Score vs Cumulative Energy Demand (MJ/kg) taken 
from44 

 

Biomass derived solvents that are widely available include water, methanol and acetone 

and the metrics for sustainability45 continue to be developed in novel ways including 

investigating useful solvents derived from natural products.46  In combination with solvent-

free synthesis, working with greener solvents would bring dual benefits towards the goal 
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of developing novel functional materials at scale. Global concern about climate change and 

food security make any enterprise, large or small, that seeks to address these issues an 

ongoing imperative. We can improve upon efforts to reduce waste and be more judicious 

with the use of finite resources. Valuable savings in time and energy can result, both should 

be considered as ‘consumables’, and are not endlessly expendable even within our 

lifetimes. Doing nothing or simply continuing the planet’s current trajectory is creating 

unsurmountable problems for climate and food for future generations.47  

 

A search on the term ‘Mechanochemical’ in Clarivate’s Web of ScienceTM database shows 

12,400 academic publications (31 October 2021). In the first week as a PhD student 

(September 2018) a search on the same term garnered ca. 9,400 individual items. It is no 

surprise that the literature on the subject has grown by 30% during this studentship and is 

a welcome indication of a movement towards improved sustainability and reducing harm 

to our planet. Using a solvent-free technique such as the ball mill for chemical synthesis is 

a constructive step towards addressing these issues. Furthermore, by developing this 

further and using other solvent-free, mechanochemical methods such as reactive extrusion 

to show that useful products can be produced at scale. This would be desirable outcome 

and could have an impact on the current drivers of climate change and global warming. 

1.3  Vibratory (VBM) and planetary ball mills (PBM) 

The ball-mill has given the bench chemist a greater energetic advantage over the pestle 

and mortar.20 There are a number of types of ball-mill: oscillating (vibratory/shaker/mixer), 

planetary, magnetic, gravity, and roller mills.  

 

 

 

 

 

 

 

Figure 1-7   (L) Retsch MM400 (VBM) and (R) Retsch PM100 (PBM) pictures taken from48 
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Figure 1-8  The modes of action for (L) VBM and (R) PBM 

 

 

Because of their differing modes of action, they may produce different forms or 

proportions of products from identical starting materials. Instruments for ball-milling 

include the oscillating Retsch MM400 and the planetary Retsch PM100. These are shown 

in Figure 1-7, the simple harmonic motion made by the machine makes the balls inside the 

jars move horizontally, left to right and back again, up to 30 times per second. The planetary 

ball mill shown on the right involves rotation of the reactor vessels containing the milling 

balls contrary to the rotation of the base sun-wheel. They are easy to operate: the vessel(s) 

are loaded with stoichiometrically-accurate, weighed reagents and milling media in the 

form of a milling ball and any other auxiliary items, the apparatus are then secured, and 

the machine is set to oscillate or rotate at the desired frequency and for any set time. 

 

1.4  Ball charge and reagent requirements  for reactive VBM 

There are a number of machines available for ball milling, the model used in the majority 

of this work is the Retsch Mixer Mill 400 or MM400. They recommend milling loads 

according to their Ball Charge table (see Appendix 1). Milling conditions as outlined by the 

table allow for the optimisation of the environment for reactions to occur. The ‘loading’ of 

the jars will therefore affect the experiment’s outcome. The recommended loading is 

approximately 1/3 sample or reagents and 1/3 ball charge. This means that the remaining 

third should be space to allow movement/collisions of the contents. The milling machines 

were originally designed to grind down larger particles into finer powders and the Ball 

Charge table reflects this; they do not provide instructions for use as a method for reactive 

synthetic chemistry. The more recent and increasing use of the ball mill for 
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mechanochemistry has brought attention to unintended (and unwanted) effects from ball 

milling. For example Chua49 et al. reported that their ball milling experiments using sulfur-

doped graphene resulted in impurities from the ball-milling apparatus. This results in 

particles of the grinding media being present in the reaction mixture. There are pros and 

cons to this scenario – experiments requiring the catalytic effects, for example, of copper 

or palladium would have auxiliary reagents present in the mixture. Using copper50 or 

palladium51 balls however, has been shown to be effective in mechanochemical reactions 

and has been given the name mechanocatalysis. 

 

Each reaction will have unique energetics giving rise to exotherms (or endotherms) which 

will have an effect on overall reactivity in the vessel as well as the heat energy generated 

by the collisions themselves. Studies concerning temperatures achieved in the ball mill by 

Takacs52 undertook to look deeply into this question in all its complexity, using a variety of 

materials including investigating highly exothermic reactions and ignition within the ball 

mill where they are described as ‘miniforging’ events. 

 

In mechanochemistry, it is instructive to think about the action of the milling media and 

their impact on reagents inside the reaction vessel and to consider the energy transfers 

that are occurring in the system. It can be shown that with each impact of the milling balls, 

thermal energy is derived from the kinetic energy of bringing the balls together using a 

thermal imaging camera. 

 

Using 2 x 50 mm chrome steel ball bearings and knocking them together with a sheet of 

paper in between, shows that heat is generated with each impact. In Figure 1-9 (a) warm 

spots are shown in yellow and the cooler surfaces are purple. This can be repeated to show 

a chemical transformation when using a rusty ball and a ball covered in aluminium foil, 

Figure 1-9 (b). When these are forcefully struck together – there is a highly exothermic 

metal displacement reaction: 

 

Equation 1-1  Fe2O3 + 2Al -----------> 2Fe + Al2O3 
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Figure 1-9  (a) Thermal Image of two balls colliding and (b) Orange sparks of molten iron from 
striking thermite balls 

 

Orange-yellow sparks of molten iron can be seen when the balls are struck. In bulk, this 

reaction is known as the thermite reaction,53 temperatures required for its initiation are 

over 600 °C and once above its activation energy, the reaction can reach temperatures of 

3000 °C. Thus giving an insight into the high amounts of thermal energy that can be 

achieved by the action of colliding spheres, and gives an appreciation of the heat 

transferred during collisions when agents are vigorously shaken in a VBM. 

 

Understanding the practicalities of using a VBM in organic chemistry synthesis also includes 

understanding its limitations and how these drawbacks may be addressed. We investigate 

reaction-monitoring and production at scale for the reactions involving the Zincke salt. A 

literature survey for the possibilities for using VBM in organic synthesis gives plenty of 

examples of different types of transformation that is possible. A selection of small organic 

molecule synthesis in VBM establishes its versatility. An illustration of the breadth is 

discussed in the following section. 

 

1.5  State-of-the-art mechanochemistry in organic synthesis 

VBM investigations for Named Reactions have been reported including the Suzuki-Miyaura 

cross-couplings Scheme 1-3, and the Sonogishira,5 shown in Scheme 1-4, showing the 

reaction of p-iodoacetophenone 1-11, and 3 different hydroxy-acetylenes 1-12a-c. These 

gave good to excellent isolated yields of 1-13a-c, (77 – 84%) with short milling times (20 

min) using a Pd catalyst. 

(a) (b) 
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1-8 1-9 1-10 

 

Scheme 1-4   Suzuki-Miyaura cross-coupling reaction in a VBM 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

           

 

      

 

 

 
 

 
 

Scheme   1-5   Sonogishira 
coupling in a VBM 

 

The mechanistic, Palladium-catalysed route is described by Gazvoda et al.54 Scheme 1-6. 

  

  

 

1-12a 

 

 

1-13a 

 

 

 

 

1-11 
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1-13b 
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1-13c 
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Scheme 1-6   The Sonogashira reaction. I General representation of Pd/Cu catalysed and Cu-free 
Sonogashira reaction. II Textbook mechanism for the Pd/Cu catalysed Sonogashira cross-coupling 
reaction that is synergistically catalysed by Pd and Cu. III Mechanistic proposal for Cu-free 
Sonogashira reaction. OA oxidative addition, TM transmetallation, RE reductive elimination (cis–
trans isomerization steps are omitted for clarity) taken from54 

 

 

There are also the Heck55 and Wittig56 reactions and more recently, the Greenland Group57 

showed that it is possible to core-functionalise NDIs with three different Palladium 

Coupling syntheses using VBM, including the Buchwald-Hartwig58 amination, Scheme 1-7. 
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Scheme 1-7   Greenland group’s Buchwald-Hartwig amination of NDI, 1-15 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 

Figure 1-10   Greenland group’s three Palladium coupling reactions in VBM,  picture adapted 

from57 
 

 

Good to excellent yields were also reported for the 2-step Negishi coupling using a 

palladium catalyst, Browne59 et al. were able to demonstrate that these reactions had 

broad substrate scope for both C(sp3)–C(sp2) and C(sp2)–C(sp2) couplings and that this form 

of the synthetic process is tolerant to many important functional groups.  

 

1-16            1-17 

1-14        1-15 
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Scheme 1-8   Negishi Cross-Coupling in 2 steps using VBM 

 

 

A survey of ball-milling in 2017 by Achar et al.,60 concerns only small organic molecules, 

keeping to a single subject area of chemistry was sufficient to furnish a 25-page review. 

Beyond the mechanosynthesis of small organic molecules are a vast number of reported 

reactions that can be organised according to the materials produced. Reports of ball-milled 

materials by ‘Mechanoredox,’61–63  were discussed by Kubota64 et al. As well as successful 

arylation 1-18 (yield 73%) and borylation 1-19  (yield 80%) in VBM the were able to recycle 

the BaTiO3 catalyst. 

 

It is not just small molecules that can be synthesised in the ball-mill, but also polymers that 

are designed as useful or functional materials.65–71 
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Scheme 1-9   Acylation and Borylation in VBM, scheme adapted from64 

 

1.6  Functional materials in mechanochemistry 

 

Developments in mechanochemical synthesis has expanded into a great number of areas 

tackling both known and novel species including covalent and metal organic frameworks 

(COFs and MOFs).18,72–75 An example by Stolar73 and co workers is a MOF designed as a 

catalyst to remove the greenhouse gas, carbon dioxide, by reduction to methanol. In 

design, intent and manufacture, this ticks a great number of boxes in the list of 12 Principles 

of Green Chemistry and all the more laudable for using ball-milling in two steps and minimal 

solvent. 

 

Such reactions are well investigated in the solution, but solvent-free methods add a new 

dimension.76–81 Using a pestle and mortar, Biswal et al. synthesised covalent organic 

frameworks of the form 1-20, shown in  

Scheme 1-11 frameworks with these types of topography are known as isoreticular. It has 

been shown that organic ligands of different sizes, but with a common geometry/symmetry 

can be used to generate COFs (and MOFs) of related topologies, but with expanded pore 

sizes and volumes.82 

 

1-19 

1-18 
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Scheme 1-10   Synthetic Route to the functional MOF-74 as a catalyst for a selective CO2 reduction 
reaction to methanol, taken from73 

 

 

 
Scheme 1-11   A mechanochemical synthesis of Tp-Pa1 – Keto Form, 1-20 

 

1-20 
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1.7  Monitoring reaction progress 

Most syntheses in done in solution, this is undesirable because the over-use of solvents is 

unsustainable and environmentally destructive. The manufacture of functional materials at 

scale, such as organic conducting polymers to satisfy global demand using greener 

methodologies could bring many benefits including reducing waste and saving time.83,84  An 

understanding of what is happening in the ball mill is key to developing experiments for 

novel chemical syntheses. Alongside successful syntheses, ingenious experiments have 

been undertaken to describe how the processes combine to effect a chemical 

transformation. A chemical reaction typically requires an activation energy to occur. In 

solution this is achieved by heating the sample either on a hotplate or in a microwave, for 

example. Traditionally reactions can be monitored in real time using TLC by sampling the 

reaction without needing to halt the process. However, using opaque vessels like the 

milling jars, it is not possible to monitor the progress of a reaction using standard 

techniques as access to the reaction mix requires stopping the reaction to take a sample. 

In doing so, this changes the reaction conditions. Optimising each experiment is usually 

restricted to changing milling time, frequency of oscillation (1-30 Hz) and the number/size 

of balls used in the vessel and only being able to sample the reaction at the end of a 

predetermined period. Efforts have been made to understand what is happening inside the 

milling jar while it is being activated, including in-situ studies achieved during milling. 

 

Kulla60 et al. combined their direct measurements of temperatures during milling with in 

situ monitoring using Raman Spectroscopy, Figure 1-11. The data showed that the 

mechanical impact produced only low increases in temperature (c. 4 K) when the sample 

milled was SiO2 (grey trace) but reaction exotherms were responsible for the greater part 

of the temperature rise when theobromine 1-1  was milled with oxalic acid 1-2 (black trace) 

– a process which created conditions for cocrystallisation. The simultaneous recording of 

the Raman spectra during the milling shows the corresponding stretching of the C-C 

assigned to the oxalic acid 1-22, and theobromine’s 1-21 C-N and C=O bonds and their 

respective vibrational stretching bands. It also indicates the time of the start of the reaction 

at 11 minutes where, on both the temperature profile and the Raman spectra coincide.  
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Figure 1-11   ‘Temperature development in ball mills during synthesis’, pictures taken from85 
 

 

More recently Schiffmann86 and co-workers used a home-built, solid state 1H NMR probe 

fitted with a miniaturised milling vessel with internal volume of 0.5 mL, with capacity for 

ca. 150 mg of reagents and 50 x 1 mm Ø milling balls, Figure 1-12. 

1-21 
 
 
 
1-22 
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Figure 1-12    (L) 3D printed mini-milling jar fitted inside the NMR coil with eccentric wheel 
attachment and (R) the dimensions in mm of the milling jar, taken from86 

 

They were able to quantitatively follow the product evolution of the following metathesis 

reaction: 

Equation 1-2           Zn(OAc)2 ⋅ 2H2O + PhPO3H2 → Zn(O3PPh) + 2H2O + 2HOAc 

 

Using data showing conversion at different stages with solid state 31P NMR it can be seen 

that product formation is greater with increasing numbers of balls but there is not a linear 

relationship between product formation and number of balls; using 100 balls produced 15% 

more product than 50, by the end of the milling time.  

Figure 1-13   Product evolution as a function of time and vibrational frequency the number of 
balls was kept constant at 50. All curves were recorded through repeated single pulse acquisition 

measurements with a time resolution of 16 s. The rate constants of the exponential fits amount to 
393 s-1 and 143 s-1 for 25, and 35 Hz, respectively, taken from86 
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However, the rate of evolution of the product was faster using 50 or 100 balls compared 

with that of using 12 or 25 balls. After 1200 s of milling the 12 or 25 balls experiments 

showed a quarter of conversion compared to that of milling with 50 or 100 balls. In 

addition, MAS NMR investigations on the final reaction mixture confirmed a reaction yield 

of 89% in a typical example. Enthalpy and friction,87 rheological studies, and work on 

cohesive states24,88 have all contributed to our growing knowledge of the processes 

occurring inside the ball mill. The scope of ball milling as a mode of chemical synthesis is 

considerable and growing but it is limited to volume capability defined by the size of the 

milling vessels in which they are conducted, much in the same way as batch processing in 

solution. Scalability through continuous synthesis of molecules and materials is the key to 

improved efficiency in solvent-free manufacturing processes. 

 

1.8  Continuous reactive extrusion - twin screw (TSE) and single screw (SSE) 

Continuous extrusion is a process that produces materials, such as polymers and small 

molecules, in an uninterrupted manner. Flow chemistry is also a continuous methodology; 

however, it is necessary for the reagents to be in the liquid phase for the process to work 

and this often requires solvent. Reactive extrusion89 – was identified in 2019 by IUPAC as 

one of ten chemistry innovations that would change the world.  

 

 

 

 

 

 

 

 

 
 
 

Figure 1-14    (L) ThermoFisher Process 11 Twin Screw Extruder, taken from90 (R) Schematic for a 
twin screw types of extruder, picture from91 
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At the time of writing, this emerging field is sufficiently new that there are only a handful 

of academic papers published92–98 concerned with chemical transformation using an 

extruder. Therefore, mechanochemical reactions are well-placed for investigation using 

extrusion technology for the scaling-up of successful ball milling reactions. Establishing that 

mechanochemistry is scalable99 in the form of extrusion brings additional benefits. Not only 

is the process solvent-free but also continuous. The limiting factor to transformation of 

starting materials to useful product/commodity being the how much starting material is 

loaded into the extruder. Extrusion technology is well established in the food and 

pharmaceutical industries,10,100–103 polymers104–106 and materials107–109 fabrication, 

producing many tonnes of product in shorter processing times, having been optimised the 

process to suit. The extrusion process itself has many significant advantages over 

traditional batch-type, non-continuous technologies and its prodigious use in fabrication 

reflects this. TSE is already widely used in pharmaceutical formulation but is mostly 

concerned with Hot Melt Extrusion.12,103,110–112 

 

Boksa113 et al. were able to demonstrate matrix-assisted cocrystallisation (MAC)  where 

Carbamazepine (CBZ) was used as the model drug, nicotinamide (nic) is the coformer, and 

Soluplus® is used as the matrix. The product of extrusion contained 80:20 (w/w) 

cocrystal:matrix. 

 

 

 

Scheme 1-12   Matrix-assisted cocrystallisation (MAC) in the simultaneous production and 
formulation of pharmaceutical cocrystals using HME.  Hydrogen bonding (dashed lines) synthons 

for (L) the CBZ-Nic cocrystal and (R) CBZ, polymorphic form III 
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In contrast to published work using HME, there are but a handful of publications on 

Reactive Extrusion using Twin Screw Extrusion (TSE), these include Browne94  et al., which 

showed the first solvent-free organic fluorination synthesis. 

 

 

Scheme 1-13   Twin screw extrusion TSE fluorination with Selectfluor 
 

 

Yeboue114 et al. with peptide couplings using TSE to couple HCl.H-Gly-OMe with sodium 

hydrogen carbonate and acetone to give the coupled peptide Boc-Trp-Gly-OMe 1-23 as 

described in Scheme 1-14. These reactions were not solvent-free but the extrusions were 

performed using reagents that are CMR-free (CMR = Carcinogenic, Mutagenic or 

Reprotoxic). 

 

 

1-22       1-23 

 
Scheme 1-14   Twin screw extrusion for a peptide coupling reaction 
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There is also the multi-component Ugi Reaction.97 Their work describes the synthesis of the 

Ugi reaction of four components in one-pot. Using solvent and catalyst-free TSE they were 

able to show excellent yields for 1-24, 1-25 and 1-26. 

 

 

 

 

 

Scheme 1-15   Twin screw extrusion for the multi-component Ugi Reaction adapted from97 
 

 

 

These reactions have excellent atom economy and are a good example of Green Chemistry in 

practice as shown in the mechanism showing the reaction of three reagents, a ketone or aldehyde, 

an amine and an isocyanide to achieve the target bis-amide, 1-27. 

 

 

 

 

 

 

 

1-24                 1-25    1-26  



28 

 

 

 

 

   1-27 
 

Scheme 1-16   The Ugi Reaction Mechanism 

 

 

 

An example from Sharma98 et al. where they had constructed a single-screw extrusion 

system with the versatility to process 9 distinct types of transformation: aldol and 

Knoevenagel condensations, Sonogishira couplings, alcohol oxidation, oxidative 

dimerization and a nucleophilic substitution. 

 

Some of the reported reactions required no purification, Scheme 1-14 shows three of 

these, (a) Sudan dye, 1-28 synthesis, which is sensitive to neat grinding because it can be 

explosive, (b) an acylation, 1-29 and (c) a TBS protection reaction 1-30,  which gave high 

yields and after SSE required a simple filtration for work-up. It is also noted that not all 

syntheses were completely solvent-free, some required minimal amounts to enable the 

crude material to flow through the instrument 
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1-28 

 

 

Scheme 1-17   SSE experiments for small organic molecule targets 1-28, 1-29, 1-30 

 

These are noteworthy firsts, not only for being a greener methodology for chemical 

synthesis, but innovations such as these are in their infancy. As such, this gives us 

opportunities to investigate more complex reactivities through extrusion which is an 

exciting proposition with a high possibility of fruitful outcomes. The transition from VBM 

to extrusion was made by James’s Group99 via MOF synthesis and batch processing.115 They 

followed this with a method for the synthesis of commodity dyes, namely various 

naphthalic imides and perylene diimide (PDIs). Water is the sole by-product generated and 

so the dyes were obtained quantitatively without the need for excess amine reactant or 



30 

 

purification. Scheme 1-18 shows the commodity dyes manufactured were Pigments Black 

31, 1-31, and Pigment Black 32, 1-32 at a rate of 1.5 kg day−1, which compared favourably 

to current solvent-based methods by 1-2 orders of magnitude. Twelve different perylene 

dyes were synthesised via TSE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-18   General Scheme for the Twin Screw Extrusion of Perylene Dyes and the structures 
of Pigment Black 31, 1-31 and Pigment Black 32, 1-32 

 

They were also able to show the transference from ball mill to TSE in a set of experiments 

showing the relationship between temperature and conversion at different scales.  

 

 

 

 

 

 

 
 
 
 
 

Scheme 1-19   The ‘Beat and Heat’ method from ball milling compared with Extrusion 

 
1-31      1-32 
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In 2020 James96 and co-workers were able to use continuous extrusion for the synthesis of 

active pharmaceutical ingredients (APIs). Twin-screw extrusion (TSE) was used to 

synthesize the hydantoin-based APIs 1-33 and 1-34 employing minimal or no solvent. Post 

synthetic work up was not required therefore solvent-heavy purifications were not an 

issue. This work is a first, demonstrating that solvent-free synthesis can be conducted in a 

continuous manner for pharmaceutical products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-20    Model reactions for TSE synthesised hydantoin-based APIs 1-33 and 1-34 

 

Regarding scalability - although work on continuous methods of chemical synthesis is just 

starting, with throughput measured in kg/day.116 Extrusion techniques are a mature 

technology in many industries where they are used in polymer processing and food 

production on a tons/day scale. 

 

1-34 
1-33 
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Figure 1-15   Thermo-ScientificTM Pharma twin-screw extruders for HME showing different screw 
sizes in mm, picture taken from116 

 

Pertinent to this work are the combined discoveries of scale-up to 1.4 kg per day for the 

continuous extrusion of commodity dyes but also the reactive extrusion of APIs using this 

solvent-free technique. These are realities that make large advances towards sustainability 

were it to be translated into other areas of industrial-volume chemical synthesis, namely 

agrochemicals and polymeric materials. 

 

 

 

 

 

 

 

 

Figure 1-16   Parallel Lima TSE Photos from117 

 

Articulation of the Twin Screw Extruder has produced very sophisticated feats of chemical 

engineering, but complex mechanical processing may create more problems and so a 

consideration of simplified process could be a way forward. Published papers in chemical 

synthesis by extrusion are mostly of the TSE variant while Single Screw Extruders (SSE) have 

been used for the first time for reactive extruders as recently as 2019.98 Innovations such 

as have been described in this chapter confirm that IUPAC had correctly predicted that 



33 

 

Reactive Extrusion is one idea that will change the world. This work considers all aspects of 

solvent-free synthesis, from feasibility, scalability all the way through to sustainability using 

standard borosilicate glassware, different materials in VBM and PBM and explores 

extrusion technologies in new ways.  

 

 

1.9  New chemical targets - electro active materials by mechanochemistry 

 

In the last fifty years, developments in the electronic properties of polymers have seen a 

proliferation of research in conductive organic scaffolds and this has stimulated the growth 

of diverse new technologies in material science. Discoveries that have driven progress 

include the idea – in the 1960s – that non-metals can be semi-conductors. However, the 

understanding that only metals are conductors of electricity while plastics are non-

conductors persisted into the ‘70s until 1976 when Alan MacDiarmid118 and co-workers 

showed that Polyacetylene can conduct electricity almost as well as metallic copper. They 

reported on the high conductivity in iodine or bromine-doped Polyacetylene ushering in a 

new era with revolutionary ideas in conducting plastics. In 1990 Burroughs119 et al. 

published their discovery of light-emitting diodes based on conjugated polymers in Nature. 

Post-millennium, conducting polymers became central to a vast array of functional 

materials and technological advances; new applications ranges from bio-sensors in health 

settings through to consumable electronics, from screen displays, medical implants, solar 

cells, OLEDs to flexible electronic circuitry. 

 

All structures in conducting organic polymers have fully conjugated units without this, 

electron charge cannot flow through an uninterrupted π-system. Some examples are 

shown in Figure 1-17. The fused heterocyclic structure of polyfluorene does not include 

fluorene atoms but the name is a reference to this polymer’s interesting fluorescent 

properties. 
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Figure 1-17   Monomers for a selection of fully conjugated polymer systems 

 

As discussed in the previous sections, presently, mechanochemistry has been restricted to 

medicinal chemistry applications, with materials synthesis less widely covered. Very 

recently, the areas of mechanochemical synthesis of polymers has been reviewed.83,84  

However, the synthesis of electronically conductive materials remains underexplored. A 

notable exception to this is the work of Ravnsbӕk120 and Swager’s investigation into the 

mechanochemical synthesis of Gilch121 monomers to a polymer with a maximum of Mn ~ 

40k Da, using the ball mill. 

 

 

 

 

 

 

Scheme 1-21   Gilch polymerisation by VBM120 

 

Preceding the ball-milling of the Gilch polymerisation, an extensive synthetic investigation 

was undertaken by Swager122 and Izuhara where they accessed conjugated polymers with 

high conductivity in the form of poly(pyridinium phenylene)s, 1-35, 1-36, 1-37 in Scheme 

1-22. Using N-heterocyclic electron-deficient aromatics, this proved to be a time and 
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resource intensive process involving a 11-step solution synthesis beginning with an aryl 

halide.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-22   Solution syntheses of poly(pyridinium phenylenes) – a fully conjugated π system 

 

The Greenland Group showed, Figure 1-18, that fully conjugated organic chains formed 

thin films with conductivities that increased with increasing molecular weight.123 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-18   A unimer 1-38, dimer 1-39, and a hexacationic trimer 1-40 
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The formation of these fully conjugated chains is made possible through the unusual 

mechanistic route known as the Zincke Reaction124 which was discovered in 1904. It has 

been of interest to investigators for over a century because of its remarkable multi-step 

substitution reaction as shown in Scheme 1-23, which can be summarised as the Addition 

of the Nucleophile, Ring Opening, and Ring Closure in the nucleophilic attack on ring 

systems or ANRORC.125 This is best illustrated by colour-coding the heterocycles as seen in 

the scheme. The mechanism is unusual in that when completed, the nitrogen atom in the 

substituting aniline (blue) replaces the nitrogen atom in the pyridyl ring (red) of the Zincke 

salt 1-1. For viologens, this mechanism can be used for bipyridine in place of the pyridine, 

giving the closed-ring product. 

 

 

Scheme 1-23   Colour-coded Mechanistic Scheme for the Zincke Reaction 

 

1-1 1-41 
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Greenland’s oligomers were achieved through a set of sequential Zincke reactions, 

beginning with the di-Zincke 1-2 salt which can undergo substitution by nucleophilic 

anilines, its synthesis is shown in Scheme 1-24. 

 

 

 

 
Scheme 1-24   Synthesis of the di-Zincke salt, 1-2 

 

The di-Zincke salt 1-2 can undergo nucleophilic substitution with anilines, under reflux for 

3 days in methanol and water to give 1-44 (95%). 

 

 

 

 

Scheme 1-25   Reaction of the di-Zincke salt, 1-2 with the di-aniline 1-43 

 

 

A 3-step reaction sequence is required for the formation of an asymmetric Zincke salt 1-48. 

Its synthesis is shown in Scheme 1-26. First the bipyridine 1-42, is reacted with an equimolar 

quantity of 1-chlorodinitrobenzene 1-41. In solution this is achieved using acetone and 

heating under reflux for 15 h and the product 1-45, is isolated by recrystallisation from 

1-42  1-41              1-2 
    

1-2 

1-44 

1-43 
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1-42 1-41 

acetronitrile. 1-45 is then reacted with 3,5-dimethoxyaniline 1-46 under reflux in an ethanol 

solution for 24 h. A further SNAr reaction of the purified product 1-47 with 1-

chlorodinitroaniline 1-41, in ethanol solution requires three days to achieve conversion to 

the desired asymmetric Zincke salt, 1-48. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

Scheme 1-26   Multi-step Zincke Reaction to give an asymmetric Zincke salt, 1-48 

  

1-41 

1-47 
1-48 

1-45 

1-46 
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A separate, fourth reaction step uses the di-amine 1-44 where both ends are nucleophilic 

and can substitute the dinitro-aryl group of the asymmetric Zincke salt 1-47. When 2 

equivalents of 1-47 are used, a double substitution is possible and gives 1-48, a hexacationic 

species with full conjugation. Once again – it is a three day reaction under reflux in a 

bisolvent mixture of ethanol and water, to give 1-48, Scheme 1-27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-27   Formation of hexacationic species 1-49 

 

The route published by Greenland126 and co-workers requires extended reaction times and 

significant quantities of solvent and excess reagents. Therefore the new solvent-free 

synthesis of a targeted set of monomeric, dimeric and trimeric viologen containing 

molecules were selected as the first target of this thesis. 

 

  

1-44                     1-48 

1-49 
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1.10  Overview of the aims and scope of thesis 

 

The two main objectives of the work in this thesis were principally to make useful molecules 

through their design and synthesis giving them desirable functionalities for specific 

commodities: solar cells and NIR imaging dyes. Secondly, to achieve their syntheses with 

as small a chemical footprint as possible so that they are sustainable in the long term, and 

to minimize both materials and energy resource requirements. 

 

The Zincke Reaction – by dint of its unusual reaction mechanism - has been useful to exploit 

functionally for both electronic and fluorescent possibilities. Continuing the discoveries by 

Greenland Group using the di-Zincke salt 1-2 as the precursor for iterative substitutions to 

build chains of conjugated molecules with conductive properties 1-49. In Chapter 2 we 

explore solvent-free, ‘greener’ methods of synthesis of the viologen unit and scope the 

steric and electronic effects of varying substrates. 

 

An understanding of how reactions occur in the VBM was explored by the simple heating 

and stirring of the neat reagents, resulting in solvent-free synthesis for a range of reactions 

which included multi-gram scale ups for key starting materials. Attempted solvent-free 

synthesis for each molecule is shown with green dashed arrows in Scheme 1-28.  

 

In Chapter 3 we discuss the mono-Zincke salt 1-1 and the formation of pentamethine or 

Cyanine 5 (Cy5) dyes and examine their molecular structures through X-ray crystallographic 

data. We develop the imaging dye possibility in Chapter 4, with a series of experiments 

using both the Cy5 and the mono-Zincke salt 1-1 to make a heptamethine or Cyanine 7 

(Cy7) NIR dye. 

 

Additionally, we explore the options for scale-up for our experiments deploying a Planetary 

Ball Mill (PBM), (125 mL) with a larger capacity than a Vibratory Ball Mill (VBM), (25 mL) 

before trying a reactive extrusion experiment, with the assistance of ThermoFisher, using 

their Process 11, a twin screw extruder (TSE). From our findings for the scalability using the 

reactions of the Zincke salt 1-1 we look at a different extrusion strategy for our work. 
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In Chapter 5 – we follow the successful synthesis of a Cy7 molecule by showing for the first 

time, the solvent-free synthesis of Indocyanine Green (ICG), an active pharmaceutical 

ingredient (API) and a commodity Cy7 dye, by using reactive extrusion in SSE. ICG is an FDA 

approved imaging dye and is used as an in vivo diagnostic tool. It is sufficiently important 

for IP to be currently sought for its continuous production. 

 

Chapter 6 concludes the thesis with full experimental details for all the molecules 

synthesised in this work. A bibliography and appendices are provided at the end. 

 



- 42 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1-28   The molecules with the Zincke and di-Zincke salts as precursors for functional 
molecules in this work 
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Results and Discussion 

2. Towards the synthesis of viologen containing oligomers 

2.1 Synthesis of viologen containing molecules with varying end groups 

The nucleophilic substitution of the di-Zincke salt has been successfully achieved using 

classical solution synthesis by Greenland and co-workers. The use of solvent-free 

methodologies had not been investigated and so initial VBM experiments were conducted 

to assess the feasibility of this approach. The key intermediate in the Greenland synthesis 

of molecular wires is the di-Zincke salt 1-2 by the reaction of equimolar quantities of 4,4-

bipyridine 1-42 and 1-chloro-2,4-dinitroaniline 1-41. Attempts to make the di-Zincke salt 1-

2, using mechanochemistry were unsuccessful despite varying oscillating frequency, a 

change of reaction vessel and number of balls used. Therefore, it was decided to make a 

large quantity of 1-2 using a standard solution synthesis to provide enough material for 

further study.127 The synthesis of 1-2 was conducted in anhydrous acetonitrile under reflux 

for 9 days, in an argon atmosphere. The resultant pale-yellow precipitate was filtered and 

washed with ethyl acetate twice, and then twice in acetone, producing an isolated yield of 

88%. 

 

 

 

Scheme 2-1   The solution synthesis of the di-Zincke salt 1-2 

 

The 1H NMR spectrum of di-Zincke salt 1-2 dissolved in D2O gave signals corresponding with 

the literature and the distinctive pattern of proton splittings, particularly for the dinitro 

group (H3’ d, 9.31 ppm, H5’, dd 8.83 ppm and H6’ d 8.20 ppm). The appearance (or absence) 

of these signals would aid assignment in future new syntheses. The proton labelled H1 gives 

a normalised integrated value of 1.4 but there are 2 in the molecule. 

  

  1-42        1-41                            1-2 
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Figure 2-1   1H NMR spectrum for 1-2 with H3’, d, 9.31 ppm, H5’, dd 8.83 ppm and H6’ d 8.20 ppm 

 

The effect may be due to the way the free induction decay waveform data is collected from 

the proton that is labelled H1. It has no neighbouring 1Hs which affects the relaxation time 

between pulses. An experiment where selecting a different parameter by changing the 

relaxation delay  from the routine default setting of 1 second to 25 seconds on the 

VNMR600 machine illustrates that changing this parameter gives the expected integration 

for H3’, Figure 2-2. 

 

 

 

 

 

 

 

 

 

 

Figure 2-2   Time delay from 1 to 25 seconds gives correct integrated values for 1H NMR spectrum 
of the di-Zincke salt, 1-2 

 

1-2 

1-2 
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2.2 Mechanochemistry of viologens 

 

A preliminary substitution reaction of the di-Zincke salt 1-2 was conducted with 2-

ethylaniline 2-1a to assess the feasibility of using solvent-free ball-milling as a route to the 

synthesis of viologens. Initial conditions were selected to be 30 Hz, for 30 minutes using 1 

ball of 12 mm Ø, as shown in Scheme 2-2. A Retsch MM400 instrument was used, and the 

reaction was carried out in three different reaction vessels, composed of either hardened 

steel (HS), stainless steel (SS) or zirconium oxide (ZrO2). 

 

1 eq.    2 eq. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-2   Reaction between the di-Zincke salt 1-2 and 2-ethylaniline 2-1a. 

 

Figure 2-3 shows the 1H NMR spectrum in d6-DMSO of di-Zincke 1-2 starting material. The 

crude reaction mix from the ZrO2 jars in spectra B does not contain the signals at 9.2, 9.0, 

8.5 ppm, for the protons of the di-nitro aromatic residue 1-2 of the starting material, but it 

does contain signals for dinitroaniline 2-3 at 7.2, 8.2 and 8.8 ppm (one is highlighted in 

blue), the leaving group, as expected if a reaction has occurred (see Scheme 2-2).  

  

1-2 

2-2a                       2-3 

2-1a 
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Figure 2-3   1H NMR Spectra for reaction between di Zincke salt 1-2 and 2-ethylaniline 2-2a (A) di 
Zincke salt, 1-2 in d6-DMSO (B) Crude reaction mixture from ZrO2 jar (C) Crude reaction mixture 

from SS jar (D) Crude reaction mixture from HS jar. 

 

Figure 2-3 shows the 1H NMR spectra of the crude product samples taken directly after 30 

min reaction time. Whilst the 1H NMR spectrum (B) of the crude product from the ZrO2 

vessels show a well resolved spectrum, the signals in the 1H NMR spectra for the other two 

conditions using steel vessels and balls (spectra C and D) can not be distinguished to make 

an attempt at meaningful analysis. Miklos128 et al. used VBM to synthesise 2,2-

disubstituted- and 2-spiroquinazolinones and reported their 1H NMR spectra from products 

formed in both SS and ZrO2. They showed similarly broad signals in their 1H NMR spectra 

that occurred from using SS vessels and they proceeded to only use the ZrO2 milling 

accessories for their subsequent investigations. It was therefore decided that all future 

experiments for the synthesis of viologens via mechanochemistry were conducted 

exclusively in ZrO2. In addition, the signals corresponding to the four protons in the pyridyl 

heterocycle are in the product 2-2. These are highlighted in red and yellow, and show that 

this reaction there was 100% conversion to our target molecule as evidenced by all the 

signals for starting material 1-2 in spectrum A being completely absent in the crude product 

mix shown in Spectrum B. These spectra clearly show that conversion can be readily 

1-2 

2-2a  2-3 
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calculated from analysis of the crude 1H NMR data after the reaction, this would prove very 

useful as the project progressed.  

 

Experiments to investigate the scope of the substitution reactions of the di-Zincke salt 1-2  

began with the use of a single milling ball of 12 mm Ø. Two equivalents of aniline 2-1b were 

added to one equivalent of the di-Zincke salt 1-2 in a ZrO2 jar (25 mL).  The vessel was 

oscillated for 30 minutes at 30 Hz for the reaction, Scheme 2-3. Upon completion, the 1H 

NMR spectra of the reaction mixture was taken, and the brown crude was worked up by 

removing the crude from the jar with minimum THF. It was then filtered and washed with 

EtOAc (100 mL), to give the isolated product as a yellow solid with a yield of 24%. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2-3   VBM of di-Zincke salt 1-2 with 4-phenoxyaniline 2-1b using 1 x 12 mm ball 
to give 24% isolated yield of 2-2b 

 

Figure 2-4 shows a stack of 1H NMR spectra with the starting material 1-2 (spectrum A), the 

crude reaction mixture (spectrum B), and the phenoxyaniline starting material 2-4 

(spectrum C). The 1H NMR spectrum for the crude material does not show signals for the 

protons of the dinitro residue from the starting material 1-2 at 8.9 ppm (coloured red and 

yellow) and nor does it show signals from the phenoxyaniline starting material 2-1b 

(coloured blue) at 6.9 ppm. Therefore, it is clear from this analysis that all the di-Zincke salt 

1-2 (spectrum A) had been consumed and the conversion was essentially 100%. The 

isolated yield for this experiment was a disappointing 24% and likely to be because of losses 

incurred from multiple washings in THF and EtOAc to achieve as pure a product as possible, 

1-2 

2-3 

2-1b 

2-2b 
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despite the low solubility of the target salt in these solvents. There is also the possibility of 

another product formation with different solubility in the solvents used. However, we were 

at a sufficiently early stage in the project that it could be expected that we would develop 

improved isolation procedures of the crude products from this reaction. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 2-4   1H NMR stack of (A) di-Zincke salt 1-2 (B) crude product mixture and (C) 4-

phenoxyaniline 2-1b 

 

 

A new experiment to establish the duration of oscillation (or milling) time that would give 

us the necessary conditions for the best conversion for these reactions. The reaction was 

monitored over fifteen minutes, with samples taken for 1H NMR spectroscopy analysis 

every five minutes. For this monitoring experiment, 2 equivalents of p-tolyl aniline 2-1c 

were reacted with one equivalent of the di-Zincke salt 1-2 in ZrO2 jars (25 mL) using one 

ZrO2 ball (1 x 12 mm Ø) at 30 Hz and samples were taken at 5, 10 and 15 minutes with their 

1H NMR spectra recorded immediately using ca. 10 mg of the crude. 

  

2-2b 

1-2 

2-3 

2-1b 
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Scheme 2-4   Reaction of the di-Zincke salt 1-2 and p-tolyl aniline 2-1c 

 

 

From the stack of 1H NMR spectra for the reactions after 5, 10, and 15 minutes, it is possible 

to see the progress of the reaction and calculate the percentage conversion after each 

timed oscillation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2-5   1H NMR spectra for reaction monitoring of the substitution of the di-Zincke salt 1-2 (A) 

di Zincke salt 1-2 (B) after 5 min (C) after 10 min (D) after 15 min (E) isolated product p-tolyl 
viologen 2-2c (F) leaving group, dinitroaniline 2-3. 

1-2 

2-2c 

2-3 

1-2 2-2c   

2-1c  
2-3 
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After 5 minutes, 80% conversion was observed, after another 5 minutes, the conversion 

remained unchanged within the errors of the 1H NMR spectrum analysis, but after a further 

5 minutes conversion increased to 90% as seen in Figure 2-5. The difficulties of reaction 

monitoring for VBM experiments can be seen in this example; there is no possibility of 

taking a sample from the reaction in situ without disturbing the conditions. Stopping and 

starting the VBM to access a sample for analysis allows the mixture to cool. This may explain 

that the conversion after both 5 and 10 minutes is the same: 80%. Once a reaction has been 

set, the collisions in the vessel generate heat, sometimes sufficient heat to change the 

rheology of the reactants.24 Setting off the machine again, the sampling intervention has 

changed the conditions and it is difficult to get a true picture of the course of the reaction. 

In situ monitoring86,129 is possible and has been discussed (Chapter 1, Section 1.7 , p 21), 

however this was not investigated further for our reactions as we concentrated our efforts 

on the feasibility study. These experiments have established a set of conditions for the 

substitution of the di-Zincke salt: 

 

 25 mL Zirconium oxide jars 

 1 x 12 mm Ø ball 

 Duration of oscillation should be at least 15 minutes 

 Frequency of oscillation is set at 30 Hz 

 

With rapid and easy analysis for the reaction by looking at the crude 1H NMR spectra, it was 

now possible to examine the scope of the reaction using these conditions. A range of 

structurally related anilines were selected which varied by sterics and electronics.  This 

would form a library of viologen units synthesised from the substitution of the di-Zincke 

salt 1-2 with aryl anilines 2-1. These can be further used to establish their potential for 

creating linear, mono-disperse, conjugated chains. 

  



- 51 - 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-5   Reaction of the di-Zincke salt 1-2 and aniline

1-2                               2-1a-g, h-o 

2-2a-g, h-o                              2-3                 
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Table 2-1   The  substitution of the di-Zincke salt, 1-2 with a selection of anilines 2-1a-o in the VBM 
to give bipyridinium salt  2-2a-o
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Entries a-g were carried out using the ZrO2 jars (25 mL) and using one ZrO2 ball (12 mm Ø). 

It can be seen that conversions were good for a range of substrates including more 

sterically hindered products e.g. Entries b and f. Surprisingly, the di-substituted aniline d 

which has electron-donating methoxy groups, and therefore may be expected to have 

increased nucleophilicity, gave zero conversion whereas the electron-withdrawing ester (g) 

showed some conversion (18%) but with reduced yield compared to d (0%). The reduced 

yields may be a consequence of insufficient energy being accessible to promote the 

reaction. Variables that can be changed to achieve more energy in the milling jar are (i) 

increasing the size and number of the milling balls and/or (ii) increasing the length of time 

the vessels are oscillates. For our reactions, the next step was to introduce larger (and 

therefore heavier) milling balls and to double the number used. Entries 2-2h-o in Table 2-

1, used the conditions ZrO2 jars (25 mL) and ZrO2 balls (2 x 15 mm Ø) with reactions times 

up to 90 minutes. The low yield (33%) for the meta- substituted 3-phenolaniline (2-2k) 

could be attributed to their varying substitution pattern compared with the more 

successful 4-phenolaniline (88%, 2-2j). In this specific example using 3-phenolaniline, side 

reactions have been shown to occur when the ortho aminophenol is used as the 

nucleophile by Zeghbib130 et al. in their work on the nucleophilic substitution of the mono-

Zincke salt using microwave activation and solvent. 

 

They were able to isolate the major side product which was the diarylamine 2-4. This may 

have formed from an SNAr reaction – a consequence of the direct nucleophilic attack of the 

amino group on the aminophenol. Another route could be from the first substitution led 

by the hydroxyl group of the aminophenol which would give the intermediate diaryl ether 

2-5. It has been demonstrated that a Smiles rearrangement of 2-4 into 2-5 at room 

temperature and in the presence of water occurs.131,132 

 

 

 

 

Figure 2-6   Formation of major side product (i) diarylamine 2-4 which may also result from  
(ii) a first substitution by the hydroxyl group of the o-aminophenol giving the intermediate diaryl 

ether 2-5 

2-4 2-5 
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The results in Table 2-1 for entries 2-2j and 2-2k (conversion 48%, yield 88%) and 

(conversion 14%, yield 33%) respectively, where percentage conversions were calculated 

from their crude 1H NMR spectra. This gives values for the isolated yields that were greater 

than their percentage conversions which is incorrect. An explanation could not be directly 

gleaned from the 1H NMR spectra of the product, shown in Figure 2-7. The compounds had 

been washed in THF and EtOAc, in which the products have very low solubility. If the sample 

had contained solvent residues, their signals would appear on the 1H NMR spectra, of which 

there are none. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7   The 1H NMR spectrum for 2-2j in Table 2-1 

 

Assignation of for all the protons H2, H3 and H2’, H3’ and H on the phenol group accounts for 

all the possible signals. The excess mass must therefore have come from material that is 

not observable in the 1H NMR spectrum. It was hypothesised that the ZrO2, from the milling 

jars and balls may be responsible for the extra mass. Indeed, ICPMS showed low levels of 

Zirconium (ca. 3%) was present in the sample. However, this does not account for the large 

discrepancy, and the origin has yet to be established. There is a possibility of another 

species, perhaps a keto form, in the crude mixture but without isolating the compound, it 

was not possible to draw a conclusion. The confirmation of contamination from the milling 

balls and the lining of the jars served to do two things for future VBM experiments, (a) to 

use new milling balls for each experiment to mitigate against loss of material from the balls 

2-2j 
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falling apart through repeated use, and (b) to add a further purification step to all affected 

samples by filtering the solution through clean, tamped-down celite to remove the 

insoluble ZrO2. 

2.3 Conclusion from VBM of the di-Zincke salt 1-2 with nucleophilic anilines 

We have shown for the first time that using the Zincke Reaction to produce disubstituted 

viologen species can be achieved in VBM. The reactions used 2 equivalents of nucleophile 

for each di-Zincke salt 1-2 and thus demonstrating that it is stoichiometrically efficient in 

the solid state compared with Greenland Group’s earlier work127 in solution, where the SI 

shows their synthetic procedures to include up to 10 equivalents of aniline to 1 of the di-

Zincke salt for same reaction. Conversion and the isolated yields achieved depended on the 

aniline used and its substrate, and range from 0 to 81%, depending on electronic and steric 

factors as well as the presence of competing reactions. One very positive outcome is, being 

solvent-free, the VBM is both time and energy-saving, reactions require just 1 h of 

oscillation vs 3 days of heating compared to classical solution methods.126,127  

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-6   Scheme for the reaction between anilines 2-4a-p and the di-Zincke salt 1-2 using 
ball-milling and classical solution methods 

 

Although we were able to evaluate the efficacy of VBM on the Zincke Reaction, our results 

gave an incomplete picture and does not fully explain the lack of reaction with substrates 

that were electron-donating, e.g. Entry d, in Table 2-1, the dimethoxyaniline. The next 

2-4a-p 

2-2 

1-2 2-5a-p 

2-2 

2-3 
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investigation was to use conditions that should improve the conversion of the di-Zincke salt 

1-2 by maximizing the energy available for the reaction in VBM and by increasing the 

number and size of the balls used.  Also, a systematic and consistent approach to comparing 

the substitutions can be achieved by using the same reaction conditions for each 

experiment, only then can we make fair comparisons. 

2.4 Finding substrate scope using optimised conditions 

A consistent set of reaction conditions comprising of 2 x 15 mm Ø zirconium oxide balls, 

ZrO2 jars (25 mL), oscillated for 60 minutes at 30 Hz. A selection of anilines which have 

varying electron withdrawing group (EWG) or electron-donating group (EDG) substituents 

were chosen. Quantities used were one equivalent of the di-Zincke salt 1-2 with two 

equivalents of the aniline. Using ChemAxon software133 available online, the calculated pKa 

values of the aniline was plotted against the percentage conversion. This enables us to see 

the relationship, if any, between increasing basicity of the aniline and its reactivity in the 

Zincke Reaction.  The results are collated in Chart 2-1. 

 

 

Chart 2-1   The % conversion of di-Zincke salt 1-2  vs  the pKa value of  aniline 2-4a-p using VBM 
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The reaction gave essentially complete conversion (as established by crude 1H NMR 

analysis of 2-4 d, f, g, i and k-o) for a broad range of substituted anilines with pKa values 

ranging from 1.63 to 5.43. Strikingly 2-4d with the 3, 5 dimethoxy substrate shows 100% 

conversion using ZrO2 (2 x 15 mm Ø) balls whereas there had been zero conversion using 

VBM with ZrO2 (1 x 12 mm Ø). For the reactions that gave less than 100% conversions, 

these results may be rationalised starting with the zero-conversion due to steric hindrance, 

2, 5 diethylaniline 2-4j. There is also competing reactivity from the deprotonated –COO- 

group 2-4b, and protonating the amine, forming a Zwitterion making the lone pair on the 

nitrogen no longer available as the nucleophile. Poor conversion is evident again with 

phenols because the –OH group is a competing reactive site to the nucleophilic amine 

group as explained before (see Section 2-2, Figure 2-6). In general, electron withdrawing 

substituents on the aniline (entry 2-4c) decrease the yield whereas electron-rich and 

donating –OMe groups 2-4d promote increased yield. 

 

Yields achieved in these experiments help to show patterns in conversion and their 

determination can be made with the assistance of the calculated pKa values133 of the 

aniline. Additionally, an understanding of substrates with steric, electronic, or competing 

reactive sites that may deviate the reaction from giving 100% conversion gives confidence 

in the utility of pKa values for solid state reactions and the nature of nucleophilicity of 

anilines in general. 

 
Having established some the of chemical parameters that affect the conversion in VBM, 

attention was directed to whether the reaction was dependent on the milling balls and 

their grinding forces. Another factor could be the physical property of the starting materials 

(solid or liquid) and its impact to the success of the reaction; therefore, our next 

investigation was to explore these reactions when no milling balls are used. 

 

2.5 Effect of the melting point of anilines in ‘heat and stir’ experiments 

There is now a body of work on the ball milling phenomenon; aspects considered include 

collision theory,134 rates of reaction and rheology,88 and in-situ studies for rates of 

conversion86 which have been discussed in Chapter 1. These studies have all based on the 
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action of ball-milling and so it would be of interest to investigate our VBM substituted di-

Zincke reactions in a different way – by not using milling balls at all. It was felt that a 

methodology for solvent-free synthesis that requires direct heating of the neat reagents in 

a suitable vessel that allows reagents to be mixed could be easily investigated. 

 

Our hypothesis that the physical state of the reagents for the reaction may be an important 

factor in the reaction could be explored by choosing anilines with a range of low-medium-

high melting points and stirring them with the di-Zincke salt and ramping the temperature 

over a series of time intervals. An initial reaction conducted was using 2-4c the 4-

aminobenzoate. It was selected because it failed to reach 100% conversion in VBM, stalling 

at 52% conversion after 60 minutes using ZrO2 (2 x 15 mm Ø) balls. It is a good candidate 

for study because it has a melting point of 110 °C, and so by increasing the temperature of 

the reaction mixture over a period, it would be possible to sample at 3 different 

temperatures and easily see conversion for each temperature via analysis of their 1H NMR 

spectra. 

 

As it has a high melting point, this starting material is a solid at room temperature and 

requires a temperature higher than 25 °C to change phase. In the VBM, access to increase 

in energy is through what is available from collisions, but when conductive heat energy is 

applied continuously to the reaction, we are able to see a change in phase through it 

melting. Molten reagents can move more easily and increases the likelihood of a reaction 

event. As with the VBM experiments, 2 equivalents of the aniline 4-aminobenzoate 2-4c 

were added to 1 equivalent of the di-Zincke salt 1-2, in a boiling tube. 

 

 

 

 

 

 

 

Scheme 2-7   Heat and stir reaction of di-Zincke chloride 1-2 and 4-aminobenzoate 2-4c 

2-4c 

1-2 2-5c 

2-3 
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The reagents were stirred for an hour using a steel spatula at RT and sampled for analysis 

by 1H NMR spectroscopy. The progress of the reaction was monitored by repeating the 

sampling after stirring for a further hour at 85 °C and 115 °C. The resulting stack of 1H NMR 

spectra are shown in Figure 2-8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-8   Stack of 1H NMR of final product of (A) viologen 2-5c, the crude reaction mixture 
sampled at (B) 20 °C (C) 85 °C and (D) 115 °C (E) the leaving group dinitroaniline 2-3 

 

1H NMR spectrum (E) in Figure 2-8 shows the dinitroaniline leaving group, (B-D) are the 

spectra of the crude, sampled after each hour of stirring at 20 °C, 85 °C and 115 °C. 

Spectrum A is the isolated product 2-5c. The intensity of the 1H signal highlighted in red 

and shown on the product 2-5c can be seen to increase over the three temperatures 

(spectra B-D). Similarly, the evolution of the intensity of the blue 1H of the leaving group in 

2-3 is shown by raising the temperature.  The conversions for this experiment as calculated 

by using the 1H NMR spectra were 20 °C = 3%, 85 °C = 22% and 115 °C = 70%. 4-

methylaminobenzoate 2-5c has a melting point of 110 °C and changes phase, from solid to 

liquid, within the range of the temperature ramp in this experiment. Firstly, this has 

2-5c 

2-3 
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demonstrated that the reaction occurs even when both reagents are below their melting 

points with conversion at 22% at 85 °C. At 115 °C, above the melting point of the aniline, 

the change of phase helps to promote the reaction further, giving 70% conversion. When 

a reagent is in the liquid state it is more able to form a homogenous mixture compared to 

when mixing two solids. It was observed that the conversion was 52% in VBM after 60 

minutes of oscillation for this reaction. The result from the heat and stir method suggests 

that applying heat to the temperature of 115 °C to the reaction mixture may not have been 

accessible via collisions in the ball mill, however the timescale for ramping the temperature 

up to 115 °C was 3 hours. A direct comparison for conversion is therefore not possible. 

 

The result warranted an extension of the study to anilines with a range of melting points 

that would provide us with more information about their reactivities in relation to their 

physical states. The set-up for the ‘heat and stir’ experiments, requiring small quantities of 

ca. gram, and the most efficient piece of equipment to conduct this experiment was a 

carousel reactor, Figure 2-9. 

 

Figure 2-9   Carousel reactor with 12 stations, picture taken from135 

 

The carousel reactor sits on a standard stirrer/hotplate and a water-cooled condenser is at 

the top of the apparatus. There are ports for 12 boiling tubes and lids are fitted with tubing 

to conduct reactions in inert atmosphere if required. For our set up, the boiling tubes were 

open to the air, reagents were weighed out in 2:1 molar equivalents of aniline: Zincke salt 

in weighing boats before being combined at the same time into each boiling tube. The 

magnetic stirrers that had been added to each reactor did not spin freely within the 

mixtures and so a pipette was inserted into each boiling tube and manually stirred for equal 

amounts of time. The strategy was to measure the conversion by 1H NMR spectroscopy of 

reaction mixtures at three time points: after they have been stirred for 60 minutes at room 

temperature (RT), after a further hour at 85 °C and finally after 1 more hour at 115 °C. The 
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1-2 2-3 

2-3a-j               2-4a-j 

 

anilines selected for this experiment were purposely chosen to have a range of melting 

points to see how the physical state (i.e., were they a solid or liquid at a given reaction 

temp) of the starting material would affect outcomes for conversion. For example, the 

selected aniline with the lowest melting point of -44 °C was 2-ethylaniline and the aniline 

with the highest melting point that we used was 3-phenolaniline (122 °C), chosen because 

it was 7 °C above our maximum working temperature of 115 °C for the experiment (Scheme 

2-8). Both these anilines have shown conversions using VBM and in solution to at least 

some degree and it would be insightful to see how they compared with ‘Heat and Stir’. The 

conversion data for each reaction is collated in Chart 2-2. 

 

 

 

 

 

 

 

 

Scheme 2-8   Heat and stir experiment for the di-Zincke salt 1-2 with low melting point anilines 

 

 

All the experiments show conversion at room temperature to varying degrees including the 

solid-solid combinations, where both starting materials had melting points well above 

room temperature, 2-6e–j). Upon the application of heat, all show increased conversions 

with the exception of Entry 2-6a. Further increases in reaction temperature (to 115 °C) did 

lead to significantly higher conversion for most compounds with mp above 57 °C. It is not 

clear if this is a straight function of the change in temperature or physical state, however. 

 

It was noted that during the reaction the stirrer bars stopped spinning because the crude 

became too sticky, therefore the samples were mixed by hand. It is possible that when the 

reactions contain one component in the melted state, the chances of a reaction occurring 

between the reagents increase as the more homogenous the reaction mixture becomes. 
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Chart 2-2   Solvent free synthesis of substituted viologen 2-7a-j by heating and stirring of anilines 
2-6a-j with the di-Zincke salt 1-2 

 

Studies on ball milling have shown that shaking reaction mixtures with milling balls at high 

frequencies homogenizes the reactive mixture88 to the point where complete conversions 

are therefore possible. This also explains why there are no 100% conversions with 

intermittent stirring with a pipette. Even with increased temperatures, manual stirring does 

not promote homogeneity of the reaction mixture as effectively as high-frequency ball 

milling at 30 Hz. A better system for stirring solids together would be to use an overhead 

mixer with rotary attachments, which are available for larger, single reactors but not for 

the 12-port carousel we used for this experiment. Anilines 2-6c, i and j, gave low 

conversions in the VBM experiments (in the range 14 - 50%,). However, in the heat and stir 

reactions these same 3 anilines give appreciably higher conversions (63 to 90%). The data 

are plotted in Chart 2-3. This could suggest that conversion in VBM is limited by 

2-6 
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temperatures achievable by collisions of the milling balls and materials, and the exotherms 

generated from the reaction itself. 

 

 
Scheme 2-9   Comparison of Heat and Stir vs VBM for low-converting anilines 2-15c, i and j 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 2-3   Comparison of conversion by 1H NMR spectroscopy for select anilines 2-15c, I and j 

 

Despite the limitations of manually stirring all the heat and stir reactions and the likely 

inefficient mixing compared to VBM, solvent-free reactions between a range of anilines 

and 1-2 all gave appreciable conversions, even if both reagents are in the solid state. The 

principal result is that conversions of the di-Zincke salt 1-2, does not require the action of 
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milling balls and their collisions in a VBM. We have shown that as a solvent-free technique 

in VBM, viologens may be produced with complete conversion for a range of anilines (see 

Chart 2-1). Extending the solvent-free method by using heating and stirring only, has shown 

that this technique provides an energy efficient and greener synthesis for di-Zincke 

substitution reactions.  

 

 

2.6 Conclusion from the solvent- free substitution reactions of the di-Zincke salt 

 

In summary, the investigations began with solvent-free synthesis of a series of viologens by 

utilising the Zincke Reaction and anilines with varying substrates. We showed for the first 

time that it is possible to carry out Zincke reactions in a ball mill which gave 100% 

conversions with pKa value above 3.5. Where there were was partial or no conversion, 

these could be reconciled by steric/electronic factors or side-reactions involving the 

substrate. The success of these syntheses led us to question the need for milling balls for 

the reaction. A set of experiments in a 12 reactor carousel showed that the application of 

heat and stirring were sufficient to effect conversions even when the reagents were solid 

at reaction temperatures. Therefore, the new syntheses of functional materials using ‘heat 

and stir’ has been shown to be a time and energy efficient methodology for the di-Zincke 

reaction and thus a ‘greener’ strategy. Manual stirring of the reaction mixture is 

demonstrably not the most effective method, particularly for larger scales of synthesis, 

however, commercial equipment may be adapted for this kind of use. For example, 

foodstuffs such as shaped pasta where the dough is mixed and cooked prior to being 

extruded into the desired product. Increasingly, fine chemical synthesis can look to other 

mechanical equipment for heating and mixing, rather than classical methods, to achieve 

solvent-free, kg/h output for suitable commodity chemicals. 
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2.7 Multi-step reactions of oligomers towards a hexameric viologen oligomers. 

 

With conditions for carrying out the Zincke reaction in the solid state firmly established it 

was time to attempt the synthesis of conducting polymers based on iterative Zincke 

reactions (see p. 38). The multi-steps that are required for the complete sequence have 

been accomplished in solution, each step typically requiring up to 3 days under reflux 

followed by purification either through precipitation or recrystallisation123 (section 1.9 ). 

The choice of diamine had already been established by the Greenland Group, who found  

that successful serial substitution required electron-donating groups in the diaromatic co-

monomer. A di-substituted benzidine, 3, 3’-dimethoxybenzidine 1-42, was chosen that 

facilitated the reaction which featured the electron-donating methoxy group. 

 

 

 

 

 

Figure 2-10   Diamine with electron donating methoxy groups, 1-42 

 

 

The aim of these experiments was to see if we could synthesise the series of oligomers 

through a stepwise synthesis using solvent-free techniques. The first target synthesis was 

to produce 1-47, which was attempted using the 3-step procedure outlined in Scheme 2-

10. The first intermediate, the bipyridyl Zincke salt 1-44 is synthesised from the reaction 

between bipyridine 1-41 and 1-chloro-2,4-dinitrobenzene 1-40 using 1 equivalent of each 

starting material. This is followed by the synthesis of the second intermediate 1-46 which 

is the product from the reaction of the Zincke salt 1-44 with the 3,5-dimethoxyaniline 1-45, 

where the Zincke salt undergoes the nucleophilic substitution by the aniline. 

  

1-42 
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1-41            1-40              1-44            1-45 

          1-47                  1-46                1-40 

 
 
 
 

 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2-10   Three-step procedure of asymmetric Zincke salt 1-47 synthesis 

 

Formation of the bipyridyl mono-Zincke salt 1-44, was attempted using VBM with ZrO2 and 

tungsten carbide (WC), classically in solution via the method of Nimkar,136 and simply 

heating and stirring the reagents. Due to the volume of starting material being used for the 

heat and stir, the magnetic stirrer was immobilised and so a small amount of acetone (6 

mL) was added to aid stirring, and effectively creating a concentrated solution. The 

reactions were followed using 1H NMR spectra analysis as shown. Conversions for each 

method gave varying results which can be seen by the relative intensity of the signals 

highlighted by the 1H (red) of the leaving group dinitroaniline and the formation of the 

product 1H in (blue) using four different methods.  Spectra D shows the experiment using  

ZrO2, it has 15% conversion after 60 minutes. In contrast, spectra B shows the crude spectra 

of the reaction after 15 minutes in 6 mL of acetone, where we saw 95% conversion. 

Therefore, we used a concentrated solution to produce 1-44 as it could routinely be used 

to generate 7 g of isolated product in 92% isolated yield. 
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1-44          1-45                 1-46        

 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

 

Figure 2-11   Four methods of synthesis 1-44. 1H NMR Spectra of (A) 1-chloro-2,4-dinitrobenzene 
1-35  (B) Crude product mixture from heat and stir at 80 °C with minimal solvent to reflux (C) 

Crude product mixture of solution synthesis heated to reflux, at 80 °C (D) Crude product mix from 
ZrO2 VBM(E) Crude product mix from WC VBM (F) Isolated product 1-44 

Synthesis of 1-46 was attempted in three of the four conditions previously discussed, 

shown in Scheme 2-11. It was found that, 100% conversions were achieved in 60 min using 

ZrO2 in VBM. Heat and stir had a reaction time of 30 minutes, these were compared with 

94% conversion in a 3 day solution synthesis.  

 

 

 

 

 

 
 

 
 

Scheme 2-11   Synthesis of 1-46 from 1-44 by heat and stir and VBM 

1-44 

1-40 
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Transformation from 1-46 to 1-47 was attempted using four different methods Scheme 2-

12. No conversion was observed using the WC vessels and milling balls, but once again we 

saw with ZrO2 in VBM, 100% conversion after 60 minutes. Using Heat and Stir, there was 

83% conversion after 15 h. Both were an improvement on the classical solution method 

which gave 60% conversion after 3 days under reflux. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 2-12    Synthesis of 1-47 from 1-46 using 4 different condition 

 

 
Figure 2-12   1H NMR spectra of purified asymmetric Zincke salt  1-47, in D2O 

-OMe 

Hh   Hi   Hd  Hg Ha   

 
Hb Hd Hg                                   Hc 

1-47 

    1-46     1-40               1-47        
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After purification the 1H NMR spectrum of the asymmetric Zincke salt 1-47 in D2O gave 

well-resolved signals, as shown in Figure 2-12. After assignment of the molecule’s 1H 

signals, it could be seen that the signals from the aryl group containing the 2,4- dinitro 

substituents gives integrals for Ha that are 10% under the expected value. We have seen 

this before with the 1H NMR of the di-Zincke salt, 1-2 (Section 2-1), this is the same issue 

with the default relaxation delay set to 1 second on the VNMR600. This has been 

highlighted because it is a different molecule, but the same issue affects the integration of 

the proton between two nitro groups on the aryl. 

 

Scheme 2-13 depicts three scenarios involving the bipyridyl component with the lone pair 

of electrons on the nitrogen atom behaving as the nucleophile in each case. A shows the 

bipyridine molecule, B is 1-45 containing electron-donating methoxy groups as a p-

substituent and C the dinitro groups are EWGs acting on an already electron-deficient 

pyridyl group that is positively charged. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-13   Three scenarios for SNAr reaction mechanism 

 

It was interesting to note that the mono substitution occurred was essentially selective 

because of the different substituent effects upon the nucleophilic nitrogen in the bipyridyl 

unit. The proposed reaction mechanisms for the scenarios A, B and C, when conducted in 

solvent are in the order: A (1 day) is faster than B (3 days), is faster than C (9 days). For this 

SNAr mechanism, B and C are slower than A because of the positive charges on both 

1-44 

1-47 

1-2 

A 
 
 
 
 
B 
 
 
 
 
C 
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molecules which draws electron density away from the attacking N: making it less 

nucleophilic. B has electron donating groups which mitigate against its positive charge. C 

has electron-withdrawing nitro groups which, together with the positive charge, 

collectively draws the electron density away from the attacking nucleophile N: making C 

the least nucleophilic of the three molecules which. These are reflected in the reaction 

times in solution. 

 

With the key intermediate 1-47 in hand, attempts were made to produce the diamine 1-43 

using different conditions, (i) ZrO2 VBM and (ii) classical solution synthesis to see how they 

compare. There was 100% conversion using VBM with ZrO2 after 100 minutes of milling 

and 95% conversion was achieved after 3 days in solution and under reflux, Figure 2-13. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 2-13   1H NMR for the diamine 1-43 

 

1-47 
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Scheme 2-14   The substitution of the di-Zincke salt 1-2 to form the diamine 1-43 

 

Each of the four reaction steps to form the compounds 1-44, 1-46, 1-47, and 1-43 were 

conducted using 4 distinct conditions where quantities allowed 

 Solution          ZrO2         WC  Heat and Stir    

Molecule 
Conv. 

(%) 
 Time 
(min) 

Conv. 
(%) 

 Time 
(min) 

Conv. 
(%) 

 Time 
(min) 

Conv. 
(%) 

 Time 
(min) 

1-44 90 1440 15 60 10 30 100 15 

 1-46 94 4320 100 60 NA x 100 30 

 1-47 60 4320 100 60 0 30 83 900 

 1-43 95 4320 100 100 NA x NA x 
 

Table 2-2   Comparison of 4 different ways to make the precursors for hexacation 1-48 

 

The summary, Table 2-2 shows that WC - although giving more energetic collisions than 

ZrO2 - gave only 10% conversion in the single experiment that showed any conversion. The 

ZrO2 gave 100% conversions with 3 out of 4 of the reactions, but not as quickly as the heat 

and stir. Reactions conducted in excessive amount of solvent required a lot of heating time, 

with much of the energy applied being taken up by inefficiently warming the solvent 

instead of energizing the reactive reagents and promoting the reaction. With solvent being 

effectively the bystander in reactions, the inefficiency of its use in synthetic procedures can 

be seen from these experiments.  

1-2 1-42 

1-43 
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Scheme 2-15   Reaction to form the hexacation 1-48 (a trimer) via VBM 

 

The two components required to produce the hexacation, using VBM with both the ZrO2 

and WC were now in place. A stack of the 1H NMR spectra of 1-43 and 1-47 and their 

reaction in the ball mill shows that the formation of the hexamer 1-48, Figure 2-14, was 

unsuccessful. Not only did the 1H NMR spectrum of the crude comprise of broad signals 

that lacked definition to be useful for analysis, but their appearance suggested that there 

was contamination from the milling materials making WC unsuitable for this reaction. 

Despite being unable to create the polymeric hexacation trimer 1-48 the success of solvent-

free, heating and stirring to synthesise the precursors had reduced the reaction time over 

the course of three of the necessary reactions from a total of 166 h in solution to 16 h – a 

tenfold saving in heating time. For industrial scale manufacturing processes, this would 

have immediate environmental and cost benefits, currently the best way to achieve these 

savings is through reactive extrusion.  

  

 

 

 

1-43 

2-3 

1-48 
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Figure 2-14   1H NMR stacked spectra for (A) asymmetric Zincke salt 1-47 (B) the diamine 1-43 and 
(C) the crude product after attempt from 30 min of VBM with WC, to make the hexacation 1-48 

 

These experiments have also shown that it is possible to increase the energy available for 

reactions by using the tungsten carbide (WC) jars, however the very broad peaks (spectra 

C) in the crude spectra indicate that contamination from tungsten carbide particles is a 

possibility. Experiments to synthesise 1-44  as seen in Table 2-2 show that its synthesis is 

possible in all 4 conditions. This suggests that higher levels of kinetic energy through 

heavier balls increases the thermal energy available to push the reagents over their 

activation energy threshold using the VBM, more experiments and data would provide a 

better picture. 

 

Another finding was that heat and stir experiments can also take hours and not just minutes 

on the hotplate. The reaction between chlorobenzene and the dimethoxy bipyridyl salt 

which required 15 h of heating and stirring, under argon, to achieve 83% conversion was 

the only reaction to require multiple hours of heating and was the longest solvent-free 

reaction at gram scale. This result is also in line with the discussion of SNAr reactions for 

Scheme 2-12 and the timescale becomes significant when considering scale-up quantities. 

1-47 

 

 

            

 1-43 

  

 

 

1-48 
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2.8 Conclusion 

The reactions forming viologens in this chapter were concerned with the bipyridinium salt 

1-2 and we were able to make a quantitative assessment of the relative reactivities of the 

substituting anilines. All of the reported experiments were performed using 2 equivalents 

of aniline to 1 equivalent of the di-Zincke salt. Observations from the iterative substitution 

reactions of Zincke salts are that solvent-free syntheses is possible and in multi-gram 

quantities using standard laboratory glassware, conductive heating and a magnetic stirrer 

bar. To overcome mixing problems with sticky mixtures, the addition of very small amounts 

of solvent to help mobilise the mixture and homogenise the reagents helps to improve 

conversion. Reactions conducted in this way gave target products in minutes as opposed 

to hours or days in solution. 

 

2.9 Further investigation of the Zincke reaction 

Nucleophilic substitution reactions of the mono-Zincke salt had been scrutinised in the 

literature by Zeghbib et al.130 where they used microwave activation and solvent to show a 

number of phenomena including the relationship between pKa and nucleophilicity of the 

aniline. Comparison of our VBM results to Zeghbib’s microwave with solvent experiments 

showed that all the di-Zincke reactions in VBM worked using the stoichiometrically-correct 

2:1 aniline to di-Zincke salt 1-2. Depending on the substrate, Zeghbib reported using up to 

12 equivalents of aniline to see a conversion for the mono-Zincke salt. This curious 

discrepancy was of sufficient interest to investigate having explored the Zincke Reaction in 

its bipyridyl form and the next chapter reports our work on the mono-Zincke salt’s reactions 

with anilines in the VBM. 
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3. Mono Zincke salt and cyanine 5 dyes 

3.1 Nucleophilic substitutions of the mono-Zincke salt 

The reactions forming viologen derivatives in Chapter 2 were concerned with the 

nucleophilic substitution of di Zincke salts. We found that the conversion was related to 

the electronics, and sterics of the incoming nucleophile as well as any additional competing 

reactions (see Fig 2-6). However, it was clear that it should be possible to simplify our 

experiments further and examine the synthesis of mono-Zincke salts rather than di-Zincke 

salts using ball milling. Nucleophilic substitution reactions of the mono-Zincke salt as still 

of ongoing interest in the literature. For example, in 2016 as shown in Scheme 3-1,  Zeghbib 

et al.130 where they compared the yield and scope of Zincke reactions carried out under 

classical heating and microwave irradiation, in solvent, as shown in the scheme below.  

 

 

 

 

 

 

 

 

 
 

Scheme 3-1 Zeghbib’s microwave activation of the Zincke salt with anilines130 

 

When using classic heating they found that for anilines with pKa values below c. 2.6 the 

conversion was poor (below 20%) even with an excess (c. 2 equiv) of nucleophile and 

extended reaction times (96 h). In contrast, when the pKa of the aniline was over 3 the 

reactions essentially ran to completion (figure 3.1). In contrast to the classical heating 

results, when the same substrates where subject to MW heating, it was possible to observe 

good conversions (over 80%) even for reactions involving poorly nucleophilic primary 

amines (scheme 3.2). 

 

  

3-1 

1-1 

 3-2 
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Figure 3-1   Reactivity study on aniline derivatives. Conditions: conventional heating (80 °C), 96 h, 
Zincke salt 1-1 (0.2 mmol), RC6H4NH2 (2 equiv), EtOH/H2O : 60/40 (1 mL). (a) Yields were measured 
by 1H NMR spectroscopy in DMSO-d6 in the presence of diethyl fumarate as external standard. (b) 

For pKa values, see references. 137–140  Figure with legends (sic) taken from130 

 

It should be noted that these reactions often required significant excess of nucleophile (for 

example 12 equivalents for complete conditions see Scheme 3.2) but the reactions were 

typically conducted for only 1h. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-2   Microwave activation conditions for substitution of the mono-Zincke salt 1-1 

 

 3-3 
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During our work on viologen salts we had observed that the products were formed using 

1:1 di-Zincke to aniline and were completed in less than 1 h in the VBM. We were therefore 

interested to see if the ball milling protocol could be transferred to mono-Zincke salts 

during this next phase of the work. 

 

3.2 Solvent-free synthesis of the mono-Zincke salt 

The need for multi-gram syntheses of the starting material, the mono-Zincke salt 1-1, 

meant using the classical solution method instead of VBM. However we could still try a 

greener synthesis by not using solvent in the preparation. A literature search gave a 

synthesis by Robertson141  et al. that unusually did not use solvent, unlike 36 other separate 

entries in the ReAxys Database. 

 

 

 

 

 

 

 

Scheme 3-3   Solvent-free synthesis of the Zincke salt 1-1, 87% isolated yield 

 

An initial attempt to make ca. 10 g of the mono-Zincke salt 1-1 using equimolar amounts of 

1-chloro-2,4-dinitrobenzene 1-38 which is a solid with a mp 48-52 °C, in liquid pyridine (1 

equiv.). Heating and stirring to 85 °C formed a homogeneous solution. Precipitation of the 

product appeared from the solution and after a further 10 minutes of heating, it was 

considered complete as the magnetic stirrer could no longer spin in the solid mass formed. 

The crude solid was broken up and stirred in acetone, then dried to yield 87% isolated 

product of the target compound 1-1. The 1H NMR assignment of the mono-Zincke salt 1-1, 

as seen in Figure 3-2, shows again that the 1H that is positioned between two nitro groups 

– H6 - has an integrated value 20% below the expected value (spectrum A). As was shown 

for the 1H NMR spectrum result for the di-Zincke salt 1-2, (see Fig 2-1). Changing the 

1-34                      1-1

3-7 
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1-1  3-1a-g       3-2       2-3 

relaxation delay parameter on the VNMR600, this time to 10 sec, provided a spectrum with 

the expected integrated values (B). 

 
Figure 3-2   Assignment of the 1H NMR for Mono-Zincke chloride 1-1 with (A) 1 sec and (B) 10 sec 

relaxation delay 

 

3.3 Ball-milling the mono-Zincke salt with nucleophilic anilines 

With enough of the mono-Zincke salt easily and quickly prepared, the first ball-milling 

experiment was to use it with equimolar amounts of the aniline – we began with p-toluidine 

as shown in the scheme below. 

 

 

 

 

 

 

 

Scheme 3-4   A solvent-free route to substituted pyridinium salts, 3-2 

 

1-1 



79 

 

The mono-Zincke salt and p-toluidine were oscillated in 25 mL ZrO2 vessels with 2 x 15 mm 

Ø balls, at 30 Hz for 45 minutes. Having only worked with the VBM using the di-Zincke salts 

to make substituted viologens, the expectation was for a crude product in some shade of 

brown as all previous experience had shown. Upon opening the milling jar, it was very 

surprising to find a vivid red powder. MS data on a sample of this gave a molecular ion peak 

at M/Z = 277.1705. This suggested the formation of the ring opened product 3-8a. These 

are known in the literature as a class of compounds termed Cyanine 5 dyes (Cy5), Marvell 

et al.142 had reported the formation of red crystals upon the addition of the di-Zincke salt 

dissolved in aqueous ethanol to a solution of the aniline, also in aqueous ethanol. 

 

 

 

 
 

 

 

 

 

Figure 3-3    (L) VBM of the crude product mixture (Centre) Structure of p-tolyl Cy5, 3-8a and (R) 
after recrystallisation 

 

Analysis of 1H NMR spectrum of this crude red powder, spectra (B) is shown in Figure 3-4 

along with the isolated product (A), p-toluidine (C), the leaving group dinitroaniline (D) and 

the mono-Zincke starting material (E). Using the data, we were able to identify the four 

compounds present in the crude reaction mix (B). With all the signals in the crude spectrum 

B attributable to each of Cy5  3-8a, aniline 3-1a, mono-Zincke salt 1-1 and dinitroaniline 2-

3, there was no evidence for the formation of the closed-ring pyridinium 3-2 in the ball mill. 

 

Spectrum (B) is the crude reaction mixture and shows that almost all the starting material 

p-toluidine 3-1a has been consumed in the formation of the open-ring molecule 3-8a 

(highlighted in green) whereas there is a much larger excess of the mono-Zincke salt 1-1 

[M-H]1+ Calc. for C19H7N2, 277.1716 

found 277.1705 

3-8a 
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(highlighted in red). We can also see that the expected leaving group, dinitroaniline 

(highlighted in blue) and shown in spectrum D, is present in the crude mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3-4   1H NMR stack of reaction between equimolar mono-Zincke salt 1-1 and p-toluidine, 
(A) isolated product 3-8a (B) crude reaction mixture from ball mill (C) 3-1a  (D) 2-3 and (E) 1-1 

 

Assessment of the 1H NMR spectroscopy data, as shown in Figure 3-4 gave further useful 

investigative experiments to test the result. We sought to double the amount of aniline 3-

1a. 

 

 

 

 

 

 

 
Scheme 3-5   Ratios of reagents to achieve Cy5 products from the mono-Zincke salt, 1-1 

 

1-1            3-1a      3-8a      2-3 

3-8a 

3-1a 
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This corresponds with the double substitution at both ends of the open ring and so a change 

in stoichiometry for this reaction by using 2:1 for aniline:mono-Zincke may give a more 

complete conversion of the Zincke salt 1-1, Scheme 2-5. Therefore, this synthesis was 

repeated in VBM with the 2:1 ratio amounts and sampled at five-minute intervals for 1H 

NMR spectra analyses so that we could evaluate the conversion as a function of oscillation 

time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5   1H NMR spectra stack showing conversion as a function of time oscillated where 
spectrum (A) is isolated product 3-8a (B) after 15 min (C) after 10 min (D) after 5 min of oscillation 

time and (E) starting material p-toluidine 3-1a  

 

Using our stack of spectra 1H NMR spectra in Figure 3-5. We can see that the intensity of 

the 1H (highlighted in the blue) decreases from spectra D > C > B as more of the p-toluidine 

3-1a is consumed as the reaction proceeds. Less obviously, the intensity of 1H signals 

(highlighted and shaded red) for the Cyanine 5 product 3-8a increases over the 5 minute 

intervals in the VBM by  25, 60 then 90% . Comparison with Figure 3-4 (B) – which shows 

an excess of the Zincke salt, 1-1 – whereas Figure 3-5 (B) shows that the starting materials 

have been mostly consumed. The double-substituted intermediate that forms can take on 

both cis and trans configurations. The cis form allows a concerted 6π cyclisation giving 3-2 

3-8a 

3-1a 
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under particular reaction conditions. Subsequent protonation/solvation of the amino 

leaving group gives the closed ring-pyridinium salt. 

 

 

 

 

 

Scheme 3-6   Structures of the intermediates of the Zincke Reaction  

 

With the Cy5 structure 3-8 identified and found in the literature, 142,143 the 1H responsible 

for the doublet is Ha, and the two sets of apparent triplets are Hb and Hc ,  in spectra A (Figure 

3-5). Their coupling constants are within the expected range (11-18 Hz) for vicinal trans 1Hs. 

 

 

 

 

 

 

Scheme 3-7   Reaction between mono-Zincke chloride 1-1 and p-toluidine 3-1a via VBM 

 

 

The pyridinium salt 3-2 and 3-8 the Cy5 are compounds discovered by Zincke124,143 in 1904, 

and their syntheses has been investigated in many different contexts. Its unusual reaction 

mechanism was explained in 1979 by Van der Plas.125 However, the path of discovery has 

not been without controversy. Yamaguchi144 et al.  published their postulated formation of 

N-substituted diaza[12]annulenes,  from the Zincke salt 1-1 which was later discredited but 

their work also gave details of the synthesis of a series of Cy5s. They reacted the Zincke 

salt, 1-1 with anilines and arrived at what they believed to be a 12-membered ring, an 

annulene. 

 

 

1-1 3-1a 3-8a 2-3 

 3-23 cis  3-23 trans                                          3-9 
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Scheme 3-8   Yamaguchi et al. and their postulated reaction of the Zincke salt 1-1 
with Anilines to give 3-10 

 

Their work was followed by Shi et al. 145 who based their theoretical calculations on the 

posited annulene structures 3-10 in search of useful surfactants 3-11. Both papers were 

corrected after it was pointed out in a letter to Angewandte Chemie by Professor Manfred 

Christl146 that it is the pyridinium salt that is formed. However, the counter-argument was 

that the data from the researchers’ Electron Spray Ionisation experiment clearly showed a 

dimer. Christl remarked that association of molecular ions in ESI was a well-documented 

phenomenon but also highlighted the similarity of their NMR data and melting point 

analyses of > 220 °C for the bromo phenyl pyridinium salt.147,148 

 

 

 

 

 
Figure 3-6   Shi et al. Structure of {12]Annulene gemini surfactants, 3-11 

 

UV-Vis studies of these highly coloured Cy5 compounds have been investigated by Van 

Dormael and Nys149 and Marvell150 et al. Further exploration of Cy5 can be found in  the 

literature with the tri-ene motif, there are investigations into ring-opening reactions,151  

and pyridinium salts used as a catalyst152 among many others.153–159 Using the expedient 

method of VBM we could quickly access these compounds and assess their utility for new 

or further applications. 

 

3-11 

 

2-3 

1-1 

3-10 

3-8 
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3.4 General synthesis of cyanine 5 dyes in VBM 

Although the formation of the ring opened product in solution is known,149,160 we were 

interested to see if the formation of Cy5 was a general phenomenon in VBM for a range of 

Zincke salts and anilines in the solid state. To achieve this efficiently, a rapid way of 

determining conversion for the reaction is required. This is exemplified for the reaction 

shown in Scheme 3-9, where the mono-Zincke salt 1-1  is added to an aniline 3-1a-g in the 

milling jar along with 2 balls (15 mm Ø). This was also a good opportunity to investigate the 

reactions using a different milling material. We had found that steel was incompatible with 

these reagents (Section 2-2) and a further alternative to be considered was tungsten 

carbide (WC). 

 

 

 

 

 

 

 
 

Scheme 3-9   VBM of mono-Zincke salt 1-1 with anilines 3-1a-g using ZrO2 and WC ball milling jars 

 

 

WC is ca. 2.5 times denser than ZrO2, it is therefore likely to impart more energy during 

collisions in the ball mill. With our first experiments with WC (Section 2-2), it was decided 

to oscillate for less time in order to mitigate against material from the milling balls and 

vessel linings being potentially incorporated into the reaction mixture.  Therefore the 

tungsten carbide jars were oscillated for 15 or 30 minutes depending on the substrate but 

the ZrO2 vessels were oscillated for 60 minutes at 30 Hz. 

 

The percentage conversion was readily established by 1H NMR spectroscopy analysis after 

the completed reactions as shown with the 1H NMR stack of spectra in Figure 3-7. The crude 

mixture is shown in spectrum B, along with the isolated products of the phenyl Cy5 (A) and 

dinitroaniline (C). The 1H signals shaded red (A) and blue (C) are both are represented in 

the crude mixture (B) and shows essentially 100% conversion. 

1-1 

3-8a-g 

3-1a-g 
2-3 
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Figure 3-7   1H NMR spectra stack of the products of the mono-Zincke salt 1-1 and aniline 3-1b 

reaction in VBM where spectrum (A) Cy5 3-8b (B) the crude product mixture and (C) the leaving 
group 2-3. 

 

With this conversion analysis established a full substrate scope could be readily carried out 

using 2 equivalents of aniline 3-1a-g with the mono-Zincke salt 1-1. Each resulting crude 

mixture was removed from the milling jar by dissolving in methanol. The leaving group, 

dinitroaniline 2-3, is soluble in diethyl ether but the Cy5 3-8a-g  is insoluble, and so our 

product was readily precipitated from warm diethyl ether, Figure 3-8. 

 

  

 

 

 
 
 
 
 
 
 
 

Figure 3-8    (Left flask) Crude product dissolved in methanol , (Right flask) precipitation into warm 
diethyl ether 

2-3  

3-8b 
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The experiment was repeated using  a range of anilines 3-1a-g and the mono-Zincke salt in 

different conditions, WC-Co and ZrO2, details are shown in Table 3-1. 

 

 

Table 3-1   VBM of Mono-Zincke salt with anilines, *damaged balls 

 

Two sets of data were collected, all reactions in the zirconium oxide vessels were oscillated 

for 60 minutes with new balls each time. Five entries 3-8a-e gave near complete 

conversions as shown by 1H NMR spectra analysis and also gave excellent isolated yields. 

3-8f and 3-8g gave 66 and 61% isolated yields respectively. It should be noted that all the 

Cy5 products are vividly coloured, ranging from vermillion to deep maroon  Figure 3-9.  

 

 

 

 

 

 

 

 

Figure 3-9   Photograph of the Cy5 3-8a-g products showing the range of vivid red powders 
produced  

 

The problem of milling accessories falling apart during the VBM process was shown to 

dramatic effect after dissolving the crude from the tungsten carbide (WC) vessel. Although 
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the red product was made (some residue is seen on the top of the filter funnel), the filtrate 

passed through tamped down celite leaving a layer of fine black powder. The powder was 

attracted to the magnetic stirrer bar retriever, and although tungsten carbide is not 

ferromagnetic, the manufacturer’s specifications for the jars and milling balls show that the 

composition of the more accurate WC-Co includes 6% cobalt which is used as a matrix-

binder in its manufacture. This therefore suggests that the black powder is that of finely 

milled alloy of cobalt and tungsten carbide. 

 

 

Figure 3-10    (L) The result of filtering the crude through celite after activation in WC  vessels, and 
(R) the magnetic property of the filtered solid with a magnet retriever 

 

 

We had used ICP-MS to find the zirconium ions present in the crude mixture after milling 

with ZrO2 balls, however after the WC-Co balls were cleaned, they were visibly degraded 

and pitted and likely that the tungsten carbide had come away and contaminated the 

reaction mixture. Although WC-Co works well for this reaction, it sheds material into the 

reaction mixture and therefore is not the best choice for this reaction. We can confirm that 

conversion of the reagents occurred in the WC-Co vessels, and that the vessels are too hot 

to touch after 15 minutes oscillation, however we surmised that it was WC-Co in the crude 

mixture because of its magnetic behaviour but the pitted and molten appearance of the 

damage observed on the balls looked unlikely to be solely due to impact forces.  On the 

other hand, WC-Co has a melting point of 2870 °C a temperature which may be attained by 

the Thermite Reaction (see Figure 1-9) where we have witnessed sparks from collisions. 

However, the formation of acidic halide, e.g. HCl, in the crude mix could be responsible for 

the smooth-edged indentations seen on the WC-Co milling ball  Figure 3-12 a and b. 

through the degradation of cemented carbides (including tungsten) in acidic conditions.161 
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(a)                (b)              (c)        

Figure 3-11    (a) damaged WC 15 mm diameter balls compared with the unused ball at the top of 
the picture. (b) enlarged picture of damaged WC ball  (c) a chip of zirconium oxide that had come 

away from a stained ZrO2 milling ball 

 

This reaction in VBM confirmed that ball-milling is a successful, quick, and solvent-free 

route to the ring-opening of the mono-Zincke salt, 1-1 to give the intercepted intermediate, 

a Cy5 dye 3-8a-g containing a fully conjugated methine chain. During the standard work-up 

of each product it was noticed that they were crystalline in nature, therefore efforts were 

made to grow single crystals of these dyes as discussed in the next section. 

 

3.5 X-ray crystallography of compounds 3.3 a-g 

 

Single crystals for X-ray structure determination for all the Cyanine 5 compounds, 3-8a-g  

were grown by slow diffusion of diethyl ether into a methanol solution. The resulting 

molecular structures shown in  

 

 

Figure 3-12, revealed the correct trans regiochemistry of the product and, therefore the 

substitution pattern of 3-8a-g are confirmed to be the same for each molecule. Crystal 

packing for the compounds with halide substrates 3-8a-c, gives a monoclinic crystal system 

with P21/n space group. The only other structure in this collection that shares the same 

monoclinic crystal system as the halides is 3-8a, which is the p-tolyl, its solid state structure 

has been determined showing Z=2, with the stacking being very different to single molecule 

stacking. Similarly, 3-8g was also found to be Z=2 but its structure could only be partially 

elucidated from the dataset. In contrast, the phenyl substrate, 3-8d is orthorhombic with 

space group Pbca and finally 3-8f has the methoxy substrate and has a tetragonal crystal 
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system with space group I41/a. With the data sets that are available for the structures, we 

were able to examine the bond lengths for each compound and the data is provided in the 

Appendix 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 
 

Figure 3-12   X-ray crystallography of compounds with counter-ions removed for clarity,  3-8a-g 
showing solid state structures for methoxy substrate 3-8c, p-tolyl substrate 3-8a and phenyl 

substrate 3-8d which were determined Z=2. 

  

3-8c 3-8d 

3-8e 3-8f 3-8g 

3-8b 3-8a 
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3.6 UV/ Vis absorption properties  of cyanine 5 dyes 

The UV-Vis spectroscopic data for all the Cyanine 5 are presented in Figure 3-13. The λmax 

values for the Cy5s were found to exhibit λmax values between 481.6 – 491.2 nm. 

 

 

 

 p-tolyl phenyl p-aniso phenoxy fluoro chloro bromo 

 3-8a 3-8b 3-8c 3-8d 3-8e 3-8f 3-8g 

Ɛ  (M-1mol-1) 201000 132000 107000 203000 110000 122000 169000 

λmax (nm) 485.4 485.4 491.2 491.2 481.6 487.4 489.3 
 

Figure 3-13   Photophysical data of cyanine 5 compounds  as observed using UV/vis absorption 
spectroscopy (4.5 µM, methanol) for 3-8 a-g 

 

3.7 Synthesis of p-substituted pyridinium  Zincke salts 

 

The unanticipated and high yielding VBM synthesis of the ring opened Cy5 produced 

(Section 3.4) is in stark contrast to the predominance of the ring closed structures observed 

during the synthesis of viologen derivatives (Chapter 2) see Scheme 3-10 (A) and (B). 
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Scheme 3-10   (A) Cy5 from reaction between mono-Zincke Salt 1-1 and anilines 3-1 and (B) di-
Zincke salt 1-2 and anilines, the leaving group dinitroaniline 2-3 is not included for clarity 

 

The difference in the propensity for the reaction to give ring-opened and ring-closed 

products prompted us to investigate the structural features that would lead to these 

different outcomes. We speculated that the difference in formation of ring-closed versus 

ring-open products could be a consequence of the substitution at the para position on the 

3-8a-g 

3-1a-g 

3-12 
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pyridinium salt. Therefore, we planned syntheses of mono Zincke salts substituted at the 

para- position to see how this would affect their substitution with anilines. The objective 

for making 3-13 was to see if, like the pentamethines – the ring-open intermediate were 

favoured and double substituted - then we would see another Cy5 3-14. If the ring-closed, 

cis intermediate was preferred we should see the ring-closed pyridinium salt. 

 

 

 

 

 

 

 

 

Figure 3-14   Possible structures from the substitution of the Zincke Salt 

 

We selected substrates -Ph, -Me and -OMe as our para substituted pyridinium Zincke salts. 

Multi-gram quantities of each modified Zincke salt were obtained to investigate the scope 

of its substitution by aniline. The Zincke Reaction using substituted pyridines proceeded in 

solution, Scheme 3-11, and following the method of Steinhardt.162 4-phenyl pyridine (3-

15a) in equimolar amounts with 1-chloro-2,4-dinitrobenzene 1-35, were added and 

dissolved in acetone then heated under reflux and stirred for 24 hours. The precipitate was 

washed with acetone and dried giving a 74% isolated yield, 3-14a. 

 

 

 

 

 

 

 
 
 

Scheme 3-11   Reactions for substituted pyridyl Zincke salts, 3-16a-c 

 

cis product                                               trans product 

3-15a-c      1-35 

3-16a-c          

3-13 
 
 
 
 
  

3-14 
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A set of 1H NMR spectra shows a stack where spectrum B shows the isolated product, 3-

16a and its starting materials 1-35 (spectrum A) and 1-34 in (spectrum C) are given in Figure 

3-15.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3-15   Stacked 1H NMR spectra (B) Zincke salt 3-14a, and (A) 1-38 and (C) 1-37 

 

 

The signals for the 1Hs highlighted in red and blue clearly show that the chemical shift 

values of the starting materials change significantly in their transformation via SNAr into the 

Zincke salt 3-16a. Without setting the relaxation delay time to 10-25 seconds for collecting 

the fid data, the integration for the 1H located between the two nitro groups shown in 1H 

NMR spectrum A for 1-38 integrates to 0.8 and in spectrum B for 3-16a to 0.7 - these values 

are 20-30% below the expected value. Experiments for showing this was conducted using 

the mono-Zincke 1-1 and di-Zincke 1-2 samples (in Chapter 2) and has consistently featured 

in all 1H NMR spectra involving the 2,4-dinitro aryl group because the default relaxation 

delay on the VNMR600 is set to 1 second. 

 

1-35 

3-16a 

1-34 
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Using 2:1 equivalents of the aniline and the Zincke salt 1-1, a VBM experiment was 

conducted with samples taken at 30, 90 and 180 minutes. Conditions used were 2 x 15 mm 

Ø balls and with a frequency of 30 Hz. 

 

 

 

 

 

 

 

 
Scheme 3-12   Reaction of 4-phenyl Zincke salt 1-1 with aniline 3-1b 

 

 

 
Figure 3-16   Evolution of substituted pyridinium salt 3-16a over 180 minutes milling time using 1H 
NMR stacked spectra to analyse for conversion (A) crude product mixture at after 30 min milling 
time (B) 90 min (C) 180 min and (D) the isolated product 3-14a 

 

3-16a 

3-14a 

  3-16a 

3-1b 

 3-14a 



95 

 

Opening the jars, revealed a red powder but the idea that this may be a new Cy5 was not 

supported by the 1H NMR data for the crude product, analysis of which showed 100% 

conversion after 180 minutes VBM of 3-14a with 3-1b.  Despite the 100% consumption of 

3-16a, the isolated yield was very low (approximately 70 mg, 3%). The experiment was 

conducted with a 2:1 ratio of aniline 3-1b to Zincke salt 3-14a. As can be seen in Figure 3-

16  the 1H NMR spectrum of crude mixture shown in spectrum (C) contains signals for the 

excess aniline 3-1b but the Zincke salt 3-14a has been completely consumed and only the 

ring-closed product is seen. The 4-phenyl pyridyl Zincke salt experiment helps to establish 

that the Zincke reaction mechanism, i.e. the nucleophilic substitution reaction is affected 

by the phenyl in the para position on the pyridyl ring and we can rationalize this finding by 

considering the steric arrangement for each type of resultant molecule. 

 

 

 

 

 

 

 

 
Scheme 3-13   Cis and trans forms of the open ring Zincke intermediate, 3-8 

 

The trans conformation has protons on the aryl rings abutting, as shown in Scheme 3-13 

and are sterically unfavourable compared with those in the  cis position. Therefore, the 

ring-closing that has to occur for the synthesis of the di-Zincke salt, 3-14a  is better 

understood from these considerations.  

 

 

 

 
 

 

 
Scheme 3-14   Katoh’s synthesis of pentamethine dimers, 3-17 

3-8 trans 3-16a 3-8 cis 

3-17 

1-2 



96 

 

This is not to say that the open-ring molecule formed from the di-Zincke salt does not exist. 

Scheme 3-14 shows the perpendicularly-linked pentamethinestreptocyanine dimers, 3-17 

with the two cyanine moieties linked at the centre carbon atoms of the methine chains 

were prepared in solution by Katoh et al., 163 and was accessed via a secondary amine, with 

the bipyridine. The secondary amine, once it forms the doubly substituted intermediate 3-

17 with no ring-closure, forms the streptocyanine. 

 

The VBM study with the methoxyaniline and the picoline (methyl) substituted Zincke salts 

3-16b and 3-16c did not show any conversion to the Cy5 salt and we were unable to isolate 

these compounds. However, the VBM crude mixtures showed conversion to the ring-closed 

species using 1H NMR spectroscopy analysis. Copious evidence for the ring-open 

intermediates is provided in the work of Štacková164 et al. where the Zincke Reaction 

mechanism is exploited to form Cy7 (heptamethine) dyes, in solution, by using a series of 

variously substituted Zincke salts, Scheme 3-15. They used a variety of Zincke salts 3-18 

with substitution at the -meta and -para positions of the pyridine heterocycle (R1, R2, and 

R3). They were able to show that syntheses of Cy7 3-20 with a variety of R groups, can 

change the values of the absorbance, λmax for their prepared analogues. Bromoaniline is 

used in sub-stoichiometric amounts, where it functions as a catalyst in the reaction with 

indolium iodide salts 3-19. Štacková and co-workers’ reaction required 16 h to accomplish 

yields of 3-20 of up to 94%. 

 
 

 

 

 

 

 

Scheme 3-15   Štacková164 et al. - Approach to a substituted heptamethine cyanine chain by the 
ring opening of Zincke salts 

 

An interesting result is that they report only one aryl substitution on the methine chain, a 

phenyl group at R3 and not at R2 corresponding with our result that shows when R2 is an 

 3-18                  3-19         3-20 
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aryl group, the pyridinium salt is produced and not the intercepted trans intermediate Cy5. 

In the 17 examples of 3-20 that they give, none have an aryl in the 4-position and our study 

would suggest that aryl-substitution at the para position forces ring-closure. The complete 

Zincke reaction mechanism involves several steps prior to the pericyclic rearrangement 

seen in Marvell’s experiments. The complexity of the reaction sequence means the 

relationship between substrates and the efficacy of the aniline requires further study, as 

does  Štacková164 et al.’s route to Cy7 using the Zincke Salt as the starting reagent which 

has yet not been attempted in the solid state. With the Cy5 salts to hand, their X-ray 

analysis gave us the data to verify bond-lengths in the polymethine chain.  

 

3.8 Electronic symmetry in Cy5 salts 

Our focus on looking to synthesise conductive organic materials had taken an unanticipated 

new direction: the synthesis of polymethine dyes from the ring-opening of the Zincke salt 

with anilines. The confluence of the two different electro-physical and photophysical 

properties is neatly summated in recent work by Anderson165 et al.  who made use of 

polyenes to form a cyanine series of the form – 

 

 

 

 

 

Figure 3-17   A series of long polymethine molecular wires 

 

Electrical conductance in discrete molecules is of particular interest in a variety of 

applications requiring the transport of charge over several nanometres with minimal 

losses.166,167 In polymethine cyanine dyes which have structures featuring long conjugated 

chains, we can think of them as molecular wires. It has been shown by Anderson165 et al. 

that up until Cy9 there is bond-length alternation, after which, there is distortion  with the 

positive charge at one end away from the π-system in the extended chain. Charge 

distribution where Bond Length Alternation (BLA) is non-zero resembles behaviour found 

in solitons of polyacetylene, as seen in Heeger’s doped poly-olefin.168 De-localisation of  

 
3-21 
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charge in polymethines between Cy3 and Cy7 is symmetrical and their electronic structure 

resembles a one-dimensional free-electron gas.  However, Cy9 and Cy11 is found to 

undergo a symmetry breaking Peierls transition and they are sensitive to the polarity of the 

he counterion.165 

 
Figure 3-18   A symmetry breaking Peierls transition 

 

With the acquisition of the crystal structures for all our Cy5s, the data set has all the 

calculated bond lengths and a comparison of each structure’s BLA across the series would 

show whether their electronic symmetries were consistent. It is noted that for their series 

of BLA calculations, Anderson’s methine chains have a heterocyclic nitrogen atom in the 

conjugated system whereas in the Cy5 molecules, the nitrogen is in a polymethine chain. 

 

 

Figure 3-19    Bond lengths in the Cy5 methine chain 

 

These values are consistent with expected bond orders of 1.5  for alkenes  where each 

carbon has 2 electrons in  the sigma bond but share an electron in the π-bond. The overall 

charge for the molecule is +1 and is delocalised across the length of the chain, resulting in 

a Bond Length Alternation (BLA) of 0. Establishing this for Cy5s  gives an insight into the 

electronic behaviour of longer polymethine chains, Cy7-Cy11, as molecular wires as 

explained in the work of Anderson et al.165 

3-8a-g 



99 

 

Understanding the conducting behaviour of molecules capable of transporting charge 

makes us better equipped to design a synthesis to improve the intended functionality.  

Greenland Group have demonstrated this, showing that conductivity increases with chain 

length of organic oligomers.123 

 

 

3.9 Understanding the Zincke reaction mechanism 

 

The origins of the Cy5 from the mono-Zincke salt 1-1 is understood to be the intercepted 

intermediate 3-8 in Scheme 3-16. The full mechanism describing the Zincke reaction, 

concluding with the pyridinium salt has been explained and described in the literature125,170 

along with reviews of reactions of the Zincke salt and its gluconaldehydes.171–174 

 

The reaction mechanism’s acronym ANRORC descriptor, describes the process as a 

nucleophilic addition, ring-opening, and ring-closing. Sections 3-2 – 3-6 discussed the 

solvent-free synthesis, isolation, and characterisation of seven analogues of the ring-open 

intermediate Cy5 3-8. This is the half-way stage of a scheme that culminates with the 

pyridinium salt 3-2. The conditions for ring-closing to form the pyridinium salt requires the 

cis arrangement of the Cy5 molecule 3-26, in Scheme 3-16. 

 

The equilibrium that exists between 3-26 trans and 3-26 cis is influenced by temperature 

and long reaction times (96 h) in solution or, as we saw in Section 3-2,  through microwave 

activation130 in aqueous solvent (30 min) by Zeghbib130 et al. 

 

For the trans Cy5 molecule 3-8, to undergo ring-closure, a cis arrangement is required, 

Scheme 3-16. 
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1-1 1-41  

3-2 

3-8 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
 
 
 
 

Scheme 3-16   The Formation of the Pyridinium Salt 3-2 requiring the neutral cis conformation of 
the Cy5 intermediate, 3-26 

 

 

 

The results of our X-Ray crystallography analysis confirmed that all the Cy5 molecular 

structures obtained from our crystals in the solid state contained the negative chloride 

counterion and gives the Cy5 molecule an overall positive charge, 3-8, highlighted in the 

grey box in Scheme 3-16. 

 

 

3-23 

3-22 

3-24 
3-25 

3-9 3-26 trans 
   

3-26 cis 3-27 
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Scheme 3-17   Marvell’s scheme accounting for the pH-independent behaviour in the basic region 

and for the reduction in rate of cyclisation with increasing acidity in solution   

 

Marvell et al. had shown that structures 3-8 and 3-26 are in equilibrium through their UV-

Vis spectroscopy studies160 and the requirement of the cis conformation of 3-28 to enable 

ring-closure. They reported that in the presence of excess trimethylamine the equilibria is 

pushed in favour of 3-28. 

 

Marvell used three sets of experiments using solutions in methanol to investigate the 

influence of (i) base (MeO, Et3N and Bu3N), (ii) perchlorate salt and (iii) buffer, on the rate 

of cyclisation of 3-8 into the pyridinium salt 3-2. To account for the pH-independent 

behaviour they found in their first investigation using the bases as in (i) - their rationale is 

given in Scheme 3-18.  

 

For a nucleophilic addition Scheme 3-8, this involves the conversion of a neutral molecule 

into a dipolar species. The electron-poor, unsaturated, C=N double bond in 3-26 forms a 

covalent bond and is responsible for the cyclisation to give 3-31. This gives a negative 

charge on nitrogen external to the heterocycle and a positive charge on the pyridyl nitrogen 

in the new closed-ring system. 

 

 

 
Scheme 3-18   Suggested ring closure to 3-25 by nucleophilic addition 

3-8 3-26 

3-28 trans 3-28 cis 3-26 3-9 

3-31 3-26 
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They attributed the reduction in rate of cyclisation to the protonation of the nitrogen to 

give 3-8 (as seen with Cy5) and they report that 3-8 reacted more slowly since it is stabilized 

as a symmetrical resonance hybrid. Thus, the process for ring-closure depends on the 

resonance-form of the intermediate contributing to the ring-closing process, 3-26. 

Marvell’s comprehensive investigation, using three sets of conditions, concludes that the 

ring closure of the non-polar resonance form 3-26 is preferred, Scheme 3-18. 

Electrocyclisation is the route from the non-polar transition state 3-26 and not nucleophilic 

addition.142 

 

 

 

Scheme 3-19   Suggested electrocyclisation from the non-polar transition state 3-26 cis 

 

Recent work has shown that the ring-closed pyridinium can be readily achieved in solution 

using microwave activation,130 where EtOH/H2O solvent was used in their reactions. Also 

from the literature is an example of using sonication175 to form the pyridinium salt, where 

Zhao et al. reported using 80% EtOH solvent. 

 

In conclusion, a rationale as to why only 3-8 was formed in the VBM could be that the 

equilibrium was unfavourable towards 3-26 under these conditions. In the solid state and 

in the absence of solvent, the reaction of mono-Zincke 1-1 with neat aniline meant that the 

conditions did not lead to the formation of the ring-closed pyridinium salt 3-2. 

Consequently the formation of the thermodynamic product prevailed and so we saw only 

the Cy5 3-8. 

  

3-28 cis 
3-9 

3-26 cis 
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4. Heptamethine or Cy7 dyes 

 

Full characterisation and elucidations of the structures of Cy5 3-8 by X-ray crystallography 

had provided us with a set of seven molecules with which to investigate further synthetic 

uses. Our next investigation looks at the suitability of 3-8 as precursors for heptamethine 

or Cy7 dyes, in solvent-free conditions. 

 

 

4.1  Introduction 

Cyanine dyes are a class of dyes that absorb light in the Near Infrared region (700-1000 nm) 

of the electromagnetic spectrum. This is a useful property for imaging dyes and has wide-

ranging applications. Besides fluorescent microscopy176,177 these types of dyes can function 

as  molecular probes,178–180 and for targeting cancerous tumours181–184 security markings185 

and lithography,186 OLEDs187 as well as applications in solar cell technology188,189 where they 

may be used for increasing power conversion efficiencies.190 Our investigations into the 

synthesis of Cy7 dyes has been focused on finding the most efficient route to a specific Cy7 

dye called Indocyanine Green or ICG 4-1. 

 

Absorbance in the NIR region allows for many possible transitions between energy states 

that can occur in molecules such as shown in Figure 4-1, these are able to phosphoresce 

and fluoresce. The transitions occur because of their molecular structures and the bonding 

arrangement within them. In these five examples, the cyanines can be seen to contain a 

fully conjugated system and have uninterrupted resonance/delocalisation from one end of 

a polymethine chain to the other. Two of the examples, ICG 4-1 and Cyanine 4-2,  contain 

a heptamethine chain, also known as a Cy7. 
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Figure 4-1   Molecules that have NIR properties and delocalisation in the heptamethine chain for 

4-1 and 4-2 

 

These are but a few examples of the photophysical behaviours in molecules that give rise 

to their absorbing in the NIR region but what happens afterwards, the output, is what we 

can derive many useful applications from. 

 

4.2  Processes leading to fluorescence in NIR dyes 

Energy transfers that give rise to fluorescence can be shown in a Jablonski diagram, Figure 

4-3. It depicts what happens when molecules absorb photons and the subsequent 

pathways and the timeframes for how absorbed energy can transfer in the system. When 

an electron in a molecular orbital, atom, or nanostructure, in the ground state (S0) absorbs 

energy from an external source (blue arrow) it is elevated to a higher energy singlet state 

(S1). It then relaxes back to its ground state (green arrow) by emitting a photon from an 

excited singlet state. 

4-2
 
 
 
 
 
 
 
  

4-1 

4-4                       4-5 
   

 4-3 
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Figure 4-2   A Jablonski diagram showing all the possible radiative and non-radiative transition, 
diagram adapted from191 

 

Excitation and emission may be expressed by the following notation: 

 

Excitation                                    S0 + hνex → S1 

Fluorescence (emission)      S1 → S0 + hνem + heat 

 

Where h is Planck’s Constant and ν is the specific excitation and emission frequencies 

depend on the system. In the Jablonski scheme, S0 is the ground state and S1 is the term 

given to the first electronically excited state of the fluorophore (the fluorescent molecule). 

In addition, a fluorophore that is in S1 can relax in a variety of competing pathways, 

including non-radiative relaxation in the form of heat or through vibrational relaxation 

(wavy arrows) which is taken up by the solvent. Phosphorescence (red arrows) can occur 

from S1 to T1 via Intersystem Crossing (aqua wavy arrows) and vibrational relaxation (yellow 

wavy arrows). However Intersystem Crossing (i.e., phosphorescence) is in competition with 

the depopulation of other S1 transitions such as fluorescence and internal conversion and 

is also too slow for the transitions to be relevant for most purely organic molecules. Thus, 

the ability to fluoresce is promoted in molecules with cyanine and highly conjugated 

structures which have these enhanced spectroscopic features. 

 

Straight arrows 
represent radiative 

transitions 
 

Wavy arrows show 
non-radiative 

transitions 
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4.3  Heptamethine dyes – from Cy5 to Cy7  

 

The conjugate addition of indole-type compounds such as 4-6, with suitable polymethines 

is a well-established strategy for increasing methine chain length. It would be of interest to 

try a new methodology and to consider a solvent-free route to Cy7 dyes, using VBM. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
Scheme 4-1   Synthetic routes for the Cy5 to Cy7 transformation 

 

 

4-6 

4-7 

4-8 
4-6 
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The transformation of Cy5 to Cy7 is interesting for us to investigate having achieved the 

syntheses of Cy5s using the Zincke salt and aniline. We shall discuss how this can be 

achieved in the solid state. Anderson et al.’s syntheses of both Cy5 and Cy7 were based on 

procedures reported by Gunasekaran.192 These involved solvents where the indole is 

reacted with the cyanine via the acyl intermediate formed with anhydride. Their synthetic 

route to Cy11·PF6 was achieved from the aldehyde 4-9 as shown in Scheme 4-2 using the 

Vilsmeier formylation; reaction with aniline, and condensation with Fischer base, 1,3,3-

trimethyl-2-methyleneindoline 4-11.  

 

 

 

 

 

 

 

 

Scheme 4-2   Synthetic route using aldehyde 4-9  to form Cy11-X 4-10 

 

They reported that the reaction gave a complex mixture of products and Cy11·PF6 could 

only be isolated in 4% yield, but a similar route gave Cy9·PF6 with 42% yield. Their difficulty 

in finding a route for efficient yields indicated the challenges ahead for the formation of 

molecular wires using this synthetic strategy Figure 4-4 shows the general structure of 

polymethine dyes, 4-12. We have shown in Chapter 3 that Cy5 3-8 has five methine carbons 

in a conjugated chain and is thus a pentamethine. A change in end groups to iodoliums, 

gives the Cy5 4-14 and the Cy7 4-13. Heptamethine dyes absorb at λmax 756 nm, an increase 

of ca. 100 nm, from 646 nm, for Cy5 4-13. Hexamethylindotricarbocyanineiodide 

(HITCI),193  4-14, is commercially available molecule It is typically used as a fluorophore for 

a laser dye, and is marketed for its ability to be used in pulsed or continuous wave operation 

and is tuneable at around 840-860 nm. 

 

 
 

4-10 

4-11 

4-9 
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Figure 4-3   Cyanine Homologous Series 4-12 and target Cyanine 4-13 

 

 

There are many instances of the synthesis of Cy7 dyes directly from the 3-8b (3-8, R=H) in 

the literature194–198 but far fewer involving substituted Cy5 molecules as synthesised in 

Chapter 3. The synthetic route utilizes the conjugate addition of an indole to each end of 

the methine chain to form the Cy7 with the aniline as the leaving group. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4-3   Conjugate Addition of Cy5 3-8 to form Cy7 4-16 

 

 

3-8 

3-1 

4-14 

4-13 

4-12 

4-15 

4-16 
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4.4  First patented route to Indocyanine Green 4-1 

Heseltine and Brooker199 working at Kodak, devised a synthesis which begins with heating 

1,4-butane sultone 4-17. with 1,1,2,3-tetramethylbenzo[e]indol-3-ium 4-18, under reflux 

for two hours to form a quaternary salt 4-19. This was subsequently treated with the Cy5 

3-8b, also known as glutaconicaldehyde dianilide hydrochloride in equimolar quantity, and 

finely powdered fused sodium acetate was added and boiling acetic anhydride 4-20. The 

reaction mixture was heated for twenty minutes under reflux, to give 4-21. It was then 

poured into a cold water solution (1 L) containing sodium iodide (10 g). The crude dye was 

filtered and washed on the filter with water. Hot acetone was then added to dissolve the 

crude product, which was filtered again, and the filtrate was treated with more sodium 

iodide (10 g). 

 

After chilling overnight, the iodide 4-1 6.5 g (41%) was collected on a filter and dried. The 

iodide salt was converted to the chloride using silver chloride. The yield of the conversion 

of the halide salts was 90%. 3-8b is also used as an intermediate in Kodak’s 1957 patented 

Scheme 4-5 to produce the Cy7 dye Indocyanine Green or ICG 4-1. 

  



110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4-4   Kodak’s synthesis of ICG  4-1 

The dye was used by Kodak primarily for photographic chemicals where silver salts were 

used for those purposes. The development of ICG 4-1 as a medical imaging dye was 

instigated by Irwin Fox at the Mayo Clinic who used it to study blood flow in cardiology 

3-8b 

4-1 

4-21 

4-19   4-20 

4-19               4-20  
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using dilutions of his version ‘FoxGreen’ 4-1. The Kodak patent reveals a multi-step 

synthesis requiring hours of heating and several purification steps. 

 

Efficiencies have been found since then including a very recent one-pot condensation 

reaction. 

 

 

 

 

 

 

 

Scheme 4-5   A one-step condensation reaction to ICG 4-1 

 

In 2021, Fang200 et al. were able to show an improved process for the conjugate 

nucleophilic addition of a heterocyclic cation to Cy5 3-8b to make ICG 4-1, in solution. This 

highly efficient reaction was reported to give greater than 95% purity and 92% yield. 

However, this is only the final step in the synthesis of ICG 4-1 and requires only 30 minutes 

under reflux. If the syntheses of 3-8b and its precursor, the Zincke Salt 1-1, were included 

in a complete scheme then the data reported for all the synthetic steps in solution, it gives 

an overall yield of 18.5% for ICG 4-1 with a total reaction time of 33 hours. The conjugate 

addition of indole-type compounds with suitable polymethines is well established and we 

shall consider this as a route to Cy7 dyes but without solvent and using VBM as a new 

methodology. A further consideration would be to assess the ring-closure of the Cy5 to its 

pyridinium salt, this is an undesirable outcome as we are looking to efficiently synthesis 

Cy7 4-14.   All the Cy5s that were formed in Chapter 3 were arrived at by the double 

substitution of the Zincke Salt 1-1. The successful synthesis of the Cy5 compounds put us 

in a good position to form Cy7 dyes. A survey of the literature gives many examples of 

syntheses of Cy7 from 3-8b. 149,151,161-162  Instances of the use of the substituted Cy5s 

however, were not found and we were interested to understand which of our Cy5 

compounds would give the greatest conversion to the targeted Cy7 dyes. 

 

4-1 

4-19 

3-8b 
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4.5  Route to Cy7 using substituted Cy5 3-8a-g 

We began the investigation with the Bromo Cy5, 3-8g, shown in Scheme 4-7.  In this first 

attempt, bromo Cy5 3-8g was added to two equivalents of the indole 4-14 and two 

equivalents of sodium acetate in a ZrO2 jar (25 mL) with two balls (15 mm Ø). They were 

oscillated together for 90 min at 30 Hz. The resulting maroon solid was dissolved in 

methanol and the target Cy7 compound was isolated by recrystallisation overnight, from 

diethyl ether at -20 °C to give very fine, vibrant green needles with a yield of 44%. 

 

 

Scheme 4-6   VBM of bromo Cy5 3-1g, 44% isolated yield Cy7 4-14 
 

 

Examination of the Cy7 1H NMR spectra shown in Figure 4-4 , showed similar features to 

that of the Cy5 molecules in that the -CH2 units give rise to poorly resolved signals. 

4-15 

4-14 

3-8g 

3-2g 
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Figure 4-4   1H NMR spectrum for Cy7, 4-14 

 

The central proton Ha is not well-defined but is a genuine triplet as it has C2 symmetry on 

the central carbon in the chain. The resonances for Hb and Hc also have poor resolution, 

but they are in non-symmetrical environments and the resulting signal should be a doublet 

of doublets with very small J values but in the spectrum, they appear to be triplets. To make 

this distinction they may be reported as ‘app t’ (meaning ‘apparent triplet’) and the J-

coupling constants should then be approximate to the same value of 12 Hz for these 

couplings. An interesting effect occurs when the methine protons are in an all trans 

environment where other processes can cause signal broadening in 1H NMR spectroscopic 

studies. The J-coupling values for cis 1H (7-8 Hz) and trans 1H (11-13.5 Hz) observed in both 

Cy5 and Cy7 molecules are consistent in those conformations, examples of both for 

prepared Cy5 and Cy7 are shown in Figure 4-5. This effect was noted by Rüttger et al. in 

relation to their studies of HITCI 4-27 and ICG 4-1.203 They report all methine protons have 

exclusively trans coupling constants (3Jtrans ≈ 13 Hz) attributed to two environments. 

 

4-14 
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Figure 4-5   Comparison of JHH of the methine protons in Cy5 3-8b and Cy7 4-14 

 

In spectrum A (for Cy5), the 1H NMR data, show values for JHH of the methine protons Ha’-

Hc’ 3-8b are 40-50% greater for than the protons in the aromatic systems Hd’-Hf’. Similarly 

in spectrum B (for Cy7), the values of JHH for Ha-Hd in 4-14 are 40-50% greater than He-Hh. 

The resonance for Ha is especially flat and while this is consistent with JHH values for cis and 

trans protons, a number of other issues can cause broadening in 1H NMR signals. For 

example, inhomogeneity of the sample solution from poor mixing or paramagnetic effects. 

For polymethines, the poor resolution of these peaks has been attributable to the typical 

dynamic equilibrium involving a low-populated second species (a cis isomer)204. The 

phenomenon was observed by Rüttger et al. where they found a weak (approximately 3% 

relative intensity of the cis isomer located between the H2-H3 bond in 4-14). Using multi-

temperature analyses of NOESY/EXSY spectra confirmed the signals assigned to an isomer 

with a cis confirmation of the H2-H3 bond. The signals showed interchange with that of the 

main (all-trans) isomer, this process has also been studied computationally by Abergel et 

al.205    

 

4-14 

3-8b 

A 

B 
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With the Cy7 successfully isolated from the first VBM of bromo Cy5 to Cy7 experiment, the 

process of identifying the remaining compounds that are present in the crude product mix 

is much simplified.  

 

Figure 4-6 shows the stacked 1H NMR spectra for (A) the indolium salt 4-15 starting 

material, (C) target Cy7 molecule 4-14 and these can be compared with (B) the crude 

product mix. The identification of the target product 4-14 and the conversion was 

quantified via the intensity of the signals. It is apparent from the aliphatic signals between 

1.00 and 4.00 ppm showed that the methyl groups on the indolium 4-15 (Me1 and, Me2) 

were not completely consumed and that the target Cy7 molecule 4-14 was present.  The 

percentage conversion was 61% as evidenced by the 1H NMR from which an isolated yield 

of 44% for the Cy7 4-14 was achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-6   Stacked 1H NMR spectra (aliphatic region) showing (A) indole 4-15 starting material, 
(B) the crude product mixture and (C) the target Cy7 molecule 4-14 using Bromo cy5 3-8g 

 

Of interest were the smaller of the signals at Me4 and Me5, which are 0.02 ppm upfield, 

integrated to a very similar ratios, (6:3.9) and (12:8.7) suggesting that another molecule is 

4-15 

Me2 

4-14 
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in the mixture. Unfortunately, we have insufficient information to draw any further 

conclusions from this data. Although there are at least four different molecules in the crude 

product mix, a 61% conversion to the target Cy7 molecule is a sufficiently sound result with 

which to proceed with a series of experiments for attempting all seven Cy5s to find the 

most efficient Cy5 to Cy7 transformation. 

 

4.6  Cy5 transformation to Cy7 in the VBM 

Each of our prepared Cy5 3-8a-g was added to 2 equivalents of Indolium salt 4-15 in a ZrO2 

jar (25 mL) with two ZrO2 balls (15 mm Ø) along with 2 equivalents of sodium acetate. The 

vessels were oscillated at 30 Hz for 60 minutes and each crude product mix was sampled 

and analysed using 1H NMR spectroscopy directly after the completed experiment, Scheme 

4-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 4-7   Reactions of Cy5 3-8a-g with the Indolinium salt 4-15 in the VBM 

 

Analyses of the 1H NMR spectra showed that reducing the reaction time from 90 to 60 

minutes had a deleterious effect on conversion, for the bromo Cy5 there was a 51% 

reduction in conversion. The decision to change from the exploratory 90 minute 

4-15 

3-1a-g 

4-14 

3-8a-g 

3-2a-g 
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experiment using Bromo Cy5 3-8g to 60 minutes for all seven cy5 compounds 3-8a-g was 

based on the most efficient method of completing each experiment and sampling their 

crudes within a workable timeframe. The conversions for this suite of experiments are 

shown in  

Table 4-1. 

 

 

 
Table 4-1   Percentage conversions for substituted Cy5 3-8a-g to Cy7 4-14 using VBM 

 

 

The poor conversion after 60 minutes oscillation time fits with the work on kinetics in the 

ball mill as described in James24 et al.’s work, Feedback Kinetics in Mechanochemistry: the 

Importance of Cohesive States. They describe the ‘snowball effect’, a phenomenon 

described as then the initial free-flowing powders in the reaction vessel dramatically 

changes to cohesive ‘rubber-like’ state encasing the ball. In their experiments they had 

observed that the reaction mixture returned to powder again with further oscillation. As 

this change cannot be witnessed through opaque reaction vessels, a change in the sound 

of the collisions in the mixer mill accompanies the change in the cohesive state of the 

reactants and their products. 

 

For all the experiments shown in Table 4-1 – each result after 60 minutes oscillation gave 

the encrusted ball as described in James’ paper, Figure 4-7 the result of the 3-8b reaction. 
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Figure 4-7   Cy5 3-8b reaction with Indole 4-15 after 60 minutes oscillation in the MM400 forms a 
sticky coating on the ZrO2 balls. 

 

Purification of a small sample of the same crude that gave us the first Cy7 4-14 was 

conducted using a silica flash column. The chromatogram had overlapping broad peaks 

which corresponds with observed streaky TLC plates, this was problematic for distinct 

separations and only a small quantity (ca. 40 mg) of colourless compound 3-2 that was 

clearly not Cy7 was isolated. This was sufficient quantity to analyse using 1H NMR 

spectroscopy, Figure 4-8. 

 

 

 

 

 

 

 

 

Figure 4-8   1H NMR of the isolated 4-bromophenyl pyridinium salt, 3-2 

 

Comparison of the 1H spectra and with the literature147 showed it to be consistent with N-

4-bromophenylpyridinium chloride molecule 3-2, the ring-closed product of the Zincke 

Reaction. Sodium acetate is also present in the spectra, verification was possible by 

addition of more sodium acetate to the sample in the NMR tube and observing an increased 

3-2g 
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integral for the signal. Assignment of another set of signals shown in Figure 4-8 are 

highlighted in red. This was possible by comparing with the 1H NMR spectra of bromoaniline 

3-1g. Bromoaniline was not a starting material in the reaction and its appearance in the 

crude product mixture indicates that it is the leaving group in this reaction. There is also a 

possible fourth, unknown molecule, as the remaining signals could not be assigned as they 

were not isolated. 

 

 

 

 

 

 

  

  

  

 

 

 
 
 
 
 

  
Figure 4-9   Assignment of the ring-closed product, the pyridinium salt 3-2g, from a 1H NMR 

spectroscopy analysis where   (A) 4-bromopyridinium salt 3-2g   (B) Crude product mixture  for  
Entry 4-4 c and  (C) bromoaniline 3-1g 

 

Calculating conversions in a crude 1H NMR spectra where only the target molecule and a 

leaving group appears is straight forward. The crudes for all the substituted Cy5 to Cy7 

reactions contained at least 4 species and so integrals from the known molecules were 

identified and their values normalised for ease of comparison. The appearance of small 

amounts (ca. 10%) of the closed ring product in the crude, requires further analysis of the 

mechanistic routes. This new reaction, taking the Cy5 3-8b which is an intermediate in the 

Zincke Reaction mechanism, to a closed ring product is understood. However, reacting it 

with an indolium salt 4-15 in a basic medium using sodium acetate sets up different 

3-2g 

3-1g 
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reaction conditions to the initial Cy5 experiments (mono-Zincke salt 1-1 and anilines 3-1a-

g). As discussed in Section 3-9 the ring-closing of the Cy5 intermediate is susceptible to 

acidic conditions. In this reaction, the presence of sodium acetate shifts the equilibrium 

between the different resonance forms of the intermediate, making it more favourable 

towards the ring-closing intermediate, and giving the pyridinium salt. 

 

 

4.7  From Zincke salts to Cy7 

Štacková’s findings164 - Approach to a Substituted Heptamethine Cyanine Chain by the Ring 

Opening of Zincke Salts (Section 3.7), Scheme 3-14 reproduced below. 

 

 
 

 

 

 

 

 

 

Scheme 3-14   Štacková et al. - Approach to a Substituted Heptamethine Cyanine Chain by 

the Ring Opening of Zincke Salts 

 

 

Our attempted syntheses of Cy7 4-14 from Cy5s 3-8a-g in the solid state completed, a new 

set of experiments to see which aniline would perform the best for ring-opening in the VBM 

was investigated. Again, bromoaniline 3-8g was chosen as the first experiment. 2 

equivalents of the mono-Zincke salt 1-1 were added to 1 equivalent of indolium salt 4-15 

in a ZrO2 jar (25 mL) with two ZrO2 balls (15 mm Ø) with 2 equivalents of sodium acetate. 

The vessels were oscillated at 30 Hz for 90 minutes and the crude product mix was sampled 

and analysed using 1H NMR spectroscopy directly after the completed experiment. 

 4-22                  4-23         4-24 
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Scheme 4-8   VBM of the Zincke Salt 1-1 with Indole 4-15 using Bromoaniline 3-1g as a catalyst 

 

 

Conveniently, as for all the previous examples, making a stack from the crude product mix 

and comparing it with the indole starting material and the target Cy7, the percentage 

conversion may be calculated. As before, the 1H NMR spectra of the crude product mixture, 

contained the signals for 4-14, Me1 and Me2 are reduced showing that it has been 

consumed relative to the appearance of the product signals Me4 and Me5. 

 

The Me3 signal is coincident with the water peak in the 1H NMR spectrum, this was verified 

using a HSQC experiment in NMR spectroscopy to check for couplings between the C and 

H atoms. A cross peak is seen at δ4.86 ppm and it was found to be consistent with the 

literature.206 The calculation for percentage conversion using the integrals shown give 66% 

for our target product.  
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Figure 4-10   VBM of indole and Zincke Salt 1-1 with Bromoaniline 3-1g as catalyst, Stacked 1H 
NMR spectra (aliphatic region) showing (A)  indolium salt 4-15 starting material, (B) the crude 

product mixture and (C) the target Cy7 molecule 4-14 

 

On further analysis of the crude product mixture 1H NMR spectrum, both signals Me4 and 

Me5 comprises two peaks separated by 0.02 ppm and are therefore have 1Hs that are in 

two different environments as they have different chemical shifts. The relative integrals for 

the Cy7 molecule 4-14 are 12 (Me4) and 5.9 (Me5), i.e 2:1. Interestingly, the signals that are 

0.02 ppm upfield of both, approximate to the same ratio 2.1:1.0 as shown in Figure 4-10. 

These integrals suggest that another, very similar, molecule(s) is in the crude mixture. 

When preparing crudes from the experiments for separation in a column, the markings 

obtained on the TLCs were streaky rather than discreet spots. After the column, this 

subsequently translated to mixtures of molecules appearing in each fraction as determined 

by their levels of UV-vis absorption from which the auto-column. The analyser is able to 

take readings and displays the data collected. Good separations of the Cy7 crude mixtures 

were a challenge, and there remains the puzzle about the unknown molecule(s). This result 

4-15 

4-14 
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gave cause to see how the mono Zincke Salt 1-1 would perform with different anilines. A 

series of new experiments for each aniline were undertaken. It was noted that Štacková 

had used six equivalents of sodium acetate for their studies in solution. For the VBM, it was 

of interest to see if doubling the amount of base, we had used previously (Schemes 4-7, 4-

8 and 4-10), to 4 equivalents for the series of experiments could improve upon the 49% 

conversion from our preliminary experiment shown in scheme 4-8. We had to restrict the 

base to 4 equivalents compared to Štacková’s using 6, because loading conditions were 

prescribed as one-third balls, one-third space and one-third space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4-9   VBM of the Zincke Salt 1-1 and indolium salt 4-15 with a selection of Anilines 3-1a-g 

 

As for the previous set of experiments, analysis of the 1H NMR spectra of the crude product 

mixture for each experiment facilitated rapid assessment of the conversion to the target 

Cy7 4-14 product. This is exemplified in Figure 4-11 which shows a stack of starting 

material, target product 4-14, and the crude product mix with aniline catalyst, 3-1a-g. 
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Figure 4-11   Assignment of methyl groups Me1 from the starting material Indole 4-15 and Me4 
from the target compound Cy7 4-14 in experiments using a range of substituted anilines 3-1a-g.  

1H NMR Spectra for (A) indole 4-15 then crude reaction mixtures (B) aniline 3-1b (C) 4-fluroaniline 
3-1e (D) p-tolyl aniline 3-1a (E) 4-phenoxyaniline 3-1d (F) p-aniso aniline 3-1c (G) 4-chloroaniline 

3-1f and (H) 4-bromoaniline 3-1g (I) Cy7, 4-14 
 

 

Percentage conversions are based on the signals Me1 of the indole, and Me4 on Cy7. The 

signal for Me1 at 1.6 ppm diminishes significantly in the NMR of the crude product in 

comparison with the signals in the series for each crude product mix in the NMR stack. A 

summary of the conversions is set out below. Interestingly, the doubling of the sodium 

acetate from 2 to 4 equivalents for this suite of experiments shows that for the 

bromoaniline catalyst, conversion increased from 49% to 67%. 
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Table 4-2  (top)% Conversion by 1H NMR spectroscopy from the Zincke salt 1-1 to Cy7 4-14 with 

aniline substituted aniline catalyst 3-1a-g 

 

A plot of each aniline against its calculated pKa value gives a correlation that shows a ‘bump’ 

which gives the pattern of reactivity of the variously substituted anilines, peaking between 

3.5 and 5.2 for this series of experiments. All the Zincke Salt 1-1 starting material gave 

moderate to good conversion to the targeted cy7 4-14 residues depending on the 

catalyst/aniline. It is apparent that the ‘tipping point’ value for the pKa should be no greater 

than 4.70, the point in the chart when the percentage conversion dips below 60% as seen 

in Figure 4-12. However, it is noted that the differences in conversion are small. 

 

Figure 4-12   Plot of Aniline pKa vs percentage conversion  

 

To summarise, in Chapter 3, the formation of seven Cy5, 3-8a-g compounds using VBM 

gave excellent yields for all anilines (63 - 98+%). The Cy5s 3-8a-g were then used to 

a Me 4.99 60 57

b H 4.64 60 75

c OMe 5.11 60 53

d OPh 4.36 60 73

e F 3.80 60 67

f Cl 3.49 60 65

g Br 3.83 60 66

Calc.     

p Ka
R =

Aniline 25 mL ZrO2 Jars

% conv.  

a - d

Time 

milled 

(min)
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investigate as a route to Cy7 4-14 using VBM. To find the best Cy5 for conversion, 1 

equivalent of the Cy5 3-8a-g salt were added to 2 equivalents of indolium salt 4-15 in a ZrO2 

jar (25 mL) with two ZrO2 balls (15 mm Ø) and oscillated at 30 Hz for 60 minutes using 2 

equivalents of NaOAc. These experiments showed decidedly poor conversions (0-30%) to 

the target Cy7 molecule 4-14 with a strong possibility that these experiments needed more 

time in the VBM, 90-120 min rather than 60 min. 

 

A new set of experiments in VBM were conducted to find the best aniline to convert the 

Zincke salt 1-1 into the targeted Cy7 4-14. The reaction conditions were 1 equivalent of the 

mono-Zincke salt 1-1 added to 2 equivalents of indolium salt 4-15 in a ZrO2 jar (25 mL) with 

two ZrO2 balls (15 mm Ø) and oscillated at 30 Hz for 60 minutes using 4 equivalents of 

NaOAc. This gave a contrasting table of conversions which ranged between 51-71% for 

conversions. A plot of conversion against pKa indicated potential candidates for the scale-

up of this reaction. Maximising the amount of reactive reagent in the mixer mill was 

preferred over optimising for the amount of base due to the limited volume/space available 

in the reaction vessel. Study of the stacked 1H NMR spectra shows that although all the 

indole and starting material are consumed as evidenced by their absence from the crude 

product mix in the 1H NMR spectra, it had not been used up to form the Cy7 product 4-14.  

 

The final selection of aniline would be down to the physical state at room temperature – a 

solid is preferred over liquid aniline for ease of processing and practicality. Another 

consideration is the melting point of the aniline used (cf heat and stir experiments in 

Chapter 2). A low melting point solid would be advantageous in the ball mill because 

without the ability to use conductive heat, the collisions in the ball mill help to generate 

sufficient thermal energy for melting. The more liquid the mixture becomes; the better 

conditions are for it to become homogenised. In combination these help improve 

conversion to the desired product. Therefore, the best aniline, with a melting point of 60-

64°C for this process, is bromoaniline 3-1g. 
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4.8  Scale-Up of the Zincke to Cy7 in the Planetary Ball Mill 

The two sets of experiments were intended to inform the best conditions for a scaled-up 

reaction in a Planetary Ball Mill (PBM). The four highest yielding anilines from the data in 

Table 4-2 are aniline 3-1b, 4-phenoxyaniline 3-1d, 4-bromoaniline 3-1g and 4-fluoroaniline 

3-1e. We discounted both the aniline 3-1b and the fluoroaniline 3-1e as both are liquid at 

room temperature. Bromoaniline 3-1g is a solid at room temperature and is preferred over 

the phenoxyaniline 3-1d as it is more efficient from the ‘atom economy’ point of view but 

is also costs ca. 40% of the price, this makes it the greener and cheaper of the two 

remaining options. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Scheme 4-10   Reaction scheme for the PBM of heptamethine Cy7 4-14 from Zincke salt 1-1 and 
Indolium salt 4-15 

 

 

With an increased volume of the reaction vessel to 125 mL, using a stainless steel jar, this 

meant that the ball charge could be greater. In the event we used a mixture of sizes of steel 

4-15 1-1 

4-14 

2-3 
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balls and used the recommended 1:1:1 ratio for balls: space: reagents for optimum milling 

conditions. Reaction monitoring by sampling the 1H NMR was conducted every 20 minutes 

with a total milling time was 60 minutes. The resulting crude mixture bore no resemblance 

to the pale or colourless powders prior to the PBM experiment, Figure 4-13. 

 

 

 

 

 

 

 

                    

 

 

 

 
 

Figure 4-13    Top: the starting reagents Bromoaniline 3-1g, sodium acetate, Zincke salt 1-1 – the 
indole is in the jar at the rear – it is a pale pink crystalline solid. Bottom: (L) The 125 mL Stainless 

Steel PBM and milling balls and (R) the crude reaction mixture after 60 minutes in the PBM 

 

 

As for all previous experiments to synthesise Cy7 4-14, a stack of 1H NMR spectra of the 

starting material 4-15 the sampled crude product mix, and the target Cy7 4-14 molecule, is 

shown in Figure 4-14.  

bromoaniline 3-1g       sodium acetate     Zincke salt 1-1 
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Figure 4-14   Stacked 1H NMR spectra for sampled crude from PM100 to make Cy7 where (A) 
indole starting material, 4-15 (B) Crude product mixture at  T = 20 min (C) Crude product mixture 

at  T = 40 min (D) Crude product mixture at  = 60 min (E) Isolated Cy7, 4-14 

 

The percentage conversions were calculated and showed that over a third of the indole had 

been consumed (38%) within the first 20 min of planetary rotation. After a further 20 min 

conversion crept to 39% and the experiment was halted after 60 minutes with a final 

conversion of 43%. We understand from studies into the reaction kinetics in the ball mill, 

that stopping the experiment for reaction monitoring purposes interferes with the progress 

of the reaction. The inevitable cooling that occurs when heat-generating collisions are 

interrupted, means that when the reaction is re-activated for the next 20 minutes, the 

temperature in the vessel will not have been a continuation from the point at which the 

experiment was paused. Nevertheless, the next 20 minutes sees an increase in conversion, 

but just by 1%. It was also noted that using stainless steel equipment with the mono-Zincke 

compound 1-1 did not give the same problems as the di-Zincke salt 1-2 with 1H NMR 

spectroscopy analysis (Section 2-2). The spectra from the sampled were well-resolved with 

none of the broadened resonances as was seen with the viologens. This was good news for 

4-14 

4-15 
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future experiments in scale up using extrusion methods as extruders are often equipped 

with steel components, and so the knowledge that this would not be a handicap for this 

reaction was a useful outcome. Examination of the stacked 1H NMR spectrum of the crude 

mixture (A) reveal the main products are the target Cy7 4-15 molecule but there is also the 

expected leaving group, dinitroaniline 2-3 and negligible if any amounts of the closed-ring 

side-product spectrum (B), Figure 4-15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-15   Stacked 1H NMR spectra for (A) crude product of Zincke salt 1-1 with indolium salt 4-

15 after 60 min in the PM100 (B) the closed ring bromopyridinium salt 3-2g 

 

 

This 1H NMR spectroscopic result is consistent with the previous two series of experiments 

with the scale-up. Purification was achieved by dissolving the crude product mixture in 

methanol and recrystallising from diethyl ether over 1 week. Upon filtering and washing 

the solid with distilled water a glittery red solid was recovered, (6.85 g, 35% yield), as shown 

in Figure 4-16 (a) and (b). A second crop of larger crystals formed in the filtrate which had 

been left to precipitate out giving ca. 2mm long crystals, Figure 4-16 (c) 

  

3-2g 

2-3 
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Figure 4-16   Filtration of the opaque green mixture gave a red glitter 4-14.2-3. 

 

We had expected to see intensely green needles of the Cy7 4-14 as was isolated previously 

(Section 4-3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 4-17   The 1H NMR of the red cocrystal and the assignments of the two molecules present. 

 

 

A sample of red crystal dissolved in deuterated methanol for 1H NMR spectroscopy analysis 

gave a deep green solution. Analysis of the 1H NMR spectra revealed a second set of signals 

4-14 

2-3 

(a)                                   (b)                                                    (c) 
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belonging to the leaving group dinitroaniline 2-3 in equal intensity to the Cy7 molecule 4-

14, shown in Figure 4-17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-18   Stacked 1H NMR spectra (A) of Cy7 4-14 (B) cocrystal Cy7 4-14 and dinitroaniline 2-3 
(C) dinitroaniline 2-3 

 

 

The 1H NMR spectrum, once fully assigned, showed equal amounts of our target Cy7 4-14 

but also the leaving group, dinitroaniline 2-3 – there was a strong possibility that a cocrystal 

of the two molecules had formed, Figure 4-18. Further identification came from an X-Ray 

crystal structure showing the electron-deficient dinitroaniline positioned adjacent to the 

electron-rich environment of the polymethine chain. Another interesting feature shown in 

the structure is that the indoles on either end of the polymethine are not lying in the same 

plane and it is a very twisted molecule with the dinitroaniline. The shortest distance 

between the two molecules is 3.4 ångstrom, there are 4 cocrystals per unit cell which are 

packed in a classic herringbone with a calculated point group P2(1)/n, giving us the 

monoclinic crystals that are observed in our sample. 

 

2-3

4-14 
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Figure 4-19   X-Ray Crystal Structure of the Cocrystal Cy7:Dinitroaniline 

 

 

 

 

 

 

 

 

 

 

 

(plane a)                                                               (plane b) 

Figure 4-20   Crystal packing of the cocrystal seen in planes (a), and (b) 

 

 

4.9  Twin screw extrusion of Cy7 4-14 

In Section 4-8 we established that the scale-up of the synthesis of Cy7 4-14 in a PBM is 

possible, with an additional aspect of cocrystal formation with the leaving group. There is 

also the prospect for taking the synthesis of Cy7 4-14 forward, for the first time using 

continuous synthesis in the form of twin screw extrusion. Unlike the limitations in VBM due 
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to volume considerations of reagents, balls, and space, it was now possible to use 

combinations of quantities that could be optimised for the synthesis. Scheme 4-13 forms 

the basis for experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4-11   Twin screw extrusion of the Zincke salt with indole 

 

The starting materials for making Cy7 4-14 were sent to ThermoFisher in Germany who 

performed experiments using their Twin Screw Extruder, the Process 11. The functionality 

of the instrument includes the ability to change variables such as temperature and the 

torque applied by the screws. A selection of conditions was suggested for each of the seven 

runs. After a few weeks they returned all the extruded samples of the crude products for 

analysis. 

  

1-1 

4-15 

4-14 

2-3 
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Figure 4-21   Percentage conversion using signals Me4 and Me1 for Twin Screw Extrusion 
Experiments using 1H NMR spectroscopy where spectra (A) indolium salt 4-15 and the Twin Screw 

extruded crude products for Entries 1-7  (B)-(H), (I) the isolated target molecule Cy7 4-14. 

 

 

1H NMRs were taken for each sample to see which set of conditions worked best in the 

extruder.  As with all the previous conversions calculated, the signals used to calculate 

conversion were 4-15 Me1 from the starting material and Cy7 4-14 Me4 of the target 

molecule. 

 

There were resonances that could not be assigned in each spectrum for an unknown 

molecule which is present in sizeable quantities. 

 

 

4-14 

4-15 
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* on Entry 7 in the table denotes reduced amount of sodium acetate used in experiment. 

Table 4-3   Extruder conditions and the percentage conversions to 4-14 for each. 

 

The result from the table shows that all combinations achieved over 50% conversion, but 

we cannot meaningfully compare each experiment against the other as there were four 

different variables of which two were changed for each experiment. However, here was 

sufficient evidence to conclude that the Zincke Salt 1-1 route to Cy7 4-14 with bromoaniline 

as a catalyst was feasible using extrusion as a methodology and we were very excited to 

use this result as a springboard to a synthesis of another Cy7 4-14 molecule, the imaging 

dye Indocyanine Green, 4-1. 

 

An important photophysical property of Cy7 dyes is its ability to fluoresce in the near 

infrared region (Section 4-2), experiments to help verify that synthesis from the mono-

Zincke salt had produced the Cy7 molecule were needed. This would give us confidence in 

proceeding to the next set of experiments: the continuous extrusion of Indocyanine Green 

4-1. 

 

4.10  UV-Vis and fluorescence studies of Cy7 

A set of UV-Vis measurements of Cy7 4-14 at various dilutions in methanol were taken 

which are in agreement with the findings in the literature.164 A fluorimetry analysis of the 

same sample gave a value of 29 nm for the Stokes Shift for the  Cy7 4-14, Figure 4-21. 

Entry  Barrel temp. 
(°C) 

RPM  Torque 
(%) 

Feed Rate 
[g/h] 

Conv.   
Me1- Me4 

(%) 

1 40 100 13 200 51 

2 70 100 5 200 56 

3 120 100 3 200 57 

4 120 100 4 500 59 

5 120 400 5 500 58 

6 25 100 48 200 67 

7* 70 200 31 500 63 
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Figure 4-22   (Top) UV-Vis absorption spectra for 4-14 and (bottom) measurement of the Stokes shift 
fuorimetry for Cy7 4-14 

 

 

While this UV-Vis study on the molecule gives further veracity to the synthesis of Cy7 

accessed via the mono-Zincke salt, further interesting work conducted by Štacková et al.207  

showed the effect of EDG and EWG on the methine chain, Figure 4-24. A single substitution 

on the polymethine chain (R1-3) enabled the modulation of absorption maxima in the range 

of 693−805 nm. They also discovered that photophysical properties that the quantum 

yields of singlet-oxygen formation (1O2, ΦΔ), decomposition (Φdec), and fluorescence ΦF or 

affinity to singlet oxygen Φ, were within 2−3 orders of magnitude. 
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Figure 4-23   UV-Vis Investigation by Štacková et al. ‘Deciphering the Structure−Property 

Relations in Substituted Heptamethine Cyanines,’ figure from207 

 

In order to calculate the rate bimolecular rate constant, they used Rose Bengal dye (4-16) 

as an auxiliary 1O2 generator to determine the bimolecular rate constant (kR) of the reaction 

of cyanines and assessed the effects of individual substituents. Surprisingly, they found the 

same substituent occupying different positions on the chain often had distinctly a 

contradictory effect. 

 

 

They concluded that the design of Cy7-based dyes for applications would be dependent on 

the type and position of the substituent. Using their experimental results alongside 

quantum-chemical calculations helps build an understanding the structure−property 

relationship and help to develop cyanines useful for applications in fluorescent probes and 

sensors such as singlet-oxygen detection and PDT.  

 
 

4-25 
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4.11  Conclusion 

In Chapter 4 we have examined the synthesis of a Cy7 molecule 4-14 by reacting the 

indolium salt 4-15 with the mono-Zincke salt 1-1 in the solid state, initially with VBM and 

then scaling up to PBM. With both methods giving conversions up to 73% and 43% 

respectively, to our target molecule. Samples of all the starting reagents, the mono-Zincke 

salt 1-1, bromoaniline 3-8g, indolium salt 4-15, and sodium acetate, were sent for 

exploratory experiments using a twin screw extruder (TSE) at a facility in Germany using 

ThermoFisher’s Process 11. These experiments confirmed that the reaction can proceed 

via extrusion with conversions ranging from 51-67% were seen via analysis of 1H NMR 

spectroscopy of the seven extruded samples that were returned to us. This combined 

evidence supported our proposal to produce the very useful NIR imaging dye, ICG 4-1 using 

the solvent-free, continuous, reactive extrusion, which is discussed in Chapter 5.  
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5. Indocyanine Green: a new process for synthesis by SSE 

 

We have demonstrated the successful synthesis of a Cy7 molecule using the mono-Zincke 

salt 1-1 as precursor for the conjugate addition by an indolium salt, with sodium acetate 

and seven different aniline catalysts. Evidence that the reaction is viable in the solid state 

using both VBM (Section 4-5) and TSE (Section 4-8) has also been established. One of the 

more useful Cy7 dyes that is in current mass production is Indocyanine Green or ICG 4-1, 

(Figure 5-1) and the patent literature shows that its manufacture is currently based on 

synthetic methods in solution. The global market for ICG is predicted to grow to US$64 M  

by 2028208 and is therefore a useful target molecule for a solid state methodology based 

on our findings. 

 

5.1 Background of Indocyanine Green (ICG) 4-1 

ICG 4-1 was one of a number of dyes – initially developed for photographic use – presented 

to a cardiologist, Irwin Fox, at the Mayo Clinic from a grateful patient who was in the 

employ of the Eastman Kodak Laboratories.199 Fox went on to develop the dye, testing it in 

circulatory-dilution experiments, and named the compound ‘Cardio- or Fox Green’, 4-1.209 

In 1960, Kodak filed another patent establishing indocyanine green as a fluorescent imaging 

dye199 used for surgical imaging210 applications. ICG 4-1 along with Methylene Blue 5-1 

remain to date the only two Near Infrared (NIR) fluorescent dyes approved by the FDA for 

clinical use.211  

 

 

 

 

  

 

 

Figure 5-1   The structures of ICG 4-1 and MB 5-1 

Common to both structures of ICG, 4-1 and methylene blue, MB 5-1 are their extended 

systems of π-conjugation. This enables them to absorb higher energy radiation and through 

4-1 5-1 
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a series of energy transfer mechanisms within their electronic states, to then emit lower 

energy radiation. Stokes observed this phenomenon when ultra-violet light was shone onto 

the mineral fluorspar in 1852, and gave it the term fluorescence.212 

 

5.2 Photophysical properties of fluorophores ICG 4.1 and MB 5.1 

Of particular importance for applications of imaging dyes is their Quantum Yield (Φ), which 

is the value given to the number of times a specific event occurs per photon absorbed by 

the system in a radiation-induced process. For ICG 4-1 – Φ is 9.3% compared with MB 5-1’s 

3.8% - these dyes, while having low a percentage values, are considered to exhibit sufficient 

fluorescent properties to be useful in vivo. 

 

 

 

 

 

Table 5-1   Photophysical properties213 for ICG 4-1 and MB 5-1 

 

Comparison of their other photophysical properties shown in Table 5-1 show that 

Methylene Blue 5-1 is inferior to ICG 4-1 in categories relating to its utility as an imaging 

dye and thus limiting its use as a contrasting agent for imaging applications. Values quoted 

for the Quenching Threshold (µM) show that MB 5-1 is 50% that of ICG 4-1. An emission 

peak at 822 nm for ICG 4-1 is 132 nm longer wavelength than MB 5-1 meaning it is lower 

energy which places it in the NIR region of the electromagnetic spectrum. MB 5-1 at 690 

nm falls into the IR region and has more energetic waves of higher frequency. Finally, the 

extinction coefficient for ICG 4-1 is 63% greater than MB 5-1 – this is the characteristic 

which measures how strongly the substance absorbs radiation at peak wavelength – a 

requirement for imaging applications. 

 

Fluorescence spectroscopy (also known as fluorimetry) is the analysis of a type of 

electromagnetic spectroscopy measuring the degree of absorbance when an incident beam 

of light (usually ultraviolet) which excites the electrons in the sample then causes it to emit 

Molecule ICG 4-1 MB 5-1 

Excitation Peak (nm) 807 670 

Extinction Coefficient (M-1cm-1) 121000 71200 

Emission Peak (nm) 822 690 

Quenching Threshold (µM) 20 10 

Quantum Yield, Φ (%) 9.3 3.8 
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light typically, but not exclusively, visible light.  Figure 5-1 shows the spectra that has been 

reported from a FLARETM imaging system213 using samples comprised of 5 ϻM MB 5-1 and 

2.5 ϻM ICG 4-1. This gives profiles as shown where the relative fluorescence profiles of ICG 

4-1 and MB 5-1 may be compared. ICG 4-1 absorbs and fluoresces with approximately 90% 

more intensity; with concentration of samples being on a linear scale, the ICG 4-1 sample 

shown is half the concentration of the MB 5-1 sample. In practicality terms, not only does 

this make the ICG 4-1 dye more easily seen, it emits photons at longer wavelengths, 750-

900 nm versus MB’s 5-1, 620-750 nm which means it is visible through greater depths of 

tissue. Both these attributes make ICG 4-1 a better candidate for biological imaging than 

MB 5-1. 

 
 

Figure 5-2   The absorption and emission profiles of indocyanine green 4-1 and methylene blue 5-
1, taken from213  

 

 

One useful feature is the difference in the maxima of the absorption and emission spectra 

of a molecule; it can be measured as the wavelength difference between the spectral 

maxima of the absorption (~780 nm) and the emission (~830 nm) curves as depicted in 

Figure 5-2.  It would be advantageous to maximise the value of Δλ because this counteracts 

molecular self-quenching. 

 

The larger the value of Δλ, the more internal conversions and vibrational relaxation become 

possible, and these are the energy transfers that are required in the molecule in order for 

it to fluoresce. While this may be possible by designing a molecule to satisfying these 

criteria, when looking to use the probe in vivo, for example, it would need many other 
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attributes to be serviceable such as non-toxicity, photostability, and specificity to the target 

function, to name but three. Finding a molecular probe for a specific target, therefore, 

presents significant technical challenges.214,215 While outside the scope of this thesis, it is a 

very topical issue in that testing for specific viruses and their mutations is in continual 

development with Covid-19 pandemic. For example the WHO document216 bringing 

together shared knowledge shows that a commonly used reporter dye (the fluorophore) 6-

carboxyfluoroscein (FAM), 5-2, is covalently bonded with TaqMan, an oligonucleotide, at 

one end and a quencher at the other. This is the basis of the Polymerase Chain Reaction 

and is how PCR tests identifies the virus in an infected person. 

 

 

 

 

 

 

 

 
Figure 5-3   6-carboxyfluoroscein (FAM), 5-2 

 

The combination of absorbance and fluorescence of a dye and its interactions with the 

biological mediums present has direct impact on the utility of the dye. This range is known 

as the ‘optical’ or ‘tissue’ window, Figure 5-5.  

 

 

 

 

 

 

 

  
Figure 5-4   The ‘Optical Window’ – wavelengths where absorbance is lowest making imaging 

possible © [2007] IEEE, picture taken from217   

5-2 
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The emission spectral properties of ICG sits squarely within what is termed the NIR window 

– the region of the electromagnetic spectrum where wavelengths are between 700-900 

nm, as seen in Figure 5-5 (L) where ICG’s 4-1 emission profile is shown in red. Most 

biological tissues are relatively transparent to light in the range 700-900 nm, this makes ICG 

currently the most widely used NIR dye for surgical imaging. For the purposes of 

applications of this kind, where there are limited range of wavelengths. 

 

The ‘optical window’ in Figure 4 shows the absorbance of the main constituents of human 

tissue: water, oxygenated haemoglobin (Oxy-Hb) and de-oxygenated haemoglobin (Deoxy-

Hb). The window is where the absorbance is lowest – this allows light to penetrate the 

tissue and facilitate imaging. Molecular oxygen is an example of a molecule that can very 

efficiently quench fluorescence of a molecule. This is because O2, unusually, has a triplet 

ground state, Figure 5-5 gives the molecular orbital arrangement of electrons in molecular 

oxygen were (A) shows the complete scheme for the O2 molecule and (B) illustrates the p 

orbitals only and the two possible excited states (second and triplet) with the arrangement 

of the unpaired electrons in each orbital shown with red arrows. 

 

       

     (A)       (B) 

 
 

Figure 5-5   Energy diagrams for the different excited states of oxygen 
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Methylene blue 5-2 also has the fluorescent quenching effect of oxygen and can be useful 

for diagnostic purposes. For example, methylene blue may be used as a probe for the 

intracellular, excited singlet state oxygen, 1O2, in Photodynamic Therapy.218 When ICG 4-1 

reacts with singlet oxygen, it decomposes and its absorption capability at 780 nm decreases 

with laser irradiation.219–221 The presence of singlet oxygen in the biological context signals 

the mediation of cell death and therefore is important for tumour diagnostics and is 

intensively investigated.222–225 

 

 

5.3 Patented synthetic routes to ICG 4-1 

There are many syntheses of ICG 4-1 in solution available in the academic literature but 

also a number that are patent protected by their inventors. Figure 5-6 is a plot showing the 

number of patents as a function of year since 2002 for ICG 4-1 provided by the University’s 

IP department. 

 

 The explanatory notes accompanying it state: This chart shows the number of grants or 

issued patents resulting from applications filed in the same year. This is helpful for 

understanding the rate of applications over a period, whether the technology is recent, or 

whether it is heading towards stagnancy. The grant rate is useful to understand the date 

from which the technology protection is established and the rate of successful applications 

over a period. Blue represents the application trend and green represents the trend of issued 

patents resulting from applications of the same year. Example: if a 2012 patent application 

is issued in 2014, the issued patents will appear in 2012 in green. 



146 

 

 

Figure 5-6   Patent search by the University of Sussex IP Department: Application and Issued Trend 

 

 

The disambiguation could suggest that patents filed and issued for the manufacture of ICG 

4-1 have a roughly 4-year cycle and in 2021, because there is time lag for this information, 

we do not know a percentage issued. However, it would not exceed the number of 

applications (shown in blue) and so we see a decreasing trend from 2016. One 

interpretation of this could be that improvements have reached their pinnacle of 

optimisation in solution and so new methodologies could be an opportunity to begin a new 

cycle of innovation. 

 

The differences in approach centres on the intermediate to produce ICG 4-1 in solution. In 

their 2016 patent filed by Dishman226 shown in Scheme 5-1, the Cy5 3-8b forms the 

polymethine chain with the anhydride 4-20 leading to an acyl amine 4-21 which is reacted 

with 4-19 to form 4-1. The sole difference between the Eastman Kodak patent of 1957 (see 

p. 105) and Dishman in 2016 (Scheme 5-1), is that Dishman were able to show that a good 

yield (80%) can be achieved through the conjugate addition of the acyl amine 4-21 in a 

single step whereas in the Kodak scheme, it was performed in 2 steps. 
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Scheme 5-1   Dishman scheme for their ICG 4-1 patent226 

 

The first patented use of the mono-Zincke salt 1-1 specifically, as a precursor for ICG 4-1 

was filed by Biophore227 in 2019. 

3-8b 4-20 

4-21 

4-1 

4-17 4-18 

4-19 
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Scheme 5-2   Biophore India patent227 for making ICG 4-1 with the mono-Zincke salt 1-1 as a 
precursor 

 

In the Dishman patent Scheme 5-1, the Cy5 3-8b does make an appearance but there is no 

indication as to its provenance in the patent and it is noted that glutaconic aldehyde 

1-1 3-1b 

3-8b 4-20 
4-19 

4-21 

4-1 
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dianilide hydrochloride 3-8b is widely available through a number of commercial vendors. 

A search on ReAxys gives several routes to Cy5 3-8b including its synthesis from the Zincke 

salt 1-1. Although we have shown the reaction is facile in VBM, it cannot be assumed this 

is the only route to this intermediate. The Biophore patent in Scheme 5-2, once again uses 

solvents throughout the multi-step process. The synthesis takes a total of 6.5 hours and 

temperatures up to 140 °C and four different steps to produce, by their calculation, a total 

linear yield of just 15% (calculation = 0.495 x 0.72 x 0.42 from the Biophore patent Scheme 

5-2). 

 

A potential improvement on these patented schemes is to react all the starting materials, 

the mono-Zincke salt 1-1, indolium sulfonate salt 4-19, bromoaniline 3-1g  and sodium 

acetate in one-pot to avoid purifications of the intermediate compounds as they can all be 

made in situ just as Štacková and co-workers did for their heptamethine dyes in solution as 

previously discussed (Section 4.4). The term telescoping synthesis228 is given to a sequential 

one-pot synthesis with reagents added to a reactor one at a time and without work-up. 

There are also cascade reactions which are sometimes referred to as domino or tandem 

reactions.229 This is when the final product has been arrived at through a series of 

consecutive reaction events. The process requires at least two sequential reactions where 

each reaction is a consequence of the chemical functionality formed in the previous step.230  

The synthesis of ICG 4-1 using reagents in one-pot  is therefore the obvious next step with 

the required starting materials being the mono-Zincke salt 1-1 and the naphthyl indolium 

sulfonate 4-19. 

 

5.4 Solvent-free synthesis of mono-Zincke salt 1-1 and the indolium salt 4-19 

The solvent-free syntheses of scalable and commercially available molecules are a major 

directive in this work, in both eliminating solvent  use altogether in their synthesis and, 

where this is not possible, use sustainable solvents preferentially. The objective for 

searching for solvent-free, scalable methods using ReAxys was to access multi-gram 

amounts of both starting materials that are required for the scale-up production of ICG 4-

1 by single screw extrusion.  
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These approaches were aided by starting material reagents pyridine 3-7, and 1,4-butane 

sultone 4-17 being liquids at RT, because for these reactions, the liquid reagent functions 

as both solvent and reagent.  Syntheses were conducted using 250 mL flask fitted with a 

FindenserTM - a condensing unit that is designed for heating under reflux without the need 

for coolant (usually a water jacket) and is another aspect of following the 12 Green 

Principles in chemical synthesis. 1-chloro-2,4-dinitrobenzene 1-38 were dissolved in 

equimolar quantity with hot pyridine 3-7 and stirred under reflux until the stirrer could no 

longer move due to the solid precipitate having been formed. 

 

Similarly, for the synthesis of the naphthyl indolium sulfonate starting material, 1,1,2-

Trimethyl-1H-benzo[e]indol 4-18 was heated with liquid 1,4-butane sultone, 4-17 under 

reflux for 30 minutes. Upon cooling, both the solids were stirred in acetone, filtered and 

washed with further acetone to give the mono-Zincke salt 1-1, a yellow solid (20.3 g, 97% 

yield) and 2,3,3-Trimethyl-1-(4-sulfobutyl)-indolium inner salt 4-19 as a lilac-coloured 

powder (18.3 g, 88% yield). The mono-Zincke salt 1-1 can be easily prepared without 

solvent141 and based on the success of this, the indolium salt 4-19 was also synthesised with 

no solvent, Scheme 5-3. 

 

Scheme 5-3 Solvent-free synthesis of the mono-Zincke salt 1-1 and the naphthyl sulfonate 4-19 

 

1-1 3-7 1-34 

4-19 4-17 4-18 



151 

 

5.5 VBM synthesis of ICG, 4-1 

 

With a large stock of starting materials to hand we could now investigate whether the ‘one-

pot’ synthesis of ICG, 4-1 was feasible. Two equivalents of the indolium salt 4-19 were 

added to 1 equivalent of the mono-Zincke 1-1 in a ZrO2 jar (25 mL) and oscillated together 

with 2 eq. of bromoaniline 3-1g and 4 eq. of sodium acetate for 2 h at 30 Hz. 

 

 

 

 

 

 

 

 

 

 

 
Scheme 5-4   Synthesis of ICG 4-1 in the VBM 

 

 

Of the four reagents that were used in the Twin Screw Experiment, the indolium sulfonate 

salt 4-19 is analogous to the indolium iodide  4-14. The other three reagents, the 

bromoaniline, the Zincke salt 1-1 and sodium acetate are identical. After completion of the 

experiment, the reaction vessel was opened to reveal a vivid green product encasing the 

ZrO2 balls (Scheme 5-4). A sample of this crude was taken and analysed using 1H NMR 

spectroscopy and compared with the spectra of the starting materials and leaving group 

Figure 5-7. 

  

4-1 1-1 4-19 

3-1g 

5-5 
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Figure 5-7   1H NMR spectroscopy spectra for (A) the crude product mixture with methine protons 
highlighted (B) the mono-Zincke salt 1-1, with a methine proton highlighted (C) bromoaniline 3-1g 

catalyst and, (D)  4-19 with a methyl proton highlighted 

 

The data presented in Figure 5-7, shows 100% conversion of both the mono-Zincke salt 1-

1 and the indolium sulfate salt 4-19 as neither are evident in the spectrum of the crude 

product mixture (A). The lack of starting material in the crude spectrum is highlighted by 

the proton (blue) from the mono-Zincke salt 1-1 (spectrum B) becoming part of the leaving 

group, dinitroaniline 2-3 in spectrum (A), which results in an upfield chemical shift of 0.5 

ppm. It can also be seen that the resonances for the bromoaniline 3-1g catalyst spectrum 

(C) appear in the same position in the crude mixture with the grey and yellow highlights. 

Charting the changes in the 1H signals of the starting material, indolium salt 4-19, and 

comparing its signals in spectrum (D) with the crude product mixture (A) shows that it had 

all been converted to the target molecule because the methyl 1H signal, highlighted in 

1-1 

3-1g 

4-19 

4-1 

2-3 
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purple does not appear in the spectrum (A). From the same starting material, the 1H 

highlighted in green, shows a methine 1H with a triplet signal appearing in the crude 

product mix with a close to identical chemical shift value. Also new in the crude spectrum 

(A) is the proton highlighted in pink, which is a doublet, this corresponds with the methine 

on the chain with just one neighbouring proton. 

 

In VBM there are no means by which to control temperature through external, conductive 

heating when using the Retsch MM400, as discussed in previously (section 1-7). Any heat 

generated would be through impacts and collisions inside the reaction vessel. The options 

for varying these are to change the frequency of oscillation with the maximum possible 

being 30 Hz. The other changeable variable is the size and number of milling balls. In this 

experiment we were using the maximum number and size of ball possible (2 x 15 mm Ø) 

for a ZrO2 (25 mL) jar. The oscillation time was 120 min because we had seen that a longer 

experiment in VBM gives more conversion of starting material to desired product. 

 

Attempts for the purification of ICG 4-1, VBM product was through using a published 

method by Dishman.226 It involved dissolving the crude226 product in warm de-mineralised 

water, followed by the addition of acetone and heating the whole to reflux for an hour. The 

solution was allowed to cool and was stirred for up to 12 h then filtered and washed with 

more acetone. 1H NMR spectroscopy was used to establish the condition of the purified 

sample. This process was repeated three times and the 1H NMR spectra of the final sample 

is shown in Figure 5-8 where, disappointingly, sodium acetate (highlighted in yellow δ 1.88 

ppm) was present 1.5% by weight, in the sample after four cycles of recrystallisation. 

 

While the removal of sodium acetate from the crude product was unsuccessful, we had 

established that the solid state synthesis of ICG 4-1 in VBM is possible and the transfer to 

larger scale with these starting materials was a viable proposition. In addition, minimising 

the use of solvent or using sustainable alternatives as per the 12 Green Principles, meant 

trying to restrict the types of solvent we use to water, acetone and methanol also became 

an objective. 
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Figure 5-8   1H NMR spectrum of (A) sodium acetate, 5-5 and (B) four times recrystallised ICG 4-1 
from water and acetone 

 

ICG 4-1 has within its structure several distinguishable types of proton, namely cis- (purple 

in Figure 5-8) and trans-methine (pink), methylene (green) and methyl (blue) giving rise to 

different coupling constants depending on vicinal or geminal protons and their stereo-

specific environments. These are indicated with colour-coding in Figure 5-8 and the J 

values, where they apply, are within expected range to the nearest 0.5 Hz. 

 

The successful synthesis of ICG 4-1 in VBM gave impetus to attempt this reaction using 

continuous extrusion methodology. We have large stocks of the starting materials for ICG 

4-1 and a better understanding of solid state synthesis. It would therefore be advantageous 

to understand how the components of this cascade reaction fit together so that we can use 

this knowledge to perfect the procedure and quantities required. The next experiments 

were to see how the bromoaniline catalyst and the conjugate base, sodium acetate, 

participate in the reaction to form ICG 4-1 from the indolium salt 4-19 and the Zincke salt 

1-1. 

5-3 

Methine cis H, J = 8.5 Hz 

Methine trans H, J = 15 Hz 

Methylene, -CH2, H, vicinal J = 7.5 Hz 

Methyl, -CH3, H 
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5.6 Understanding the role of sodium acetate 5-5 in the synthesis of ICG 4-1 

In Chapter 3, we saw that the transformation from Cy5 to Cy7 in VBM produced poor 

conversions after 60 minutes of milling time compared with using the mono-Zincke salt 1-

1 with an aniline catalyst (Section 4-5). In both sets of experiments, sodium acetate 5-5 was 

used but its role as a deprotonating agent was not obvious because anilines are also able 

to perform nucleophilic addition as the first step in the Zincke reaction mechanism (Scheme 

1-21). If this could be separately identified, then we would have a better understanding of 

the reaction mechanism for the synthesis of ICG 4-1. 

 

Investigations into whether ICG 4-1 could be synthesised in VBM also included attempts 

without aniline. We used the same conditions, zirconium oxide jars and balls and oscillation 

times of 2 h, as we had for the successful VBM experiment. A series of three experiments 

which included increasing amounts of sodium acetate (2.5, 5.0 and 7.5 eq.) added to the 

mono-Zincke salt  1-1 and the indolium salt  4-19 as shown in Scheme 5-5. 

 

 

 

 

 

 

 

 

 
 

Scheme 5-5   VBM of mono-Zincke salt 1-1 with naphthyl indole sulfonate 4-19 

 

Using 1H NMR spectroscopy to analyse conversion to ICG 4-1 in Figure 5-9, we found 

percentage conversions for 2.5 / 5.0 / and 7.5 eq. to be 21, 38 and 40 respectively. 

  

4-19 1-1 4-1 

5-5 
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Figure 5-9   Sodium acetate optimisation for ICG Synthesis by VBM – stacked 1H spectra of (A) 

isolated ICG 4-1 (B) VBM using 2.5 eq. NaOAc 5-5 (C) VBM using 5.0 eq. NaOAc 5-5  (D) VBM using 
7.5 eq. NaOAc 5-5 (E) starting material 4-19 

 

Surprisingly, ICG 4-1 is formed despite the absence of aniline, this tells us that the sodium 

acetate 5-5 may deprotonate the indolium salt 4-19 to form the indolene salt 5-6. The 

indolene  5-6 is able to perform conjugate addition at positions 2 and 6 on the N-pyridyl 

ring of the mono-Zincke salt 1-1 thus offering a new pathway to ring-opening that is distinct 

from the use of an aryl aniline as the nucleophile in the Zincke Reaction mechanism (see 

Scheme 1-21). 

 

 

 

 

 

 

4-19 

4-1 
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Figure 5-10   Suggested formation of sodium indolene 5-6 by deprotonation with sodium acetate 
5-5  

 

It can then perform another conjugate addition of the intermediate to give ICG, 4-1. The 

percentage conversions with sodium acetate 5-5 to ICG 4-1 were non-linear shown by an 

increase of only 2% conversion by 1H NMR spectroscopy analysis, when the addition of 

sodium acetate went from 5 eq. (38% conversion) to 7.5 eq (40% conversion). 

 

This result contrasts with conducting the reaction with the addition of bromoaniline 3-1g. 

The formation of ICG 4-1 must therefore go by a different, more efficient, pathway to the 

target molecule. Using VBM, the conversion to ICG 4-1 for the same reaction was 100% 

through analysis by 1H NMR spectroscopy of the sampled crude product (Scheme 5-4). 

 

We have also established that a heat and stir experiment is a very efficient way to gather 

optimisation data and so the reaction to synthesise by heating and stirring the solid 

reagents to make ICG 4-1 using both sodium acetate 5-5 and bromoaniline 3-1g was 

investigated. We found from the heat and stir experiments for synthesising viologens in 

Chapter 2, that increasing temperatures increases the conversion to products with the 

manually stirred small samples. A preliminary heat and stir experiment on a hotplate using 

small quantities of the four starting materials would therefore allow us to set reasonable 

temperature parameters for extrusion experiments. 

 

 

 

 

 

 

Scheme 5-6   Heat and stir reagents for synthesis of ICG 4-1 on a hotplate 

 

The reagents were combined in a 100 mL flat bottomed conical flask with a pivoted stirring 

bar and stirred on a stirrer/hotplate at room temperature. The heater was then switched 

4-19 1-1 4-1 
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on to a maximum of 85 °C while continuously stirring. At 72 °C the stirrer stopped moving 

as the reaction mixture became sticky. Stirring was resumed manually with a metal spatula. 

After 4 minutes at 85°C, the flask was removed from the heat and allowed to cool. The 1H 

NMR taken of the crude from this experiment showed 90% conversion, Figure 5-11. 

 

 

Figure 5-11   Crude 1H NMR spectrum from heat and stir synthesis of ICG 4-1 

 

Purification of the crude product was conducted using a silica gel column using flash 

chromatography with a chloroform and methanol gradient yielded the title compound 4-1, 

(0.501g, 72%). The 1H NMR for the purified title compound is shown in Figure 5-12, with 

purity analysis by HPLC (UV) of 93%. 

  

4-1 
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Figure 5-12   Heat and stir ICG 4-1, purified by flash chromatography, yield 72%  

 

With clearer information on the temperature required to give near full conversion (>90%) 

of starting materials to our target compound, an assessment of variable quantities of 

reagents suitable for scale-up experiments required a review of the contributions made by 

sodium acetate and aniline, in combination, to the overall effectiveness of the conversion 

to ICG 4-1. 

 

5.7 ICG 4-1 optimisation carousel - heating and stirring 

Investigations in Chapter 2 with the ‘heating and stirring’ of viologens 2-12a-p from the 

nucleophilic substitution of the di-Zincke salt 1-2 and the scope using a variety of 

substituted anilines gave us sufficient confidence to reproduce this methodology and we 

could therefore optimise the reaction to make ICG 4-1 very easily in a carousel, using 

different ratios of conjugate base, sodium acetate 5-5 and bromoaniline catalyst 3-1g. 

4-1 
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All reagents were measured out and each reactor was equipped with a stirring magnet and 

a 12 inch long steel stirring spoon. Once all the reactors were in position, the hotplate, 

which was set to 85 °C, was switched on and while it warmed to the set temperature, each 

reactor was individually manually stirred. All the reactors required manual stirring because 

the magnetic stirrers could not rotate in the tacky slurry that formed upon heating. Once 

the set temperature was reached, each reactor was manually stirred for a further 5 minutes 

before samples were taken from each reactor for immediate analysis by 1H NMR 

spectroscopy.   

 

 

 

 

 

 

 

 

 

 

 

Scheme 5-7   Heat and stir reagents for synthesis of ICG 4-1 in a carousel 
 

The results are tabulated in Table 5-2, showing percentage conversion as identified from 

the crude spectra for each experiment, with their respective reagent compositions.  

The table of data shows that without any sodium acetate 5-5 (Entries 1, 6 and 11), there is 

no conversion to ICG 4-1 observed in the 1H NMR analysis of these samples, after 5 minutes 

of manual stirring at 85 °C. Of note, at the point of sampling, all reactors with all four 

reagents had achieved at least 51% conversion with 2-8 equivalents of 5-5 and 1-2 

equivalents of bromoaniline catalyst 3-1g. When the amount of catalyst 3-1g present is 

constant in the reaction mixture, and the sodium acetate 5-5 increases, the results are 

variable and not easy to interpret but in two out of three cases, using 8 equivalents of 5-5 

gives the best conversions (Entries 5 and 10). The optimum conditions for best conversion 

were found to be reactor 10 which used 8 eq. of the base and 1.5 eq. of the catalyst. Overall, 

4-19 1-1 

4-1 

5-5 

3-1g 
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the synthesis is tolerant of a range of equivalents of base (above 4 equivalents) and catalyst 

(between 1 and 2 equivalents). The single experiment performed using a magnetic stirrer 

in a flat-bottomed conical flask gave 90% conversion. 

 

Reactor 
No. 
Eq. 
1-1 

mass 
(g) 
1-1 

No. 
Eq. 
2 

mass 
(g) 

4-19 

No. 
Eq. 
5-5 

mass 
(g) 
5-5  

No. 
Eq. 

3-1g 

mass 
(g) 

3.1g 

% 
Conv. 

at 
85°C 

1 1 0.50 2 1.38 0 0.00 1.0 0.18 0 

2 1 0.50 2 1.38 2 0.18 1.0 0.18 23 

3 1 0.50 2 1.38 4 0.36 1.0 0.18 56.5 

4 1 0.50 2 1.38 6 0.54 1.0 0.18 52.4 

5 1 0.50 2 1.38 8 0.72 1.0 0.18 57.4 

6 1 0.50 2 1.38 0 0.00 1.5 0.28 0 

7 1 0.50 2 1.38 2 0.18 1.5 0.28 23 

8 1 0.50 2 1.38 4 0.36 1.5 0.28 55 

9 1 0.50 2 1.38 6 0.54 1.5 0.28 51 

10 1 0.50 2 1.38 8 0.72 1.5 0.28 64 

11 1 0.50 2 1.38 0 0.00 2.0 0.37 0 

12 1 0.50 2 1.38 2 0.18 2.0 0.37 20 

13 1 0.50 2 1.38 4 0.36 2.0 0.37 59 

14 1 0.50 2 1.38 6 0.54 2.0 0.37 63 

15 1 0.50 2 1.38 8 0.72 2.0 0.37 57 
 

 
Table 5-2    Conversion to ICG 4-1 – the effect of changing variables of sodium acetate 5-5  and the  

catalyst, bromoaniline 3-1g 

 

This high percentage conversion had not been matched in the manually-stirred carousel of 

boiling tubes. There was also 100% conversion to ICG 4-1 in VBM after 120 min; the best 

seen in the carousel with manual Heat and Stir was 64%. Both the magnetic stirrer bar and 

VBM results are highly suggestive that manual stirring is no match for oscillating the 

reagents with balls, 30 times per second or a freely spinning magnetic stirrer. 

 

The experiments that show no conversion do not feature sodium acetate 5-5, this is 

evidence that it is necessary for the deprotonation of the indolium 4-19 to form the 

indolene salt 5-6 and initiate the cascade reaction. We have also seen from experiments in 

VBM (Figure 5-9) that with increasing the quantity of sodium acetate 5-5, that conversion 

to ICG 4-1 without a bromoaniline catalyst is limited, the maximum achieved was 40% by 
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1H NMR spectroscopy analysis, using 7.5 equivalents. The Zincke Reaction Mechanism 

involving nucleophilic attack by primary anilines is well understood (see Scheme 1-20). The 

ring-opening steps involving only aniline are reproduced in Scheme 5-8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5-8  The ring-opening steps in the Zincke reaction mechanism with aniline 

 

The ‘one-pot’ synthesis of ICG 4-1, however, combines a primary aniline - bromoaniline 3-

1g, a conjugate base of acetic acid, sodium acetate 5-5, the indolium sulfonate 4-19  and 

the Zincke salt 1-1. The inclusion of a sodium acetate 5-5 in a one-pot reaction mixture that 

has a greater pKaH than both the nucleophilic bromoaniline 3-1g and the leaving group 

dinitroaniline 2-3 must therefore initiate the ring-opening, and not the bromoaniline 3-1g. 

The mechanism of the ring-opening when both the sodium acetate 5-5 and the 

bromoaniline 3-1g are in the reaction mixture to synthesise ICG 4-1 may be speculated from 

the observations we have made from our experiments for the synthesis ICG 4-1 using (i) 

aniline 3-1g only (ii) sodium acetate 5-5 only, and (iii) both 3-1g and 5-5 are present. In 

scenarios (ii) and (i) the possible intermediates formed by ring-opening are 5-7 and 5-8. 
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Figure 5-13 Intermediates 5-7 and 5-8 formed from ring-opening of the Zincke salt 1-1 

However our VBM experiments show that 5-5 on its own is not sufficient for 100% 

conversion of the Zincke salt 1-1. The aniline 3-1g, while not a part of the target molecule 

facilitated the process with the displacement of the leaving group, dinitroaniline 2-3. The 

order of the mechanistic sequence – forming the cascade reaction – can be rationalised 

with reference to the pKa of the conjugate acid, or pKaH, Figure 5-13. 

 

pKaH   5.95 (predicted)231                 3.86                         2.05 

 

 

 

 

 

 
 
 

Figure 5-14   Cascade reactions follow from the nucleophilicity and pKaH values133 of competing 
species 

 

 

The outcomes of the ‘one-pot’ ICG 4-1 synthesis that can be seen from the 1H NMR analyses 

of all the crude mixtures are because of the near complete conversion of starting materials 

1-1 and 4-19 into the target molecule 4-1 – the remaining signals are attributable to the 

leaving group, dinitroaniline 2-3 and the catalyst, bromoaniline 3-1g.  

5-7            5-8 

5-6 2-3 3-1g 
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A proposal for the reaction mechanism following on from the initial ring-opening step 

giving the proposed intermediate 5-7 can therefore describe the process as shown in 

Scheme 5-9. 

Scheme 5-9  A mechanism for the one-pot synthesis of ICG 4-1 from proposed  

intermediate 5-7 
 

We have assembled large quantities of starting materials 1-1 and 4-19, conducted 

optimisations, and assessed the possibilities for the solid state synthesis of ICG 4-1. The 

next step was looking for the means to scale up to a continuous process of extrusion for 

this reaction. We have also shown that solvent-free synthesis can be easily explored by 

heat and stir as a standard procedure for small molecule, fine chemical synthesis. 

5-7 

5-9 

4-1 
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5.8 Single screw extrusion 

The use of a single-screw extruder (SSE) for synthesis has recently been successfully 

explored by Sharma et al. 98 in their solvent-free, continuous extrusion of a variety of 

organic transformations such as aldol condensation, acylation and coupling reactions using 

equipment they had designed, Figure 5-14. 

 

 

 

Figure 5-15   The general set-up for continuous solid reactor, picture taken from98 

 

The main feature comprises a motorised screw, in combination with feed ports for reagents 

which can be assembled in different ways according to the requirements of the extruded 

product. There is also the facility of a cooling jacket to help maintain a temperature suitable 

for the reaction. 

 

Options are available in current extruder technology in diverse industries including food 

manufacturing, agricultural hardware, but also in packaging design and civil engineering 

where extruders fulfil different briefs depending upon the requirements for the product. 

Many can be multi-purpose and are also worth considering for continuous synthesis in 

synthetic chemistry. For our experiment to continuously synthesise ICG 4-1  we use of a 

single screw extruder (SSE) for this chemical transformation. The FilaFab 350 Pro EX is a SSE 

designed to produce filament for 3D Printing and has been adapted from specialist 

manufacturing equipment to a table-top filament extruder for the hobbyist and has 
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therefore seen a growth into new markets. Their popularity as a ‘green’ product is based 

on the fact that the SSE can recycle thermoplastics such as milk bottles made from HDPE 

and the biodegradable PLA to form spoolable filament which can then be used for printing. 

 

 

 
Figure 5-16   The FilaFab 350 Pro EX, designed to extrude filament ready for 3D printing232 

 

It is very compact, fits easily in the fume hood and with only temperature and rotation 

speeds to set, very easy to operate. A hopper feeds the pre-mixed raw material into a 20 

cm long, 2.5 cm dia. screw with a barrel capacity of 40 mL, once the material is conveyed 

to the end of the screw the back pressure of the material in a full barrel is extruded through 

the nozzle. The barrel can be heated up to 250 °C and has variable screw rotation speeds 

of 5-30 rpm. 

 

In this work we show that all these attributes are sufficient to produce ca. 300 g/hr of our 

crude product ICG 4-1, which is approximately 100 times the output compared with the 

same reaction in a 25 mL vessel using the ball mill. Before committing large, multigram 

amounts of starting materials of all four reagents in the extruder, a preliminary experiment 

involving two of the four reagents would give us evidence that the SSE methodology is 

suitable for solvent-free reactions. 

 

 

 

 

 

 

Scheme 5-10   Extrusion of mono-Zincke salt 1-1 and bromoaniline 3-1g 

 

2-3 1-1 3-2 3-1g 
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Our first extrusion experiment was performed using 70 grams of premixed powders of the 

Zincke salt 1-1 and bromoaniline 3-1g in molar ratio 1:2. An earlier experiment using a 

Kenwood Mini-Chopper to blend the mixture for 5 minutes using a bladed attachment to 

see if the Cy5 3-8g  could be synthesised without VBM and no balls colliding, gave no 

reaction from 1H NMR spectroscopy analysis, despite the colour change from yellow to dull 

red. 

 

 

 

 

 

 

 

 

 

Figure 5-17   Unsuccessful synthesis of 3-8g by stirring using 1 eq. 1-1 and 2 eq. 3-1g 

 

We observed a colour change from pale yellow to dull red Figure 5-16, but a sample taken 

directly from the mixture and analysed by 1H NMR spectroscopy. Spectra F in Figure 5-17 – 

shows no signals for the product 3-8g through comparison with the spectra of the starting 

materials, bromoaniline 3-1g in spectra E, and the mono-Zincke salt 1-1 shown in spectra 

F.  With this mixed powder to hand, a new 1H NMR spectrum of the mixture was taken just 

prior to extrusion to check for any change that may have occurred after one week on the 

bench. Spectra (C) shows that all the signals have remained unchanged, and no significant 

chemical shifts were seen. Although the colour had become a deeper rusty red we 

concluded that as no product 3-8g could be observed at the sensitivity of the 1H NMR 

spectroscopy, and proceeded with the first extrusion experiment. The extrusion took 20 

minutes to process 70 g of the 1-1 and 3-1g mixture, producing a red/brown molten crude. 

The complete stack of 1H NMR spectra show the resulting 1H NMR spectrum of the sample 

of crude taken directly after extrusion (spectra A). Comparison of spectra A and B (the 

Bromopyridinium salt 3-2) shows that our crude mixture contains all the signals for 3-2, 

indicating a successful reaction. 
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Figure 5-18   Extrusion of bromoaniline 3-1g with mono-Zincke salt 1-1 where the stack shows 1H 
NMR spectra for (A) Crude extruded product (B) bromopyridinium salt 3-2 (C) pre-mix of ‘E’ used 

for extrusion experiment one week later (D) bromoaniline 3-1g premixed with mono-Zincke salt 1-
1 in the Kenwood Mini-Chopper (E) bromoaniline 3-1g  (F) mono-Zincke salt 1-1    

 

 

The exciting result from this preliminary experiment confirmed that continuous reactive 

extrusion of mixed starting reagents is possible, and we began work on designing 

experiments for the extrusion of ICG 4-1. 

 

5.9 Reactive extrusion of Indocyanine Green 4-1 

Following the success of extruding the two reagents 1-1 and 3-1g  which were blended prior 

to being added to the hopper of Filafab 350 EX PRO, the same process was used for the 

extrusion of ICG 4-1, Scheme 5-11. by initially putting all four reagents into a blender. 

  

3-2 

1-1 

3-1g 

2-3 
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Scheme 5-11   SSE of Indocyanine Green 4-1 

 

All four reagents were weighed out - mono-Zincke salt 1-1 (20 g, 0.07 M) and indolium salt 

4-19 (48 g 0.14 M), sodium acetate 5-5 (28 g, 0.28 M) and, bromoaniline 3-1g (24 g, 0.14 

M) in separate beakers then blended in the Kenwood Mini-chopper Figure 5-18. 

 

 

 

 

 

 

 

 

 
Figure 5-19   Pre-mixing the four reagents for SSE 

 

1-1 

4-1 

4-19 

2-3 

5-5 

3-1b          3-1g 
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The pre-mixed reagents were then loaded into the hopper of the extruder which had been 

pre-heated to 75°C and the screw-motor was switched on. The hopper was filled with all 

the mixed reagents, and after ~15 minutes, with the motorised screw fully laden with 

contents from the hopper – the first crude extrudate appeared initially as a deep 

green/black ‘filament’. Over the course of the 20 minute extrusion, the consistency of the 

emergent product changed from ‘filament’ to a viscous paste which hardened as it cooled 

in the collecting beaker.  

 

The unidentified dark substance that was produced in the SSE bore little resemblance to 

the glossy green product that resulted from ball milling (Section 5-5) and so a quick way to 

visually verify the colour of the SSE product was to sample the extrudate by dissolving it in 

a little methanol, as seen in Figure 5-20. Analysis using 1H NMR spectroscopy of the first 

run showed 90% conversion of the starting materials to ICG 4-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 5-20   The first ICG 4-1 extrudate from the SSE, and dissolving a sample in methanol 
showing the distinctive green  colour of this dye 
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The extrudate was collected in portions every 5 minutes to check the conversion at 

different points Figure 5-21 1H NMR spectroscopy was used to analyse the different 

samples of crude extrudate. The first run showed uniform, ca. 90% conversion throughout 

the extrusion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-21   Quality control: collecting separate fractions for analysis 

 

 

Adjustments were made with the temperature which ranged from 75-90 °C, although the 

extruder’s temperature sensor gave higher readings than the set temperature, these were 

noted in the table of results. The run was considered complete when no more extrudate 

appeared, however, there remained material in the barrel as there was not enough back 

pressure to push the last of the reaction mixture out. 

 

Over the course of all these extrusions, 1H NMR spectroscopy of each sample was used to 

compare the conversion of each run. An example is given in Figure 5-22 where the signals 

have all been assigned by colour. For consistency in the conversion calculations, the 

methylene protons on ICG 4-1 (highlighted in purple) were used in all cases, as they are the 

only signals to appear between 4-5 ppm and there is no ambiguity as there are no 

coincidental signals.  All the 1H NMR spectra from these experiments were small variations 

on this and calculating conversions was a straightforward calculation of the integrated 

signals for the new product and any starting material that remained. 
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Figure 5-22   A typical stack of 1H NMR spectra for ICG extrusion experiments to quantify 

conversion where (A) bromoaniline, 3-1g (B) the leaving group dinitroaniline 2-3 (C) The crude 
extrudate (D) isolated ICG 4-1 (E) starting material 4-19 

 

 

All yield calculations are therefore based on weighed crude samples that are used before 

their purification. With the first extrusion completed, further reactions with the reagents 

in varying amounts were pre-mixed in the blender and a range of temperatures are 

tabulated in Table 5-3. It was of interest to quantify the volume of product synthesised in 

the extruder and so calculations for the Space Time Yield233 (STY) are included where this 

has been measured. STY is a parameter used in industrial manufacturing contexts and 

indicates the process intensification and so the higher the value, the greater the 

profitability of the process. For the Filafab extruder, the reactor volume is taken as the 

volume of the barrel minus the volume of the screw which is 30 cm-3. 

 

3-1g 

2-3 

4-1 

4-19 
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FF   Filafab     a Values from the Filafab Pro 350 EX Manual  
n/c   data not collected   b Screw volume = 30 mL  
      

Table 5-3   Optimisation of the synthesis of ICG 4-1 by extrusion and Heat and Stir 

 

All 6 entries were performed using the extruder, the table shows excellent conversions of 

1-1 and 4-19 to ICG 4-1  ranging from 71 - 95%. Entries 1 and 4 in were the first attempts 

at using the extruder for the scale-up synthesis of ICG. The run-times were exploratory in 

that a lower starting temperature (60 °C) was used then increased by 5 degree increments 

every 15 minutes until the product began to extrude. This meant the time to create a 

sufficiently melted  product that could be extruded gave extended timeframes overall for 

the extrusion to complete. Entry 4 uses liquid aniline as the catalyst because it behaved 

similarly to bromoaniline in the VBM experiments for conversion to ICG 4-1. The pre-mixing 

of liquid aniline with the other three solid reagents produced a dough-like consistency. 

Consequently, the premix required manually pushing into the hopper to feed it through to 

the port window and access the rotating screw. This contrasted with the free-flowing 

powders using solid bromoaniline and slowed the processing of the mixture. 

 

Entries 5 and 6 have greater STYs than the previous entries because the pre-mixed reagents 

were loaded into a pre-heated extruder at 85°C. All the experiments were timed from the 

addition of starting material into the hopper, this includes the time needed for the screw 

to be warmed from RT to the selected temperature. Therefore, the time taken to heat the 

screw is included and thus gives a lower STY. Entries 5 and 6, used anhydrous sodium 

acetate, despite having poorer conversions to earlier experiments with 20% less conversion 

as evidenced by 1H NMR spectroscopy, they were extruded in shorter time frames as we 

explored the different starting temperatures of the extruder. The heating element of the 
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1 FF Bromo 2.0 8.0 90 75 85 45 25 1.07 35700 
2 FF Bromo 1.5 8.0 95 80 91 45 25 2.08 69300 
3 FF Bromo 1.0 4.0 87 90 102 45 25 0.70 23300 
4 FF Aniline 2.0 8.0 94 75 85 45 25 1.68 56000 
5 FF Bromo 1.5 7.6 77 80 93 45 25 3.46 115000 
6 FF Bromo 1.5 7.6 71 85 94 45 25 3.74 125000 
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Filafab SSE was very responsive and quick to set, it took seconds rather than minutes to 

adjust the temperature over a small range 10-20 °C, and the cooling fans controlled the 

temperature efficiently. The variation in set temperature over the course of all the 

experiments were in the range 9-13°C showing the reaction’s tolerance to temperature 

fluctuations. A search for the optimum temperature for extrusion of our target compound 

ICG 4-1, meant investigating possible candidates within our starting materials that could be 

utilised. We had already seen that the aniline liquid catalyst, created a dough that was 

difficult to feed into the extruder. The only other candidate to consider is sodium acetate 

which is available as a hydrated salt. 

 

 

5.10 Effect of melting temperature of sodium acetate in the SSE of ICG 4-1 

A swift heat and stir experiment of the four reagents would quickly establish the feasibility 

of a one-pot extrusion synthesis of ICG 4-1 using the hydrated sodium acetate salt. 

 

 

 

 

 

 

 

 

 

Scheme 5-12   Heat and stir of ICG 4-1 using sodium acetate trihydrate 5-10 

 

 

The reagents were heated and stirred with a magnetic stirrer bar at 50 °C for five minutes, 

the contents of the flask changed from pale powder mixture into a tacky dark green 

product. A sample of crude was immediately analysed by 1H NMR spectroscopy shown in 

Figure 5-23. 

  

4-19 1-1 

4-1 

5-10 

3-1g 
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Figure 5-23   Stack of 1H NMR spectra for starting materials 1-1 (B), 4-19 (C) and the crude product 

mixture containing target compound ICG 4-1 (A) 

 

 

Analysis of the spectra in Figure 5-23 showed no signals from either starting material 1-1 

or 4-19 in the crude mixture and the conclusion was >95% conversion (calc. based on the 

sensitivity of the 1H NMR spectroscopy) to our target molecule ICG 4-1 using the trihydrate 

sodium sulfate at 50 °C using heat and stir on a hotplate. 

 

Previously the optimised temperature for extrusion it was noted that the melting point of 

bromoaniline is 60-64 °C. This was the lowest melting temperature of the four reagents: 

mono-Zincke salt 191 °C, the indolium salt 264-265 °C and anhydrous sodium acetate 5-5, 

324 °C. It had been possible to extrude the reaction mixture at 85 °C because of the melting 

temperature of the catalyst; the reaction mixture was sufficiently softened to enable 

extrusion. Further extrusions using sodium acetate trihydrate 5-10 were conducted (entries 

7 and 8) in Table 5-3. 

 

4-19 

1-1 

4-1 
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Figure 5-24   Scheme for extrusion of ICG 4-1 using 5-10 sodium acetate trihydrate, conversion by 
1H NMR 74% 

 

 

When the Heat and Stir experiment using hydrated sodium acetate 5-10 was attempted in 

the extruder, the crude collected was that of a liquid and was less viscous than previous 

experiments with anhydrous sodium acetate. Analysis of the crude using 1H NMR 

spectroscopy showed comparable conversions (Table 5-4) to earlier experiments using 

anhydrous sodium acetate 5-5. 

  

4-1 

1-1 

4-19 

3-1g 

5-10 
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7 cH/S Bromo 1.5 4 90 85 90 n/a n/a n/a n/a 

8 cH/S Bromo 1 6 100 50 100 n/a n/a n/a n/a 

9 FF Bromo 1 6 73 50 75 45 25 n/c n/c 

10 FF Bromo 1 6 74 70 75 45 25 n/c n/c 

FF     Filafab    a Values from the Filafab Pro 350 EX Manual   
H/S   Heat and stir in 100 mL flask b Screw volume = 30 mL  
n/a   not applicable   c Heat and stir synthesis on a hotplate   
n/c   data not collected          

 

Table 5-4   Conversion data, by 1H NMR spectroscopy, to ICG 4-1, using sodium acetate trihydrate 
5-10, in heat and stir and extrusion experiments 

 

The experiments using sodium acetate trihydrate 5-10 showed that even at a temperature of  50°C, 

excellent and complete conversion to ICG 4-1 is possible, the mixed powders are able to be 

extruded at a lower temperature then when using anhydrous sodium acetate. This is a useful 

additional finding for any future investigations into extrudable mixtures for one-pot synthesis. It 

also serves as a practical consideration of melting points of reagents and their solvent-free 

reactivity which can be easily explored by ‘heat and stir’. 

 

This has also shown that solvent-free single screw extrusion is an effective and efficient 

means of synthesising small organic molecules and a useful addition to the various types of 

reaction explored elsewhere.98  

 

Isolation of ICG 4-1 from the crude relies on processes and techniques that does requires 

solvent. Insofar as following guidance from the ACS ‘12 Principles of Green Chemistry’ – 

our syntheses have kept to the brief, and we look to continue with these aims in the 

purification of ICG 4-1. 
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4-1 

5.11 Purification of ICG extrudate 

The generation of ca. 90 g of crude ICG from the first extrusion allowed for an array of 

purification techniques to be tried. These included recrystallisations, washes and column 

chromatography. 1H NMR was used to analyse the efficacy of each system used, a selection 

of results are shown in Figure 5-21. The spectra solvent signals are snipped for clarity. 

 

 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-25   1H NMR stack (contracted) of purified ICG 4-1 using different techniques with 

impurities highlighted (A) crude extrudate ICG 4-1 (B) MeOH/Et2O recrystallisation (C) EtOAc wash 
(D) H2O/(CH3)2CO recrystallisation (E) MeCN recrystallisation followed by H2O/(CH3)2CO 

recrystallisation (F) EtOAc/H2O bisolvent wash – colloidal (G) Column chromatography (H) 
CH3Cl/EtOAc bisolvent wash 

 

All have impurities shown in their 1H NMRs with (B) and (D) not fully dry of diethyl ether 

and ethyl acetate respectively. The purest sample was by using a EtOAc pre-washed sample 

5-5 
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of crude extrudate to remove dinitroaniline, then recrystallised with water/acetone (7.27 

g, 83%). A portion 0.62 g of the re-crystallised sample was further treated by column 

chromatography (F), with a methanol/chloroform (2:8) gradient giving ICG 4-1 (174 mg, 

38%) This is an improvement upon the Biophore Pharmaceuticals patent227 where they use 

the Zincke salt as a starting material, and report 15% linear yield. Just as for many of the 

other attempted purifications, it retained an impurity but in a small amount, 5% (integrated 

from 1H NMR spectra) at 1.82 ppm, can be seen in spectra G. 

 

Bi-solvent washing (E) resulted in colloidal mixtures and no isolated yield which is the result 

of the amphiphilic nature of the ICG 4-1 molecule. A recrystallisation from acetronitrile 

gave a impure result and so was further recrystallised from water with acetone (D), with 

56% yield but acetate impurities account for 1.5 mol equivalent, compared to ICG 4-1 in 

the sample. Although yield calculations were performed for all the purifications methods, 

the presence of impurities in the samples recovered rendered them useful for guidance 

only and ranged between 5 – 61% with their major impurity, after purification, being 

sodium acetate at 1.88 ppm and highlighted in yellow in Figure 5-21. 

 

Further attempts at purification using the crude extrudates from subsequent experiments 

produced similarly limited success. ICG’s solubility in solvent is the primary reason why 

finding suitable medium for purification was problematic. An added complication with 

using water for purification is that the process is time sensitive because ICG 4-1 degrades234 

over 48 h and with increasing temperatures above 45 °C. 

 

 

5.12 Best purification for ICG 4-1 

The opportunity to try many different purification regimes on crude ICG gave us ample 

evidence for the most effective and efficient route. Repeating the column chromatography 

method, using freshly synthesised total crude ICG sample 1.37 g (of which ICG 4-1, 1.00 

mmol) and purified in the flash column using a silica gel cartridge (24 g) with a methanol / 

chloroform gradient, Rf value 0.3 and tR 16 minutes yielding the title compound, 4-1 (0.50 



180 

 

g 72%). The 1H NMR spectroscopic analysis shown in Figure 5-26 was the best spectrum 

achieved to date. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-26   1H NMR spectrum of ICG 4-1, 0.5 g (72%) by column chromatography  

 

The search for the best method of purification of ICG 4-1, using greener solvents gave very 

mixed results, including multiple attempts following the Dishman patent226 where they 

identified recrystallisation via reflux with water and acetone as a purification method. 

 

After purification using column chromatography, a sample sent for purity analysis to the 

University of Greenwich returned a HPLC result of 97.2%, Figure 5-27. 

4-1 
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Figure 5-27   ICG 4-1 obtained using column chromatography, methanol chloroform gradient 2:8, 
purity 97 % (HPLC UV) 

 

5.13 Reactivity in the SSE 

It is of interest to compare our findings with heating and stirring to the process occurring 

in the extruder. Our examination of heating and stirring had indicated that conversion 

increased with increasing temperatures for experiments involving anilines 3-1a-p with the 

di-Zincke salts 1-2. Heating and stirring ca. 1 g of the reagents for ICG 4-1 for 5 minutes (a) 

at 85°C with anhydrous sodium acetate gave 90% conversion (Figure 5-12) and (b) at 50 °C 

with sodium acetate trihydrate gave >95% conversion (Figure 5-23) as shown by 1H NMR 

spectroscopy analysis. ‘Residency time’ or TR are quoted data in extrusion experiments92,98 

– a quantity that indicates the minimum amount of time for the process to convert to the 

product. 

With some previously reported reactions in twin screw extruders,92,95,235 the equipment 

used have different components for specific purposes and these are itemised in Figure 5-
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28. There is an injection port for liquid reagents which is an advantage over the SSE. The 

kneading and reversing sections will improve homogeneity of the mixture, which is the 

most important element of conversion to the product. 

 

 

 
Figure 5-28   A cross-section of the extrusion screws for the manufacture of perylene dyes, picture 

taken from92 

 

The effect of forces applied during mechanical extrusion could be that two counter-rotating 

screws are experiencing torque, a rotating force, that is measurable in Nm-1 and may have 

a role in mediating the reaction. 

 

An investigation into whether rotating forces are responsible for the conversion of reagents 

into products was undertaken with the SSE. The Filafab Pro 350 EX was set with a  torque 

of  45 Nm-1 for all the experiments to synthesise ICG 4-1. If there are the factors 

affecting/causing the reaction we could investigate it with two sets of NMR  experiments 

using the SSE, (i) The force of pushing the crude through the 1 mm aperture of the die 

means that the product forms at the point of extrusion. Taking 1H NMR spectroscopy of 

samples at different points of the die and nozzle attachment would indicate any differences 

and (ii) samples taken along the heated screw and barrel to show the effect of ‘residency 

time’ TR.  
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                               A                                   B                                                   C 

Figure 5-29   The Filafab Pro 350 Ex – (A) outer casing removed (B) The barrel with heating 
elements (C) The nozzle adapter and die components of the Filafab extruder 

 

The sampling from the (spectra A) die, (spectra B) nozzle and (spectra C) screw end of the 

extruder was easily achieved. The samples for analysis from the screw itself was necessarily 

restricted to positions 5, 7 and 9 as marked in Figure 5-30.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5-30   1H NMR of samples taken from  (A) outside the die (B) inside the nozzle (C) End of 
the screw (D) Column product  4-1 (E), (F) and (G) screw positions marked 5,7 and 9  

 

4-1 

4-1 
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The stacked 1H NMR spectra A-G compares the six crude samples taken from the extruder 

against purified ICG 4-1 (spectrum D). Apart from spectrum G, it is evident that all the 

resonances in spectrum D that are present in ICG 4-1 are present in spectra A-F. The proton 

highlighted in green is the most unambiguous of the protons identifiable through 1H NMR 

spectroscopy, (see Figure 5-12 for further reference). 

 

The screw removal from the barrel was by application of heat, via a heat-gun, to melt the 

extrudate solidified within the nozzle so that it was pliable enough to allow turning the 

thread on the nozzle. The experiment was at the very end of a completed extrusion 

resulting in no material to sample on positions 1 - 4 on the screw but samples could be 

obtained from sections 5, 7 and 9. It is noted that the sample from Position 9 in the screw 

(Spectra G) had been heated to the extent that the crude had disintegrated. 

 

Through these experiments, we can show that the mixture had fully reacted by position 5 

which is approximately 10 cm along the 20 cm screw at a rate of 25 rpm as all the peaks 

are present and correct for our crude ICG product, Figure 5-30. As the screw and barrel is 

maintained at a steady temperature and the hopper sits directly above the barrel, this 

result indicates that formation of the crude product occurs as soon as the application of 

conductive heating in the barrel permeates through the premixed powders as they are 

conveyed by the screw. 

 

This result is consistent with our observations from the heating and stirring experiments, 

the generality of which could be usefully extended to other reactions and synthetic 

procedures. A final note that can be made is that a single screw extruder has advantages 

over its twin-screw counterpart. The SSE of ICG 4-1 shows that a single screw is sufficient 

for chemical transformation, this is a simpler set-up with fewer mechanical parts, easier to 

clean and service making preparation for each new experiment relatively easier. Should 

things go awry during the extrusion process, it is easy to trouble-shoot the problem as there 

are so few components, the two main ones being the fuses for the heater and the motor. 

The comparative simplicity and therefore reliability of the equipment makes it arguably 

more efficient than more complicated set ups, including twin screw instruments for the 

experiments performed in this work. 
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5.14 Conclusion for the reactive extrusion of ICG 

This work has identified and demonstrated the most efficient, cheap, and solvent-free 

method to synthesise the NIR imaging dye ICG 4-1 starting with commercially available and 

cheap starting materials such as pyridine. 

 

Efficiencies for the process when compared with Dishman226 and Biophore227 patents, 

which both use solution methods for synthesis, are found. The new process is a ‘one-pot’ 

syntheses using continuous single screw extrusion which is able to produce the crude 

product from its starting materials at a rate of 2-3 kg per day using a compact desk-top 

extruder, the Filafab 350 Pro EX. Extensive investigations into the purification of the air and 

moisture sensitive compound ICG 4-1 were conducted concluding that column 

chromatography was the most effective and quickest. 

 

We have also identified through testing samples at different points on the extruder that 

the reaction producing the crude ICG is complete at, or before, the halfway point of the 

heated, 20 cm long, motorised screw. In addition to discovering that heating and stirring 

the starting materials for five minutes in a flat bottomed conical flask, we have observed 

that the application of conductive heat with homogenous mixing of reagents gives 

conversion to target molecules faster (by a factor of 10-100) than the equivalent which has 

been dissolved in solvent. 

 

Clearly there is much to gain from applying these findings to other syntheses that are 

currently inefficient and wasteful of resources. The application of the principle of Heat and 

Stir may have wide-ranging and unforeseen reaction outcomes, opening up new ways to 

study solvent-free synthesis. Due to the very simple application of the technique, there is 

a vast scope to use it wherever possible and appropriate. 

 

Continuing work in imaging NIR dyes could begin with investigating asymmetric cyanine 

dyes Figure 5-28. Aside from ICG 4-1 – heptamethine dyes as a class of imaging dye are 

generally thought of as non-toxic and exhibit exceptional biocompatibility and sufficiently 

stable for cellular use. As they can be modified, such carbocyanine dyes could potentially 
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have extensive applications. Asymmetric heptamethine236 dyes are of interest as they 

exhibit less aggregation237 than NIR dyes such as ICG 4-1 which suffer poorer performance 

over longer timeframes when used for imaging. 

 

 

 

 

 

 
Figure 5-31   General form of an asymmetric heptamethine dye 5-11 

 

Schemes for their syntheses have included the gluconaldehyde and Fischer bases as 

discussed in Anderson’s et al.165 work. With the use of the ring-opening of the Zincke salt, 

and solvent free synthesis, there is a possibility of simpler synthetic routes leading to many 

new analogues with improved properties, with new and useful functionalities. 

 

 

 

5-11 
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6. Conclusion 

 

Our investigations into solvent-free synthesis of small molecules began with an overview of 

emerging mechanochemical methods. This work was developed with the aim of establishing 

workable, continuous and scalable production methods. The current state-of-the-art in these 

fields are discussed in the first chapter covering methods used in this thesis, ball-milling, and 

extrusion. 

 

We have achieved our goal of producing useful molecules in as green a way as practicable 

through probing the Zincke Reaction mechanism. The reaction was initially investigated as the 

means to synthesise a series of conjugated oligomeric polymers that have increasing 

conductivity  with increasing chain length. Our investigation in Chapter 2 found that using 

stoichiometric correct amounts of reagents, when heated and stirred without solvent 

produced the target molecule ten times more efficiently than published methods. 

 

Employing VBM, we were also able to identify the electronic and steric factors that explained 

poor conversions by low-yielding anilines, Figure 6-1. 

 

 

 

 

 

Figure 6-1   Viologens synthesis in VBM 2-1 a-o, and heat and stir 2-6 a-j in Chapter 2 

 

 

The Zincke Reaction mechanism is known to give a thermodynamic product, a vibrant red 

pentamethine dye (Cy5), as well as a kinetic product which we saw in Chapter 2 in the 

syntheses of the viologens or bi-pyridinium salts. A set of seven pentamethine dyes where 

prepared and characterized with their crystal structures investigated for the first time. Figure 

2-1 a-o, 2-6 a-j 
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6-2 is the molecular structure obtained by X-ray Crystallography of the Cyanine 5 crystal, 5-

anilino-N-p-aniso-2,4-pentadienylideniminium chloride, 3-8c. 

 

    

Figure 6-2   (L) 5-anilino-N-p-aniso-2,4-pentadienylideniminium chloride 3-8c 
and the (R) dinitroaniline.Cy7 cocrystal 4-14.2-3 

 
 

The data from X-ray crystallography of the Cy5s and the Cy7 cocrystal concurs with published literature 

findings on the charge distribution in polymethine wires Cy3-Cy7 which breaks down for Cy9-Cy11.165 

 

The Zincke salt was also found to be an excellent precursor to the heptamethine dye (Cy7) 4-14 as seen 

in the work of Štacková et al.164  The finding in Chapter 4 was the first successful solvent-free synthesis 

of 4-14 via extrusion using a twin-screw instrument, the Process 11,  from ThermoFisher. The result of 

these explorations gave sufficient evidence that extrusion of  a very similar structure, the NIR imaging 

dye ICG 4-1 was a viable synthesis to pursue. 

 

 

 

 

 

Chapter 5 discussed the properties and applications of the FDA approved NIR imaging dye ICG 

4-1 and that we synthesised it in multi-gram quantities  using the Zincke salt and a solvent-free 

extrusion technique. In the course of preparing the starting materials for ICG 4-1 we also 

4-14 
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prepared multi-gram quantities of the Zincke salt 1-1 and the indolium sulfonate salt 4-19 with 

solvent-free heat and stir with >85% yields under 30 minutes, providing further examples of 

easily accomplished solvent-free synthesis using conductive heating. Solvent-free synthesis of 

the key starting materials for ICG 4-1 involved a liquid reagent pyridine (Section 5.4) which 

behaved as the ‘solvent reagent’ in the reaction. The ‘solvent reagent’ was completely 

consumed upon conductive heating until there remained only the generated solid product in 

the reaction vessel.  

 

Scheme 6-1  Solvent-free reactive extrusion of the NIR imaging dye indocyanine green 4-1 

 

The solvent-free reaction investigations were supported by experiments in heating and stirring 

neat reagents (mostly solids at RT) for the syntheses of viologens and for the optimisation of 

the ICG 4-1 reaction. By studying the melting points of reagents and their reactivity with 

increasing temperatures we could optimisation our ICG 4-1 reactions for continuous extrusion. 

1-1 

4-1 

4-19 

2-3 

5-5 
   3-1b        3-1g 
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The culmination of solvent-free syntheses, Scheme 6-1, is the high-yielding, efficient, energy-

saving and green extrusion of ICG 4-1. 

 

We embarked on this work with a simple desire to find sustainable and greener methods of 

organic synthesis. In tandem with this aim, we sought to create new functional materials that 

could innovate in the fields of organic, electrically conductive technologies. We anticipated 

that mechanochemistry could be a key solvent-free methodology to new reaction pathways 

and as yet unexplored chemical phenomena.  

 

The Zincke reaction was first discovered in 1903, its distinctive mechanism explained in 1978 

by Van der Plas, and had its incorporation into a scheme for electronically conducting 

molecular wires by Greenland Group in 2017. The work in this thesis continues in a similar vein 

by showing that the mono-Zincke salt can be used to form another functional material, 

Indocyanine Green. This NIR imaging dye can be synthesised with high conversions using 

solvent-free, continuous, reactive extrusion. 

 

The implications from the findings in this work are that the continued use of non-reactive 

solvent in chemical syntheses is widespread and possibly unnecessary. New synthetic 

procedures can be tried very easily by mixing in as small amount as necessary, the starting 

materials. The homogenised mixture of the reagents can undergo conductive heat (or cooling, 

depending on the reaction energetics) and with further mixing could, using 1H NMR 

spectroscopy, quickly help to identify if the desired result has been achieved. At a stroke, this 

could minimise the need for solvent in general synthetic procedures. It would be a major 

undertaking to identify all production processes that would benefit from this change. They 

were able to  if one considers the adaptation from filament light bulbs to LEDs and OLEDs, for 

example – this switch made enormous savings in energy use. 

 

Indications show that our planet is currently in a perilous condition and that the effects of 

climate change has caused, and continues to permanently damage, living organisms and 
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ecosystems. We have also known for some time that global temperature is on the increase 

which brings on the melting of the polar ice caps at an increased rate.238 Addressing these 

threats to our futures takes a combined effort and a common goal. The root to change begins 

with recognising the problems that we face and offering solutions and using Anastas et al.33 12 

Principles of Green Chemistry has been a guide to responsible chemical practice. Adoption of 

the suggested re-think of chemical synthetic processes to solvent-free strategies, based on 

improvements and outcomes in this work, means less energy use and less waste. 

 

More comprehensive work on solvent-free methods to see if they are applicable to a wider 

range of syntheses would be of benefit to the management of our planet’s resources and 

sustainability.47 This could take the form of an assessment of chemical processes used to make 

commercial products. For ICG 4-1, the reaction could be expressed as shown in Scheme 6-2. 

 

 

Scheme 6-2   Generic SSE of compounds  

 

We already know that extrusion works for a small number of functional materials such as APIs96 

and in this work. We have also seen reactive extrusion for dyes and pigments, in James’s 

scheme for Perylene Dyes92 is simpler still, Scheme 6-3. Other small organic molecules98 can 

also be prepared without further purification. Reactive extrusion could be applied to all areas 

where it is possible to perform the operation in the simplest form. 

 

 

Scheme 6-3   SSE of new compound 
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The combined savings in cost and energy for any large-scale manufacturing enterprise makes 

fiscal and sustainable sense. There are incentives enough for scaling this idea across as many 

chemical processes as possible. 

 

The best thing of all, investigating whether reactive extrusion is possible for a chemical process 

requires a simple, solvent-free,  heat and stir experiment.   

 

Reader, there is a climate emergency, let us as chemistry practitioners help improve the 

situation.  
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7. Experimental 

Reagents were purchased from Apollo Scientific, Carbosynth, Merck, Fisher Scientific UK Ltd, 

Tokyo Chemical Industry UK Ltd or Fluorochem Ltd, and used without further purification. The 

ball milling reactions were carried out in a Retsch MM400 vibratory ball mill (VBM) operating 

at 30 Hz and a Retsch PM100 planetary ball mill (PBM). Milling load is defined as the sum of 

the mass of the reactants per free volume in the jar. Single Screw Extrusion reactions were 

performed using a FilaFab PRO 350X operating at 25 rpm and variable temperatures. Pre-

mixing of reagents was accomplished in a 1 L Kenwood Mini-Chopper.  

 

Unless stated otherwise, purifications were performed via flash column chromatography on 

silica gel (RediSep® Rf Silica Gel Disposable Flash Columns, 40–60 micron) on Teledyne ISCO 

CombiFlash Lumen apparatus. Analytical thin layer chromatography (TLC) was performed on 

silica gel 60 F254 (Merck). IR spectra were recorded over the range of 4000–650 cm−1 on a 

PerkinElmer Spectrum One FT-IR spectrometer fitted with a UATR polarization accessory. UV-

Vis sample details: 1 mM stock solution of samples dissolved in methanol and diluted to 0.2 

mM for UV-vis measurements. UV-Vis measurements (300-900nm) were recorded at room 

temperature on a Perkin Elmer Lambda 25 double beam spectrometer. 1H (600 MHz) and 13C 

NMR (150 MHz) spectra were recorded on a Varian VNMRS 600 MHz spectrometer, at room 

temperature, using the residual protic solvent signal in the deuterated solvent for calibration 

(chloroform-d at δ 7.26 ppm or DMSO-d6 at δ 2.50 ppm). Chemical shifts are reported in ppm. 

Spin multiplicities are reported as a singlet (s), doublet (d), triplet (t) or multiplet (m), with 

coupling constants (J) given to the nearest 0.5 Hz, where applicable. ESI mass spectra were 

obtained by Dr Alaa Abdul-Sada or by Dr Ramón González-Méndez using a Waters Xevo G2 Q-

ToF HRMS (Wilmslow, UK) equipped with analytical flow ESI source. ESI experimental 

parameters were: capillary voltage 3.0 kV, sampling cone 35 au, extraction cone 4 au, source 

temperature 120 °C and desolvation gas 450 °C with a desolvation gas flow of 650 L h-1 and no 

cone gas. MS conditions were MS1 in resolution mode between 100-1500 Da. Accurate mass 

data were obtained using MassLynx software. All accurate mass data were within ±5 ppm from 

their theoretical value. ICP-MS analysis for metals was done by Dr Christopher Dadswell using 
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an Agilent 7500ce ICP-MS instrument with collision cell (He as collision gas) for Fe and standard 

mode (no collision gas) for Zr and Pd, using 72Ge as internal standard. The following 

experimental parameters were used: a) plasma: RF power 1500 W, sampling depth 8.5 mm, 

carrier gas 0.8 L min-1, make-up gas 0.11 L min-1; b) quadrupole: mass range 1-250 amu, dwell 

time 100 ms, replicates 3, integration time 0.1 s/point. Calibration solutions were prepared for 

each element between 0 and 200 ng mL-1 using certified reference standards (Fisher Scientific, 

UK). 

 

High Performance Liquid Chromatography (HPLC) purity data were obtained by Mr Darren Pink 

of the University Chromatography Service using an Agilent 1290 infinity HPLC equipped with 

binary pump (G4220A), autosampler (G4226A), and thermostatted column compartment 

(G1316C); a diode array detector (G4212A) was used to determine purity of all samples in the 

UV band. Samples in the visible spectrum were run on an Agilent 1260 infinity HPLC equipped 

with quaternary pump (G1311C), autosampler (G1329A), thermostatted column compartment 

(G1316C) and multiple wavelength detector (G1365D). Chromatographic separation was 

achieved using a Hichrom, Kromasil C18, 5μm particle size column of 250 x 4.6 mm length and 

i.d. (KR100-5C18-H14708) in a reverse-phase gradient. Additional HPLC analyses were 

provided by the University of Sheffield and were conducted by Robert Hanson and Mohamed 

Okhai.  Solid State Structure determination: Crystals of compound 3-8a-g were grown from 

diethyl ether and IPA using the slow diffusion method at room temperature. Crystals of 4-14.2-

3 were precipitated from methanol and diethyl ether at room temperature for 3 weeks. Their 

X-Ray crystallographic analyses were conducted by Dr Mark Roe. The data were collected 

either on a Rigaku Gemini Ultra sealed tube source or a Rigaku 007HFM rotating anode source, 

depending on the inherent diffraction of the crystals. The data was processed with CrysAlisPro 

and the structures solved, built and refined using ShelxT and ShelxL in the Olex2 suite. 

Experiments using ThermoFisher Scientific Process 11 Twin Screw Extruder conducted by Dirk 

Hauch, Germany. 
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General Scheme for the Synthesis of Viologens 
 

 

General Protocol (I) 

1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (0.50 g, 0.89 mmol) was added to a 

substituted aniline (2 eq., 1.96 mmol) in a ZrO2 jar (25 mL) charged with one ZrO2 balls (12 mm 

Ø) [milling load ca. 30 mg.mL-1]. Unless stated otherwise, the mixture was oscillated at 30 Hz 

in a Retsch MM400 Vibratory Ball Mill for 90 min. The jar was opened, and the crude product 

was dissolved in methanol (25 mL) and precipitated by the addition of cold (-20°C) EtOAc (100 

mL). The solvent was removed in vacuo and the product washed with THF (200 mL) then dried 

overnight in a vacuum oven. 

 

General Protocol (II) 

1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (0.50 g, 0.89 mmol) was added to a 

substituted aniline (2 eq., 1.96 mmol) in a ZrO2 jar (25 mL) charged with two ZrO2 balls (15 mm 

Ø) [milling load ca. 30 mg.mL-1]. Unless stated otherwise, the mixture was oscillated at 30 Hz 

in a Retsch MM400 Vibratory Ball Mill for 90 min. The jar was opened, and the crude product 

was dissolved in methanol (25 mL) and precipitated by the addition of cold (-20°C) EtOAc (100 

mL). The solvent was removed in vacuo and the product washed with THF (200 mL) then dried 

overnight in a vacuum oven. 

 

General Protocol (III) 

1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (0.50 g, 0.89 mmol) was added to a 

substituted aniline (2 eq., 1.96 mmol) in a boiling tube in a 12-port carousel reactor fitted with 

1-2 2-9.1-14 
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a water-cooled condensing collar. The reactor was mounted on a variable temperature 

hotplate and individual stainless-steel spatulas (3 mm) were added to each reaction vessel to 

stir the mixture. The reagents were stirred initially for 1 hour at room temperature and 

sampled for 1H NMR spectroscopic analysis, after which the temperature was increased to 85 

°C, manually stirred and sampled again after 1 hour. Finally, the temperature was set to 115 

°C, manually stirred for an hour and a final sample was taken. Once 1H NMR spectroscopic 

analysis showed >80% conversion, the title compound was isolated by dissolving the crude 

product mixture in THF (80 mL). The solution was added dropwise to stirred, cold (-20 °C) ethyl 

acetate (150 mL) and the precipitated solid was filtered, washed with cold EtOAc and air-dried 

overnight. 

 

General Protocol (IV) 

Mono-Zincke salt with 2 eq. of aniline, 2 x 15 mm in a ZrO2 jar (25 mL) charged with two ZrO2 

balls (15 mm Ø) [milling load ca. 30 mgmL-1]. Unless stated otherwise, the mixture was 

oscillated at 30 Hz in a Retsch MM400 Vibratory Ball Mill for 60 min. The crude product was 

dissolved in methanol (25 mL), the product was precipitated out of warmed diethyl ether (100 

mL). This was filtered and washed with diethyl ether and dried overnight in a vacuum oven. 

 

Synthesis of N-(2,4-dinitrophenyl) pyridinium chloride 1-1 

Pyridine (7.91 g, 0.100 mol) were poured into a 500 mL round-bottomed 

flask. 2,4-Dinitrochlorobenzene (20.3 g, 0.100 mol) was added and heated 

for 15 minutes with vigorous stirring. After cooling to room temperature, 

acetone (50 mL) was added to wash down the sides of the flask. The solid 

was triturated with 400 mL acetone then filtered in vacuo and washed with 

further acetone through a glass frit. After drying overnight under high 

vacuum at 65 °C to give the title compound 1-1 as a pale yellow solid (27.7 g, 97%), mp 192-

193°C, (in agreement with the literature).175 1H NMR (600 MHz, Methanol-d4) δ 9.32 – 9.28 (m, 

2H), 9.27 (d, J = 2.5 Hz, 1H), 8.98 – 8.89 (m, 2H), 8.42 – 8.37 (m, 2H), 8.30 (d, J = 8.5 Hz, 1H). 13C 

1-1 
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NMR (151 MHz, d6-DMSO) δ 149.3, 146.6, 143.6, 139.2, 132.5, 131.1, 128.5, 121.8. IR νmax /cm-

1 784 (C-H), v= 1542 (N-O).  HRMS [ES+] 246.0500, C11H8N3O4 requires 246.0509. EA for 

C11H8N3O4 calc. C, 46.91; H, 2.86; N, 14.97; found C, 46.96; H, 2.79; N, 14.77. 

 

Synthesis of 1,1'-bis(2,4-dinitro)-4,4'-bipyridinium dichloride, 1-2 

4,4’-Bypiridine (1.60 g, 10.2 mmol) and 1-

chloro-2, 4-dinitrobenzene (7.40 g, 36.5 

mmol) were dissolved in anhydrous 

acetronitrile (15 mL) under argon. The 

solution was heated to reflux and stirred for 9 days until a large amount of pale-yellow 

precipitate had formed. Water (5 mL) were added to the flask and warmed until the precipitate 

dissolved. Ethanol (10 mL) was then added dropwise forming a yellow precipitate. The 

contents of the flask were filtered and dried in vacuo to give the title compound 1-2 (5.12 g, 

89%) as a pale-yellow powder, mp 244-246 °C, (in agreement with the literature).127 1H NMR 

(600 MHz, D2O) δ 9.32 (d, J = 6.5 Hz, 4H), 9.24 (d, J = 2.0 Hz, 2H), 8.81 – 8.74 (m, 6H), 8.15 (d, J 

= 8.5 Hz, 2H). 13C NMR (151 MHz, CD3OD) δ 152.2, 147.2, 147.2, 143.1, 138.4, 127.2, 127.2, 

121.9, 121.8. IR νmax /cm-1 839 (C-H), 1532 (N-O). HRMS [ES+] found 490.0867. C22H14N6O8
+ 

requires 490.0873, [M-H]1+., HPLC Purity (UV) = 99%, tR 13.9 min. 

Synthesis of 1,1′-bis(4′-amino-3,3′-dimethoxy-[1,1′-biphenyl]-4-yl)-[4,4′-bipyridine]-1,1′-diium 

chloride, 1-43 

The di-Zincke salt 1-2 (575 

mg, 1.00 mmol) was 

dissolved in 12 mL of 

methanol/water (1 : 1, 

v/v) with 3,3′-

dimethoxybenzidine (733 mg, 3.00 mmol). The reaction mixture was heated with stirring to 

reflux for 3 days, after which the solvent was removed in vacuo. The residue was dissolved in 

1-2 

1-43 
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methanol (50 mL) and precipitated into EtOAc (400 mL) with stirring. THF (400 mL) were added 

and the whole stirred for 48 h then filtered. The crude product was precipitated twice from 

MeOH/EtOAc (1 : 8, v/v then filtered and dried under high vacuum to afford 1-40 as a dark 

brown solid (645 mg, 93%), mp 280 °C (dec.) in agreement with the lit.126 1H NMR (600 MHz, 

CD3OD) δ 9.43 (d, J = 6.0 Hz, 4H), 8.90 (d, J = 6.0 Hz, 4H), 7.83 (d, J = 8.0 Hz, 2H), 7.63 (s, 2H), 

7.58 (d, J = 8.0 Hz, 2H), 7.44 (s, 2H), 7.38 (d, J = 7.5 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 4.06 (s, 

12H). 13C NMR (151 MHz, CD3OD) δ 152.2, 150.9, 150.7, 149.7, 147.5, 146.3, 129.9, 126.7, 

126.6, 120.2, 120.0, 119.7, 111.2, 110.1, 55.9, 55.3, 48.1. IR νmax /cm-1 3407 (primary amine), 

1125 (C-O). HRMS [ES+] 306.1342, C38H36N4O4
2+ requires 306.1366, [m/z]. 

 

Synthesis of 1-(2,4-Dinitrophenyl)-[4,4'-bipyridin]-1-ium chloride 1-44 

Bipyridine (10.09 g, 64.6 mmol) were heated with 1-chloro-2,4-dinitrobenzene 

(13.08g, 64.6 mmol) with acetone (6 mL) to 80 °C with stirring. After 15 

minutes the crude mixture became too thick for stirring and the vessel was 

allowed to cool to room temperature. Acetone was added and the reaction 

mixture was stirred for a further 15 min at 50 °C. After cooling the solid was 

broken up with a pestle and mortar and triturated overnight in acetone. The 

product was filtered and washed with further acetone to give the title 

compound as a brown solid (21.01 g, 90.8%), mp 149 °C, (in agreement with 

the literature).123 1H NMR (600 MHz, CD3OD) δ 9.44 – 9.41 (m, 2H), 9.30 (d, J = 

2.5 Hz, 1H), 8.95 (dd, J = 8.5, 2.5 Hz, 1H), 8.92 – 8.88 (m, 2H), 8.83 (d, J = 7.0 Hz, 2H), 8.34 (dd, 

J = 8.5, 2.0 Hz, 1H), 8.14 – 8.12 (m, 2H). 13C NMR (151 MHz, CD3OD) δ 156.6, 150.6, 149.8, 

146.4, 143.2, 141.7, 138.5, 131.4, 129.8, 125.7, 122.4, 121.8. IR νmax /cm-1 1222 (C-N), 1533 (N-

O). HRMS [ES+] 323.0789, C16H11N4O4
+ requires 323.0780 [M]+. HPLC Purity (UV) = 99+% tR 9.8 

min. 

1-44 
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Synthesis of 1-(3,5-bis(methoxyphenyl)-[4,4’-bipyridin]-1-ium dichloride 1-46 

1-(2’, 4’-Ditrophenyl)-[4,4’-bipyridin]-1-ium chloride (1.92 g, 5.35 mmol) 

was dissolved in ethanol (6 mL) with 3,5-dimethoxyaniline (0.82 g, 5.35 

mmol). The mixture was heated to reflux and stirred vigorously for 2 h. 

After cooling to room temperature hot methanol was added until the 

paste was completely dissolved and hot acetronitrile  (1:3 v/v) was 

added. The recrystallised product was collected via filtration and washed 

with acetronitrile (100 mL) then air dried overnight giving the title 

compound as a yellow solid (1.08 g, 61%). 1H NMR (600 MHz, CD3OD) δ 

9.34 (d, J = 7.0 Hz, 2H), 8.89 – 8.85 (m, 2H), 8.64 (d, J = 7.0 Hz, 2H), 8.08 – 8.04 (m, 2H), 7.03 (d, 

J = 2.0 Hz, 2H), 6.86 (s, 1H), 3.92 (s, 6H).13C NMR (151 MHz, CD3OD) δ 161.6, 154.6, 150.4, 

145.1, 143.6, 142.1, 125.0, 123.4, 101.4, 55.3, -0.16, mp 217 °C. IR νmax /cm-1 1204 (C-O), 1628 

(C=C). HRMS [ES+] 293.1283, C18H17N2O2
+  requires 293.1290, [M]+. HPLC Purity (UV) = 96% tR 

11.5 min. 

Synthesis of 1-(3,5-bi(methoxyphenyl)-[4,4'-bipyridin] -1-ium dichloride 1-47 

1-(3”,5”-Dimethoxyphenyl)-[4,4’-bipyridine]-

1-ium chloride (0.94 g, 2.86 mmol) and 1-

chloro-2,4-dinitrobenzene (5.07 g, 25.00 

mmol) were dissolved in ethanol (8 mL) and 

heated to reflux with stirring for 3 days. The crude product was dissolved in THF (70 mL) then 

filtered. The residue was washed with further THF (100 mL) then EtOAc (100 mL). It was dried 

overnight in an oven at 60 °C to give the title compound as a brown solid 1-47  (5.57 g, 79%), 

mp 217 °C (dec.). 1H NMR (600 MHz, CD3OD) δ 9.64 (d, J = 6.0 Hz, 2H), 9.61 – 9.56 (m, 2H), 9.34 

(s, 1H), 9.06 (d, J = 6.0 Hz, 2H), 8.98 (d, J = 9.0 Hz, 1H), 8.94 (d, J = 6.5 Hz, 2H), 8.39 (d, J = 8.5 

Hz, 1H), 7.10 (s, 2H), 6.91 (s, 1H), 3.94 (d, J = 2.0 Hz, 6H). 13C NMR (151 MHz, CD3OD) δ 162.2, 

152.6, 150.2, 150.0, 147.1, 145.9, 144.1, 143.1, 138.4, 131.3, 129.9, 127.1, 127.0, 121.8, 103.0, 

1-46 

1-47 
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102.7, 55.3. IR νmax /cm-1 1163 (C-O), 1537 (N-O).  HRMS [ES+] 460.1360, C24H20N4O6
2+ requires 

460.1383, [M]+. 

Synthesis of N,N’-di(phenyl)-4,4'-bipyridinium dichloride 2-2a 

The title compound was synthesized following 

general protocol (I) using 1-2 (0.50 g, 0.89 mmol) 

added to aniline (0.18 g, 1.96 mmol) and oscillated 

for 30 minutes using ZrO2 balls (1 x 12 mm Ø). The 

reaction mixture was washed with THF (50 mL) and EtOAc (50 mL), filtered then purified by 

flash chromatography using a reverse phase C18 column (43 g cartridge), to yield 2-2a, as a 

pale brown powder, 1,1′-phenyl-(4,4′-bipyridine)-1, 1′-diium dichloride (86 mg, 26%), mp 395 

°C (dec). 1H NMR (600 MHz, D2O) δ 9.33 – 9.23 (m, 4H), 8.71 – 8.63 (m, 4H), 7.87 – 7.49 (m, 

10H). 13C NMR (151 MHz, CD3CN) δ 150.4, 145.7, 142.4, 132.2, 130.7, 127.3, 124.5. IR νmax /cm-

1 757 (C-H). HRMS [ES+] found 309.1390. C18H14N2
+ requires 309.1386 (in agreement with the 

literature),127  HPLC Purity (UV) = 95%, tR 12.6 min. 

 

Synthesis of N,N’-di(2-ethylphenyl)-4,4'-bipyridinium dichloride 2-2b 

The title compound was synthesized following general 

protocol (I) using 1-12 (0.50 g, 0.89 mmol) added to 2-

ethylaniline (0.25 mg, 1.98 mmol) and oscillated for 60 

minutes to give the title compound (0.22 g, 56%) as a 

brown solid, mp 247 – 248 °C. 1H NMR (600 MHz, CD3OD) δ 9.49 – 9.42 (m, 4H), 8.94 – 8.91 (m, 

4H), 7.75 (td, J = 7.5, 1.5 Hz, 2H), 7.70 (dd, J = 8.0, 1.5 Hz, 2H), 7.65 (dd, J = 8.0, 1.5 Hz, 2H), 

7.59 (td, J = 7.5, 1.5 Hz, 2H), 2.56 (q, J = 7.5 Hz, 4H), 1.22 (t, J = 7.5 Hz, 6H). 13C NMR (151 MHz, 

CD3OD) δ 151.1, 147.2, 141.5, 138.1, 132.1, 130.2,  127.7, 127.3, 125.6,  22.9, 13.5. IR νmax /cm-

1 693 (C-H), 1344 (C-N). HRMS [ES+] found 365.2013, C26H26N2
+

  requires 365.2012, HPLC Purity 

(UV) = 95%, tR 12.6 min. 

 

2-2b 

2-2a 
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Synthesis of N,N’-bis(4-phenoxy)-4,4'-bipyridinium dichloride 2-2c 

The title compound was synthesized 

following general protocol (I) using 1-2 

(0.50 g, 0.89 mmol) with 4-

phenoxyaniline (363 mg, 1.98 mmol) 

to give the title compound (0.32 g, 64% 

yield) as a metallic yellow-gold powder, mp 326 – 328 °C (dec). 1H NMR (600 MHz, DMSO-d6) 

δ 9.72 (d, J = 6.5 Hz, 4H), 9.20 – 9.09 (m, 4H), 8.08 – 7.97 (m, 4H), 7.57 – 7.47 (m, 4H), 7.40 – 

7.25 (m, 6H), 7.23 – 7.11 (m, 4H). 13C NMR (151 MHz, CD3OD) δ 13C NMR (151 MHz, CD3OD) δ 

161.0, 155.3, 150.0, 145.6,  137.0, 130.1,126.9, 125.9, 124.9, 119.9, 118.7. IR νmax /cm-1 1233 

(C-N), 1583 (arene). HRMS [ES+] found 493.1898, C34H26N2O2
+

  requires 493.1911, [M-H]1+. HPLC 

Purity (UV) = 96%, tR 12.9 min. 

 

Synthesis of N,N’-bis[4-(trifluoromethylphenyl)]-4,4’ bipyridinium Dichloride 2-2d 

The title compound was synthesized by 

following general protocol (II) with 1-2 (0.50 g, 

0.89 mmol) and 4-trifluoromethyl aniline 2-1d 

(0.42 g, 1.96 mmol) to give a yellow-brown 

powder (0.13 g, 45%), mp  312-314 °C (dec.), 1H NMR (600 MHz, D2O) δ 9.39 – 9.35 (m, 4H), 

8.76 – 8.71 (m, 4H), 8.01 (d, J = 8.0 Hz, 4H), 7.93 (d, J = 8.0 Hz, 4H), 13C NMR (151 MHz, D2O) δ 

151.0, 145.6, 144.6, 132.8 (q, 2JCF = 30.0 Hz), 127.9 (q, 3JCF = 4.5 Hz), 127.2, 125.1, 120.8 (q, 1JCF 

= 302 Hz). 19F NMR (376 MHz, DMSO) δ -61.3. IR νmax /cm-1 1252 (C-N), 824 (alkene). HRMS 

[ES+] 445.1142, C24H16F6N2
 +  requires 445.1134, [M-H]1+. HPLC Purity (UV) = 95%, tR 14.6 min. 

 

Synthesis of N,N’-bis[4-(methoxy)]-4,4’ bipyridinium Dichloride 2-2e 

The title compound was synthesised by 

following general protocol (I) using 1-2 (0.50 g, 

0.89 mmol) and p-anisidine 2-1e ( 0.24 g, 1.96 

2-2c 

2-2d 

2-2e 
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mmol) with an oscillation time of 90 minutes. Purification using general protocol (I) gave the 

title compound, a yellow powder (195 mg, 50%), mp 278.4 – 279.6 °C (dec), 1H NMR (600 MHz, 

DMSO-d6) δ 9.64 (s, 4H), 9.06 (s, 4H), 7.95 (d, J = 8.0 Hz, 4H), 7.32 (d, J = 8.5 Hz, 4H), 3.93 (s, 

6H). 13C NMR (151 MHz, DMSO-d6) δ 161.4, 148.3, 145.4, 135.1, 126.5, 126.1, 115.2, 55.9. IR 

νmax /cm-1 825 (para-disubstituted benzene), 1494 (C-N), 1592 (C=C). HRMS [ES+] 369.1584, 

C24H22N2O2
 +  requires 369.1598, [M-H]1+  in agreement with lit. HPLC Purity (UV) = 97%, tR 18.4 

min. 

Synthesis of N,N'-bis(4-phenol)-[4,4'-bipyridin]-1,1’-dium dichloride 2-2i 

The title compound was synthesised by following 

general protocol (I) using  1-2  (0.700 g, 1.25 mmol) 

was added to 4-aminophenol 2-1i (0.273 mg, 2.50 

mmol), giving a brown paste which was dissolved 

in methanol (60 mL). Precipitation of the solid was by the dropwise addition of the crude 

methanol solution, into stirred, cold (-20 °C) ethyl acetate (150 mL). ICP-MS analysis 

established that zirconium residues were present in the sample and quantified as 3% by 

weight. The zirconium residues were removed by dissolving the sample in methanol, then 

filtering through 2 cm depth of oven-dried celite. The solvent was removed from the filtrate, 

in vacuo, and the solid was dried overnight in a vacuum oven at 70 °C to give a brown powder 

(0.413 g, 96%), mp 311 °C (dec) 1H NMR (600 MHz, DMSO) δ 10.59 (s, 2H), 9.56 (d, J = 6.5 Hz, 

4H), 8.97 (d, J = 6.5 Hz, 4H), 7.76 (d, J = 8.5 Hz, 4H), 7.09 (d, J = 8.5 Hz, 4H). 13C NMR (151 MHz, 

CD3OD) δ 150.0, 147.2, 138.4, 131.2, 129.9, 127.2, 121.9. IR νmax /cm-1 3023 (O-H), 816 (C-H). 

HRMS [ES+] 341.1290, C22H18N2O2
 +  requires 341.1291, [M-H]1+. HPLC Purity (UV) = 85%, tR 12.2 

min. 

Synthesis of N,N’-di[4-(3-phenol)]-[4,4'-bipyridin]-1,1’-dium dichloride 2-2j 

The title compound was synthesised by following 

general protocol (I) using 1-2 (0.50 g, 0.89 mmol) 

added to 3-aminophenol 2-1j (0.21 g, 1.98 mmol). 

The crude product was dissolved in methanol (60 

2-2i 

2-2j 
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mL), then added, dropwise, into stirred, cold (-20 °C) EtOAc (150 mL). After filtering the solid 

was washed with further cold EtOAc then dried overnight, in vacuo, at 70 °C to give a pale 

brown powder. A further purification step to remove zirconium residues by dissolving the 

collected sample in methanol then filtering through 2 cm depth of methanol-washed, oven-

dried, celite. The solvent was removed from the filtrate, in vacuo, and dried overnight at 70 °C 

to give the title compound as a pale brown powder (2.68 g, 88%), mp 325 °C (dec) 1H NMR (600 

MHz, DMSO) δ 10.50 (s, 2H), 9.62 (d, J = 7.0 Hz, 4H), 8.99 (d, J = 6.5 Hz, 4H), 7.55 (d, J = 8.0 Hz, 

2H), 7.32 (d, J = 8.0 Hz, 2H), 7.29 (s, 2H), 7.16 (d, J = 8.0 Hz, 2H), 13C NMR (151 MHz, CD3OD) δ 

150.0, 147.2, 143.1, 138.4, 131.2, 129.9, 127.2, 121.9, 48.0. IR νmax /cm-1 812 (C-H), 3405 (O-

H). HRMS [ES+] 341.1290, C22H18N2O2
 +  requires 341.1291, [M-H]1+. HPLC Purity (UV) = 98%, tR 

12.7 min. 

Synthesis of N,N’-di[4-(3-benzonitrile)]-[4,4'-bipyridin]-1,1’-dium dichloride 2-2k 

1-2 (0.18 g, 3.16 mmol) was slowly added to melted 

aminobenzonitrile 2-1k ( 1.027 g, 8.69 mmol) and 

stirred on a hotplate with a magnetic stirrer bar until 

the mixture until the stirrer bar was immobilised. 

The crude product was dissolved in methanol then added dropwise to cold (-20 °C) ethyl 

acetate (150 mL). This was filtered and washed with cold ethyl acetate then air dried overnight 

to give a beige powder, (0.734 g, 64%), mp 342 °C (dec). 1H NMR (600 MHz, CD3OD) δ 9.63 (d, 

J = 6.5 Hz, 2H), 8.99 (d, J = 6.5 Hz, 2H), 8.46 – 8.43 (m, 1H), 8.29 (dd, J = 8.5, 2.5 Hz, 1H), 8.20 

(d, J = 8.0 Hz, 1H), 8.00 (t, J = 8.0 Hz, 1H). 13C NMR (151 MHz, CD3OD) δ 151.0, 146.1, 142.8, 

135.3, 131.6, 129.1, 128.4, 127.2, 116.5, 114.4. IR νmax /cm-1 1638 (C=C), 2231 (C≡N). HRMS 

[ES+] 360.1390, C24H16N4
+  requires 360.1375, [M-H]1+. HPLC Purity (UV) = 95% tR 9.7 min. 

  

2-2k 
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Synthesis of 1,1’-bis[4-(3-phenoxy)]-[4,4'-bipyridin]-1,1’-dium dichloride, 2-2l 

The title compound was synthesised by following 

general protocol (I) using 1-2 (0.50 g, 0.89 mmol) added 

to 3-phenoxyaniline 2-2l (0.21 g, 1.98 mmol). The crude 

product was dissolved in methanol (60 mL), then added, 

dropwise, into stirred, cold (-20 °C) EtOAc (150 mL). 

After filtering the solid was washed with further cold 

EtOAc then dried overnight, in vacuo, at 70 °C to give a 

brown powder. Further purification, to remove zirconium residues, was achieved by dissolving 

the collected impure sample in methanol, filtering it through a 2 cm depth of methanol-

washed, oven-dried, celite. The solvent was removed from the filtrate, in vacuo, and dried 

overnight at 70 °C to give the title compound as a metallic yellow/gold powder (0.220 g, 44% 

yield), mp 326-328°C (dec). 1H NMR (600 MHz, CD3OD) δ 9.53 – 9.52 (m, 4H), 8.86 – 8.84 (m, 

4H), 7.74 (t, J = 8.0 Hz, 2H), 7.61 – 7.59 (m, 2H), 7.56 (s, 2H), 7.48 – 7.42 (m, 4H), 7.39 – 7.34 

(m, 2H), 7.24 (tt, J = 7.5, 1.0 Hz, 2H), 7.16 (dt, J = 7.5, 1.0 Hz, 4H). 13C NMR (151 MHz, CD3OD) 

δ 159.3, 155.6, 150.6, 145.8, 143.7, 131.8, 130.1, 127.1, 124.6, 120.8, 118.5, 113.9. IR νmax /cm-

1 1216 (C-N), 1586 (C=C ). HRMS [ES+] 493.1911, C34H25N2O2
+ requires 493.1897 [M-H]1+ . HPLC 

Purity (UV) = 95.4% tR 17.2 min. 

Synthesis of N,N’-bis[4-(2,5-dimethoxyphenyl)]-4,4’ bipyridinium Dichloride 2-5d 

The title compound was synthesized by following 

general protocol (I) using 1-2 (0.50 g, 0.89 mmol) with 

3,5-dimethoxyaniline 2-4d (0.30 g, 1.96 mmol) to give the 

titled compound as a sand-coloured powder (0.20 g, 

87% yield). 1H NMR (600 MHz, CD3OD) δ 9.55 (d, J = 6.0 

Hz, 4H), 8.88 (d, J = 6.5 Hz, 4H), 7.09 (s, 4H), 6.90 (s, 2H), 3.94 (s, 12H), mp 332 °C (dec). 13C 

NMR (151 MHz, CD3OD) δ 162.6, 145.4, 149.7, 135.5, 126.8, 125.5, 115.4, 55.2. IR νmax /cm-1  

1064 (C-O), 1339 (C-N), 1164. HRMS [ES+] found 429.1809, C26H25O4N2
+ requires 429.1802, [M-

H]1+ (in agreement with the lit.126) HPLC Purity (UV) = 94%, tR 9.8 min. 

2-5d 

2-2l 
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Synthesis of 1,1'-bis(4-fluoro)-[4,4'-bipyridin]-1,1’-dium dichloride 2-5g 

The title compound was synthesised by following 

general protocol (II) using 1-2 (0.50 g, 0.89 mmol) 

added 4-fluoroaniline 2-4g (0.36 g, 1.98 mmol). 

The crude product was dissolved in warm 

methanol (10 mL), then precipitated out into EtOAc (30 mL). After filtration it was washed with 

ethyl acetate (50 mL). The solid was triturated in THF (100 mL) then filtered and air-dried 

overnight giving a beige powder (0.18 g, 49% yield), mp 331 °C (dec). 1H NMR (600 MHz, 

CD3OD) δ 9.56 (d, J = 6.0 Hz, 4H), 8.93 (d, J = 6.0 Hz, 4H), 8.01 (dd, J = 9.0, 4.5 Hz, 4H), 7.57 (t, J 

= 8.5 Hz, 4H). 13C NMR (151 MHz, CD3OD) δ 163.6 (d, 1JCF = 252 Hz), 150.4, 145.9, 138.8, 127.1, 

126.8 (d, 3JCF = 11 Hz), 117.2 (d, 2JCF = 24 Hz). IR νmax /cm-1 812 (C-H), 1241 (C-F). HRMS [ES+] 

346.1282, C22H16F2N2
2+ requires 346.1270 [M]+. HPLC Purity (UV) = 95%, tR 19.0 min. 

 

Synthesis of N,N’-bis[4-(1-naphthyl)]-4,4’ bipyridinium Dichloride 2-5i 

The title compound was synthesised by following general 

protocol (I) using 1-2 (0.50 g, 0.89 mmol) with 1-

napthylamine 2-4i ( 0.28 mg, 1.96 mmol) with an 

oscillation time of 20 min, to give a yellow-brown powder 

(0.31 g, 75%), mp  247 – 248 °C (dec.), 1H NMR (600 MHz, 

CD3OD) δ 9.68 – 9.56 (m, 4H), 9.08 – 9.03 (m, 4H), 8.37 (d, J = 8.5 Hz, 2H), 8.28 – 8.15 (m, 2H), 

8.03 (dd, J = 7.5, 1.0 Hz, 2H), 7.84 (dd, J = 8.5, 7.5 Hz, 2H), 7.77 (tt, J = 7.0, 5.5 Hz, 4H), 7.64 – 

7.54 (m, 2H). 13C NMR (151 MHz, CD3OD) δ 159.3, 149.7, 145.5, 143.3, 138.6, 133.4, 133.1, 

131.4, 129.8, 129.7, 128.4, 124.4, 121.8. IR νmax /cm-1  799 (C=C), 1251 (C-N), 2850 (C-H). HRMS 

[ES+] found 409.1712, C30H22N2
 +  requires  409.1699, [M-H]1+ (in agreement with the lit.127) 

HPLC Purity (UV) = 99+%, tR 3.4 min. 

  

2-5i 

2-5g 
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Synthesis of N,N’-bis(4-methylphenyl)-4,4’ bipyridinium Dichloride 2-5n 

The title compound was synthesized by following 

general protocol (I) using 1-2 was added to p-toluidine 

2-4n  (236 mg, 2.20 mmol). The title compound was 

isolated as a pale brown powder by reverse phase C18 

(43 g) column chromatography with THF and acetronitrile 70:30 (v/v) Rf = 0.4). (82 mg, 20%), 

mp 291 °C (dec). 1H NMR (600 MHz, DMSO-d6) δ 9.66 (d, J = 6.5 Hz, 4H), 9.05 (d, J = 6.5 Hz, 4H), 

7.85 (d, J = 8.0 Hz, 4H), 7.58 (d, J = 8.0 Hz, 4H), 3.37 (s, 6H). 13C NMR (151 MHz, Acetonitrile-d3) 

δ 218.6, 150.0, 145.5, 143.2, 131.1, 124.2, 127.2, 20.3. IR νmax /cm-1 823 (C-H bending). HRMS 

[ES+] found 337.700, C24H21N2
+ requires  337.1699, [M-H]1+.  

 

Synthesis of 1,1'-bis(4-bromo)-[4,4'-bipyridin]-1,1’-dium dichloride 2-7k 

The title compound was synthesised using 1-2 

1,1’-bis(2,4-dinitrophenyl)-4,4’-bipyridinium 

dichloride (0.55 g, 1.96 mmol) was added slowly 

to melted 4-bromoaniline 2-6k (1.04 g, 6.07 

mmol) and stirred on a hotplate with a magnetic stirrer bar until the mixture was too thick to 

stir, forming a dark brown paste. The product was dissolved in methanol. The crude solution 

was added dropwise to cold (-20 °C) EtOAc (150 mL). It was filtered then washed with cold 

ethyl acetate and air dried overnight giving a yellow-brown powder (0.53 g, 51%), mp 326 °C 

(dec.).  1H NMR (600 MHz, CD3OD) δ 9.57 (d, J = 6.5 Hz, 2H), 8.93 (d, J = 6.5 Hz, 2H), 7.99 (d, J = 

8.5 Hz, 2H), 7.88 (d, J = 8.5 Hz, 2H). 13C NMR (151 MHz, D2O) δ 150.6, 145.3, 141.1, 133.6, 127.1, 

126.0, 125.7. IR νmax /cm-1 163 (C=C), 522 (C-Br). HRMS [ES+] 233.9830, C22H16Br2N2
2+ requires 

233.9825. HPLC Purity (UV) = 95% tR 14.3 min. 

  

2-5n 

2-7k 



207 

 

General procedure for cyanine-5 chloride salts, 3-8a-g 

Synthesis of 5-anilino-N-p-tolyl -2,4-pentadienylideniminium chloride. 3-8a 

1-(2,4-Dinitrophenyl)pyridinium chloride 

(2.26 g, 8.01 mmol) was added to   

 p-toluidine (1.72 g, 16.0 mmol) and oscillated 

for a total of 60 minutes at 30 Hz in 25 mL 

zirconium oxide jars with two, 15 mm diameter zirconium oxide balls. The crude was extracted 

from the reaction vessels by dissolving in methanol (30-40 mL) and heated until all the solid 

dissolved. In a separate 500 mL round bottom flask, diethyl ether (300 mL) were warmed to 

36 °C with stirring. The crude solution was gradually added to the diethyl ether using a Pasteur 

pipette, forming a precipitate which was hot filtered through a warm glass frit to give a red 

powder (2.46 g, 99%), mp 141 °C (in agreement with lit.239). 1H NMR  (600 MHz, CD3OD) δ 8.34 

(d, J = 11.5 Hz, 2H), 7.83 (t, J = 12.5 Hz, 1H), 7.25 (d, J = 8.0 Hz, 4H), 7.20 (d, J = 8.5 Hz, 4H), 6.25 

(app t, J = 12.0 Hz, 2H), 2.34 (s, 6H, 13C NMR  (151 MHz, CD3OD) δ 163.5, 154.8, 136.3, 136.0, 

130.1, 116.9, 108.6, 19.5.  IR νmax /cm-1 817 (C-H), 1013 (C-N), HRMS [ES+] 277.1705, C19H21N2 

requires 277.1716, HPLC Purity (UV) = 99+%, tR 20.3 min. 

 

Synthesis of 5-anilino-N-phenyl -2,4-pentadienylideniminium chloride. 3-8b 

1-(2,4-Dinitrophenyl)pyridinium chloride 1-1 (2.26 

g, 8.00 mmol) was added to aniline (1.49 g, 16.0 

mmol) and oscillated for 60 minutes at 30 Hz in a  

zirconium oxide jar (25 mL) containing two, 

3-8b

 

3-8a
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zirconium oxide balls (15 mm dia.). The crude reaction mixture was dissolved in warm, stirred 

methanol (40 mL). The solution was added dropwise with stirring to warm (36 °C) diethyl ether 

(300 mL). The precipitated solid was filtered using a warm glass frit to give the title compound 

(2.46 g, 99%) as a carmine solid, mp 121 °C (lit. 146-147 °C)142. 1H NMR (600 MHz, CD3OD) δ 

8.42 (d, J = 11.5 Hz, 2H), 7.90 (dd, J = 13.0 Hz, 1H), 7.44 (t, J = 8.0 Hz, 4H), 7.33 (d, J = 8.0 Hz, 

4H), 7.25 (t, J = 7.5 Hz, 2H), 6.31 (dd, J = 12.0 Hz, 2H). 1H NMR (600 MHz, d6-DMSO) δ 12.04 (s, 

2H), 8.59 (d, J = 11.5 Hz, 2H), 7.82 (t, J = 13.0 Hz, 1H), 7.43 (d, J = 4.5 Hz, 8H), 7.21 (q, J = 4.5 Hz, 

2H), 6.34 (t, J = 12.0 Hz, 2H), 2.06 (s, 2H). 13C NMR (151 MHz, CD3OD) δ 162.6, 149.7, 145.4, 

126.8, 125.5, 115.4, 55.2. IR νmax /cm-1 1331 (C-N), 1631 (C=C). HRMS [ES+] found 249.1404, 

C17H17N2 requires 249.1392. HPLC Purity (UV) = 95%, tR 12.6 min. 

 

Synthesis of 5-anilino-N-p-aniso-2,4-pentadienylideniminium chloride. 3-8c 

1-(2,4-Dinitrophenyl)pyridinium chloride, 1-1 

(0.600 g, 2.13 mmol) was added to p-

anisidine 3-1c (0.551 g, 4.47 mmol) and 

mechanically activated for 15 minutes at 30 Hz in 25 mL tungsten carbide jars with two, 15 mm 

diameter tungsten carbide balls. The crude product was extracted from the reaction vessels by 

dissolving with methanol (20 mL). Precipitation was carried out by adding the red reaction mix, 

drop-wise, into stirred, cold (-20°C) ethyl acetate (100mL). The collected solid was then heated, 

under reflux, in diethyl ether (200 mL), with vigorous stirring for an hour. The purified solid 

was collected while still warm by filtering through a warm glass frit to yield 3-8c, a maroon 

solid (0.663 g, 91%), mp 132.9 °C (lit.240 mp 150-151 °C), 1H NMR (600 MHz, Methanol-d4) δ 

8.25 (d, J = 11.5 Hz, 2H), 7.78 (t, J = 13.0 Hz, 1H), 7.25 (d, J = 8.5 Hz, 4H), 6.98 (d, J = 8.5 Hz, 4H), 

6.22 (t, J = 12.0 Hz, 2H), 3.80 (s, 6H). 13C NMR (151 MHz, CD3OD) δ 54.6, 108.2, 114.8, 118.4, 

132.0, 158.1, 154.3, 162.5. IR νmax /cm-1 1164 (C-O), 2830 (N-H).  HRMS [ESI+] 309.1594, 

C19H21N2O2
+  requires 309.1603. HPLC Purity (UV) = 99% tR 18.8 min. 

  

3-8c 
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Synthesis of 5-anilino-N-4-phenoxy-2,4-pentadienylideniminium chloride. 3-8d 

1-(2,4 Dinitrophenyl)pyridinium 

chloride, 1-1 (0.60 g, 2.13 mmol) 

was added to 4-Phenoxyaniline 

3-1d (2.63 g, 14.2 mmol) ti give 

a maroon powder 3-8d (3.26 g, 98%), mp 140.5 °C. 1H NMR (600 MHz, d6-DMSO) δ 12.02 (s, 

2H), 8.51 (d, J = 12.0 Hz, 2H), 7.75 (app t, J = 12.0 Hz, 1H), 7.44 (d, J = 8.5 Hz, 4H), 7.41 – 7.37 

(m, 4H), 7.13 (t, J = 7.5 Hz, 2H), 7.10 – 7.06 (m, 4H), 6.99 (d, J = 8.0 Hz, 4H), 6.30 (app t, J = 12.0 

Hz, 2H), 3.14 (s, 1H). 13C NMR (151 MHz, CD3OD) δ 231.3, 155.0, 130.0, 129.6, 129.6, 128.1, 

125.9, 123.5, 119.8, 119.6, 119.6, 118.6, 118.6, 118.3, 108.8. IR νmax /cm-1 1149 (C-N), 1239 (C-

O). HRMS [ES+] 433.1890, C29H25N2O2
+ requires 433.1916, HPLC Purity (UV) = 97%, tR 22.8 min. 

 

Synthesis of 5-anilino-N-4-fluoro-2,4-pentadienylideniminium chloride. 3-8e 

1-(2,4-Dinitrophenyl)pyridinium chloride  1-1 

(2.26 g, 8.01 mmol) was added to 4-

Fluoroaniline (1.78 g, 16.0 mmol) and 

oscillated for a total of 60 minutes at 30 Hz 

in 25 mL zirconium oxide jars with two, 15 mm diameter zirconium oxide balls. The crude was 

extracted from the reaction vessels by dissolving in methanol (30-40 mL), heated to and stirred 

60 °C to ensure all solids are dissolved. In a separate 250 mL round bottom flask, diethyl ether 

(300 mL) were warmed to 36 °C with stirring. The crude solution was precipitated gradually 

into the diethyl ether then hot filtered through a warm glass frit to give a red powder (2.24 g, 

87%), mp 124.4 °C (lit.240  128-129 °C),  1H NMR (600 MHz, CD3OD) δ 8.38 (d, J = 11.5 Hz, 2H), 

7.89 (t, J = 13.0 Hz, 1H), 7.36 (dd, J = 9.0, 4.5 Hz, 4H), 7.19 (t, J = 8.5 Hz, 4H), 6.30 (t, J = 12.0 Hz, 

2H). 13C NMR (151 MHz, CD3OD) δ 164.4, 161.5, 159.9, 155.7, 135.1, 119.0, 116.3, 108.9. IR 

νmax /cm-1 833 (C=C), 1348 (C-N), (aromatic amine, stretching). HRMS [ES+] 285.1190 

C17H15F2N2, requires 285.1203. HPLC Purity (UV) = 95%, tR 19.0 min. 

 

3-8e 

3-8d
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3-XX 

Synthesis of 5-anilino-N-4-chloro-2,4-pentadienylideniminium chloride. 3-8f 

1-(2,4-Dinitrophenyl)pyridinium chloride 1-

1  (2.72 g, 9.66 mmol) was added to 4-

Chloroaniline (2.46 g, 19.3 mmol) and 

oscillated for a total of 60 minutes at 30 Hz 

in 25 mL zirconium oxide jars with two, 15 mm diameter zirconium oxide balls. The crude was 

extracted from the reaction vessels by dissolving in methanol (30-40 mL). Diethyl ether (150 

mL) were added and the mixture was warmed to 45 °C and stirred for an hour. After filtering 

through a warm frit, the product was recrystallised from toluene (30 mL) and ethanol (5 mL) 

giving a deep purple crystalline powder (2.11 g, 60%), mp 127.7 °C (Lit.240 139 °C). 1H NMR (600 

MHz, CD3OD) δ 8.43 (d, J = 11.5 Hz, 2H), 7.91 (t, J = 13.0 Hz, 1H), 7.55 – 7.35 (m, 4H), 7.35 – 

7.28 (m, 4H), 6.33 (t, J = 12.0 Hz, 2H). 13C NMR (151 MHz, d6-DMSO) δ 163.7, 156.0, 138.3, 

130.5, 130.1, 119.7, 110.3. IR νmax /cm-1 832 (C-Cl), 1180 (C-N). HMRS [ES+] 404.9592, 

C17H15Cl3N2
+ requires 404.9602. HPLC Purity (UV) = 99+%, tR 20.0 min. 

 

Synthesis of 5-anilino-N-4-bromo-2,4-pentadienylideniminium chloride. 3-8g 

1-(2,4-Dinitrophenyl)pyridinium chloride  1-

1 (2.72 g, 9.66 mmol) was added to 4-

Bromoaniline (2.46 g, 19.3 mmol) were 

reacted as per general procedure (III). The 

precipitate was recrystallised from toluene (30 mL) and ethanol (5 mL) to give the title 

compound as a deep purple powder (2.60 g, 66%) mp 127.7 °C. 1H NMR (600 MHz, d6-DMSO) 

δ 12.08 (s, 2H), 8.60 (d, J = 11.5 Hz, 2H), 7.80 (t, J = 13.0 Hz, 1H), 7.62 (d, J = 8.5 Hz, 4H), 7.38 

(d, J = 8.5 Hz, 4H), 6.34 (t, J = 12.0 Hz, 2H). 13C NMR (151 MHz, d6-DMSO) δ 163.8, 156.0, 138.7, 

133.0, 120.0, 118.1, 110.5, 56.5, 19.0. IR νmax /cm-1 667 (C-Br), 1172 (C-N). HMRS [M-H]+ 

404.9592, C17H15Br2N2 requires 404.9602. HPLC Purity (UV) = 99+%, tR 20.4 min. 

 

 

3-8g

 

3-8f
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Synthesis of 4-phenyl-1-(2,4-dinitrophenyl) pyridinium chloride, 3-18a 

1-chloro-2,4-dinitrobenzene (2.6 g, 13.0 mmol) were added 

to 4-phenylpyridine (2.01 g, 13 mmol) in acetone (15 mL) 

and heated to reflux for 24 hours. After cooling to room 

temperature, the product was filtered and washed with 

acetone and air-dried to give the title compound as a pale brown powder (1.72 g, 37.0% yield), 

mp 185-186 °C. 1H NMR (600 MHz, CD3OD) δ 9.28 (d, J = 2.5 Hz, 1H), 9.24 (d, J = 6.5 Hz, 2H), 

8.93 – 8.90 (m, 1H), 8.71 – 8.68 (m, 2H), 8.33 (d, J = 8.5 Hz, 1H), 8.17 (dd, J = 7.0, 2.0 Hz, 2H), 

7.72 (dt, J = 14.5, 7.0 Hz, 3H), in agreement with the lit.172  13C NMR (151 MHz, d6-DMSO) δ 

157.8, 149.5, 146.4, 143.6, 139.0, 133.6, 133.5, 132.5, 130.7, 130.4, 129.2, 124.5, 121.9. IR νmax 

/cm-1 1338 (C-N), 1533 (N-O), HRMS [ES+] 322.0842, C17H12N3O4
+  requires 322.0828. HPLC 

Purity (UV) = 99%, tR 16.5 min. 

 

Synthesis of 1-(2,4-dinitrophenyl) pyridinium 4-methoxy chloride, 3-18b 

1-chloro-2,4-dinitrobenzene (1.88 g, 9.28 mmol) were added 

to 4-methoxypyridine (1.00 g, 9.16 mmol) in diethyl ether (15 

mL) and heated to reflux for 24 hours. After cooling to room 

temperature, the product was filtered and washed with 

diethyl ether through a glass frit then dried in the oven at 60-80 °C to give the title compound 

as a pale yellow solid (2.036 g, 81%), mp 136 - 138 °C, (in agreement with the lit.172 ) 1H NMR 

(600 MHz, d6-DMSO) δ 9.13 (d, J = 7.0 Hz, 2H), 9.07 (d, J = 2.5 Hz, 1H), 8.90 (dd, J = 8.5, 2.5 Hz, 

1H), 8.33 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 7.0 Hz, 2H), 4.21 (s, 3H). 13C NMR (151 MHz, CD3OD) δ 

173.8, 149.4, 146.7, 143.5, 138.5, 131.5, 129.5, 121.7, 113.1, 58.1. IR νmax /cm-1 1522 (N-O), 

1209 (C-O). HRMS [ES+] 276.0633, C12H10N3O5
+ requires 276.0620.  HPLC Purity (UV) = 99%  tR 

13.2 min. 

 

3-18a

 

3-18b 
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Synthesis of sodium;4-[(2Z)-2-[(2E,4E,6E)-7-[1,1-dimethyl-3-(4-sulfonatobutyl)benzo[e]indol-

3-ium-2-yl]hepta-2,4,6-trienylidene]-1,1-dimethylbenzo[e]indol-3-yl]butane-1-sulfonate, ICG, 

4-1 

Following general protocol (I) 1-(2,4-

Dinitrophenyl) pyridinium chloride (0.20 g, 

0.70 mmol ) 1-1, 4-(1,1,2-trimethy1-1H-

benzo[e]indolium-3-yl)butane-sulfonate 

(0.54 g, 1.56 mmol) 4-19, 4-bromoaniline 

(0.25 g, 1.96 mmol) 3-8g and sodium 

acetate (0.26 g, 3.12 mmol) were 

oscillated for 120 minutes at 30 Hz in ZrO2 jars (25 mL) with two ZrO2 balls (15 mm Ø). The 

product was dissolved in methanol (30 mL) and diethyl ether (90 mL) were added. It was kept 

in the freezer (-20 °C) overnight. After filtration through a chilled, glass frit, the collected solid 

(0.9 g) was added to acetronitrile and heated to reflux (74°C) for an hour and cooled slowly to 

room temperature then filtered and washed with acetone. Three further purification attempts 

were conducted by dissolving in water and recrystallizing from acetone to yield the title 

compound (4-1) as a green solid (0.161 g, 29%), mp 235°C. 1H NMR (600 MHz, CD3OD) δ 8.20 

(d, J = 8.5 Hz, 2H), 8.07 – 7.90 (m, 6H), 7.60 (dd, J = 8.5, 6.5 Hz, 4H), 7.44 (t, J = 7.5 Hz, 2H), 6.59 

(d, J = 14.5 Hz, 2H), 6.41 – 6.30 (m, 2H), 4.22 (t, J = 7.5 Hz, 4H), 2.90 (t, J = 7.0 Hz, 4H), 1.99 (d, 

J = 10.5 Hz, 4H), 1.96 (s, 12H), (in agreement with the lit.200). 13C NMR (151 MHz, CD3OD) δ 

179.0, 172.9, 150.7, 139.7, 133.3, 131.9,  130.3, 129.7, 128.1, 127.2, 124.5, 121.9, 110.7, 50.7, 

50.4,  43.5,  26.2, 22.8, 22.1.  HPLC Purity (UV) = 81%, tR 20.8 min. 

 

Using General Procedure (II) -  1-(2,4-Dinitrophenyl) pyridinium chloride (0.245 g, 0.9 mmol ), 

4-(1,1,2-trimethy1-1H-benzo[e]indolium-3-yl)butane-sulfonate 1-1 (0.60 g, 1.7 mmol), 4-

bromoaniline 3-8g (0.232 g, 1.35 mmol) and sodium acetate (0.095 g, 3.60 mmol) were added 

together in a flat-bottomed conical flask (100 mL) with a 2 cm pivoted magnetic stirrer bar. It 

was placed on a RT hotplate set to (85 °C) and the stirrer switched on. The pale coloured 

reagents at RT changed to a deep green mixture within 60 seconds on the hotplate. The stirrer 

4-1
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was immobilised by the reaction mixture at 72 °C and the mixture was manually stirred with a 

steel spatula. After a further four min on the hotplate, the flask was removed from the heat. 

The crude product (1.37 g) was purified using silica gel (12 g) column chromatography with 

MeOH and chloroform gradient (8:2) to give the title compound 4-1 as a deep green solid (0.50 

g, 65%). 1H NMR (600 MHz, CD3OD) δ 8.21 (d, J = 9.0 Hz, 2H), 7.97 (dd, J = 13.1, 8.5 Hz, 6H), 

7.61 (dd, J = 8.5, 5.5 Hz, 5H), 7.45 (t, J = 7.5 Hz, 2H), 6.62 (s, 2H), 6.37 (d, J = 13.5 Hz, 2H), 4.23 

(t, J = 7.5 Hz, 4H), 2.91 (t, J = 7.0 Hz, 4H), 2.04 – 1.96 (m, 20H), (in agreement with lit.203).  13C 

NMR (151 MHz, CD3OD) δ 172.9, 155.8, 150.7, 139.8, 133.3, 131.9, 130.3, 129.7, 128.1, 127.2, 

124.5, 121.9, 110.7, 103.1, 50.7, 50.4, 43.5, 26.2, 22.1, 19.4. HPLC Purity (UV) = 91%, tR 16.8 

min. 

 

 

Using Single Screw Extrusion:  1-(2,4-Dinitrophenyl) pyridinium chloride 1-1 (14.3 g, 50.1 

mmol), 4-(1,1,2-trimethy1-1H-benzo[e]indolium-3-yl)butane-sulfonate 4-19 (35.0 g, 101 

mmol), 4-bromoaniline 3-8g (13.0 g, 75.2 mmol) and sodium acetate (33.1 g, 404 mmol) were 

pre-mixed in a Kenwood mini-chopper for one min using 5-second bursts. The SSE extruder, 

the Filafab 350 PRO EX was preheated to 85°C, with the screw rotation set to 25 rpm. All the 

contents from the mini-chopper were poured into the extruder’s hopper. 90 g of crude were 

extruded in 19 min. A portion of the crude (0.69 g) was purified using silica gel (24 g) column 

chromatography with chloroform and MeOH gradient (8:2) to give the title compound 4-1 as 

a deep green-black solid (0.50 g, 72%) and linear yield 64% (0.89 x 0.72 x 100). 1H NMR (600 

MHz, CD3OD) δ 8.14 (d, J = 8.0 Hz, 2H), 7.91 (dd, J = 21.7, 8.5 Hz, 6H), 7.56 (d, J = 7.0 Hz, 5H), 

7.40 (q, J = 7.6, 7.0 Hz, 2H), 6.55 (s, 2H), 6.30 (d, J = 14.0 Hz, 2H), 4.18 (s, 4H), 2.92 (s, 4H), 1.98 

(s, 8H), 1.87 (s, 12H), (in agreement with the lit.197) 13C NMR (151 MHz, CD3OD) δ 173.0, 150.7, 

139.8, 133.4, 131.9, 130.3, 129.7, 128.1, 127.2, 125.8, 124.4, 122.6, 121.9, 110.7, 103.2, 50.7, 

50.4, 43.5, 26.2, 26.0, 22.1. IR νmax /cm-1 781, 836 (C-H), 1338 (C-N). HRMS [ES+] 773.2709, 

C43H47N2O6S2
-1 requires 773.2695. HPLC Purity (UV) = 97%, tR 16.9 min. 
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Synthesis of 1,1',3,3,3',3'-hexamethyl-2,2'-indotricarbocyanine iodide, HITCI  - 1,3,3-

Trimethyl-2-((1E,3E,5E)-7-((E)-1,3,3-trimethylindolin-2-ylidene)hepta-1,3,5-trien-1-yl)-3H-

indol-1-ium Iodide, 4-14 

Following General Procedure (I) 5-anilino-N-

bromo-2,4-pentadienylideniminium chloride 

3-8g (0.298 g, 0.734 mmol) and (1,2,3,3-

tetramethyl-3H-indolium iodide (0.283 g, 

1.624 mmol) were added to sodium acetate (0.132, 1.609 mmol) and oscillated for 135 

minutes. The crude product was dissolved in methanol (25 mL). Diethyl ether (70 mL) was 

added and the solution was placed in the freezer (-20 °C) overnight. After filtration through a 

chilled glass frit the solid was washed with diethyl ether to give the title compound 4-14 as 

bright green fine needles (0.174 g, 44%), mp 212 °C, in agreement with Štacková et al.164, 1H 

NMR (600 MHz, CD3OD) δ 7.92 (t, J = 13.0 Hz, 2H), 7.58 (s, 1H), 7.46 (d, J = 7.5 Hz, 2H), 7.39 (td, 

J = 7.5, 1.0 Hz, 2H), 7.27 – 7.20 (m, 4H), 6.54 (t, J = 12.5 Hz, 2H), 6.25 (d, J = 14.0 Hz, 2H), 3.58 

(s, 6H), 1.68 (s, 12H). 13C NMR (151 MHz, CD3OD) δ 172.4, 151.5, 143.0, 140.9, 131.3, 128.3, 

125.6, 124.5, 121.8, 116.5, 103.4, 48.8, 30.0, 26.5, HRMS [ES+]  409.2652, C29H33N2 requires 

409.2644. IR νmax /cm-1  790 (C-H), 994 (C=C), HPLC Purity (UV) = 99+%, tR  24.1 min. 

Synthesis of Trimethyl-1-(4-sulfobutyl)-indolium inner salt 4-19 

1,1,2-trimethyl-1H-benzo[e]indole (12.71 g, 60.7 mmol) were poured into 

a 500 mL round-bottomed flask. 1,4-Butane sultone (8.27 g, 60.7 mmol) 

was added and heated to reflux for 30 minutes with vigorous stirring until 

the stirrer bar could no longer move. While warm, DCM (400 mL) was 

added to creating a slurry and stirred while it cooled for 4 h to RT. After 

filtration the solid was washed again with DCM (400 mL), with stirring, 

then filtered and washed with DCM through a glass frit. It was dried 

overnight under high vacuum at 65 °C to give the title compound 4-19 as a lilac powder (18.4 

g, 88%) mp 264 -265 °C (lit.241 263 °C), 1H NMR (600 MHz, d6-DMSO) δ 8.34 (d, J = 8.5 Hz, 1H), 

8.25 (d, J = 9.0 Hz, 1H), 8.18 (dd, J = 8.7, 4.0 Hz, 2H), 7.75 (ddd, J = 8.5, 6.5, 1.5 Hz, 1H), 7.70 

4-19 

 

4-14 
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(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.58 (t, J = 8.0 Hz, 2H), 2.92 (s, 3H), 2.51 (s, 2H), 2.00 (p, J = 7.5 

Hz, 2H), 1.76 (q, J = 7.5 Hz, 2H), 1.72 (s, 6H). 13C NMR (151 MHz, CD3OD) δ 197.6 139.9, 138.2, 

134.3, 131.9, 131.0, 129.6, 128.5, 124.7, 115.2, 114.8, 56.7, 51.4, 48.8, 27.5, 23.4, 22.8, 22.0, 

14.9. IR νmax /cm-1 1031 (S=O), 1190 (C-N), HRMS [ES+] 346.1461, C19H23NO3S requires 346.1477, 

HPLC Purity (UV) = 99%, tR 14.2 min.  
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Appendices 

 

Appendix 1: Ball milling 

Retsch Ball Mills242 - 

Guidelines for sample amount and ball charge 
 

As a rule of thumb, the grinding balls should be approximately 3 x larger than the 

largest sample particle. In addition to the instrument settings and the ball size, the 

filling level of the jar is also of crucial importance for a successful grinding process 

in ball mills. 

When grinding bulk materials, the jar should be filled with approx. 1/3 sample and 1/3 ball charge. 

The remaining third is the free jar volume that is necessary for the free movement of the balls. 

 

If an increase or decrease in sample volume is to be expected during the grinding 

process, the filling levels may be changed according to the range given in the table 

below (in case of an expected decrease in sample volume, a further deviation is 

possible). 

 

For wet grinding with grinding balls < 3 mm the ball charge should make up 60 % of 

the jar volume, while the sample amount should be 30 %. The density of the 

grinding ball materials is used to calculate the mass of the required amount of 

grinding balls. 
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Planetary Ball Mills 

PM 100 / PM 100 CM / PM 200 / PM 400 

 

 Dry Grinding 
Recommended ball charge 

(Pieces) 

Wet Grinding 
Recommended ball 
charge (Mass, g) 

Volume 

of the  
jar 

Sample 

amount 

Max. 

Feed 
particle 

size 

Ø 

5 
mm 

Ø 

1
0 

mm 

Ø 

1
5 

mm 

Ø 

20 
mm 

Ø 

3
0 

mm 

Ø 

4
0 

mm 

Ø 

≤ 3 mm 

12 ml < 5 ml <1 mm 50 5 - - - - Stainless steel: 35 g 

25 ml < 10 ml <1 mm 100 8 - - - - Stainless steel: 75 g 

50 ml 5-20 ml <3 mm 200 10 7 3 - - Zirconium oxide: 110 g 
Stainless steel: 145 g 

Tungsten carbide: 275 g 

80 ml 10–35 ml <4 mm 250 25 10 5 - - Stainless steel: 235 g 
Tungsten carbide: 440 g 

125 ml 15–50 ml <4 mm 500 30 18 7 - - Zirconium oxide: 275 g 
Stainless steel: 365 g 
Tungsten carbide: 690 

g 

250 ml 25–120 

ml 
<6 mm 1200 50 45 15 6 - Zirconium oxide: 550 g 

Stainless steel: 730 g 
Tungsten carbide: 1380 

g 

500 ml 75–220 
ml 

<10 mm 2000 100 70 25 8 4 Zirconium oxide: 1100 g 
Stainless steel: 1450 g 

 

Mixer Mills MM 200 / MM 400 / MM 500 varia / CryoMill 

The MM 400 and the CryoMill (at room temperature) are suitable for wet grinding. For optimal 

wet grinding results, the MM 500 nano or Planetary Ball Mills should be used (optimized jar 

geometry). 
 

 Dry Grinding 
Recommended ball charge (Pieces) 

Volume of the 
grinding jar 

Sample 
amount 

Max. Feed 
particle size 

Ø 

5 mm 

Ø 

7 mm 

Ø 

10 mm 

Ø 

12 mm 

1.5 ml 0.2–0.5 ml 1 mm 1 - 2 - - - 

5 ml 0.5–2 ml 2 mm 5 - 6 1-2 - - 

10 ml 2–4 ml 4 mm 17 - 20 9 - 12 1 - 2 1 - 2 

25 ml 4–10 ml 6 mm 35 - 40 16 - 20 5 - 6 2 - 4 

35 ml 6-15 ml 6 mm 55 - 60 25 - 30 6 - 9 4 - 6 

50 ml 8-20 ml 8 mm 80 - 90 45 - 50 12 - 14 6 - 8 
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 Dry Grinding 
Recommended ball charge 

(Pieces) 

Wet Grinding 
Recommended ball charge 

(Mass, g) 

Volume of the 

grinding jar 

Sample 

amount 

Max. Feed 

particle size 

Ø 

15 mm 

Ø 

20 mm 

Ø 

25 mm 

Ø 

≤ 3 mm 

1.5 ml 0.2–0.5 ml 1 mm - - - Stainless steel: 4.5 g 

5 ml 0.5–2 ml 2 mm - - - Stainless steel: 15 g 

 

10 ml 

 

2–4 ml 

 

4 mm 

- -  

- 

Zirconium oxide: 20 g 
Stainless steel: 30 g 

Tungsten carbide: 55 g 

 

25 ml 

 

4–10 ml 

 

6 mm 

1 - 2 -  

- 

Zirconium oxide: 55 g 
Stainless steel: 75 g 

Tungsten carbide: 140 g 

 
35 ml 

 
6-15 ml 

 
6 mm 

2 - 3 1  
- 

Zirconium oxide: 75 g 
Stainless steel: 105 g 

50 ml 8-20 ml 8 mm 3 - 4 1 1 Stainless steel: 145 g 

 

The Mixer Mills are also used for cell disruption of biological cells. Specific adapters 

for 1.5 ml or 2 ml vials are required. The MM 400 also accepts 5 ml vials, 30 ml wide 

mouth bottles or 50 ml conical centrifugation tubes. The MM 500 vario keeps 

adapters for 1.5 ml / 2 ml / 5 ml vials. The conical centrifugation tubes are limited 

suitable for dry grinding. Please contact RETSCH’s application team if you wish to 

homogenize tissues like liver or dried plant materials in conical centrifugation tubes. 

 

 Dry Grinding 
Recommended ball charge (Pieces) 
Stainless steel or zirconium oxide 

Cell disruption of 
biological cells 

Vial Sample 
amount 

Max. 
Feed 

particle 
size 

Ø 

4 mm 

Ø 

5 mm 

Ø 

7 mm 

Ø 

10 mm 
Glas beads (0.1-0.25 

mm/0.25-0.5 mm/0.75-1 

mm/1-1.5 mm) Grinding 
balls zirconium oxide (< 3 

mm) 

1.5 ml 0.2–0.5 ml <1 mm 2-4 - - - ~ 0.75 ml 

2 ml 0.3-0.75 ml <2 mm 3-6 2-4 1-2 - ~ 1 ml 

5 ml 0.5–2 ml <2 mm 12 - - - ~ 2.5 ml 

30 ml* 5-12 ml <5 mm 40-45 20-22 10-14 6-10 ~ 15 ml 

50 ml* 8-20 ml <4 mm - - - - ~ 25 ml 

* Please note for MM 400: The total weight of adapter, bottles, sample and 
grinding balls should not exceed 650 g per grinding station. 
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Appendix 2: X-Ray Crystallography Data for Cy5 

 

 

 

 3-3 a 3-3 b 3-3 c 3-3 d 3-3 e 3-3 f 3-3 g 

N1-C1    1.414 (2) 1.4131 (17) 1.405 (5) 1.410 (4) 1.406 (4) 1.414 (4) 1.417 (11) 

N1-C7 1.322(2) 1.3295(17) 1.324(5) 1.337(4) 1.325(4) 1.327(4) 1.319(11) 

N2-C12 1.413(2) 1.4062(17) 1.404(5) 1.413(4) 1.406(4) 1.405(4) 1.396(11) 

N2-C11 1.330(2) 1.3285(17) 1.327(5) 1.320(4) 1.332(5) 1.318(4) 1.321(11) 

C7-C8 1.386(2) 1.3797(19) 1.385(5) 1.380(4) 1.385(5) 1.377(4) 1.319(11) 

C8-C9 1.381(2) 1.3860(19) 1.385(5) 1.392(4) 1.376(5) 1.389(4) 1.397(12) 
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