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Abstract 

 

In recent years there has been a significant increase in the development and 

commercialisation of new synthetic tools and technologies, which offer significant 

advantages compared to traditional round-bottomed flask chemistry.  This work explores 

the use of some of these emerging technologies with the goal of developing new 

photocatalytic processes, which would not otherwise be easily feasible with batch 

techniques.  Specifically, we have used continuous flow chemistry, mechanochemistry, 

and 3D printing in four distinct research projects.  This thesis is split into five chapters in 

total.   

Chapter 1 aims to act as a global introduction to the different synthetic technologies that 

were used and compare their utility and drawbacks against traditional batch synthetic 

methodologies.  The remaining chapters 2-5 each represent a separate research project 

that utilises these new technologies.  Each chapter contains its own introduction to the 

topic of research along with conclusions and proposed future work. 

Specifically, in Chapter 2, a rapid, high yielding, and work-up free synthesis of an 

unusual organic luminophore is developed.  Its twisted, propeller-like geometry gives rise 

to much sought aggregation induced emission properties.  Moreover, we were able to use 

this material as a reusable heterogeneous photosensitiser to produce singlet oxygen under 

continuous flow conditions. 

In Chapter 3, we report the unprecedented ring contraction of 1,2,6-thiadiazines to 1,2,5-

thiadiazole 1-oxides.  The transformation is fast, work-up free, offers quantitative yields, 

and is mediated by auto-photosensitised singlet oxygen.  We exploited continuous flow 

processes to further improve the reaction scope and efficiency.   

Then, in Chapter 4 we describe the batch and mechanochemical syntheses of optically 

active dihydroxamic acids ligands, and their subsequent use for the synthesis of metallo-

organic assemblies.   

Finally, Chapter 5 demonstrates how mechanochemical and 3D printing technologies 

were used to access a series of N-aryl amides from O-protected hydroxamic acids. 

The broad scope of this work aims to demonstrate the usefulness of alternative reactor 

designs in chemical synthesis and encourage their implementation by others. 
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1.1 Declaration 

 

 The following people have contributed to this work: 

Emmanouil Broumidis:  Main author of the current chapter. 

Gareth O. Lloyd and Filipe Vilela:  General supervision and manuscript review. 

Unless otherwise stated, all the photographs that are shown in this chapter were taken by 

current and past members of the Vilela group.  Permission was acquired by the owner of 

each photograph before use. 

1.2 Background and Aims 

 

 The work presented in this thesis consists of four distinct projects each of which 

contains an introduction, aiming to familiarise the reader with the topic of study.  Despite 

this, all these four projects have a common underlying theme, namely the utilisation of 

new synthetic technologies to enable a process, or the synthesis of new materials with 

photoactive properties and related applications.  This chapter aims to act as a general 

introduction, informing the reader about these technologies and their importance in 

contemporary chemical research and manufacturing. 
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1.3 Traditional Synthetic Technologies  

 

 When it comes to the way scientists conduct their experiments, it is a well-known 

fact that amongst the natural sciences, chemistry is one of the most ‘change-resistant’ 

disciplines, as chemists usually prefer to work using established techniques and 

equipment and are not as open to adopting new methodologies.1  This can be 

demonstrated by comparing a contemporary synthetic laboratory with one from one 

century ago (Figure 1).  As it can be seen, in both cases the main features are the same, 

  

Figure 1. Photographs showing a chemical laboratory at: a) Heriot-Watt University, Scotland, 2022 and b) ETH Zurich, 

Switzerland, ca. 1920s.  Credit: Wellcome Collection, London. 

consisting of a series of workbenches, equipped with racks for storing bottles with 

chemicals, storage drawers and washbasins, as well as appropriate ventilation and fume 

hoods along the walls (not pictured).  In fact, what we consider as a ‘modern’ laboratory 

today has been in existence since around 1860, when the first ones were built in a few 

select German universities,2 and if a person from that era was shown what a chemistry 
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laboratory looks like today, they would be able to recognise most of the glassware and 

equipment (except perhaps from a few ‘mystery’ electrical boxes!).3  

When it comes to reaction vessels, glass containers of various shapes and sizes have been 

the ‘gold-standard’ since the dawn of modern chemistry, as glass possesses unique 

properties such as chemical inertness, resistance to high temperatures, and high 

malleability, making it possible to construct intricate shapes, depending on the intended 

use.4  Even though it is seen as a ubiquitous material today, it took several millennia from 

its initial discovery by the Phoenicians (ca. 5000 BC) until glassmaking technology made 

it a suitable material for reaction containers, as, for most of its history, glass was known 

to break easily, especially when subjected to high temperatures.5  This trend started to 

shift after the 13th century, as incremental changes in its composition by glassmakers in 

central and northern Europe transformed it into a versatile material suitable for use in 

chemical applications.  Perhaps one of the biggest improvements in glassmaking came in 

1915, when the American company Corning Glass Works developed borosilicate glass, 

(marketed as ‘Pyrex’), known for its durability and resistance to temperature-shock.6  

Consequently, this type of glass remains the material out of which most chemistry 

glassware is made, even to this day.7  This also includes reaction vessels, such as the 

round bottom flask (Figure 2), one of the most ubiquitous and widely used reactors.8 

 

Figure 2. A 100 mL borosilicate round bottom flask, made possible by thousands of years of innovation, and one of 

the most common reaction vessels in the world today. 

These vessels, which are also known as batch reactors, are inexpensive, versatile and 

owning to their borosilicate glass construction have many positive attributes that 
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contributed to their popularity, but their use comes with several downsides 

notwithstanding, many of which will become evident in the following pages. 

In the past few decades, it has become clear that if humanity wants to continue living on 

this planet in the long term, then fundamental changes on all levels of society must occur, 

most of which pertain to the way we produce and consume commodities.  As the chemical 

industry (including research activities9) is notorious for both consuming vast amounts of 

energy10 (ca. 20% of industrial energy consumption in the US11), and generating 

substantial waste, there are many changes that chemists can implement to help accelerate 

the transition to a more sustainable future, and is something that has been the main focus 

of research for many groups around the world.  This shift formally started with the 

introduction of the field of Green Chemistry, nearly 30 years ago, which aims to exploit 

chemical innovation to produce more sustainable and environmentally friendly 

practices.12  At the same period, the now infamous 12 principles of Green Chemistry were 

introduced by Paul Anastas and John Warner13 (Figure 3), in an effort to make clear what 

 

Figure 3. 12 principles of Green Chemistry, split in two categories.  Principles within orange boxes signify that 

reactor design can be used to aid in their implementation.  
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steps should be taken into consideration when designing new research methodologies so 

that they are in line with the framework of Green Chemistry.  As it will become evident 

in the next sections, many of the principles outlined below can be realised by moving 

away from traditional, batch-type reactors. 

 

1.4 Emerging Synthetic Technologies 

 

 Over the past 20 years, advances in computer technology, networks, and artificial 

intelligence (AI) have transformed society on many levels, which is evident by the 

infiltration of chip-laden devices in our daily lives, from smartphones to AI voice 

assistants and self-driving cars, machines are now ubiquitous.14  This ‘digital revolution’ 

has also manifested into several new synthetic technologies, which aim to alleviate issues 

associated with conventional batch chemistry while helping chemists increase their 

productivity in a safe and sustainable manner.15  More specifically, this thesis has focused 

on the use of flow chemistry, mechanochemistry and additive manufacturing for 

chemically active objects, each of which is briefly introduced below.  More in-depth 

reviews for each technology can be found in the literature.16–18 

 

1.4.1 Flow Chemistry 

 

 Flow chemistry, also known as continuous flow chemistry, works by replacing 

the conventional flask with pumps and small diameter (<5 mm in most cases) tubing, 

which has a large surface to volume ratio resulting in superior mixing, heat/mass transfer, 

light penetration, scalability and safety profiles.19  Early instances of flow chemistry 

utilised custom-made electronics and pumps,20 used to control the flow rate, however, 

over the years several private companies21–24 started offering integrated systems, known 

as flow machines, which are commonly used today in industrial and academic research 

laboratories (Figure 4).  In general, flow chemistry offers several advantages compared 

to batch reactors, the main of which are: 

Superior mixing.  Efficient mixing of liquid media enables the frequent collision of the 

reactants in solution, thus rendering it a vital factor in synthetic chemistry and has a direct 
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impact on heat transfer, reaction kinetics, and yield.25  Batch chemistry employs 

mechanical stirring 95% of the time,26 which is usually achieved by magnetically rotated 

stir bars, providing adequate, albeit suboptimal mixing.  In addition, since rotation speed 

and stirrer bar size are most of the time not reported in published synthetic protocols, 

reliability issues may arise, which inadvertently contribute to the current ‘reproducibility 

crisis’ in chemistry.27,28   Furthermore, it has been shown that routinely-used Teflon-

coated stir bars are prone to micro-structural damage and contamination with trace metal 

impurities that can catalyse subsequent reactions.29  Moreover, it has also been shown 

that the presence of external magnetic fields can dictate the outcome of certain chemical 

reactions, a fact that has been historically overlooked but gained attention in more recent 

years.30,31  On the other hand, flow chemistry offers substantially more effective mixing 

mechanisms.  Examples include the use of different ‘mixers’ which are junction points 

where two or more solutions pumped from different tubes meet,32 and the type of reactor 

that is used, which can range from a simple coil to more intricate chip-type reactors with 

μm wide channels and multiple recombination junctions.33 

 

Figure 4. Photograph showing a contemporary flow machine, manufactured by Vapourtec Ltd. 

Heat Transfer.  As a result of the small diameter tubing that is used in flow chemistry, 

heat gradients are generally smaller than those in batch reactors, however this also 

depends on the reactor wall material.  For example, it is expected that a coil reactor made 

from copper metal to provide more efficient heat transfer than one which uses PTFE 

(Figure 5).  In contrast, borosilicate flasks used in batch chemistry offer poor heat transfer, 
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making flow chemistry the ideal choice for temperature sensitive reactions, as well as 

exothermic reactions, since the tubing acts as a heatsink, preventing temperature spikes.19 

 

Figure 5. Photographs of copper, stainless steel, and PTFE coil reactors (from left to right). 

Light Penetration.  As it is known, light gets absorbed when traversing through a liquid 

medium and the rate of absorption is directly related to the distance it has to travel through 

that medium, as described by the Beer-Lambert law (Figure 6).34  This makes flow 

chemistry the ideal synthetic methodology for photochemical reactions since the light 

path between entering and exiting the solution is only a few mm’s (or even μm’s in the 

case of micro-reactors).  Coupled with advances in LED technology and the development 

of commercial flow photoreactors, the field of flow photochemistry has received a lot of 

attention in the past decade,35 leading to better reaction times, improved yields and 

synthesis of photosensitive materials.  As we will demonstrate in chapters 2 and 3, its use 

was instrumental in the successful development of our chemistry. 

 

Figure 6. Graphical and mathematical representation of the Beer-Lamber Law.  A= Absorbance, T= Transmittance, ε= 

molar absorptivity, b= length of light path, c= concentration of solution.  It is evident that a round bottom flask with a 

much larger b value compared to that of a thin tube used in flow chemistry will absorb an incoming light beam to a 

much greater degree, leading to a decreased photon flux at the opposite end of the reactor wall. 
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Scalability.  This is another area where flow chemistry is usually superior to its batch 

counterpart.  Generally scaling up a reaction that was developed at laboratory scale (mg 

to a few g) using batch reactors is a challenging task, mainly due to heat and mass 

transport limitations, and it requires costly and time-consuming efforts to successfully 

transition to an industrially relevant scale.36  Conversely, when flow reactors are utilised 

scaling up is achieved more easily, due to its continuous mode of operation.  In principle, 

if there are starting materials fed to the pumps, product(s) will keep being produced at the 

other side.  It has to be stressed that this is possible not only for homogeneous systems 

but heterogeneous ones as well, perfectly demonstrated by Merck Inc., which developed 

a scale-up protocol for the synthesis of a potential active pharmaceutical ingredient (API) 

with a productivity of 250 Kg/h.37  The ability of flow chemistry systems to facilitate 

process intensification is one of the reasons that has increased its popularity within the 

pharmaceutical sector.38  In fact, it was one of the key technologies that enabled the rapid 

development of antiviral compounds used to alleviate the severity of COVID-19 

symptoms during the 2020 coronavirus pandemic.  In April of 2020, Gilead Sciences Inc., 

reported how they used flow chemistry to synthesise 500 Kg of a key precursor of the 

antiviral Remdesivir, just one month after the virus started to spread globally.39 

Safety.  Most flow chemistry processes are inherently safer compared to those performed 

in batch, which again stems from the fine channels that are used to carry the solvents, as 

this translates to only a small amount of material reacting at a time, reducing exposure to 

toxic or explosive substances.40  Furthermore, during the process of reaction optimisation, 

microreactors can be used for rapid screening of conditions, allowing researchers to 

identify the ones producing the least amount of waste material. 41 

In addition to the factors outlined thus far, flow chemistry also provides numerous other 

advantages, some of which are the ability to control and regulate the internal temperature 

and pressure,16 compatibility with in-line reaction monitoring techniques,42 and suitability 

to be coupled with other green processes, such as electrochemistry43 and biocatalysis.44  

Recent advances in AI and robotics are also making it possible to create automated flow 

machines,45 further enhancing their utility.  Ultimately, those factors enable flow 

chemistry to precisely control the reaction conditions, making it a great platform for 

developing green processes. 
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1.4.2 Mechanochemistry 

 

 Mechanochemistry can be defined as the promotion of chemical reactions by 

introducing energy in the form of a mechanical force, without the need of using a solvent.  

This is usually achieved by grinding the materials together in a ball-mill mixer, by 

utilising ultrasound irradiation using special sonication equipment, or by extrusion 

methods46 (Figure 7). 

 

Figure 7. Photographs of a) Mixer and b) planetary type ball mills frequently used for mechanochemical reactions.  In 

case of the mixer mill, grinding is achieved by the back-and-forth oscillation of each arm which holds a milling jar.  

Planetary mills work differently;  the main platform (black) rotates in one direction (e.g. clockwise), while each jar 

holder rotates on the opposite direction (counter clockwise).  Red arrows show the motions involved in each ball mill.  

In all cases, each jar contains a number of small diameter balls, usually made of the same material as the jar.  The 

impacts between the balls, jar and material of choice, facilitate the grinding process.  

Traditionally, mechanochemistry has been considered as a technique of lesser importance 

by chemists, and as a result, it has not been widely accepted by the synthetic community 
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as a plausible method of inducing chemical reactions.  However, this is rapidly changing 

in recent years (Figure 8).  There are two main reasons for this sudden spark of interest 

regarding the use of mechanochemistry,47 the first one being the advent of Green 

Chemistry and the need to find more environmentally friendly and sustainable methods 

of producing chemicals, both on preparative and industrial scales.  The second one is that 

during the past two decades there have been hundreds of new examples within the 

literature of this method successfully being applied to access previously elusive 

compounds and as such, it has become apparent to many scientists that this is now a viable 

and robust method that could be applied to most areas of chemistry. 

 

Figure 8. Plot showing the number of publications per year for the period 1950-2021.  Data was obtained from the 

Web of Science database on 17/06/2022 using the search terms (Mechanochemistry OR Mechanochemical). 

A notable example of those compounds includes a dimerization of fullerene (C60) 

achieved by Komatsu et al.,48 that occurred in the presence of KCN while ball-milling the 

mixture (solvent-free).  This resulted in a dumbbell shaped C120 dimer, which was 

unexpected since a hydrocyanation product should form based on previous results in 

solution-based chemistry (Figure 9a).  Another example of ‘impossible’ molecules made 

by mechanochemical means includes the synthesis of a tris(allyl)aluminium complex 

based on the sterically hindered bis(trimethylsilyl)allyl ligand (Figure 9b), reported by 

Rightmire et al. in 2014.49  The solvent synthesis of the same product proved to be 

extremely challenging, usually yielding solvates or other adducts instead of the target 

compound.  The solid-state synthesis was achieved by milling AlCl3 with a potassium salt 

of bis(trimethylsilyl)allyl anion that gave the product as a white powder.  Dissolving this 



Chapter 1: Introduction to Synthetic Technologies 

11 

 

product in a solvent, produced an oil and formed mixtures of other compounds, something 

that was consistent with solution synthesis attempts.  Another interesting example 

includes the isolation of a reaction intermediate known as aryl N-thiocarbamoyltriazole 

that was not stable in solution (Figure 9c).  This solid-state method accelerated by liquid-

assisted grinding (LAG) provided access to the intermediate which was found to be bench 

stable for long periods of time (>1 year) but dissociated immediately upon dissolving in 

a solvent.   

 

Figure 9. Examples of previously elusive compounds made accessible via solvent-free mechanochemical methods.47 

Moreover, the fact that most syntheses use a solvent ‘by default’ both at the lab and 

industrial scales, means that a tremendous amount of waste solvents are being produced 
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every year.  The vast majority of these are using energy-demanding methods and are also 

being derived from fossil fuels and hence are contributing to climate change.  

Furthermore, it has been reported that in the pharmaceutical industry, about 85% of the 

chemicals that are being used are solvents,50 and a large percentage of them are never 

recycled, ending up in the environment as pollutants.  It is thus now becoming 

increasingly important for chemists to seriously consider implementing alternative, 

greener methods for synthesising compounds and mechanochemistry is a great means to 

achieve that.  

Regarding the mechanistic aspects of mechanochemistry, several different theories have 

been proposed to explain the increased reactivity of those systems.  The most common 

physical effects that are taking place during the mechanical milling of two reactants are 

as follows:51 

i) The breaking up of large solids into fine particles, something which 

dramatically increases their surface area and consequently, their reactivity. 

This process also removes any protective surface coatings such as oxides that 

can inhibit reactivity. 

ii) The thorough mixing of the fine reactant particles ensures maximum 

reactivity. 

iii) In case there are any crystals present in the reactants, the milling process can 

introduce several defects, promoting the formation of amorphous materials 

that are in turn are more prone to react. 

iv) Intense milling can cause increased friction between the particles, something 

that raises the temperature, both locally and in bulk.  This is crucial for 

accelerating reaction rates.  In fact, it has been observed that frictional 

processes can cause local temperatures to rise to thousands of degrees for very 

small time periods (0.1-1 μs).  This is known as the ‘hot-spot theory’ and may 

partially explain increased reactivity during the milling process. 

Although previous research in this field mainly emphasised the advantage of totally 

solvent-free conditions during the reaction, it has since been found that, in many cases, 

introducing small amounts of liquid in the reaction mixture can accelerate the reaction 

rate hundreds or thousands of times.  This has therefore attracted the interest of many 
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researchers, as well as shown its potential in chemo/regio-selectivity control and yield 

improvement.  This technique is now known as liquid-assisted grinding (LAG), and 

although the exact mechanism of the role of the introduced liquid is unknown in most 

cases,52 its use is widespread.  A modification of this method was introduced by Friščić 

et al. where, in addition to a liquid, they introduced various salts for metal organic 

framework (MOF) synthesis, known as ion- and liquid-assisted grinding (ILAG) 

mediated mechanochemistry.53 

Like flow chemistry, mechanochemical reactors can be used in synergy with other green 

methodologies, to further enhance their potential.  Examples of this include the use of 

transparent milling jars to conduct solvent-free photochemical reactions54 (also known as 

photomechanochemistry), using mechanically activated enzymes as potent biocatalysts55 

(mechanoenzymology), and utilising piezoelectric materials to facilitate redox 

transformations56,57 (mechanoredox or electro-mechanochemistry).  Another interesting 

area of active research encompasses the development of ‘mechanophores’, compounds 

which undergo a structural or conformational change when subjected to mechanical 

forces.  These mechano-responsive materials can be incorporated in polymeric substrates 

and have many potential uses in engineering applications58 (e.g. damage sensors, 

mechanochromic materials).  A particularly relevant application of mechanophores was 

reported in 2020 by Akkaya et al.,59 where a bench-stable, cross-linked elastomer 

containing an endoperoxide bridge was used as a ‘dark’ reactive oxygen species 

generator, releasing 1O2 under mechanical strain. 

Perhaps one area in which the use of mechanochemical reactors is problematic is that of 

reaction scale-up, as most laboratory-scale ball mills can only accommodate small 

quantities of materials (up to 10s of grams).  Simply using larger ball mills is not an 

effective way of circumventing this problem, as many of the same issues encountered in 

the scaling-up of batch processes arise, such as large temperature gradients, and uneven 

mixing.  In an effort to overcome this, a technique known as ‘continuous flow 

mechanochemistry’ was brought into existence in 2017, by James and co-workers.60  

Instead of using a ball-mill, the researchers showed that a twin-screw extruder can be 

used to facilitate a Knoevenagel reaction between vanillin and barbituric acid.  The 

extruder works in an analogous manner to a flow machine;  if the starting materials are 

fed in the machine, product(s) will emerge from the other side, and in the aforementioned 

case, a production rate of 0.52 Kg/h was reported.  Since that first report many other 
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research groups have developed continuous flow mechanochemical processes61 and in 

2019 IUPAC listed the technology in the top 10 most impactful chemical innovations that 

could accelerate our transition to a sustainable world.62  It has to be mentioned that the 

technique does not aim to replace the more traditional used ball mills, and in fact, their 

use (particularly that of planetary ball mills) is a necessary part of the small-scale reaction 

optimisation process since extruders can only process relatively large amounts of material 

at a time.61  Despite this, it is a valuable addition to the mechanochemical reactor toolbox 

available to the synthetic community. 

Gaining access to mechanistic insights of mechanochemical reactions also poses a  major 

challenge at the moment, due to the fact that the milling session has to be stopped in order 

for a sample to be taken out for analysis (ex situ), which inadvertently disrupts any 

mechanochemical steady-state equilibrium process.63  Nonetheless, in recent years 

various time-resolved in situ (TRIS) methods have been developed for uninterrupted 

monitoring of mechanochemical reactions.  Examples include using X-ray diffraction,64 

Raman spectroscopy,65 temperature monitoring,66 pressure monitoring,67 solid-state 

NMR,68 and operando acoustic analysis.69  Additional work is currently underway to 

develop integrated and more efficient monitoring techniques, with the help of AI and data 

science.70,71 

In summary, mechanochemistry can help reduce the quantity of solvents used overall in 

a synthetic process, help avoid the use of particularly toxic solvents, reduce the energy 

requirements for the reaction and provide access to previously elusive products that may 

otherwise not form or decompose in solution.  The past decade has seen tremendous 

developments in the field, and it appears that more and more researchers are starting to 

adopt this reaction technology, in an attempt to create more sustainable chemistries.72,73 

 

1.4.3 3D Printing 

 

 The final synthetic technology that we cover in this thesis is 3D printing, also 

known as additive manufacturing.  The concept behind the operation of this method is 

quite simple;  as the name suggests, the desired object is built sequentially, by adding 

layers of material on top of previously added layers.  To achieve this, a 3D object is first 

designed in a CAD program, which is then transferred to a ‘slicing’ program which 
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separates the object in small sections, or slices.  The data is then downloaded to a 3D 

printer, which builds the object, slice by slice.  The width of each layer can usually be set 

by the user, most commonly ranging between 25 – 100 μm.  It may sound surprising, but 

modern 3D printing as we know it today was developed in the 1980s, however, the broad-

scale adoption of the technology only started in the 2010s.  This is attributed to the 

convergence of several changes in the technical and commercial landscape that occurred 

around that period.  For instance, the expiration of key patents, maturation of computer 

hardware, high penetration rate of broadband networks, and the emergence of the ‘tech 

economy’ made the manufacturing of 3D printers an attractive value proposition which 

led to the formation of several new start-up companies, such as Prusa74 (est. 2009) and 

crowdfunding-backed FormLabs75 (est. 2011), which transformed 3D fabrication from a 

mere engineering curiosity to an invaluable prototyping platform, used by a vast number 

of businesses and research institutions (Figure 10).76   

 

Figure 10. An example of a contemporary SLA 3D printer used by the Vilela group. 

There are many mechanisms by which a 3D solid object can be fabricated, however, most 

commercially available devices today are centred around three main technologies: 

Selective Laser Sintering (SLS).77  In this technique, each layer is created by using lasers 

to fuse together fine particles, usually made out of a polymer or even metal.   
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Selective Solidification.78  This mode of operation uses a vat containing a 

photopolymerisable liquid resin comprised of a mixture of monomers, a photoinitiator 

and auxiliary additives.  Each layer is exposed to light, forming a solid cross-linked 

polymer.  Depending on the light-source, this technique is further split into 

stereolithography (SLA) and digital light projection (DLP). 

Selective Deposition.79  This is by far the most widely used technique, mostly due to its 

relative cost-effectiveness and simple mode of operation.  A filament, which is usually 

made from different polymeric materials is melted by an extruder, located on a moving 

platform.  The molten polymer is deposited on a platform and solidifies.  The process is 

then repeated for each layer.  This method is usually known as filament fused fabrication 

(FFF) or fused deposition modelling (FDM). 

When it comes to its use in chemistry, 3D printing has proven to be an extremely valuable 

tool, and its popularity is reflected by the number of published works in the last decade 

(Figure 11).  Out of the 6087 reports, 1710 were reported in 2021 (28%!).  It is no 

coincidence that the exponential spread of this technology in the chemical sciences started 

in 2011, the same year that consumer-grade 3D printers started to appear on the market.  

 

Figure 11. Plot showing the number of publications per year for the period 1992-2021.  Data was obtained from the 

Web of Science database on 17/06/2022 using the search terms ((3D printing AND Chemistry) OR (3D printing AND 

Reactionware)). 

Many interesting applications have emerged over the years, using additive manufacturing 

methods, and most of them are focused around new reactor designs, catalytic materials 
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and bespoke laboratory equipment.80  The freedom of design, paired with high fidelity, 

intricate geometries offered by 3D printing makes it possible to create reaction vessels 

that would be impossible to manufacture using traditional glassblowing techniques, or 

any other methods for this matter.  In 2012, a seminal report published by Cronin and co-

workers81 perfectly demonstrated this, by designing and 3D printing a series of bespoke, 

inexpensive, and reusable reactors with unique geometry tailored for a specific 

application.  They showed that it was possible to alter the reaction outcome based on the 

reactor architecture.  Moreover, by embedding an inorganic catalyst (Pd/C) in the printing 

filament, they illustrated that it is possible to print catalytically active reactors, which are 

now widely known as ‘reactionware’.  This work initiated a paradigm shift in the broader 

area of reactor design, leading to a plethora of interesting reactionware being reported.  

Within the last five years, the Vilela group has actively worked in this area and has used 

3D printing to produce a large variety of new reactor designs (Figure 12).  

 

Figure 12. Photographs of 3D printed objects fabricated by the Vilela group: a) Microfluidic reactor, b) batch 

photoreactor, c) microfluidic reactor impregnated with a photosensitiser and, d) butterfly-shaped object made by a 

custom photoactive FDM filament.  
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Noteworthy examples of the use of 3D printing in reactor design include the production 

of:  Photoactive microfluidic devices for ROS production in flow,82 catalytically active 

cases for common magnetic stir bars able to catalyse Mannich and Suzuki reactions,83,84 

an inexpensive and modular flow machine,85 photoactive monolithic reactors for 

heterogeneous ROS production in flow,86 photoreactors for batch applications,87 pressure 

tight NMR tubes for in situ monitoring of Sonogashira reactions,88 and bioactive 

monoliths for enzymatic transformations in flow.89,90   

It is expected that the role of this emerging technology in the design and fabrication of 

increasingly more complex and robust reactors will only intensify in the coming years, 

especially with the advent of automation,91 and the development of new high-

performance resins and filament materials.92  The advent of new print materials is of 

paramount importance, as existing 3D printed reactionware are not compatible with most 

organic solvents, as they are prone to swelling and cracking.83,93  These changes will 

enable chemists to tailor their reactor design around each reaction type, resulting in safer 

and reproducible protocols, offering higher yields whilst minimising waste. 

 

1.5 Concluding Remarks and Research Aims 

 

 Hopefully, by this point, the reader will have a clear understanding of the 

drawbacks presented using conventional batch reactors and how recent technological 

advancements have given rise to new synthetic technologies which can be used as an ideal 

platform for developing green synthetic methodologies.   

The main objectives of this work were to explore how these technologies can be exploited 

to promote and enable various photochemical processes and use the results to illustrate 

their potential and practicality, whilst encouraging their implementation by others.  We 

chose to focus on organic photochemistry as it constitutes one of the greenest approaches 

in contemporary synthetic chemistry, utilising photons as clean and evanescent reagents 

to induce chemical transformations.94  The use of visible light photons, in particular, is 

seen as the ultimate green approach, allowing us to harvest the seemingly inexhaustible 

supply of energy provided by our sun, something that natural systems such as 

photosynthetic organisms have already evolved to exploit.95  Therefore, we focused on 

the use of visible-light photosensitisers (PS), for the production of singlet oxygen (1O2), 
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a potent and highly reactive species able to oxygenate a wide range of organic 

substrates.96  There are two accessible singlet excited states of molecular oxygen, 1Δg and 

1Σg
+ and are typically produced via type II energy transfer process known as triplet-triplet 

annihilation, in which 1O2 is formed after ground state molecular oxygen (3O2) collides 

with the photoexcited sensitiser (3PS*), although in practice only the 1Δg form is long-

lived enough to be used as a reactant since 1Σg
+ transitions (spin-allowed process) to the 

energetically lower 1Δg form (Figure 13).97  

 

Figure 13. Jablonski diagram depicting a series of common photophysical processes encountered in a PS-O2 system.  

The relative energy levels between the PS and O2 are not in scale and depend on the PS that is used.  The two circles 

on T0, S1 and S2 states of O2 represent the electronic configuration of the πx and πy antibonding molecular orbitals. 

In Chapter 2, we describe the development of a helically-shaped organic chromophore 

which was obtained in excellent yield and was able to be used as an effective molecular 

heterogeneous photosensitiser under continuous flow conditions.  Real-time 1O2 

production monitoring was achieved by connecting a benchtop NMR instrument to the 

flow machine.  Moreover, due to its unusual geometry, the compound was found to 

exhibit the relatively rare aggregation-induced emission (AIE) property, which was 

thoroughly investigated.   

Next, in Chapter 3, we present an unprecedented molecular ring editing methodology 

whereby a carbon atom is removed from the six-membered S,N heterocycle 1,2,6-
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thiadiazine to afford the corresponding 5-membered 1,2,5-thiadiazole 1-oxide.  The 

transformation is mediated by 1O2, produced by the thiadiazine SM, which acts as its own 

photosensitiser.  Moreover, the products are obtained in quantitative yields, by simply 

removing the solvent and the reaction tolerates a wide range of functionalities.  Flow 

chemistry played a crucial role in this project by enabling us to access several derivatives 

which were unable to be synthesised in classical batch reactors. 

Chapter 4 describes our efforts to synthesise and characterise a series of hydroxamic 

acid-based supramolecular metallocages with the aim to use their internal cavity as 

‘nanocontainers’ and test how they can affect various photosensitisation processes.  In 

this work, mechanochemistry gave us access to a key ligand compound which was not 

easily accessible via conventional flask reactors. 

Finally, in Chapter 5, we develop a new amicable mechanochemical methodology for 

synthesising a series of substituted N-benzamides, one of which was successfully used 

for the photosensitised 1O2 production under solvent-free, mechanochemical conditions.  

Moreover, by using SLA 3D printing we were able to fabricate large, custom milling jars 

which enabled the multi-gram scale-up of the reaction.  The same technique was also 

utilised to fabricate reactionware;  photoactive milling jars and balls for the solid-state 

production of 1O2. 
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Chapter 2: Development of a Novel Molecular Heterogeneous 

Photocatalyst with Aggregated-Induced Emission Properties 
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2.2 Background and Aims 

 

 This work is the result of our group’s efforts of developing new molecular and 

polymeric 2,1,3-benzothiadiazole (BTZ) containing photocatalytic materials that can 

facilitate enhanced singlet oxygen (1O2) production.  The BTZ motif is a frequently used 

chromophore owning to its excellent light-absorption properties, and has been 

incorporated in materials used in various applications including photodynamic therapy 

(PDT),1 H2 production,2 dye-sensitised solar cells (DSSC),3 water purification,4 and 

reduction of heavy metals in solution.5  In most cases, these materials contain at least one 

pair comprising of an electron donor (D) and electron acceptor (A) subunits, and for 1O2 

production it has been found that materials containing D-A-D or A-D-A sequences are 

the most efficacious, as it they help facilitate ISC to generate triplet state 

photosensitisers.1  In addition, in recent years aggregated-induced emission (AIE) 

luminophores have been shown to be effective and versatile 1O2 generators.6  It was thus 

decided that a new AIE molecular D-A-D chromophore would be constructed with A 

being a 6,9-substituted BTZ unit.  In order to create an AIE compound the D unit would 

need to be relatively bulky, yet planar, in order to induce the propeller-like geometry seen 

in AIE compounds.7  Since EB was familiar with the chemistry of quinolines (Figure 1a), 

 

Figure 1. a) Quinoline scaffold, b) previous work involving quinolines, c) quinolin-4-ol and its tautomer, quinoline-

4(1H)-one. 
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which were used in a past project as starting materials for the synthesis of a series of 

canthin-4-one alkaloid compounds8 (Figure 1b), we considered using the substituted 

quinoline-4-ol scaffold as a D (Figure 1c). 

Even though the quinoline family is mostly known for its potent biological activity and 

medicinal applications,9,10 it has also found use as a chromophore.11–15  One of its unique 

characteristics that makes it an attractive choice is its ability to be protonated by acids.  

This property has been exploited to create tuneable smart fluorescent materials such as 

inks, sensors, and optical switches.16  Generally, as the heterocyclic N atom is protonated, 

the electron withdrawing capacity of the quinoline moiety is increased;  this in-turn leads 

to increased ICT and a bathochromic shift in absorption, while the emission is usually 

quenched.17,18  At a first glance using a quinoline as an electron donating moiety might 

seem odd, as they are considered electron deficient, and more appropriate to be used as 

A, however, this also depends on their substituents.  In 2016, Krompiec et al., showed 

that in a series of quinoline-fluorene dyads, the role of quinoline as A shifted to that of a 

D when an electron donating -NH2 group was installed (Figure 2a).19  It is therefore 

reasonable to assume that by using the -OH substituted quinoline-4-ol, it might be capable 

of acting as an D, when paired with the BTZ A subunit (Figure 2b). 

 

Figure 2. a) A -NH2 substituted quinoline acts as an electron donor, b) proposed plan for the new AIE D-A-D 

photosensitiser. 

Despite our relevant certainty that the proposed plan would perform as expected, 

engineering new photoactive compounds remains a trial-and-error process, and as such, 

the only way to determine if our system would work in practice was to proceed and make 
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the compound.  The following pages discuss the results of this project and our future plans 

for furthering its impact. 

 

2.3 Abstract 

 

 A new benzothiadiazole (BTZ) luminogen is prepared via the Suzuki-Miyaura Pd-

catalysed C-C cross-coupling of 8-iodoquinolin-4(1H)-one and a BTZ bispinacol boronic 

ester.  The rapid reaction (5 min) affords the air-, thermo-, and photostable product in 

97% yield as a yellow precipitate that can be isolated by filtration.  The luminogen 

exhibits AIE properties, which are attributed to its photoactive BTZ core and nonplanar 

geometry.  It also behaves as a molecular heterogeneous photosensitiser to produce 1O2 

under continuous flow conditions. 

 

2.4 Introduction 

 

 Photoluminescent materials such as organic dyes and fluorescent polymers have 

multiple applications in areas such as chemical sensing,20 organic electronics21 and 

bioimaging.22,23  Up until the dawn of the 21st century, most organic luminescent materials 

were typically large, planar and highly conjugated systems.  Unsurprisingly, these 

materials suffer from aggregation-caused quenching (ACQ) effects, owing to solid state 

face-to-face π stacking interactions, that fully or partially suppress the photoluminescent 

(PL) properties and thus, the intended functionality of these materials.24 

 In 2001, Tang and coworkers25 introduced a silole-based organic material which 

exhibited the opposite behaviour of known ACQ luminogens.  Specifically, it was weakly 

emitting in solution but a strong emitter in the solid state.  This unusual photophysical 

phenomenon is known as AIE, and there have been extensive efforts to uncover its 

underlying mechanism of action, as well as develop new photoactive materials with AIE 

properties.26  Most AIE active materials (AIEgens) have rigid, nonplanar geometries in 

contrast to the planar ACQ based materials.  In solution, an AIEgen is subject to 

intramolecular rotation, vibration or stretching and, as such, any emissions occur mostly 

via non-radiative processes.  In contrast, when in an aggregated or solid state, owing to 
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their rigid nonplanar geometry, π-π stacking and intramolecular motions are limited.  This 

leads to a significant enhancement of the corresponding photoluminescence quantum 

yield (PLQY), as radiative processes become more prevalent.27  While other mechanistic 

pathways exist, such as the twisted intramolecular charge transfer process (TICT)28 or 

crystallization-induced emission enhancement (CIEE),29 the aforementioned restriction 

of intramolecular motion (RIM) process is dominant for most AIEgen materials.26  Even 

though in recent years there have been significant advancements in the development of 

new AIEgen materials, particularly in the organic light-emitting diode (OLED) industry,30 

some of the challenges that remain include the need for tuneable and multifunctional 

AIEgens with properties such as broad excitation wavelength range, increased 

biocompatibility, and ability of generating reactive oxygen species (ROS).27  These 

characteristics are especially useful for synthesising AIEgens which can be used as probes 

for the elucidation of antibiotic mechanisms of action,31 or as potent agents for 

photodynamic therapy (PDT).7 

 One of the luminophores that has attracted the attention of researchers in recent 

years is the S,N-heterocycle 2,1,3-benzothiadiazole (BTZ).  BTZ and its derivatives have 

an appealing set of properties which can make them useful building blocks for developing 

new photoactive materials.32–34  These include their biocompatibility, and their strong 

electron-withdrawing character that makes them useful partners in electron donor (D) – 

acceptor (A) or D-A-D photoactive systems as well as in organic semiconductor materials 

such as photovoltaics and OLEDs.35  As part of our work on new molecular and polymeric 

BTZ containing photoactive materials,36–39 we have developed a high yielding, scalable 

and rapid synthesis of a new quinolin-4-ol incorporating a central BTZ unit.  Gratifyingly, 

this material has a helical, nonplanar geometry, and exhibits AIE and ROS generation 

properties. 

 

2.5 Results and Discussion 

 

2.5.1 Synthesis and Characterisation of Compounds 5 and 5H2
2+ 

 

 The chemistry used to access the starting material, the antimicrobial core40 8-

iodoquinolin-4(1H)-one (2), was previously developed by Koutentis and co-workers to 
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gain access to the natural product derivative deazacanthin-4-one 3 (Scheme 1).8,41  

Heating an equimolar mixture of triethyl orthoformate, Meldrum’s acid and 2-iodoaniline 

in acetonitrile (MeCN) under reflux conditions for 3 h, gives 5-{[(2-

iodophenyl)amino]methylene}-2,2-dimethyl-1,3-dioxane-4,6-dione (1), thermolysis of 

which affords 8-iodoquinolin-4(1H)-one (2).17  

 

Scheme 1. Synthetic pathway for and use of 8-iodoquinolin-4(1H)-one 2 to prepare deazacanthin-4-one 3. 

In our prior work, quinolone 2 was reacted with 2-chloroarylboronic acids or pinacol 

esters in a two-step, C-C and C-N bond forming process to afford the desired 

deazacanthin-4-ones 3.8  Herein, quinolone 2 was reacted with 4,7-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole [BTZ(Bpin)2] (4) to give 

the desired 8,8'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(quinolin-4-ol) (5) in up to 97% 

yield (Scheme 2).  Product 5 precipitated from the reaction mixture and, following a 

simple filtration and subsequent washes with THF and EtOH, was collected as a yellow 

semi-crystalline powder without the need for further purification, as determined by LC-

MS (SI, 2.8.5, 2.8.6).  Compound 5 exhibited very poor solubility in both polar and non-

polar solvents (SI, 2.8.7); hot dimethyl sulfoxide (DMSO) only sparingly dissolved the 

compound and was not suitable for obtaining satisfactory 13C NMR data.  Fortunately, 

compound 5 dissolved in trifluoroacetic acid (TFA), forming the salt 5H2
2+ 2TFA- 

(referred to as 5H2
2+).  X-ray quality single crystals were obtained from a hot PhCl/TFA 

solution that was left to slowly cool at room temperature over several days.  The 

asymmetric unit cell was P21/n monoclinic and revealed the formation of [5H2
2+ 2TFA-

]ꞏ2TFA. 
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Scheme 2. a) Suzuki-Miyaura reaction of 8-iodoquinolin-4(1H)-one (2) with BTZ(Bpin)2 4 to afford 8,8'-

(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(quinolin-4-ol) (5).  b) Synthesis of 5H2
2+ from 5. 

This structure represents the pyridinium dication 5H2
2+ co-crystallised with two 

molecules of TFA and two TFA anions (Figure. 3). 

 

Figure 3. Structure of 5H2
2+ shown as 50% probability ellipsoids.  Hydrogen bonding of the TFA molecules to 5H2

2+ 

highlights the protonation and enol tautomer of 5.  Disorder of one of the triflate and both TFA molecules in the 

asymmetric unit are not shown for clarity.  Yellow and thicker bonds indicate the torsion angle of 126.11(17)°, which 

represents the rotation of the two quinolinol groups to opposite sides of the BTZ. 
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In addition, the C-O bond lengths (dC-O = C24-O2 1.319(3) Å and C9-O1 1.326(3) Å) 

suggest that, in this protonated form, compound 5 exists in the enol tautomer instead as 

the keto tautomer, which was the case with product 3.  TD-DFT calculations at the 

B3LYP/6-311G(d,p) level of theory confirmed this (SI, 2.8.3), as the calculated UV-Vis 

absorption of the enol tautomer of the neutral molecule and the pyridinium form in the 

presence of coordinated anionic and neutral TFA molecules is in good agreement with 

the experimental UV-Vis absorption in TFA as solvent (SI, 2.8.3).  The crystal structure 

showed that the quinolinols deviate from the plane of the BTZ and the torsion angle 

between the planes defined by each quinolinol and the BTZ is 126.11(17)°.  Support for 

this propeller-type geometry in solution came from the NOE 2D NMR spectrum of 

product 5H2
2+, which suggested a nonplanar geometry, as there was no interaction 

between the BTZ and quinolinol protons, showing that the two quinolinol moieties must 

be nearly orthogonal with respect to each other, from a top-bottom perspective.  Both 

neutral and protonated compounds were thermally stable up to at least 400 oC as revealed 

by TGA analysis (SI, 2.8.1). 

 

2.5.2 Photochemical Studies 

 

 As mentioned above, the presence of the chromophore BTZ core in compound 5, 

prompted an investigation of its ability to act as a photosensitiser for ROS generation.  

More specifically, we decided to focus on the production of 1O2, as it has a high synthetic 

utility42 and it is believed to be the main damaging agent in PDT applications.43  The 

formation of ascaridole via a Diels-Alder reaction between singlet oxygen (1O2) and α-

terpinene was undertaken to evaluate the ability of compound 5 to act as a photosensitiser 

for the generation of 1O2.
36  Owing to the low solubility of compound 5 (SI, 2.8.7), we 

carried out the reaction heterogeneously by using continuous-flow technology.  This 

alternative enabling technology is an effective method for use with heterogeneous 

photosensitisers, and can offer better results compared to batch experiments, as it was 

recently demonstrated by our group.44  For this work, 1 mol% of compound 5 (0.0025 

mmol) was mixed with 500 mg of silica (solid support).  The mixture was then added into 

a short column reactor and was ready for use.  To take full advantage of the flow 
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instrumentation capabilities, we connected an O2 gas line to the set-up and the operating 

overall system pressure was set at 2 bar, allowing more O2 to be dissolved in solution. 

Moreover, a 60 MHz Nanalysis-60e benchtop 1H NMR instrument was connected to the 

set-up, which allowed us to monitor the reaction progress in real time (Figure. 4b).  To 

make the 1H NMR data acquisition possible, CDCl3 was used as the solvent, which also 

offers significantly increased lifetime of 1O2 in solution compared to non-deuterated and 

non-chlorinated solvents.45  While compound 5 absorbs mostly in the long UV region of 

the spectrum (SI, 2.8.3), we used an LED emitting at 390-440 nm to test whether its 

absorbance at 400-420 nm was enough to produce its excited state.  Gratifyingly, when 

the reaction was tested using the aforementioned parameters, in-line 1H NMR 

spectroscopy indicated that after 1500 seconds (25 min) the reaction was complete.  

  

Figure 4. a) The overall reaction from α-terpinene to ascaridole.  b) Schematic diagram of the flow set-up. MFC= mass 

flow controller.  c) In-line 1H NMR data for the first run of the reaction. 

Since α-terpinene reacts selectively with 1O2,
39 by calculating its conversion to ascaridole, 

the amount of generated 1O2 can be estimated.  For the optimised reaction conditions 
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above, this was found to be 0.54 mmol h-1 per mg of 5.  This performance is comparable 

with previously described BTZ-based heterogeneous photosensitisers that were used 

under continuous flow conditions (Table 1). 

Table 1. 1O2 generation efficiencies of various BTZ-based heterogeneous 

photosensitisers under continuous flow conditions and visible light (420nm) illumination. 

Entry Photosensitiser 

characteristics 

Reactor 

type 

1O2 Productivity 

(mmol h-1)a 

137 Conjugated microporous BTZ 

polymer 

Coil 1.44 

239 High internal phase emulsion 

BTZ polymer 

Column 0.15 

336 High internal phase emulsion 

BTZ polymer 

Column 0.05 

436 Polymer supported BTZ 

(microbeads) 

Coil 4.04 

5-current 

work 

Molecular BTZ, SiO2 

supported 

Column 0.54 

           a Per mg of photosensitiser 

Even though its performance is not particularly outstanding, what makes compound 5 

stand out is that it is the first example of a molecular based BTZ heterogeneous 

photosensitiser that has been used for 1O2 production.  A comparison between the 1O2 

productivities of compounds 5 and 5H2
2+ was also made, to test if they behave differently 

under identical conditions, however there was negligible difference in their performance 

(SI, 2.8.8). 

To test the durability of compound 5 as a photosensitiser, we repeated the same reaction 

four more times without replacing the original packed column.  By 1H NMR analysis, we 

observed that even after five cycles, there was quantitative consumption of α-terpinene 

(0.25 mmol per cycle) without any apparent photo-bleaching of 5, judging by its 

consistent performance.  This behaviour highlights the excellent stability of 5 against 1O2.  

The graph (Figure. 4c) follows signal intensity for two specific spectral regions which 
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correspond to α-terpinene and ascaridole.  The actual real time data are represented by 

the faded dashed lines, which were used to generate a moving average trend line.  The 

noise in the raw data is partly attributed to the flow of O2 bubbles through the bench-top 

1H NMR instrument, which lowered the signal quality.  Nonetheless, the signal was 

accurate enough to provide real-time qualitative information about the reaction 

progression.  To confirm reaction completion, after each run the content of the collection 

flask was isolated by removing the solvent under reduced pressure and 1H NMR spectra 

using a 300 MHz instrument were obtained (SI, 2.8.5).  It was also observed that when 

alumina was used instead of silica as a solid support, poor adsorption of compound 5 

resulted in gradual leaching of solid photosensitiser into the reaction mixture (SI, 2.8.5). 

To prove that the reaction was catalysed heterogeneously and not due to low 

concentrations of soluble 5, a hot suspension of compound 5 (1 mol%) in CDCl3 was 

stirred for 30 min, and the solids were then removed by filtration.  To the resulting 

solution was added α-terpinene (0.25 mmol).  After irradiating the solution, no ascaridole 

was detected, proving that luminogen 5 acts as a true molecular heterogeneous 

photosensitiser (SI, 2.8.5).  Finally, as we have shown that 5 can produce a stable excited 

triplet state for the subsequent type II energy transfer to occur, we wanted to assess 

whether it can also participate in type I photosensitised reactions, to produce other types 

of ROS, such as superoxide (O2
.-).  As such, we used compound 5 as a photoredox catalyst 

for the aerobic hydroxylation of phenylboronic acid to phenol.  This single electron-

transfer reaction has been shown to be mediated by O2
.-,46 and when 1 mol% of 5 was 

used, there was 36% conversion to phenol, as measured by HPLC (SI, 2.8.9). 

 

2.5.3 Photophysical Studies 

 

 Due to the insolubility of compound 5 in organic solvents, its photoluminescence 

behaviour was only studied in the solid (semi-crystalline) state.  A broad green emission 

at 512 nm was observed (SI, 2.8.4).  The protonated TFA salt 5H2
2+ was slightly more 

soluble in polar organic solvents such as DMSO and thus, it was used to make dilute 

solutions in different ratios of DMSO/water and TFA/water (water fraction, fw ranged 

from 0 to 90%) and their fluorescence spectra were recorded (Figure 5, 7).  At 100% 

DMSO (Figure 8), the emission spectrum was weak, containing two peaks, a sharp one 
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at 428 nm which can be attributed to the singlet excited state and a broad one at 446 nm. 

The rotatable, D-A bond between the quinolinol and BTZ moieties indicated that this 

broad peak may be the result of ICT or possibly twisted intramolecular charge transfer 

(TICT).47  TD-DFT calculations showed that in the molecular orbitals associated with the 

vertical excitations responsible for the absorption profile of 5H2
2+ the HOMO to LUMO 

transition has significant charge transfer character from the quinolinol moieties to the 

BTZ core (SI, 2.8.3), which further strengthens the case of ICT emission.  A third, 

redshifted broad peak at 574 nm is believed to originate from an excimer, which forms a 

broad UV-Vis absorption band at 460 nm with increasing concentrations (SI, S2.8.4).  

When fw was increased to 10% a fine precipitate started to appear with concomitant 

disappearance of the excimer peak, bathochromic and hyperchromic transformation of 

the ICT peak, and appearance of a new, broad peak, which continued to increase in 

intensity until fw reached 40% (Figure 5). 

 

Figure 5. DMSO/H2O series emission spectra.  Inset shows relation between fw and PLQY (%).  C= 2.05 × 10-4 M.  

Excitation wavelength was 320 nm. 

At this point, there was a 24-fold increase in emission intensity and 10-fold increase in 

photoluminescence quantum yield (PLQY), which reached 8.4%.  The peak continued to 

redshift until 490 nm when fw reached 50%.  This can be attributed to ICT 
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solvatochromism48 and shows that both AIE and ICT effects are active initially.  Between 

fw 50-90% the emission decreased, a rarely observed behaviour seen in other AIE systems 

which has been ascribed to changes in the crystallisation processes and available surface 

area of the nanoaggregates, as more water is added.49 

The UV-Vis absorption spectra of the DMSO/water series show two new shoulders 

appearing at 371 and 410 nm (Figure 6).  The latter follows the same behaviour as the 

emission spectra, showing a maximum absorbance when fw is 40% and decreasing 

thereafter. 

   

Figure 6.  DMSO/H2O series absorption spectrum of 5H2
2+.  Inset shows an enlarged section between 400 nm and 420 

nm.   

To verify the relationship of this absorption shoulder with the formation of 

nanoaggregates, we used varying excitation wavelengths spanning from 320 nm (λabs,max 

of 5H2
2+) to 430 nm to monitor the AIE emission peak at 478 nm.  When λexc was 410 

nm, the λem intensity was maximised (SI, 2.8.4). 

When TFA was used instead of DMSO (Figure 7), no aggregation was observed until fw 

reached 70%, confirmed by the corresponding UV-Vis absorption spectra (SI, 2.8.4), 

showing a significant level-off tail above 400 nm, which is due to the light scattering 
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caused by the nanoaggregate suspension.25  In spite of this, no AIE peak emerged, which 

can be explained by TFAs ability to form strong intermolecular H-bonds between the 

phenolic and pyridinium moieties of compound 5H2
2+, as seen by the crystal structure (SI, 

2.8.2).  These H-bonds can in turn induce non-radiative pathways, by competing with the 

radiative ICT processes between the BTZ and quinolinol moieties.50  To further 

demonstrate this point, when D2O was used instead of H2O for the solutions with fw of 

50%, their fluorescence was enhanced, increasing their PLQYs for the DMSO and TFA 

solutions by 22 and 29%, respectively.  A striking difference was seen in the TFA spectra, 

where the weaker ICT/AIE peak became more intense than the monomeric peak while 

also getting broader and bathochromically shifted to 462 nm (Figure 7).  

 

 Figure 7. TFA/H2O series emission spectrum of 5H2
2+.  Inset shows relation between fw and PLQY (%).  C= 2.05 × 

10-4 M.  Excitation wavelength was 320 nm. 

 This effect is associated to the inferior quenching abilities of deuterium,51 and 

strengthens the case of H-bonding having an important role in the quenching of the AIE 

peak in the TFA solution. 

Finally, an aerated TFA/D2O (fw = 50%) solution exhibited a weak emission at 1274 nm 

(SI, 2.8.4), caused by 1O2 phosphorescence, which directly supported its ability to 

generate 1O2, even in solution.52 
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Figure 8. Comparison of emission spectra of 5H2
2+ dissolved in DMSO and TFA, while fw was 0.  C= 2.05 × 10-4 M.  

Excitation wavelength was 320 nm. 

 

2.6 Conclusions 

 

 In summary, we have discovered a robust and easily accessible D-A-D 

chromophore with a twisted geometry.  Its high insolubility allowed us to use it as a very 

effective molecular heterogeneous photosensitiser for 1O2 production in continuous flow.  

In addition, we explored the photophysical properties of its TFA salt, which revealed a 

tuneable dual emission between a redshifted excimer and a combination of ICT/AIE 

which was controlled by adjusting the water fraction.  When TFA was used as a solvent 

the AIE emission was turned off due to increased H-bonding.  This study acts as a gateway 

for further investigation of this unique class of quinolinol-BTZ AIEgen triads, and we 

think the combination of their facile synthesis, tunability, heterogeneous 1O2 generating 

capabilities and potential antimicrobial properties make them attractive targets for future 

research. 
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2.7 Future Work 

 

 There are many avenues of exploration to further develop this new class of 

AIEgens.  Both compounds 5 and 5H2
2+ displayed physicochemical characteristics 

resembling that of other quinoline-based AIE compounds, namely quenching, or ‘turning-

off’ of the fluorescence after protonation with TFA, with a concomitant redshift of the 

emission wavelength.16,18,19  As such, we can use these known compounds as a reference 

for future experiments. 

As discussed in section 2.4, one contemporary area of interest is the use of AIEgen 

systems for fluorescent thermometry applications.  This is considered to be a relatively 

challenging area of research, as most fluorophores, including AIEgens suffer from 

thermally induced fluorescence quenching;53  this is caused by non-radiative energy loss 

via thermally induced vibrations.54  One way to reduce these vibrations is to use a carrier 

matrix, which can act as a shell and protect the fluorophore from external vibrations.  A 

prime example of this, came from Zhu et al. in 2019.55  The team developed a co-polymer 

that consisted of a quinoline-malononitrile AEIgen unit and a Poly(N-

isopropylacrylamide)  thermo-responsive carrier (Figure 9).  When heated, the carrier 

forms a globular aggregate which in turn helps rigidify the AIEgen, resulting in a positive 

temperature coefficient of fluorescence.   

 

Figure 9. AIE-grafted co-polymer developed by Zhu et al. 

By modifying our fluorescence spectrometer, we were able to measure the emission 

spectra of 5H2
2+ in TFA solution, at a set of different temperatures, as seen in Figure 10.  

Unsurprisingly, by increasing the temperature the emission intensity decreased. 
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Figure 10. Emission spectra of 5H2
2+ dissolved in 100% TFA at different temperatures.  Inlet shows the PLQY with 

relation to the temperature.  C= 2.05 × 10-4 M.  Excitation wavelength was 270 nm using a Xe lamp. 

When heated to 45.8 oC, the PLQY dropped to 0.64%, from 0.87% at 24.7 oC.  

Interestingly, it appeared that the third peak at ca. 686 nm was affected by temperature 

effects more than the 1st (monomeric) and 2nd (CT) peaks, as its intensity was reduced by 

36%, compared to 17% for the other two.  This effect corroborates with the hypothesis 

that the third peak is the result of excimeric emission, as it has been shown that at higher 

temperatures excimer dissociation can occur, resulting in a pair of triplet and ground state 

monomers.56  It is also noted, that due to experimental constraints at the time of spectral 

measurements, the excitation wavelength was set at 270 nm, compared to 320 nm that 

was used in the initial experiments.  As the absorbance of 5H2
2+ at 270 nm is lower (SI, 

2.8.3), this resulted in emission of lower intensity, leading to high noise in the acquired 

data.  Therefore, and to better understand how temperature affects the photophysics of 

compound 5 and 5H2
2+, additional experiments are needed.   

Firstly, the thermometry experiment should be repeated using an excitation wavelength 

of 320 nm, so that the data are consistent with the initial results.  Secondly, samples with 

different fw values should also be tested, to gain insights about how the different 

aggregation levels respond to changing temperature.  Thirdly, a series of different 

concentrations should also be measured at different temperatures.  This will provide clues 
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to help determine the origin of each emission peak, and the type of aggregation that is 

occurring.57 

It can be envisaged that future work may also include efforts to improve the 

optoelectronic properties of compounds 5 and 5H2
2+  by modifying their structure.  This 

is important, as it will allow us to design materials tailored for more targeted applications.  

For instance, lowering the HOMO-LUMO gap of the sensitisers could in principle lead 

to more effective absorption of visible light photons, and the emergence of near-infrared 

(NIR) luminescence,58 which is a much sought after, albeit rare, property that is especially 

useful for bioimaging and biosensing applications.59 

Preliminary work towards that goal has already started, and it involved attempts to 

perform a N-alkylation on the quinoline SM with the aim to increase the solubility of the 

final AIEgen, so it can be used in its freebase form, in multiple solvents (Scheme 3).  

 

Scheme 3. N-butylation attempt of the 4-quinolone 2. 

However, after employing literature conditions,60 including ones developed specifically 

for the N-alkylation of substituted 4-quinolones,61 the desired product could not be 

obtained, as the SM remained unreactive after 24h (based on TLC).  

A more ambitious strategy to achieve alkylation was also pursued;  the quinoline moiety 

present in AIEgen 5 is an electron deficient heterocycle that has been used to participate 

in photoredox Minisci-type, α C-H alkylations.62  More specifically, a 2018 report from 

Wang et al.,63 showed that quinolines can be α-alkylated by using inactivated alkyl 

bromides, visible light, an Ir-based catalyst that was used to produce O2
.- in situ, and a 

halogen abstraction agent, tris(trimethylsilyl)silane (TTMS).  Interestingly, the reaction 

was carried out using TFA/Acetone (1:1) as the solvent, as protonation of the quinoline 

was necessary (Scheme 4a) for the reaction to proceed.  This immediately drew our 

attention, as due to its limited solubility, compound 5 could not participate in most 

alkylating reactions, however since we knew that TFA is a good solvent, and produces 

the necessary protonated intermediate 5H2
2+, we thought that it would be a good candidate 
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for the reaction (Scheme 4b).  Additionally, since we proved (section 2.5.2) that under 

the right conditions compound 5 can be used to produce O2
.- in principle we could omit 

the use of the Ir-photocatalyst and utilise 5 in an autocatalytic fashion.  After confirming 

that the reported TFA/Acetone (1:1) solvent system could dissolve our SM, we proceeded 

to test our hypothesis.  Unfortunately, however, even after modifying several reaction 

parameters such as irradiation wavelength, temperature, time, and equivalents of 

TTMS/Alkyl-Br, the desired product could not be detected (nor its monomer). 

 

Scheme 4. a) Published light-mediated Minisci alkylation of quinolines, and the protonated intermediate involved in 

the reaction.  b) Adapted reaction conditions using 5 as the SM and the photocatalyst. 

Despite failing to obtain the desired product, we believe that Minisci conditions might 

still present a viable way to proceed forward;  perhaps by using an external photocatalyst 

the reaction could work as intended.  As mentioned, the low solubility of 5 is one of the 

main reasons that prohibits us to test other known alkylation conditions.  A different way 

to combat this issue could be by transferring existing protocols from batch to the 

mechanochemical domain, as it is conceivable that several of them could work in a 

solvent-free manner, as there is already precedent for dark mechanochemical Minisci 

reactions.64 

Another exploratory modification that was attempted, included replacing the central BTZ 

core of the AIEgen.  Naphtho[1,2-c:5,6-c’]bis[1,2,5]thiadiazole (NTZ) is a benzo-fused 
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heteroaromatic containing two BTZ subunits.  In recent years its use has gained 

substantial popularity, as it has been shown to be a versatile acceptor group in D-π-A 

organic semiconductors65 and is effective in lowering the HOMO-LUMO gap, as its rigid 

π-conjugated system results in reduced LUMO energy levels.66  As a result it has been 

used to produce organic solar cells with superior performance characteristics to those of 

the analogous BTZ-based molecules.67  Moreover due to its extended π-system, and 

electron accepting capabilities we anticipated that a quinoline-NTZ-quinoline triad, might 

have better overall solubility, and exhibit TICT emission, since its planar configuration 

would be more accessible while in solution.68  In addition, its synthesis would be 

relatively trivial, as the pinacol ester of this NTZ, 5,10-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)naphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole) (6) is commercially 

available, albeit expensive (£230/100 mg).69  As we only had a limited supply of boronic 

ester 6 at the time (ca. 1 mg) the test reaction was performed at a very small scale.  

Overall, the reaction conditions were identical to the ones developed for the BTZ 

analogue 5 (Scheme 5). 

 

Scheme 5. Attempt to synthesise an NTZ-analogue of AIEgen 5. 

After reacting for 5 minutes, the SM was consumed (by TLC), and a yellow precipitate 

was seen to be suspended in solution.  After filtration, the precipitate was washed with 

dioxane and dried.  Unfortunately, a yield could not be obtained, as the precipitate was 

stuck to the filter paper.  To identify the structure of the precipitate it was subjected to 

1H-NMR analysis.  First, we tried to dissolve it in CDCl3 or (CD3)2CO to recover it after 

analysing, however it appeared that only DMSO-d6 could dissolve it completely.  Due to 

the small amount of material that we were working with, the resulting 1H NMR spectrum 
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appeared to have a very high signal-to-noise ratio, and as a result, it was not possible to 

draw any definitive conclusions regarding its structure (Figure 11a).  Despite this, by 

integrating the visible peaks, a total of 14 protons could be counted.  The most downfield 

signal was at 10.8 ppm and could tentatively correspond to the labile -OH protons.  

Furthermore, by comparing the spectrum with that of compound 5 (Figure 11b), it was 

evident that the two appeared to be very similar.  Based on this similarity, the correct 

number of protons, the physical appearance, and reaction behaviour, it is not unreasonable 

to assume that the reaction did indeed work, to produce the desired NTZ analogue, 8,8'-

(naphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole)-5,10-diyl)bis(quinolin-4-ol) (7).  More 

conclusive evidence about its identity could be obtained by LC-MS analysis, however at 

the time we did not yet have access to that instrumentation. 

 

Figure 11. a) 1H NMR spectrum of tentative compound 7 dissolved in DMSO-d6.  b) Comparison between the 1H NMR 

spectra of the newly formed compound and AIEgen 5. 



Chapter 2: Development of a Novel Molecular Heterogeneous Photocatalyst with Aggregated-Induced Emission 

Properties 

52 

 

With satisfactory evidence that NTZ analogues could be obtained with relative ease, other 

structural changes that could be implemented include the addition of halogen atoms 

within the BTZ/NTZ/quinoline subunits, as their presence is able to facilitate ISC 

(S1→Tn),
70 although they can also induce cytotoxicity, which could limit their use as PDT 

agents.71  Finally, substituting the chalcogen atom of the BTZ/NTZ subunits with Se, or 

Te atoms is also a worthy endeavour, as their presence in luminophores can ‘turn-on’ the 

heavy-atom effect (HAE).  As the atomic weight of the chalcogen increases, fluorescence 

quenching is observed by the simultaneous emergence of phosphorescence.  This happens 

due to the enhanced spin-orbit coupling constants of heavier atoms, which lead to the 

enhancement of ICS.72  In recent years, the HAE has successfully been exploited to 

synthesise a large variety of heterocyclic triplet sensitisers.73–75 

 

2.8 Supporting Information 

 

2.8.1 TGA Curves of 5 and 5H2
2+⸹ 

 

 

a) 
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Figure S1. a) TGA thermogram of freebase compound 5 has a very small % mass loss at around 320 oC which may be 

associated with a small impurity that is present in the sample.  b) TGA thermogram of 5H2
2+ in which the first % mass 

loss corresponds to the loss of the two TFA molecules.  

 

2.8.2 Crystallographic Data⸹ 

 

 The structure has been deposited with the CCDC with a Deposition Number 

2086024.  

Crystal data for [5H2
2+ 2TFA-].2TFA: [C24H16N4O2S

2+ 2(C2F3O2
–)].2C2F3O2H, M = 

878.56, yellow plates, 0.18 x 0.04 x 0.03 mm3, monoclinic, space group P21/n (No. 14), 

a = 8.14670(10), b = 21.3962(3), c = 20.1733(3) Å, β = 90.509(2)°, V = 3516.24(8) Å3, Z 

= 4, Dc = 1.660 g cm-3, F000 = 1768, SuperNova, Dual, Cu at home/near, Atlas, MoKα 

radiation,  = 0.71065 Å, T = 100(2) K, 2θmax = 51.9°, 12906 reflections collected, 6738 

unique (Rint = 0.0269). Final GooF = 1.035, R1 = 0.0513, wR2 = 0.1380, R indices based 

on 5767 reflections with I > 2α(I) (refinement on F2), 660 parameters, 0 restraints. Lp and 

absorption corrections applied,  = 0.220 mm-1. 

Comparison of the calculated structures with the structure determined from the TFA- 

crystal of 5 indicates that the match in conformation and geometry is high.  It appears 

structurally there is little difference in the protonation of 5 on distances or angles.  This 

b) 
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is highlighted by the low RMSD and maximum deviation numbers when comparing the 

molecular geometries (Table S1 and Figure S2). 

Table S1. Comparison of the geometry parameters from the X-ray structure and the 

optimised structures in the gas phase at the RB3LYP/6-311G(d,p) level of theory. 

Structures compared RMSD (Å) Maximum deviation (Å) 

Crystal:[5H2
2+ 2TFA-

].2TFA 

0.1947 0.3532 

Crystal:[5H2
2+ 4TFA-

].4TFA 

0.1775 0.3247 

Crystal:5  0.0605 0.1507 

[5H2
2+ 4TFA-].4TFA:5 0.1876 0.3668 

 

 

Figure S2. Overlay of the crystal structure with the computed structures 5, [5H2
2+ 4TFA-].4TFA and [5H2

2+ 2TFA-

].2TFA. a) Crystal:[5H2
2+ 2TFA-].2TFA, b) Crystal:[5H2

2+ 4TFA-].4TFA, c) Crystal:5, d) [5H2
2+ 4TFA-].4TFA:5. 

Molecules in ball-and-stick representation and only molecules of 5 shown for clarity. 
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Figure S3. Crystal packing structure of 5H2
2+ with the molecules shown as capped stick representations and viewed 

down the a axis.  Disorder of one of the hydrogen bonded CF3COO– CF3COOH pairs shown. π -π stacking of 5 results 

in layers of 5 and layers of CF3COO– CF3COOH.  There is extensive hydrogen bonding between the O–H and N–H 

groups of 5 and the donors and acceptors of the CF3COO– and CF3COOH. 

 

Figure S4. Crystal packing structure of 5H2
2+ with the molecules shown as capped stick representation.  a) Structure 

as viewed down the a axis.  b) Structure as viewed down the c axis.  Disorder not shown for clarity.  
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2.8.3 Computational Data⸹ 

 

 The geometries of the molecule 5 in neutral and protonated form were fully 

optimized at the DFT RB3LYP/6-311G(d,p) level of theory and analytical second 

derivatives were computed using vibrational analysis to confirm each stationary point to 

be a minimum by yielding zero imaginary frequencies.  TD-DFT calculations were 

performed also at the RB3LYP/6-311G(d,p) level of theory to obtain the vertical 

excitation energies. All the above computations were performed using the Gaussian 03 

suite of programs.76 

X-ray crystallography showed that molecule 5 exists in the solid state as the phenolic 

prototautomeric form 5'' cocrystallised with molecules of TFA that participate via various 

H-bonding interactions (Figure S5).  In the absence of TFA or in the gas or solution phase 

the structure of compound 5 can differ.  As two possible symmetrical prototautomers 5' 

and 5'' exist, and one unsymmetrical, 5''', all were optimised at the RB3LYP/6-311G(d,p) 

level of theory in gas phase.  The quinolone tautomer 5' was computed to be 42.3 kJ·mol-

1 more stable than prototautomer 5'' and 14.6 kJ·mol-1 more stable than 5'''. 

 

Figure S5. Structures of the three possible prototautomers of compound 5. 

TD-DFT calculations on the optimized structures of tautomers 5', 5'' and 5''', revealed a 

significant blue shift for the longest wavelength absorption of tautomer 5'' compared to 

5' and 5''', ca. 140 and 132 nm, respectively, with the absorption of the former being in 

best agreement with the experimental absorption spectra (Figure S6).   
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Figure S6. Comparison of the experimental absorption spectrum for compound 5 and the theoretical absorption spectra 

for the prototautomers 5', 5'' and 5'''. 

The main vertical excitations for molecule 5'' were calculated using TD-DFT at the 

B3LYP/6-311G(d,p) level of theory (Table S2), which indicated that the longest 

wavelength absorption corresponds to a HOMO → LUMO transition; observed as a 

shoulder in the theoretical and the experimental spectrum, blue shifted in the latter by ca. 

51 nm).  The two other absorptions observed theoretically at 322 and 312 nm, have a main 

contribution from a HOMO-2 → LUMO and a HOMO → LUMO+1 transition, 

respectively. 
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Table S2. Singlet excited states for 5'' from TD-DFT data at the B3LYP/6-311G(d,p) 

level of theory 

Excited 

state 

transition (contribution) energy 

(eV) 

λ (nm) osc. 

strength 

S1 HOMO-2 → LUMO (2%) 3.2951 376 0.1525 

HOMO → LUMO 

(91%) 

S2 HOMO-1 → LUMO 

(98%) 

3.5507 349 0.0007 

S3 HOMO-2 → LUMO 

(84%) 

3.8447 322 0.0955 

HOMO → LUMO+1 

(4%) 

S4 HOMO-2 → LUMO (3%) 3.9741 312 0.1171 

HOMO-2 → LUMO+1 

(6%) 

HOMO → LUMO+1 

(85%) 

 

Figure S7. The molecular orbitals associated with the vertical excitations responsible for the absorption profile of 

tautomer 5'' revealed that the HOMO → LUMO transition has significant charge transfer character from the quinolinol 

moieties to the benzothiadiazole core. 

As supported by X-ray crystallography, in TFA we expect the quinolinols to be in the 

protonated form, and as such the dication in the presence and absence of coordinated TFA 
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molecules were studied computationally.  In the absence of explicitly added TFA 

molecules in the cationic form the absorption is significantly red shifted owing to an 

intramolecular hydrogen bond between the NH of the protonated quinolinol and the 

nitrogen of the thiadiazole ring.  This leads to increased planarity of the system, and, as 

such, the absorption was shifted to longer wavelengths presumably owing to greater 

conjugation (Figure S8).  

 

Figure S8. Comparison of the experimental absorption spectrum for compound 5 and the theoretical absorption spectra 

for the neutral and dication species of 5. 

The UV-vis absorption of the neutral molecule and the pyridinium form in the presence 

of coordinated anionic and neutral TFA molecules, however, is in good agreement with 

the experimental UV-vis absorption in TFA as solvent.  The more TFA molecules 

incorporated into the calculation, the closer is the absorption to the experimental data in 

TFA. 
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Figure S9. HOMO and LUMO representations of the optimized structure of molecule 5 in the presence of eight TFA 

molecules (4 neutral and 4 anions, total charge -2).  TFA molecules are omitted for clarity. 

 

                          (a)                                 (b)  

(c)                 (d)  

Figure S10. Optimized structures of molecule 5 in (a) neutral form; (b) pyridinium form without counterion; (c) 

pyridinium form with two trifluoroacetates and two TFA; (d) pyridinium form with four trifluoroacetates and four TFA 

molecules.  
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2.8.4 Additional Photophysical Data 

 

 

Figure S11. a) UV-Vis absorption spectra of 5H2
2+ dissolved in DMSO in various concentrations.  Insert shows that a 

new peak appears at 460 nm consistent with excimer formation.  b) Photograph of a concentrated (left) and dilute (right) 

solution of 5H2
2+ reveals a stark colour difference between the two.  The deep orange colour on the left is caused by 

the appearance of the new absorption peak at 460 nm. 

 

 

Figure S12. Solid state fluorescence of 5. Maximum emission was recorded at λem = 512 nm. 

 

 

 



Chapter 2: Development of a Novel Molecular Heterogeneous Photocatalyst with Aggregated-Induced Emission 

Properties 

62 

 

 

Figure S13. Fluorescence spectra of 5H2
2+ in DMSO with varying excitation wavelengths.  Maximum emission 

intensity is observed when λex = 410 nm. 

 

Figure S14. IR emission spectrum of 5H2
2+ in TFA/D2O (1:1) solution shows a weak peak at 1274 nm which is 

attributed to 1O2 phosphorescence. 
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Figure S15. UV-Vis spectra corresponding to the TFA solution series.  Insert highlights the tailing-off effect caused 

by the production of nanoaggregates.  It can be seen that at 80% water, tailing occurs.  At 90% the effect is not as 

pronounced, possibly due to sedimentation of the nanoaggregates. 

 

Figure S16.  Picture of series in increasing water percentage compared to DMSO.  Concentration was kept constant at 

2.05 × 10-4 M.  a) Illumination with visible light shows that visible cloudiness occurs when water reaches 20%.  b) 

Illumination with far UV light shows the AIE effect in action;  when 5H2
2+ is fully dissolved in DMSO (0% vial), no 

emission is visible, but as the water percentage increases, a green-blue emission appears, originating from the solid that 

is precipitating out of solution. 
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Figure S17. Left: Solid 5 under far UV illumination. λem = 512 nm.  Right: Solid 5H2
2+ under far UV illumination. λem 

= 485 nm. 

 

2.8.5 Continuous Flow Set-Up and Cycle Data 

 

 

Figure S18. Stacked 300 MHz 1H NMR spectra illustrating the conversion to ascaridole after each run.  The conversion 

was monitored by the disappearance of the alkene protons of the α-terpinene starting material (5.6 - 5.7 ppm range) and 

the subsequent appearance of the alkene protons of the product (6.4 – 6.6 ppm range). 
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Figure S19. a) Photosensitisation of 5 (1 mol%) for 1O2 production under flow conditions.  The graph shows benchtop 

1H NMR monitoring of a-terpinene disappearance over time, when an alumina column support is used instead of silica.  

b) 400 MHz 1H NMR spectrum of the reaction mixture after 2000 s shows 80.7% conversion to ascaridole.  c) LC-MS 

trace of pristine 5 (sample was dissolved in DMSO and filtered prior to injection).  Retention time (RT) was 4.734 min.  

d) LC-MS trace of alumina supported 5 reaction mixture after 2000 s of irradiation shows the presence of leached 5. 

The sample was obtained by removing the reaction solvent under vacuum and dissolving the resulting residue in 

DMSO. 
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Figure S20. a) Schematic of procedure that was conducted to test whether trace quantities of soluble 5 can 

photocatalyse the production of ascaridole from α-terpinene.  b) 300 MHz 1H NMR spectrum of the reaction mixture 

after 60 min shows no conversion to ascaridole, confirming that the original flow reaction is indeed heterogeneously 

mediated.  c) LC-MS trace of pristine 5 (sample was dissolved in DMSO and filtered prior to injection).  Retention 

time (RT) was 4.734 min.  d) LC-MS trace of filtered CDCl3 solution that was stirred with solid 5 (a).  No compound 

5 was detected. 
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Figure S21. a) A loaded borosilicate glass column fixed bed reactor with silica and 5.  The column is primed with 

CDCl3.  b) Picture depicting the flow reactor set-up that was used during the photosensitisation experiments.  

 

 

 a) 

b) 
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2.8.6 X-Ray Powder Diffraction of 5 

 

 

Figure S22. XRD diffractogram of compound 5 directly after its synthesis shows the presence of a semi-crystalline 

solid. 

 

2.8.7 Solubility of 5 in Various Organic Solvents 

 

Table S3. Solubility of 5 in various organic solvents  

Entry Solvent Solvent Relative 

Polarity77 

Solubilitya 

1 Water 1.000 Negligible 

2 Trifluoroacetic acid N/A Soluble 

3 Methanol 0.762 Negligible 

4 Acetonitrile 0.460 Negligible 

5 Dimethylsulfoxide 0.444 Partially soluble 

6 Acetone 0.355 Negligible 

7 Methylene 

Chloride 

0.309 Negligible 
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Entry Solvent Solvent Relative  

Polarity76 

Solubilitya 

8 Chloroform 0.259 Negligible 

9 Ethyl Acetate 0.228 Negligible 

10 Tetrahydrofuran 0.207 Negligible 

11 Diethyl Ether 0.117 Negligible 

12 Toluene 0.099 Negligible 

13 n-Hexane 0.009 Negligible 

a As determined by HPLC analysis of a filtered solution resulting from stirring 1.1 mg of 5 in 1 mL of solvent. 

 

2.8.8 1O2 Generation Efficiencies of 5 and 5H2
2+ Under Identical Conditions 

 

 

Figure S23. α-terpinene (0.25 mmol) conversion to ascaridole under batch conditions. Photosensitisers 5 and 5H2
2+ 

exhibited similar performance under identical conditions. 
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2.8.9 Aerobic Oxidative Hydroxylation of Phenylboronic Acid (HPLC Data) 

 

 

Figure S24. HPLC chromatograms of a) Neat phenylboronic acid.  b) Neat phenol.  c) Reaction mixture when 5 was 

used as a photoredox catalyst for the hydroxylation of phenylboronic acid to phenol. 
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2.9 Experimental Section 

 

2.9.1 General Methods and Materials 

 

 All chemicals were commercially available except those whose syntheses are 

herein described.  Anhydrous MgSO4 was used for drying organic extracts and all 

volatiles were removed under reduced pressure.  All reaction mixtures and column eluents 

were monitored by TLC using commercial aluminium backed thin layer chromatography 

(TLC) plates (Merck Kieselgel 60 F254).  The plates were observed under UV light at 254 

and 365 nm.  The technique of flash chromatography was used throughout for all non-

TLC scale chromatographic separations using Merck Silica Gel 60 (less than 0.063 mm).  

Melting points were determined using a Stuart SMP10 digital melting point apparatus.  

Small scale (μL) liquid handling measurements were made using variable volume (1.00–

5000.00 μL) single channel Gilson PIPETMAN precision micropipettes.  Solvents used 

for recrystallisation are indicated after the melting point.  IR spectra were recorded on a 

Thermo Scientific Nicolet iS5 FTIR spectrometer with iD5 ATR accessory and broad, 

strong, medium and weak peaks are represented by b, s, m and w, respectively.  1H and 

13C NMR spectra were recorded on a Bruker AVANCE III HD machine (at 400 and 100 

MHz, respectively).  An AVANCE III 300 MHz NMR Spectrometer was also used for 

reaction monitoring.  The benchtop NMR that was used for flow reaction monitoring was 

a NANALYSIS corp. NMRReady 60 Benchtop 1H NMR.  Chemical shifts (δ) are 

expressed in ppm and coupling constants J are given in Hz.  Data are represented as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet and/or multiple resonances, br s = broad singlet).  Deuterated solvents were used 

for homonuclear lock, and the signals are referenced to the deuterated solvent peaks.  For 

the acquisition of mass spectra, the samples were prepared as detailed below and analysed 

by positive ion nanoelectrospray (nES) using a Thermo Scientific™ LTQ Orbitrap XL™ 

ETD Hybrid Ion Trap-Orbitrap Mass Spectrometer.  The absolute PLQY of each sample 

was measured using a calibrated spectrofluorometer (Edinburgh Instruments, FLS920), 

equipped with an integrating sphere (Jobin-Yvon).  Flow reactions were carried out with 

a commercial E-series Photochem reactor by Vapourtec Ltd, with two V-3 peristaltic 

pumps and using an LED module emitting at 390-440 nm with 7.44 W light output 
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(EPILED, Future Eden Ltd.).  For the collection of LC-MS data a Shimadzu LC-2040C 

3D Plus instrument was used. 

 

2.9.2 Preparation of Compounds 1, 2, 5 and 5H2
2+ 

 

Preparation of 5-{[(2-Iodophenyl)amino]methylene}-2,2-dimethyl-1,3-dioxane-

4,6-dione 1 

To a stirred solution of 2-iodoaniline (3.00 g, 13.6 mmol), in 

anhydrous acetonitrile (50 mL) at ca. 20 °C was added in one 

portion Meldrum’s acid (2.15 g, 15.0 mmol), followed by triethyl 

orthoformate (2.41 g, 16.3 mmol).  The resulting mixture was then heated to ca. 95 °C 

(reflux) for 2 h until the 2-iodoaniline was consumed (by TLC). The resulting mixture 

was then allowed to cool to ca. 20 °C, evaporated to dryness under vacuum, and the 

residue recrystallised by hot ethanol (EtOH) to afford the title compound 1 (4.01 g, 78%) 

as orange cubes, mp (hot-stage) 177-178 °C (EtOH) [literature value: 176.1-177.9 °C 

(EtOH)]8; Rf 0.44 (n-hexane/EtOAc, 60:40); νmax/cm-1 3163w (aryl C-H), 2995w (alkyl 

C-H), 1726m and 1680s (C=O), 1601w, 1582m, 1568m, 1493w, 1433w, 1389m, 1377m, 

1319s, 1300m, 1269s, 1227w, 1200s, 1144w, 1119w, 1016m, 993w, 984m, 930m, 889w, 

845w, 806m, 779m, 746s, 723m; δH (400 MHz, DMSO-d6) 11.37 (1H, d, J = 14.0 Hz, 

NH), 8.65 (1H, d, J = 14.0 Hz, =CH), 7.93 (1H, dd, J = 7.6 Hz, 1.2 Hz, Ar H), 7.73 (1H, 

dd, J = 8.0 Hz, 0.8 Hz, Ar H), 7.46-7.50 (1H, m, Ar H), 7.05 (1H, ddd, J = 7.8 Hz, 7.8 

Hz, 1.6 Hz, Ar H), 1.69 (6H, s, CH3); δC (100 MHz, DMSO-d6) 164.6, 162.3, 153.5, 

139.6, 139.2, 129.9, 128.0, 118.6, 104.6, 90.7 87.7, 26.6;  identical to an authentic 

sample.8 

 

Preparation of 8-Iodoquinolin-4(1H)-one 2 

To stirred diphenyl ether (5 mL) preheated to ca. 220 °C (Wood’s metal 

bath), was added portion wise over a 4 min period 5-{[(2-

iodophenyl)amino]methylene}-2,2-dimethyl-1,3-dioxane-4,6-dione 1 (1.00 

g, 2.7 mmol) and the mixture was heated at ca. 220 °C for another 5 min 

until the starting material was consumed (by TLC).  The resulting mixture was then 
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allowed to cool to ca. 20 °C, diluted (n-hexane, 15 mL) and the insoluble precipitate was 

isolated by filtration and recrystallised by hot toluene (PhMe) to afford the title compound 

2 (679 mg, 93%) as beige-coloured cubes, mp (hot-stage) 76-77 °C (PhMe) [literature 

value: 75.3-76.3 °C (PhMe)]8; Rf 0.41 (THF/EtOAc, 50:50); νmax/cm-1 3090 brw (N-H), 

1618s (C=O), 1585s, 1543s, 1504s, 1431m, 1325m, 1300w, 1240m, 1215w, 1188s, 

1099w, 1074w, 1051m, 889w, 866w, 835w, 793s, 775m, 746s; δH (400 MHz, DMSO-d6) 

10.72 (1H, br s, NH), 8.18 (1H, dd, J = 7.6 Hz, 1.2 Hz, Ar H), 8.11 (1H, dd, J = 8.0 Hz, 

1.2 Hz, Ar H), 7.88 (1Η, d, J = 6.8 Hz, Ar H) 7.11 (1H, dd, J = 8.0 Hz, 8.0 Hz, Ar H), 

6.13 (1H, d, J = 6.0 Hz, Ar H); δC (100 MHz, DMSO-d6) 176.7, 142.2, 140.7, 140.4, 

126.6, 125.6, 124.7, 109.0, 87.4;  identical to an authentic sample.8 

 

Preparation of 8,8'-(Benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(quinolin-4-ol) 5 

To a stirred solution of 8-iodoquinolin-4(1H)-one 2 

(100.0 mg, 0.368 mmol) in dioxane/H2O (75:25) (1 

mL) at ca. 20 °C was added in sequence powdered 

K2CO3 (101.6 mg, 0.720 mmol), followed by 4,7-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzo[c][1,2,5]thiadiazole 4 (71.4 mg, 0.184 

mmol), and then Pd(dppf)Cl2·CH2Cl2 (15.0 mg, 5 

mol %).  The reaction mixture was then immersed 

into a preheated oil bath and heated at ca. 89 °C (reflux) for 5 min until the 

iodoquinolinone 2 was consumed (by TLC, THF/EtOAc, 50:50).  The reaction mixture 

was then allowed to cool to ca. 20 °C leading to the formation of a powdery yellow 

precipitate, which was isolated by filtration, washed thoroughly using THF (2 × 5 mL), 

CHCl3 (2 x 5 mL) and EtOH (2 × 5 mL), and then dried under a stream of air, to afford 

the title compound 5 (75.2 mg, 97%) as a fine yellow powder, mp (TGA) > 400 °C 

(decomp.); λmax(DMSO)/nm 306 inf (log ε 3.42), 317 (3.48), 325 (3.35); νmax/cm-1 

3166brw (C-H), 1619s, 1617s, 1567s, 1506s, 1433m, 1403w, 1335m, 1310w, 1284w, 

1247w, 1191s, 1146w, 1122m, 1066m, 979w, 975m, 901w, 880m, 860w, 849m, 810m, 

795m, 756s; δH (400 MHz, DMSO-d6) 8.28 (2H, dd, J = 8.0 Hz, 1.2 Hz, Ar Ha), 7.94 (2H, 

s, Ar Hf), 7.75 (2Η, dd, J = 7.2 Hz, 1.2 Hz, Ar He), 7.65 (2H, d, J = 7.2 Hz, Ar Hc), 7.47 
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(2H, dd, J = 7.6 Hz, 7.6 Hz, Ar Hb), 6.07 (2H, d, J = 7.2 Hz, Ar Hd); m/z (ESI+): calculated 

for [M+H]+ 423.0910, found 423.0905. 

 

Preparation of 5H2
2+ from 5 

To a 5 mL glass vial was added 

compound 5 (20.0 mg, 0.047 mmol) in 

1 mL of TFA.  The reaction mixture 

was then allowed to stir at ca. 20 °C for 

10 minutes at which point all the solid 

was dissolved.  The contents of the vial 

were then transferred into a 50 mL 

conical flask containing 10 mL of 

distilled water, leading to the formation of a powdery dark yellow precipitate, which was 

isolated by filtration, washed thoroughly using cold distilled water (2 × 5 mL) and acetone 

(2 × 5 mL), and then dried under a stream of air, to afford the title compound 5H2
2+ (25.0 

mg, 82%) as a fine yellow powder.  Crystals of 5H2
2+ were grown by dissolving a small 

amount (~5 mg) in a 1:1 mixture (1 mL) of hot chlorobenzene (PhCl) and TFA.  Mp 

(TGA) > 400 °C (decomp.) (TFA/PhCl); found: C, 51.30; H, 2.42; N, 8.43. 

C28H16F6N4O6S requires: C, 51.70; H, 2.48; N, 8.61%; λmax(TFA)/nm 306 inf (log ε 3.42), 

317 (3.48), 325 (3.35); νmax/cm-1 3166brw (C-H), 1619s, 1617s, 1567s, 1506s, 1433m, 

1403w, 1335m, 1310w, 1284w, 1247w, 1191s, 1146w, 1122m, 1066m, 979w, 975m, 

901w, 880m, 860w, 849m, 810m, 795m, 756s; δH (400 MHz, TFA-d) 8.73 (2H, dd, J = 

8.4 Hz, 1.2 Hz, Ar Ha), 8.57 (2H, d, J = 6.8 Hz, Ar He), 8.25 (2Η, dd, J = 7.2 Hz, 1.2 Hz, 

Ar Hc) 8.15 (2H, s, Ar Hf), 7.04 (2H, dd, J = 7.2 Hz, 1.2 Hz, Ar Hb), 7.39 (2H, d, J = 6.8 

Hz, Ar Hd); δC (100 MHz, TFA-d) 172.8 (1), 155.6 (7), 146.7 (11), 140.0 (10), 139.3 (6), 

134.8 (9), 131.3 (8), 130.8 (4), 129.7 (5), 127.4 (3), 123.0 (2), 107.7 (12); δF (376 MHz, 

DMSO-d6) -74.49.; m/z (ESI-): calculated for [M-TFA-H]- 535.0693, found 535.0665.  
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2.9.3 Heterogeneous Flow Mediated Photocatalytic Generation of 1O2 With In-Line 

NMR Analysis 

 

 The procedure for the heterogeneous flow photosensitisation of 5 to produce 1O2 

was adapted from Thomson et al.,44 and was carried out as follows: 

To a transparent borosilicate glass column fixed bed reactor (6.6 mm ID, 100 mm length) 

was added a mixture of photocatalyst 5 (1.1 mg, 0.0025 mmol, 1 mol%) and 500 mg 

chromatography grade (60Å, 40 – 63 μm particle size) SiO2.  The dry-packed mixture 

was then attached to the Vapourtec flow instrument, and it was primed with CDCl3 (10 

mL) for 5 min by flowing solvent through the column at 5 mL/min.  To a dry 20 mL 

round bottom flask loaded with a magnetic stirrer bar, was added α-terpinene (34.1 mg, 

40.1 μL, 0.25 mmol) and CDCl3 (5 mL) before sealing with a septum.  The flask was 

connected to the Vapourtec flow machine and then covered to prevent photosensitisation 

events from ambient light.  The reaction solution was pumped at 5 mL/min using 

peristaltic pumps (Vapourtec V-3) to a T-junction where it was mixed with O2 gas from 

a cylinder which was being pumped concurrently at 5 mL/min by a second peristaltic 

pump.  The heterogeneous liquid-gas mixture formed a slug flow at the T-junction and 

was pumped through the fixed bed column reactor placed in a reflective housing, 

irradiated by an LED array (390 - 440 nm, 7.44 W).  After exiting the photoreactor, the 

slug flow was then passed through a back pressure regulator which kept the pressure at 2 

bar before passing through a 60 MHz Nanalysis-60e benchtop 1H NMR instrument which 

monitored the reaction progression in real time.  Following that, the slug flow was 

returned to the initial reaction flask to be continuously cycled for 25 min.  The catalyst 

bed was permitted to form a ‘mixed bed’ regime (hybrid between a packed bed and 

fluidised bed) to prevent pressure build up.  

After the reaction was complete, as indicated by the bench-top NMR, the resulting 

solution was evaporated under reduced pressure to afford an oily residue.  1H NMR (300 

MHz) analysis of the residue revealed the complete disappearance of the α-terpinene 

alkene protons (δΗ 5.6–5.7 ppm) and the appearance of the corresponding ascaridole 

alkene protons (δΗ 6.4–6.6 ppm), confirming the bench-top NMR data and the complete 

transformation of the starting material. 
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For the cycling experiments, the loaded packed bed reactor was left in place, 15 mL of 

fresh CDCl3 was flowed through the aforementioned set-up and it was then discarded.  A 

new cycle could then be initiated by following the protocol above. 

Safety statement for flow chemistry manipulations 

The flow machine that was used for the experiments in this chapter was placed inside a 

fume hood equipped with an extraction fan.  The sash window of the fume hood was 

lowered when the flow machine was in operation to minimise the risk of accidental 

solvent/chemical vapour release into the surrounding area.  When the flow machine was 

used to perform reactions under high pressure, a test run was initiated first, where only 

solvent was circulated under pressure for a period of 15 min.  This was done to ensure 

that the pressurised section of the line (between the peristaltic pump and the back pressure 

regulator) was stable and did not leak, thus minimising the risk of an uncontained loss of 

pressure and/or spillage during the experiment.  In addition to the pressure checks, the 

reactor tubing was visually checked for blocks or cracks before each experiment was 

performed.  If any anomaly was detected, appropriate steps were taken to mitigate the 

issue (e.g., by replacing damaged parts).  When a gaseous reagent was used (e.g., oxygen), 

the gas flow to the flow machine’s peristaltic pump was regulated by a mass flow 

controller device (MFC).  At the end of each session, all of the lines were depressurised, 

and flushed several times with clean solvent.   

 

2.9.4 Photoluminescence Quantum Yield (PLQY) Calculations⸹ 

 

 The FLS920 spectrofluorometer was equipped with an extended red-sensitive 

single-photon counting photon multiplier (Hamamatsu, R2658P, 200-1010 nm), which 

was used to measure all spectra.  A Xenon lamp, centered to 320 nm, was used as the 

excitation source.  

The PLQY is defined by equation 1.78  It is determined by dividing the number of photons 

emitted (Lsample), by the number of photons absorbed.  The latter is calculated by 

measuring the intensity of excitation light (Ereference) and subtracting it from the intensity 

of excitation light not absorbed by the sample (Esample). 
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                                                 PLQY =  
# photons emitted

# photons absorbed
=  

Lsample

Ereference −Esample
                                     

Eq. 1 

 

Lsample = emission intensity 

Ereference = intensity of excitation light 

Esample = intensity of excitation light not absorbed by the sample 
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3.2 Background and Aims 

 

As part of our efforts to discover new photoactive materials that can be used for 

the production of singlet oxygen (1O2) and other reactive oxygen species (ROS) under 

continuous flow conditions, we obtained a relatively underutilised S,N heterocycle, the 

non-S oxidised 3,5-diphenyl-4H-1,2,6-thiadiazin-4-one (1a), as shown in Figure 1. 

 

Figure 1. Structure of the parent 1,2,6-thiadiazine 1a that was used during the initial studies. 

To our knowledge this family of compounds has never been evaluated for their 

photosensitisation potential, and since they are structurally similar to the very widely used 

class of 1,2,5-thiadiazoles1 we thought that it was likely that thiadiazine 1a would exhibit 

interesting photocatalytic properties.  In addition, due to the presence of an electron 

withdrawing carbonyl group at C4 (see Figure 1), its absorption spectrum is broadened 

by the increased HOMO→LUMO transitions (π→π*, n→π*), caused by the growing 

electron delocalisation.  As a result, virtually all known thiadiazines bearing an electron 

withdrawing substituent at the C4 position can absorb light >400 nm,2 making them 

suitable candidates for visible light photocatalytic applications.  Despite the initial plan 

as briefly outlined above, when compound 1a was used in flow under illumination at 420 

nm, its behaviour was different than anticipated.  After further investigation, it was found 

that thiadiazine 1a had ring contracted to form 2-benzoyl-4-phenyl-1,2,5-thiadiazol-

3(2H)-one 1-oxide (1b), as seen in Figure 2. 

 

 

 

 

Figure 2. Structure of the novel 1,2,5-thiadiazole 1-oxide 1b that was formed. 

Following this unexpected result, the goal of the project shifted, and we focused our 

efforts to uncover the underlying mechanism, scope, and limits of this transformation.  

The results of this work are the focus of this chapter.  
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3.3 Introduction 

 

 Monocyclic non-S-oxidised 1,2,5-thiadiazoles3,4 have a wide range of uses such 

as pesticides,5 fungicides,6 corrosion inhibitors,7 cell staining agents8 and 

pharmaceuticals.9 Important monocyclic 1,2,5-thiadiazole-based pharmaceuticals 

currently on the market include Timolol (β-blocker),10 and Xanomeline (antipsychotic).11  

Fused 1,2,5-thiadiazole based pharmaceuticals include Tizanidine (antispasmodic)12 

(Figure 3). 

 

Figure 3. Series of pharmaceutically relevant 1,2,5-Thiadiazoles. 

In the 1980s, Evans coined the term ‘privileged scaffold’, which refers to chemical 

structures that frequently appear in pharmaceutically active compounds.13  Thiadiazoles 

are ‘privileged scaffolds’, owing to their electronic properties, which provide favourable 

pharmacokinetics to enable drug delivery in the body.14  More specifically, the mesoionic 

character of the heterocycle leads to areas of positive and negative charge which enables 

the ring to easily cross the cell membranes and interact with a biological target.15  Another 

key factor attributing to the effectiveness of thiadiazoles is the presence of the sulfur atom 

that gives rise to high liposolubility, which improves the pharmacokinetic properties and 

enhances their biological activity.16 

Whilst Timolol was patented as early as 1969,17 literature precedent on the rarer 1,2,5-

thiadiazole 1-oxides are surprisingly less common.  Nevertheless, in 1982 a patent 

appeared describing 1,2,5-thiadiazole 1-oxides as elastase inhibitors for the treatments of 

diseases such as pancreatitis, emphysema and rheumatoid arthritis.18  In the same year, 

Lumma Jr and co-workers investigated 1,2,5-thiadiazole 1-oxides for the inhibition of 

gastric acid secretion.19  Despite their promising utility, there are relatively few reliable 

pathways to access 1,2,5-thiadiazole 1-oxides.3,20–22  This is true for all sulfoxide-bearing 

scaffolds, as they are prone to overoxidation, and many chemoselective methods for their 

synthesis from sulfides requires the use of oxidants such as 2-iodobenzoic acid (IBX)23 
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or Oxone,24 often in over stochiometric quantities and high temperatures.25  The most 

accessible synthetic pathways towards S-oxidised 1,2,5-thiadiazoles involve reacting 

thionyl chloride with vic-1,2-bisimines26 or bis(trimethylsilyl) derivatives,27 but these 

reactions offer low to moderate yields and use harsh reagents.  Weinstock et al. 

showcased that the lack of aromaticity of S-oxidised 1,2,5-thiadiazoles renders them 

highly electrophilic and thermally unstable.28  Therefore, the development of new mild 

and practical methods will allow researchers to explore this previously difficult to access 

chemical space.  Figure 4 illustrates the disparity between the number of published papers 

and chemical substructures between non-, mono- and di-S-oxidised 1,2,5-thiadiazoles.  

 

Figure 4. Plot of number of publications (1965-2020) and published chemical structures (as of 2021) for search terms 

‘’1,2,5-thiadiazole(s)’’, ‘’1,2,5-thiadiazole 1-oxide(s)’’ and ‘’1,2,5-thiadiazole 1,1-dioxide(s)’’. Generated on 

13/09/2021 using the Web of Science database. 

Light-driven ring contractions leading to selective atom removal from the core structure, 

represent a persuasive alternative to traditional synthetic approaches and offer new routes 

which can lead to early- and late-stage diversification of valuable compounds.29  

Surprisingly, only two such photo-mediated single-step skeletal transformations have 

been reported as of 2022.  These transformations were effectively used to access indolic30 

and amino-cyclopantane31 scaffolds, via selective carbon and nitrogen atom deletion, 

respectively, and substantial efforts are underway to further expand the collective 

molecular editing armamentarium.  4H-1,2,6-Thiadiazines32,33 are six-membered 

heterocycles that are structurally similar to 1,2,5-thiadiazoles, the only difference being 

the presence of an additional carbon atom in the ring (Figure 5). 
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Figure 5. Structure comparison between non-S-oxidised 4H-1,2,6-thiadiazine (left) and 1,2,5-thiadiazole cores (right). 

To the best of our knowledge, there are five examples where a six-membered heterocycle 

has been used to access 1,2,5-thiadiazoles, and in three of those, the heterocycle was a 

4H-1,2,6-thiadiazine (Scheme 1).  Vicente and co-workers reported the first of these in 

1986,34 whereby this contraction converted 2-substituted 1,2,6-thiadiazine 1,1-dioxides 

to 1,2,5-thiadiazole 1,1-dioxides under harsh acidic conditions. 
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Scheme 1. Comparison between previous examples of ring contractions to afford 1,2,5-thiadiazoles and current work. 

The second35 and third36 reports, only isolated 1,2,5-thiadiazoles as minor side-products 

and thus do not offer synthetic utility.  In 2016 Koutentis and co-workers reported the 

acid and/or thermal ring contractions of readily prepared 3′,5′-

diarylspiro(benzo[d][1,3]dioxole-2,4′-[1,2,6]thiadiazines) to afford non-S-oxidised 

1,2,5-thiadiazoles in high yields,37 and in 2021 the same group developed the thermal 

transformation of benzo[e][1,2,6]thiadiazino[3,4-b][1,4]diazepin-10(11H)-ones to 2-(4-

substituted-1,2,5-thiadiazol-3-yl)quinazolin-4(3H)-ones.38  Surprisingly, these and the 

other ring contractions of thiadiazine to thiadiazole involve cleavage of the 'stronger' C-

C bond but not the N-S bond.  Herein, we report the unprecedented oxidation and ring 

contraction of 4H-1,2,6-thiadiazines to 1,2,5-thiadiazole 1-oxides under visible light 

irradiation under aerobic conditions. 

 

3.4 Results and Discussion 

 

3.4.1 Reaction Discovery 

 

 As part of our past work in the development of new 1,2,5-benzothiadiazole (BTZ) 

derivatives for use as singlet oxygen (1O2) photosensitisers,39–43 we postulated, that 4H-
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1,2,6-thiadiazines might be effective triplet sensitizers since they share many structural 

and electronic properties with the 1,2,5-thiadiazole family.44  As such, we used 1 mol% 

(1.0 mg, 0.00375 mmol) of 3,5-diphenyl-4H-1,2,6-thiadiazin-4-one (1a) as a 1O2 

photosensitiser for the conversion of α-terpinene to ascaridole (Scheme 2).  The former 

reacts selectively with 1O2 and is commonly used to assess the performance of triplet 

photosensitisers.39  To our satisfaction, after 1 hour of irradiation using a blue LED light 

source, there was a 44% conversion to ascaridole, as assessed by 1H NMR. 

 

Scheme 2. Conversion of α-terpinene to ascaridole using diphenylthiadiazine 1a as the photosensitiser. 

Interestingly, after irradiation, we noticed decolouration of the initially yellow reaction 

mixture.  As the yellow colour originated from the diphenylthiadiazine 1a, we 

hypothesised that this change was attributed to photobleaching of the thiadiazine 1a 

and/or its decomposition as photosensitisers exposed to reactive oxygen species (ROS), 

such as 1O2, or superoxide radicals (O2
.-), can readily decompose.45 

To investigate the fate of the photosensitiser, a solution containing solely 

diphenylthiadiazine 1a (10.0 mg, 0.0375 mmol) in chloroform was irradiated using the 

same 420 nm LED lamp.  After one hour, we were surprised to see that the solution had 

again turned colourless and based on TLC (n-Hex/CHCl3, 50:50) thiadiazine 1a had been 

fully consumed and a new intractable spot appeared on the baseline.  Removal of the 

solvent under vacuum gave a colourless solid (11.2 mg).  Elemental analysis together 

with mass spectrometry (HRMS, ESI+), gave a formula of C15H10N2O3S, indicating that 

compared to the starting material, the product had gained two oxygen atoms, presumably, 

via the addition of molecular oxygen.  Tentatively, based on the mass recovery, the 

reaction yield was quantitative, indicating a remarkable 100% atom economy.46  In 

addition, the IR spectrum of the product clearly showed two carbonyl stretches at ν(C=O) 

1733 and 1699 cm-1, which was also supported by 13C NMR spectroscopy with 

resonances at δC 167.9 and 166.4.  The UV-vis profile (λmax = 296 nm) shifted 

hypsochromically compared to 1a (λmax = 350 nm) pointing to a less conjugated, less 
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aromatic system than the starting thiadiazine.  1H NMR spectroscopy indicated that the 

ten protons of the two phenyl groups were present but unlike thiadiazine 1a, the product 

was no longer symmetrical.  Worthy of note, 1H NMR spectroscopy of the crude non-

recrystallised material indicated that the sample was remarkably clean.  In spite of the 

above data, we were unable to conclusively assign a structure, and resorted to single 

crystal x-ray crystallography which revealed the identity of this unknown product to be 

2-benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-one 1-oxide (1b) (Scheme 3). 

 

Scheme 3. Ring contraction of thiadiazine 1a to thiadiazole 1b, and its crystal structure. 

 

3.4.2 Reaction Optimisation 

 

 Our next step was to further optimise the reaction parameters to maximize its 

efficiency.  We started by measuring the reaction time in different organic solvents with 

a large range of polarities (Figure 6). 

 

Figure 6. Comparison of the effect of different solvents on the reaction time (based on the disappearance of thiadiazine 

1a on TLC). 
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The reaction times in deuterated solvents were markedly shorter compared to their non-

deuterated counterparts.  This suggested that the reaction was mediated by 1O2; in the 

presence of deuterated solvents, intermolecular vibronic coupling between the 1O2 and 

the solvent leads to deactivation of the 1O2; vibronic coupling is less effective in 

deuterated solvents.47  Moreover, we observed that deuterated DMSO, performed poorly 

compared to the other deuterated solvents; DMSO is a known 1O2 scavenger.48  Another 

notable result, was that when deuterated MeOH was used, the product decomposed upon 

formation.  In the case of diethyl ether (Et2O), the product 1b on forming precipitated out 

of the solution, as its solubility in Et2O was very low.  Green solvents, such as dimethyl 

carbonate (DMC) and 2-methyltetrahydrofuran (2-MeTHF)49 were also tested, however, 

in the case of DMC, a sticky residue was left after the completion of the reaction, and 

when 2-MeTHF was used, the 1H NMR spectrum of the crude mixture contained 

impurities, possibly by the interaction between the solvent and 1O2.
50  Based on the above 

results, we selected deuterated chloroform (CDCl3), as the primary solvent, as it offered 

the fastest reaction time (15 min), and ease of reaction monitoring via 1H NMR. 

External parameters, such as atmosphere, temperature, and irradiation wavelength, were 

also examined (Table 1).  Revealingly, when the reaction was attempted in the absence 

of a light source or under an inert atmosphere (Table 1, entries 1 & 9), thiadiazine 1a was 

not consumed.  Unsurprisingly, the use of a light source > 420 nm, also stalled the reaction 

(Table 1, entries 3 & 4), as the UV-Vis spectrum of thiadiazine 1a shows no absorption 

at wavelengths > 430 nm (SI, 3.7.1).  When low temperatures were employed (Table 1, 

entries 5 & 6), the reaction time was markedly reduced. This was attributed to the 

increased solubility of gases in low temperature solvents.51  Based on these observations, 

the optimised conditions for the batch ring contraction of thiadiazine 1a to thiadiazole 1b 

were identified (Method A: air, hv (420 nm), CDCl3, rt).  

The stability of the product was also investigated: thiadiazole 1b decomposed on 

prolonged exposure to light (long UV (320-400 nm), and blue (420 nm)), protic solvents 

(MeOH), bases (KOH), and silica.  This made it incompatible with TLC and column 

chromatography purification techniques.  Several decomposition products were isolated 

and characterised (SI, 3.7.4).  Simple recrystallisation from CHCl3 or trituration using 

Et2O were suitable methods for obtaining analytically pure product (as judged by 

elemental analysis). 
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Table 1. Parameter optimisation for the ring contraction of thiadiazine 1a to thiadiazole 

2a.a 

 

 

Entry Temp. (°C) Light (nm) Time (min) Conversion (%)b 

1 20 dark 60 0 

1 20 390 30 100 

2 20 420 15 100 

3 20 520 60 0 

4 20 620 60 0 

5 -12 420 5 81 

6 0 420 5 73 

7 20 420 5 56 

8 65 420 5 8 

9c 20 420 60 0 

a Conditions: 1a (0.0375 mmol) dissolved in CDCl3 (1 mL); b Determined by 1H NMR; c 

Under N2 atmosphere. 

The light-sensitive nature of thiadiazole 1b was a cause for concern, as while the other 

deleterious agents could be avoided, limiting the light exposure was more challenging, as 

it was necessary for the reaction to occur.  We posited that by performing the reaction 

under continuous flow conditions, we could reduce the total irradiation time, as the 

technique offers better mass transfer and photon penetration when compared to traditional 

batch processes.52  Indeed, after some optimisation, we developed an analogous 

continuous flow protocol to Method A, where the total residence time of the solution in 

the flow photoreactor for full conversion to product 1b was as little as 60 seconds (SI, 

3.7.2).  With these optimised conditions in hand, we then explored the reaction scope. 

 

3.4.3 Reaction Scope 

 

 We started by examining the significance of thiadiazine’s 1a C4 carbonyl group 

in the reaction, by substituting it with thioketone 2a, phenylimine 3a and 
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ylidenemalononitrile 4a groups.  Thione 2a was consumed under both Methods A and B, 

however, 1H NMR spectroscopy indicated decomposition. Conversely, the imine 3a and 

ylidene 4a failed to react and were recovered after 24 h of irradiation.  By using either 

thiadiazines 3a or 4a as photosensitisers for the conversion of α-terpinene to ascaridole, 

no 1O2 was produced as indicated by the absence of ascaridole at the end of the 

experiment.  This further strengthened the hypothesis that the reaction was mediated by 

1O2 and explained the lack of reactivity of analogues 3a and 4a.  We then tested ketal 

groups (-OCH2CH2O- and -OC6H4O-, 5a and 9a, respectively) and the corresponding 

products 5b and 9b were obtained in excellent yields, albeit only when Method B was 

used (Figure 7A). 

 

 

 

Figure 7A.  Overall reaction (Methods A & B) and 4-Substituted 1,2,5-thiadiazole 1-oxides (1b – 12b). 
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These ketals were highly prone to photodecomposition and, as such, by using the 

continuous flow (Μethod B), the exposure time was minimised, and the products had time 

to exit the reactor before degrading.  When Method A was used, most of the product 

decomposed before the starting material (SM) was consumed.  This highlighted the utility 

and importance of continuous flow techniques when dealing with delicate molecules. 

The reaction of other ketal thiadiazine analogues with varying R groups (6b-8b & 11b) 

was then studied.  Unfortunately, while product 11b was obtained in 88% yield, 

compounds 10b and 12b bearing p-nitrophenyl and 2-furyl groups were not obtained, 

even under flow conditions due to degradation.  However, the fact that we were able to 

use SMs bearing ketal groups showcased two things: i) we were able to differentiate 

between the two carbonylic O atoms present in 1b, as by looking at 5b and 9b it becomes 

clear that C4 does not migrate during the contraction; and, ii) the use of SMs without 

carbonyl groups supported that they were not essential in the reaction mechanism; 

carbonyls are chromophores known to participate in a plethora of photochemical 

reactions,47 and its lack of involvement in this reaction will simplify the mechanistic 

elucidation process.  It is worth mentioning, that an alternative approach for the 

differentiation of the O atoms in 1b, would be to employ isotopically enriched 17O2 gas, 

instead of the naturally abundant 16O2 source.  We could then use a combination of 17O 

NMR and MS  techniques to determine where the new O atoms are located.53  Luckily, 

we were able to avoid this, by obtaining the indirect evidence as discussed above.  

Next, a set of ortho-, meta- and para-substituted phenylthiadiazines were used to assess 

how steric and electronic effects affect the reaction (Figure 7B).  As expected, in all cases 

(13b – 21b), the bulkier ortho substituents required more time to react.  Interestingly, m-

Me thiadiazole 14b was particularly unstable, and could only be obtained via Method B. 
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Figure 7B.  O-, m-, and p- substituted 1,2,5-thiadiazole 1-oxides (19b - 21b). 

A series of products containing ether and thioether groups was synthesised, except for 

product 26b, bearing benzylthioether groups (Figure 7C).  

 

Figure 7C.  RO- and RS- substituted 1,2,5-thiadiazole 1-oxides (22b - 26b). 
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We then moved our attention to a set of hetaryl-substituted analogues (Figure 7D).  While 

compounds bearing thien-2-yl (27b), thien-3-yl (28b) and 1-methyl-1H-pyrrol-2-yl (29b) 

groups were effortlessly obtained, fur-2-yl-bearing 30b was not, as it decomposed rapidly 

upon formation, similarly, with the analogous ketal protected compound 12b.  The 

instability of the fur-2-yl group was not surprising, as furans are known to react with 1O2 

to form endoperoxide intermediates.54 

 

Figure 7D.  Heterocyclic-substituted 1,2,5-thiadiazole 1-oxides (27b - 30b). 

Other symmetric derivatives were also synthesised (31b – 34b) (Figure 7E).  In the case 

of substrate 31b, bearing two -Cl groups, the reaction failed, giving a complex mixture.  

Curiously, crystals of a degradation product were obtained after slow evaporation of the 

crude solution, which upon analysis were identified to be parabanic acid,55 a compound 

that is known to form in the presence of ROS.56  Electronic effects attributed to different 

R groups do not appear to have a significant effect on the reaction time.  A comparison 

between electron donating 16b (4-MeO), and electron withdrawing 32b (4-MeO2C) 

products demonstrated this, as both required only 15 minutes for completion of the 

reaction.  In general, for this reaction, it was not easy to generalise or establish reactivity 

trends based on ‘classical’ parameters such as sterics or electronics since the reaction 

performance also depended upon various photophysical parameters which determine the 

ability of each thiadiazine SM to access the triplet excited state and produce 1O2. 

 

Figure 7E. Other substituted 1,2,5-thiadiazole 1-oxides (31b - 34b). 



Chapter 3: Photochemical Ring Editing: Selective Carbon Excision from Thiadiazines 

103 

 

The reactions of several asymmetric thiadiazine SMs were also studied (35a – 45a, 47a, 

50a - 54a) (Figure 7F).  It quickly became evident that the reaction was highly 

regioselective, and during the ring contraction, the most electron withdrawing R group 

preferentially migrated, while the more electron donating remained in its original 

position.  This was very informative, as it provided mechanistic clues.  Since the 

distinction between the two possible regioisomers based solely on spectroscopic evidence 

was not trivial, we obtained crystal structures for several of the asymmetric products (SI, 

3.7.7).  Where crystal structures could not be acquired, the structure of the regioisomers 

was determined by comparing the 1H NMR data between the asymmetric analogue and 

its symmetric counterparts (SI, 3.8.3). 

 

 

Figure 7F.  Asymmetric 1,2,5-thiadiazole 1-oxides with one regioisomer (35b - 42b). 

The next step was to test the limits of this selectivity by using SMs with R groups of 

similar electronegativity (Figure 7G).  This was achieved with thiadiazine 43a (R1 = 4-

MeOC6H4, R
2 = 4-Tol) that gave two regioisomers 43b and 43c, in a ratio of 69:31 (as 

determined by 1H NMR).  The major product 43b was the one where the relatively less 

electron donating -Me group migrated.  Asymmetric thiadiazines 44a (R1 = 4-MeOC6H4, 

R2 = 3-MeOC6H4) and 45a (R1 = 4-MeOC6H4, R
2 = 2-MeOC6H4) were used to measure 
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how the regioisomeric ratio was affected by steric effects.  Ortho- substituted aryl 

thiadiazines migrated preferentially, as opposed to meta- or para- ones.  Interestingly, the 

ratio between the two sets of regioisomers 44b,c and 45b,c was the same (60:40 in both 

cases).  Unfortunately, in all cases where the regioselectivity was not 100% and both 

isomers formed, separation of the two was not possible.  As mentioned earlier, these 

compounds were unstable on silica, and while the products appeared more stable on 

reverse phase media, the use of an HPLC system equipped with a C18 reverse phase 

column failed to separate the mixture. 

 

Figure 7G.  Asymmetric 1,2,5-thiadiazole 1-oxides with two regioisomers (43b - 45c). 

Diamino-substituted thiadiazines 46a – 51a behaved poorly (Figure 7H).  Starting 

materials 46a and 47a were unreactive, and as with thiadiazines 3a and 4a they did not 

produce any 1O2 upon irradiation.  Thiadiazines 48a and 49a were consumed, but the 

anticipated products did not form.  Similar to the case of the dichloro- 31a, the reaction 
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mixture of diamino 49a formed crystals after slow evaporation, which were identified as 

the sulfate salt of 1,3-diaminopropane-2,2-diol (SI, 3.7.7). 

The most unusual reactivity came from tertiary amino-thiadiazines (50a, 51a), where 

instead of forming the expected ring-contracted 1,2,5-thiadiazole 1-oxide products, they 

instead formed mixtures of the corresponding 1,2,6-thiadiazine 1-oxides.  Sulfones 50d 

and 51d were the major products (73 and 55%, respectively), and we were able to isolate 

and fully characterise them.  Unfortunately, the isolation of minor products, sulfoxides 

50c and 51c proved to be more challenging.  However, elucidation of their chemical 

structures was made possible, as crystals suitable for SC-XRD were grown after slow 

evaporation of their respective crude solutions after chromatography (SI, 3.7.7).  The 

structure of the ring contracted 51b, is tentative and based on LC-MS data.  It is not yet 

clear why these two thiadiazines exhibit this behaviour.  Even though the oxidation of 

sulfides by 1O2 to afford sulfoxides and sulfones is a well-known reaction,57 this did not 

explain why the rest of the thiadiazines have a preference to ring-contract via a carbon 

excision mechanism instead.  

The isolated 1,2,6-thiadiazine sulfones 50d and 51d were individually subjected to 420 

nm irradiation under the optimised batch conditions (Method A).  To our surprise, 

subsequent LC-MS analysis after 48 h revealed the formation of new products, one of 

which was tentatively the ring contracted 2,4-bis[methyl(phenyl)amino]-1,2,5-thiadiazol-

3(2H)-one 1,1-dioxide (51e) (SI, 3.7.5.6).  This indicated that the ring contraction was 

not limited to only non-S oxidised 1,2,6-Thiadiazine SMs, and potentially can be applied 

to a broader family of heterocycles. 



Chapter 3: Photochemical Ring Editing: Selective Carbon Excision from Thiadiazines 

106 

 

 

Figure 7H.  Diamino-substituted 1,2,5-thiadiazole 1-oxides (46b - 51d). 

We concluded the reaction scope studies by testing the asymmetric monochloro-

thiadiazines 52a, 53a, and 54a, and as seen with the previous chloro-substituted 

derivative 31a, no product was formed (Figure 7I). 

 

Figure 7I.  Asymmetric Cl-substituted 1,2,5 thiadiazole-1-oxides (52b – 54b). 

Finally, since the S atom of the 1,2,5-thiadiazole 1-oxides constitutes a stereogenic 

centre,58 the question of whether the resulting products were chiral was answered by 

polarimetry measurements, which showed that the specific rotation [α] was 0, thus 
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proving that racemic mixtures were formed.  This is logical, as the thiadiazine core is 

planar, making an attack from an ROS equally likely on both sides. 

 

3.4.4 Crystallographic Data⸹ 

 

 The crystal structure of thiadiazole 1b contains notably short intermolecular S…O 

contacts [2.888(3) Å] where the S-O bonds stack on top of each other parallel to the b-

axis.  This may have implications for the reactivity of 1b. The structures of compounds 

1b, 3b, 8b, 13b, 20b and 27b were confirmed by single crystal XRD as racemates.  All 

crystallised in centrosymmetric space groups despite the chiral sulfur atom.  However, 

compound 5b crystallised in the chiral space group P212121, albeit as a two-component 

twin and compound 28b crystallised in the polar space group Pna21 where the S lone pair 

faces in one direction parallel to the c axis.  Close intermolecular S…O contacts were 

observed in sulfoxide 20b [2.782(3) Å], running parallel to the a-axis.  These close 

contacts were also observed in the structure of sulfoxide 1b (vide supra) which differs 

only in the phenyl meta substituents (H cf. Cl).  The structure of compound 32b was 

supported by X-ray diffraction and crystallised in the polar space group Cc with 

molecules packing in such a way that the S lone pair faces in one direction along the a-

axis.  The structures of compounds 35b, 37b and 40b were supported by single crystal 

XRD as racemates in P21/c while compound 39b crystallised in the chiral space group 

P212121, albeit as a two-component twin.  All crystal structures can be found in the SI, 

3.7.7 

 

3.4.5 Mechanistic Studies 

 

 To better understand the underlying mechanism that drives the ring contraction, a 

series of experimental control studies were conducted (SI, 3.7.5.1).  The use of various 

selective traps for reactive oxygen species (ROS) provided definitive proof that 1O2 is 

involved in the ring contraction, and compelling evidence that superoxide radicals (O2
.-) 

are also generated during the irradiation of the SMs.  Conversely, hydroxyl radicals (OH.) 

are neither generated nor participate in the reaction mechanism.  The existence of 
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persulfoxide anion intermediates, known to occasionally form during aerobic 

photochemical sulfide oxidations25 was also excluded, whilst tentative proof of electron 

transfer processes was obtained. 

At this point, we wanted to establish whether the excited state of the thiadiazine 1a reacted 

with the photogenerated ROS (1O2, O2
.-), however, Stern-Volmer quenching 

experiments59 could not be conducted, as thiadiazine 1a was both the reactant and the 

photosensitiser, thus differentiating between a fluorescence reduction caused by TTA 

(31a* + 3O2 -> 11a + 1O2) and a reaction of thiadiazine 1a* with a ROS to produce 

thiadiazole 1b was not possible.  For this reason, we decided to use a known ROS 

photosensitiser, methylene blue (MB), as an orthogonal light absorbing species since it 

has a strong absorption at 620 nm where the thiadiazine 1a does not absorb light. 

To our surprise, when MB (1 mol%) was used there was 100% conversion of 1a to 

thiadiazole 1b after 1 hour (Scheme 4).  This showed that the ROS generated by MB 

reacts with the ground state of thiadiazine 1a and that the excited state 1a* does not 

participate in the reaction.  This method however, has some limitations as MB can 

produce multiple ROS, including 1O2 and O2
.-.60  In addition, even though thiadiazine 1a 

does not absorb 620 nm light, it was not possible to exclude energy transfer between the 

excited MB and thiadiazine 1a to produce 1a*. 

 

Scheme 4. Photosensitisation of thiadiazine 1a using methylene blue. 

To circumvent these limitations, we employed known ‘dark’ 1O2 generators.61  To our 

satisfaction, in the absence of light irradiation, thiadiazole 1b was obtained quantitatively, 

agreeing with the results obtained when MB was used.  Furthermore, we demonstrated 

that exactly 1 equivalent of O2 was required to facilitate the ring contraction of thiadiazine 

1a (SI, 3.7.5.4).  An experiment looking at whether exchange between different R groups 

took place during the ring contraction and carbon excision was performed, by reacting 

two symmetric thiadiazines 32a (R1 = 4-MeO2CC6H4) and 34a (R2 = 4-BnOC6H4) in a 
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single pot (SI, 3.7.5.3).  If the R groups were labile and detached from the main ring 

during the contraction, then we would expect to see asymmetric products containing both 

R1 and R2 groups.  However, after the completion of the reaction, only the symmetric 

products 32b and 34b formed, as confirmed by 1H NMR and DOSY spectroscopic 

analysis, indicating that the R groups stay attached to the ring during the transformation.   

Finally, when the O2
.- spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO)62 was 

irradiated in the presence of thiadiazine 1a, electron paramagnetic resonance (EPR) 

spectroscopy produced a distinct signal that corresponds to the transient [DMPO-O2
.-] 

adduct,63 cementing the evidence that compound 1a produces O2
.- under the optimised 

reaction conditions (Figure 8). 

 

Figure 8. a) EPR signal of equimolar mixture of thiadiazine 1a and DMPO in chlorobenzene (CB) without irradiation. 

b) EPR signal when the aforementioned solution was irradiated using a long-UV LED lamp for 15 min. c) Reference 

signal using TiO2 (rutile) in CB as the photosensitiser. 
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3.4.6 Computational Studies⸹ 

 

 The mechanism of the reaction of thiadiazine 1a with singlet oxygen was 

investigated computationally.  Geometries were optimised with UB3LYP using 6-31G** 

basis sets and included the effects of chloroform solvent (PCM approach).  Electronic 

energies were then recomputed using CASPT2(16,13) and these were combined with 

thermodynamic corrections from the UB3LYP frequency calculations to give the free 

energies reported in Figure 9.   

 

Figure 9.  Computed free energy profiles (CASPT2(16,13)/6-31G**//UB3LYP(CHCl3)/ 6-31G**; kcal/mol) for the 

reaction of 1O2 with thiadiazine 1a to form thiadiazole 1b. 

Figure 9 shows the initial addition of 1O2 to thiadiazine 1a can occur in two ways to give 

a common endoperoxide intermediate I at 7.4 kcal/mol: i) a concerted [3+2] addition 

across the C(Ph)-N=S moiety, via TS1(1a-I) at 9.6 kcal/mol; or ii) an end-on addition of 

1O2 onto C3 via TS2(1a-I) at 18.7 kcal/mol followed by barrierless S-O bond formation. 

From I, O-O bond cleavage occurs with concomitant ring contraction in a single step via 

TS(I-2a) at 21.7 kcal/mol.  This process entails the simultaneous cleavage of the O–O 

and C3-C4 bonds as well as the formation of a new amide bond between N2 and C4 

(Figure 10).  The formation of the thiadiazole ring in 1b is very exergonic (ΔG = -85.7 

kcal/mol) and proceeds with an overall barrier of 21.7 kcal/mol, consistent with the room 
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temperature reactivity observed experimentally.  TS(I-2a) will be both the rate-

determining and selectivity-determining transition state. 

 

Figure 10. Geometry of TS(I-2a). Breaking bonds in red, forming bond as a fragmented line. Key distances in Å. 

The possible participation of O2
.- in the reaction mechanism was also assessed, but the 

results were not definitive.  More details regarding on the role of superoxide can be found 

in the SI, 3.7.6. 

 

3.4.7 Proposed Reaction Mechanism 

 

 Based on the insights gained from the aforementioned control experiments, as 

well as the computational calculations, the following conclusions can be drawn: i) the 

thiadiazine SM is in the ground state when it participates in the ring contraction; ii) the 

reaction can be mediated solely by 1O2, but residual O2
.- produced by single electron 

transfer (SET)64 between the 1O2 and SM might also mediate the reaction by reacting with 

a S-centred radical cation; iii) the addition of the ROS to the thiadiazine appears to be 

concerted, as implied by the absence of a persulfoxide anion; iv) in asymmetric SMs, the 

electron withdrawing group (EWG) migrates preferentially, whereas the electron 

donating group (EDG) remains in the same position during the ring contraction, and; v) 

no exchange between R groups occurs during the ring contraction and/or carbon excision 

step.  According to these observations, and literature precedents65,66 a plausible 

mechanism is proposed (Figure 11). 



Chapter 3: Photochemical Ring Editing: Selective Carbon Excision from Thiadiazines 

112 

 

 

Figure 11. Proposed mechanism for the light mediated ring contraction of 1,2,6-thiadiazines to 1,2,5-thiadiazole 1-

oxides. 

Here, the thiadiazine SM, absorbs a photon producing its triplet excited state via 

intersystem crossing which can undergo triplet-triplet annihilation (TTA) with 

atmospheric oxygen (3O2) to produce 1O2 and ground state SM, which can react in a [3+2] 

concerted fashion to form an endoperoxide bridge between the sulfur and the most 

electron deficient C=N carbon of the thiadiazine.  To our knowledge, this is only the 

second known instance where 1O2 participates in a [3+2] cycloaddition.  The first one was 

reported in 2012 by Hilmey et al., where 1O2  reacted with pyridoxine to form a ring 

contracted lactam.67  This is quite surprising as, 1O2 in most cases undergoes either [4+2] 

or [2+2] cycloadditions.68,69 

Alternatively, the 1O2 can receive an electron via SET from the ground state SM, to 

produce O2
.- and a radical cation of the SM, which can in turn react to form the same 

endoperoxide intermediate.70  It has to be stressed, however, that the plausibility of this 

pathway is tenuous, as it is not supported by our theoretical calculations, and is based 

entirely on the use of various ROS trapping agents.  While these can provide useful 
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mechanistic clues, their reliability is questionable, as their selectivity towards a specific 

ROS is not guaranteed.71  For instance, spin trap DMPO has been shown to form the EPR 

active 5,5-dimethyl-2-oxopyrroline-1-oxyl (DMPOX) when oxidised by 1O2 under 

certain conditions.72  Another example is the ability of 1,4-benzoquinone (BQ), a 

commonly used O2
.- scavenger,25,73 to also act as 1O2 quencher, by forming exciplexes 

which can decay either chemically or physically.74   

Nevertheless, both proposed pathways lead to the formation of the same endoperoxide, 

which can then rapidly rearrange to form the ring contracted 1,2,5-thiadiazole 1-oxide.   

 

3.5 Conclusions 

 

 In conclusion, the reported ring contraction of 1,2,6-thiadiazines mediated by 

visible light and air, provides an environmentally friendly, sustainable, and atom 

economic ring editing route to afford elusive 1,2,5-thiadiazole 1-oxides in quantitative or 

near quantitative yields with minimal workup, while tolerating a wide range of functional 

groups.  We showed how flow photochemistry enabled us to access delicate substrates, 

unable to be obtained using conventional batch photochemistry.  Additionally, 

asymmetric 1,2,6-thiadiazines bearing R groups with moderate or high difference in 

electronegativity produce 1,2,5-thiadiazole 1-oxides with 100% regioselectivity.  

Mechanistic studies revealed that the ring contraction is most likely driven by the rare 

[3+2] cycloaddition of 1O2 to the ground state 1,2,6-thiadiazine, which gives rise to the 

aforementioned regioselectivity.  An alternative process might be mediated by O2
.-, albeit 

its involvement at this point is inconclusive.  Finally, we believe this ring contraction can 

be utilised to provide access to high value compounds that can be used in the 

pharmaceutical, agrochemical, or material science industries.  Moreover, this 

transformation has the potential to be used on other heterocyclic scaffolds, which can 

greatly expand its future applicability. 
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3.6 Future Work 

 

 Additional work is needed to fully understand the mechanistic basis of the 

reaction, as it is still not clear why certain derivatives do not work (no reaction or 

decomposition), even with the addition of external ROS agents.  Furthermore, the 

unexpected behaviour of the amino-substituted SMs needs to be investigated.  Having a 

complete understanding of the reaction mechanism is imperative, as it will not only allow 

us to make predictions about the reactivity of SMs but also to design functionalised 

scaffolds that can participate in late-stage modifications.  Computational calculations may 

provide valuable insights to achieve these goals.  

It is conceivable that a compound containing two or more λ-orthogonal chromophores 

can be designed, in a way that separate transformations can occur depending on the 

irradiation wavelength that is used.  

The results of this work on 4H-1,2,6-thiadiazine precursors can be used to test its 

applicability on the broader 1,2,6-thiadiazine family of compounds, as seen in Figure 12. 

It is reasonable to assume that if the attack by 1O2 or O2
.- can occur, the intermediate 

endoperoxide can be accessed, and the ring contracted product will form.  This infers that 

the thiadiazine SM only needs to have one double bond for the transformation to work.  

This substantially increases the available 1,2,6-thiadiazine SMs that can be tested, as there 

are more than 4000 reported compounds in that family. 

 

Figure 12. Different 1,2,6-thiadiazine scaffolds. Number of examples is based on data from the SciFindern database 

(accessed on 21/5/2022). 
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Additional experiments are needed to fully gauge the importance of certain atoms on the 

transformation.  As seen in Scheme 5, these include the substituent X attached on C4, the 

chalcogen atom Y and its oxidation state, and the heteroatom Z.  Access to these 

precursors is not a trivial matter, and the development of new synthetic procedures for 

their synthesis is thus required.  

 

 

 

 

Scheme 5. Possible modifications in the thiadiazine scaffold. 

An additional proposal would be to test the effect of the heteroatom’s position on the six-

membered ring (Figure 13).  For instance, there are several 1,2,5-, 1,2,3- and 1,3,5-

thiadiazine scaffolds that are synthetically available and could be used for C or N atom 

excision purposes.  Furthermore, the number of atoms on the thiadiazine core could also 

be altered.  Seven-membered ring thiadiazines have been made before and could 

theoretically be used to form the corresponding 6-membered ring contracted 1-oxide 

products. 

 

Figure 13. Different thiadiazine-based scaffolds that can be used in the future (with various degrees of unsaturation). 

The number of reported examples for each category was obtained by the SciFindern database (accessed on 21/05/2022). 



Chapter 3: Photochemical Ring Editing: Selective Carbon Excision from Thiadiazines 

116 

 

Another intriguing possibility lies in the ability of the reported 1,2,5-thiadiazole 1-oxides 

to be used as SMs to be further ring contracted to form the symmetric 1,2,4-

thiadiazetidine 1,1-dioxides, as seen in Scheme 6.  This 4-membered core has been 

reported before, meaning that the proposed compound could be stable.  

 

Scheme 6. Proposed ring contraction of 1,2,5-thiadiazole 1-oxides to form 1,2,4-thiadiazetidine 1-dioxides. 

It is possible that under the right conditions (UV light, increased O2 pressure) this 

transformation could be achieved.  In fact, when looking at the LC-MS chromatogram of 

1b’s (long) UV decomposition mixture, at least two minor peaks (<1%) with a mass 

identical to the expected 4-ringed sulfone were detected.  

Additionally, this proposed compound closely resembles the broader family of β-sultams 

(1,2-thiadiazetidine 1,1-dioxides) which themselves are the sulfonyl analogues of the 

widely-known β-lactam based antibiotics (Figure 14a).75 Compounds such as the 3-oxo-

β-sultam and N-acyl-β-sultam shown in Figure 14b, have been shown to be 102–103 times 

more reactive than β-lactams toward alkaline hydrolysis, which represents one of the 

main mechanisms for their deactivation, making them useful surrogates for mechanistic 

elucidation.76  Furthermore, they are potent inhibitors of various serine-based enzymes,77 

such as the Human  Neutrophil  Elastase  (HNE),78 a destructive protease that is involved 

in diseases such as cystic fibrosis, emphysema and rheumatoid arthritis.  Thus, the 

proposed 3-oxo-β-sultam analogues, could prove to possess similar or even better 

biological utility. 
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Figure 14. a) Comparison between proposed compound, and β-lactam, β-sultam cores.  b) Known bioactive β-sultam 

compounds that highly resemble the proposed structure in Figure 13. 

Another intriguing aspect of this ring contraction that is ought to be explored is how the 

presence of one or more stereogenic centres in the thiadiazine SM, affects the outcome of 

the reaction (Scheme 7).  One might expect that the ROS will approach the SM at the 

least sterically hindered side, however whether the optical purity is retained, remains to 

be seen.  Since we have already established that the regioselectivity in asymmetric 

derivatives depends on the relative electronegativities of the C3- and C5 substituents, by 

introducing one or more chiral centres it is expected that the result will be quite 

challenging to predict.  

 

Scheme 7. A hypothetical ring contraction where a chiral thiadiazine is used as the SM.  The endoperoxide 

intermediates are shown in brackets. 
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Finally, inspired by the M2L4 coordination cages bearing 2,6-bis(pyridin-3-

ylethynyl)pyridine ligands developed by Lusby et al.,79,80 we believe that using 

substituted 1,2,6-thiadiazines as ligands to form photoactive metal-organic cages is worth 

investigating.  As seen in Figure 15b, the proposed thiadiazine-based ligands are 

structurally very similar to Lusby’s pyridine ligands and could thus form cages that can 

change shape when irradiated. 

 

Figure 15. a) M2L4 coordination cage using Pd2+ and an organic ligand.  b) Comparison between Lusby’s pyridine 

based ligand and closely-related 1,2,6-thiadiazine analogues. c) Graphical representation of a thiadiazine-based cage 

ring contracting under light exposure. 

The suitability of the proposed C4-carboxy thiadiazine-based ligand was tested by using 

the CGbind computational platform.81  Interestingly, if the ring contraction will occur in 

the metallocage in the same manner that it does with the free ligand the shape of 

the cage changed from a 'sphere' (120 A3 enclosed sphere) to a 'tube' (1.41 A3 enclosed 

sphere), as depicted in Figure 15c.  This could be used to eject potential hosts when 
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the cage/host system is irradiated with light.  The host affinity algorithm predicted that 

Quinone (guest used by Lusby80) binds better in the proposed cage than the original one 

(confidence 0.952 vs 0.747 respectively).  The thiadiazine cage also has the 4 carbonyl O 

atoms pointed towards the inside of the cavity, which means they can be used to trap 

guests via H-bonding interactions.  Photo-stable thiadiazine cages may also be 

synthesised, by using a ligand that is unreactive under the conditions developed in this 

work.  For instance, C4-ylidenemalonitrile thiadiazine (Figure 15b) should in principle 

form a photo-stable cage.  By using two different ligands (reactive and unreactive), it 

should also be possible to form heteroleptic cages, which can partially ring-contract under 

irradiation.82 

So far, in chapters 2 and 3 we have demonstrated how flow chemistry can be used to 

enable the usage of new photoactive materials and expand the reaction scope of batch 

methodologies. Next, in chapters 4 and 5, we will focus on the benefits of 

mechanochemistry and 3D printed reactionware. 

 

3.7 Supporting Information 

 

3.7.1 Comparison Between 1a and 1b As Seen by NMR, FT-IR and UV-Vis 

 

Figure S1. Spectroscopic comparison between the starting material 1a and product 1b. a) 1H NMR, b) 13C NMR, c) 

FT-IR, d) UV-Vis, C= 6.8 × 10-5 M. 

1b 

1a 

1b 

1a 
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When looking at the 1H NMR spectra of compounds 1a and 1b (Figure S1, a), the most 

striking difference stems from the number of peaks in the aromatic region.  While the two 

Ph- groups of 1a are represented by 2 multiplets at 8.17 (4H), and 7.47 (6H) ppm, the 

same Ph- protons of product 1b are split into 4 multiplets, at 8.49 (2H), 7.83 (2H), 7.74 

(2H), and 7.54 (4H) ppm.  Consequently, as both compounds have the same number of 

protons, this increase in the number of signals signifies that in product 1b, the Ph- groups 

are not equivalent, meaning that the compound has lost its original symmetry.  

Furthermore, the downfield shift of 2 protons (peak at 8.49 ppm), suggests that they reside 

next to an electron withdrawing moiety or are deshielded.   

A substantial increase in complexity was also observed at the corresponding 13C NMR 

spectrum of product 1b, when compared with that of thiadiazine 1a (Figure S1, b).  The 

formation of a new carbonyl group can be inferred, judging by the presence of 2 peaks in 

the 165-170 ppm region of the spectrum (as opposed to 1 peak in 1a). This was further 

confirmed when the FT-IR spectra of the two compounds were compared (Figure S1, c), 

as compound 1b appears to have two strong C=O stretches at 1733 and 1699 cm-1, 

whereas 1a has only one, at 1622 cm-1.  The product also has a medium/strong absorption 

at 1066 cm-1 which can be tentatively ascribed to an S=O stretch (sulfoxide) and is absent 

from the IR spectrum of the starting material.   

Finally, the UV-Vis absorption spectra of compounds 1a and 1b were collected (Figure 

S1, d).  The starting material 1a, has a planar geometry (SI, 3.7.7), is conjugated and 

mildly aromatic leading to an absorption profile that extends into the visible wavelengths 

(up to 450 nm), making its solutions yellow in colour.  Conversely, solutions of the 

product 1b appear colourless, and its UV-Vis spectrum shows a substantial blue-shifting 

of its peaks has taken place.  
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3.7.2 Reaction Optimisation Under Continuous Flow Conditions (Method B) 

 

Figure S2. Diagram showing the experimental set-up that was used for the optimisation of the ring contraction under 

continuous flow conditions. 

To determine the optimal reaction conditions under continuous flow conditions, we used 

the commercial E-series Photochem UV-150 reactor (420 nm LED module) by Vapourtec 

Ltd.  The coil reactor consisted of commercially available, clear PTFE tubing (internal 

diameter 1 mm).  The total internal volume of the coil reactor was 3.33 mL.  As seen in 

Figure S2, two peristaltic pumps were used.  The first one (pump A) pumped a solution 

of 1a (C = 37.5 mM) in 100 mL of dimethyl carbonate (DMC).  DMC was selected for 

the optimisation runs as it is a green solvent and performed comparable to CHCl3 in batch 

conditions.  The second pump, (pump B), was used to introduce either air from the 

atmosphere, or pure O2.  The two fluids were then mixed at a T-junction, creating a plug-

flow regime, which entered the coil reactor.  The contents of the reactor were illuminated 

by the Photochem module.  It is noted that the heat generated by the LEDs, raised the 

temperature inside the coil reactor to 29 oC (steady state).  The residence time of the fluid 

was regulated by changing the flow rates of pumps A + B accordingly.  Upon exiting the 

reactor, the fluid was then passed through a backpressure regulator (BPR, 0-10 bar).  It 

was observed that when the pressure was raised above 2 bar, the flow regime changed 

from plug to continuous.  Finally, the fluid was collected in a 10 mL round bottom flask.  

Both flasks (SM + product) were covered in aluminium foil for the duration of the 

experiments to protect the compounds from external ambient light sources.  The 

performance of each run was evaluated by subjecting the contents of the collection flask 

to HPLC analysis and measuring the percentage of unreacted 1a (Figure S3, a). 
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The parameters that were tested during the optimisation runs included the gaseous source 

(air/O2) and the effect of pressure (0, 1, 3, 5, and 7 bar), at four different residence times 

(0.5, 1, 5, and 10 min).  As expected, in all cases it was observed that by increasing the 

residence time, more SM 1a was consumed.  By using the data generated for the four 

residence times, the average performance was calculated to reveal the central tendency 

for each parameter group.  The percentages on the y axis were normalised to 100 (with 

respect to the ‘air’ group), creating a performance score, between 0 and 100 (100 being 

the worst). (Figure S3, b).  Substantial lowering of the score was seen when air was 

replaced by O2 and by increasing the external pressure.  However, after 1 bar, the effect 

of increased pressure on the lowering of the score was not as pronounced.  Overall, the 

lowest score was obtained when O2 was used at 7 bar (85.6), however, the difference from 

3 bar (87.2) was not substantial.  Moreover, above 5 bar, it became more difficult to 

maintain a constant pressure throughout the experiment, and continuous input was 

required by the operator to ensure the pressure did not deviate. For those reasons, the 

optimal conditions that were adopted for use during the reaction scope experiments, were 

external O2, at 3 bar. 

Safety statement for flow chemistry manipulations 

The flow machine that was used for the experiments in this chapter was placed inside a 

fume hood equipped with an extraction fan.  The sash window of the fume hood was 

lowered when the flow machine was in operation to minimise the risk of accidental 

solvent/chemical vapour release into the surrounding area.  When the flow machine was 

used to perform reactions under high pressure, a test run was initiated first, where only 

solvent was circulated under pressure for a period of 15 min.  This was done to ensure 

that the pressurised section of the line (between the peristaltic pump and the back pressure 

regulator) was stable and did not leak, thus minimising the risk of an uncontained loss of 

pressure and/or spillage during the experiment.  In addition to the pressure checks, the 

reactor tubing was visually checked for blocks or cracks before each experiment was 

performed.  If any anomaly was detected, appropriate steps were taken to mitigate the 

issue (e.g., by replacing damaged parts).  When a gaseous reagent was used (e.g., oxygen), 

the gas flow to the flow machine’s peristaltic pump was regulated by a mass flow 

controller device (MFC).  At the end of each session, all of the lines were depressurised, 

and flushed several times with clean solvent.   
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Figure S3. Results of the flow optimisation studies.  a) Percentage of unreacted SM for six (gas/pressure) groups for 

four different residence times.  b) Averaged and normalised data for each group. 

After having these optimal conditions in hand, we switched the solvent from DMC to 

CDCl3, to ensure that the overall residence time needed for complete consumption of SM 

1a was minimised, protecting the newly formed 1,2,5-thiadiazole S-oxide 1b from 

photodecomposition.  To our surprise, when the residence time was set at 30 seconds, 

only 0.8% of thiadiazine 1a remained unreacted.  When the contents of the collection 

flask were passed a second time through the system, no SM 1a was detected, and product 

1b was obtained with a quantitative yield. 
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3.7.3 Photographs of Experimental Setup (Method A and Method B) 

 

 

Figure S4. Photographs of batch setup (Method A).  a) A 5 mL vial charged with 1,2,6-thiadiazine SM dissolved in 1 

mL of CDCl3.  The lid is not used to allow atmospheric O2 in the vial.  b) Reaction underway.  c) A cardboard box 

lined with aluminium foil is placed on top of the hotplate to limit photon leakage and ensure the safety of the operator. 

 

Figure S5. Photographs of the flow reaction setup (Method B).  a) Vapourtec E-series equipped with the Photochem 

UV-150 module.  b) Close-up photograph of the UV-150 reactor during operation.  The tube on the left containing the 

yellow-coloured solution is flowing towards the reactor.  The tube of the right is the outlet of the reactor, and as it can 

be seen, the fluid is colourless, indicating that the reaction is complete. 
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3.7.4 Stability Profile of 2-Benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-one 1-oxide (1b) 

 

 

Scheme S1. Various decomposition pathways for 1b. For each experiment, a stock solution (10 mg (0.0375 mmol) of 

1b (SM) dissolved in 1 mL of CHCl3) was used. 

To better understand the overall stability of compound 1b, a series of experiments were 

conducted, as shown in Scheme S1.  Initially, 1 mL of H2O was added in the stock solution 

and the biphasic mixture was sonicated for 5 min.  After the aqueous layer was removed, 

the organic solvent was evaporated, and the resulting residue was analysed by 1H NMR, 

which indicated the residue was clean 1b and no decomposition had taken place.  

Similarly, the same experiment was performed by adding aqueous HCl (2M) and K2CO3 

(2M): Under the acidic conditions, the SM was isolated intact, however under basic 

conditions and after work-up a brown tar was obtained with a sharp odour resembling 

burning rubber.  Subsequent analysis of the residue by LC-MS revealed a complex 

mixture of decomposition by-products.  Whilst most of those products could not be 

recognised, benzamide (5.8%) and benzonitrile (1.4%) were conclusively identified, by 

comparison with pristine samples in conjunction with their respective MS and UV-Vis 

traces.  An attempt was made to deoxygenate the sulfoxide 1b, by employing known 

deoxygenation procedures83,84 that use free or polymer-bound Ph3P in the presence of 

CCl4, however, after the reaction mixture was worked-up benzamide was isolated (37%) 

instead of the desired sulfide.  The photostability of sulfoxide 1b was then assessed by 
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employing a far UV LED lamp, which overlaps with its absorption UV-Vis spectrum.  

After 24 hours of irradiation, and removal of the solvent, a residue was isolated with a 

distinct smell of bitter almonds.  After subsequent LC-MS analysis, the source of the 

smell was attributed to benzonitrile (4%).  In addition, benzamide was also present 

(7.5%), however, the majority of the mixture consisted of N-(2-oxo-2-

phenylacetyl)benzamide (54%), an α-ketoimide, which was confirmed by comparison 

with an independently synthesised sample.85  Interestingly, α-ketoimides are useful 

bioactive compounds that are traditionally made using transition metal catalysts, or under 

harsh conditions.86,87  The isolation of this elusive compound by the photodecomposition 

of sulfoxide 1b represents a new and benign avenue for obtaining these compounds and 

will be explored further.  To our surprise, when CHCl3 was substituted by MeOH, 

sulfoxide 1b was partially decomposed within 5 min.  After removal of the solvent a clear 

oily residue was obtained which contained multiple decomposition by-products, as seen 

by its LC-MS chromatogram (Figure S6, a).  Those included benzonitrile (1.7%) and N-

(2-oxo-2-phenylacetyl)benzamide (26.2%), which could be assigned with certainty, as 

they were compared with clean, reference compounds.  

   

Figure S6. a) LC trace of the partial decomposition of 1b when it was treated with MeOH.  b) MS(ESI-) spectrum of 

the putative by-product 2-benzoyl-4-methoxy-4-phenyl-1,2,5-thiadiazolidin-3-one 1-oxide. 

The nucleophilic nature of MeOH, allows it to attack S,N-heterocyclic compounds, as it 

has been demonstrated before.38  As such, and based on the corresponding MS data, we 
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were able to identify 2-benzoyl-4-methoxy-4-phenyl-1,2,5-thiadiazolidin-3-one 1-oxide 

as a possible by-product (15.1%) (Figure S6, b). 

We then wanted to evaluate the potential of sulfoxide 1b to act as a sulfur monoxide (SO) 

source.  It has been shown that certain compounds containing the SO moiety can be used 

as SO generators by means of thermal decomposition.88,89  Treatment of compound 1b 

with known SO trap 1,3-cyclohexadiene in benzene heated at reflux over a period of 24 

hours led to its decomposition without producing any of the expected SO transfer product, 

indicating that SO is likely not one of the decomposition by-products.  Furthermore, we 

illustrated that sulfoxide 1b is shelf-stable for at least 1 month, when stored at room 

temperature in darkness.  Finally, compound 1b was found to be unstable in silica (SiO2), 

making traditional TLC and chromatographic manipulations incompatible with this 

compound.  Changing the acidic properties of silica by adding small amounts of 

trimethylamine (TEA, 1%), did not alter the behaviour of the compound. 

The thermal stability profile of compound 1b was examined by thermogravimetric 

analysis (TGA) as shown in Figure S7. 

  

Figure S7. TGA thermogram of 2-benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-one 1-oxide (1b).  Initial sample weight 

was 5.6 mg.  The sample was placed into an aluminium pan and heated to 252 oC, under a stream of N2 at a rate of 1 

oC/min. 

The thermogram showed a small (4.46%) weight loss between 22.9–141.7 oC which can 

be attributed to residual moisture within the sample and its potential sublimation.  

Following that, the thermogram shows a substantial 46.3% weight loss with an onset 
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temperature of 167.3 oC, which closely matches the observed hot-stage melting point of 

sulfoxide 1b at 171-172 oC.  This indicates that the product rapidly decomposes when it 

reaches its melting point.  A subsequent weight loss of 30.4% was observed, with an onset 

temperature of 195.7 oC. Notably, a 34.6% loss is equivalent to the loss of benzonitrile, a 

common decomposition fragment based on the studies above (Figure S7). 

 

3.7.5 Additional Mechanistic Experiments 

 

3.7.5.1 Control Experiments 

 

Table S1. Control experiments for the ring contraction of 1a to 1b (Method A). 

 

Entry Additive Function Solvent Light 

wavelengt

h (nm) 

Reaction 

time 

(min) 

Conversion 

to 1b (%) 

1 TEMPO, 2 equiv. Radical 

trap66 

CDCl3 420 45 100 

2 DABCO, 2 equiv. 1O2 trap90 CDCl3 420 1440 trace 

3 Ph3P, 2 equiv. 1O2 trap91 CDCl3 420 120 100 

4 t-BuOH, 2 equiv. OH.- 

trap92 

CDCl3 420 15 100 

5 1,4-benzoquinone, 

2 equiv. 

O2
.- 

trap93 

CDCl3 420 45 100 

6 DMPO, 5 equiv. O2
.- 

trap93 

CDCl3 420 1440 0, 33% of 

1a left 
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Entry Additive Function Solvent Light 

wavelengt

h (nm) 

Reaction 

time 

(min) 

Conversion 

to 1b (%) 

7a 

 

O2
.- 

trap94 

DMF 390 120 Complete 

consumpti

on of 1a, 

1b not 

detected.  

8 CuCl2, 2 equiv. SET 

trap66 

Aceton

e -d6 

420 1440 trace 

9 1,4-

dimethoxybenzene 

R2S
+* 

trap25 

CDCl3 420 120 100 

10 

2 equiv. 

Persulfo

xide 

trap95 

CDCl3 420 15 100 

11 

1 mol% 

ROS 

sensitizer

48 

CDCl3 620 60 100 

12 CaO2ꞏ2H2O2, 5 

equiv. 

dark 1O2 

generator

96 

CDCl3 - 120 0 

13 CaO2ꞏ2H2O2, 5 

equiv. 

dark 1O2 

generator 

THF-d8 - 120 48 

14 CaO2ꞏ2H2O2, 5 

equiv. 

 + 

 1,4-benzoquinone, 

5 equiv. 

dark 1O2 

generator 

+ O2
.- 

trap 

THF-d8 - 1440 0, 55% of 

1a 

recovered 
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a 1a was used as a catalyst (1 mol%). After the reaction was complete, phenol was 

detected (65% 1H NMR yield). 

To gain insight into the underlying mechanism that drives the ring contraction, a series of 

control studies were conducted (Table S1).  When TEMPO was added (Table S1, entry 

1) the reaction required 45 min for completion instead of 15, which implies the 

involvement of radical species. DABCO and Ph3P (Table S1, entries 2,3) were used as 

selective 1O2 traps and both stalled the reaction; the former completely inhibited the 

formation of sulfoxide 1b, while the latter increased the reaction time to 120 min with 

concomitant production of Ph3P=O, which was detected by 31P NMR.  These results, 

along with the impact of deuterated solvents on the reaction times offer compelling 

evidence that 1O2 is involved in the ring contraction.   

The addition of t-BuOH (Table S1, entry 4), a hydroxyl radical (OH.-) trap, did not affect 

the reaction time or the conversion percentage, and thus hydroxyl radical participation 

was excluded from the mechanism.  We then used 1,4-benzoquinone (BQ), a well-known 

O2
.- trap (Table S1, entry 5), which slowed the reaction time to 45 min, indicating the 

potential involvement of O2
.- radicals.  The participation of O2

.- was further supported by 

using the trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as additive (Table S1, entry 6) 

and 1a as a catalyst for the aerobic hydroxylation of phenylboronic acid to phenol, which 

is mediated by O2
.- (Table S1, entry 7).  Furthermore, when CuCl2 was used (Table S1, 

entry 8), the reaction failed completely, implying that single electron transfer (SET) 

Entry Additive Function Solvent Light 

wavelength 

(nm) 

Reaction 

time 

(min) 

Conversion 

to 1b (%) 

15  

 

5 equiv. 

dark 1O2 

generator

97 

CDCl3 - 60 57 

16 KO2 in 18-crown-6 

(50:50), 5 equiv.  

O2
.- 

source93 

DMSO 

-d6 

- 1440 0 

17 KO2 in 18-crown-6 

(50:50), 5 equiv., 

N2 

O2
.- 

source 

DMSO-

d6 

420 1440 0 
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processes were needed for the ring contraction to occur.  When 1,4-dimethoxybenzene, a 

sulphide radical trap was added (Table S1, entry 9), formation of sulfoxide 1b was 

suppressed, taking 2 hours for full consumption of SM.  In addition, we also employed 

diphenylselenoxide (Table S1, entry 10), which selectively reacts with persulfoxide 

anions (R-S+OO-) to form diphenylselenone, however in our case, LC-MS analysis 

showed the absence of the selenone and the reaction time was unaffected, which makes 

the involvement of persulfoxide anion intermediates unlikely.   

A series of known dark 1O2 sources were also investigated to assess the role of light on 

the reaction mechanism.  These included an orthogonal photosensitiser, methylene blue 

(Table S1, entry 11), and two dark 1O2 generators, which slowly release 1O2 in solution 

at room temperatures (Table S1, entries 12–15).  In all cases, the sulfoxide 1b was formed, 

albeit not quantitatively.  Interestingly, when an excess of BQ was used together with the 

generator CaO2
.2H2O2 (Table S1, entry 14), the SM 1a was not fully consumed, providing 

further evidence that O2
.- participates in the reaction mechanism.  Furthermore, since the 

reaction was performed under dark conditions, there was no source of O2
.-, meaning that 

it may be generated by the interaction between 1O2 and 1a.  We then employed a dark 

source of O2
.- (table S1, entries 16 & 17), and no conversion was observed. 
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3.7.5.2 Reaction Between 1a and m-CPBA to Form Sulfone 1c 

 

 

Scheme S2. Oxidation of 1a by m-CPBA to form sulfone 1c, and its SC-XRD crystal structure. 

In an attempt to explore the reactivity of thiadiazine 1a towards alternative oxidants, an 

unexpected discovery was made;  when m-CPBA (4 equiv. in total) was added in a DCM 

solution (c= 37.5 mM) of 1a, a gradual colour change was observed over 24 h (Scheme 

S2).  Upon working up the reaction mixture, a colourless solid was isolated in 29% yield.  

It was believed that the solid could be the sulfoxide of the SM 1a, as it has been shown 

previously that treatment of electron rich 1,2,6-thiadiazines with m-CPBA or N2O4 can 

yield the corresponding sulfoxides.98  If that had occurred with 1a, we would expect that 

its sulfoxide would indeed be a colourless compound, as the presence of the sulfoxide 

group would lead to less delocalisation of the electron density, and a widening of the 

HOMO-LUMO gap, resulting in blueshift of its absorption spectrum.99   

 Conversely, the product’s asymmetric 1H NMR spectrum (SI, 3.8.4) meant that the 

opposite had happened.  Surprisingly, the IR spectrum of this unknown solid revealed the 

presence of a sulfone, based on the strong band at 1300 cm-1, along with two C=O 

stretching bands. NMR spectroscopic analysis also showed a marked similarity to the 

spectra of 1,2,5-thiadiazole S-oxide 1b.  Furthermore, the compound appeared to have 

the same behaviour when interacting with silica (decomposition).   

Finally, the structure was fully elucidated by SC-XRD, revealing it to be 2-benzoyl-4-

phenyl-1,2,5-thiadiazol-3(2H)-one 1,1-dioxide (1c).  Interestingly, when the same 

treatment with m-CPBA was enacted on 1b, no reaction occurred, and the sulfoxide 1b 

was recovered.  Tentatively, this suggested that the reaction mechanism for the formation 

of sulfone 1c, did not involve the formation of sulfoxide 1b, and that the transformation 
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follows a different mechanism.  Studies are currently underway to further investigate this 

alternative ring-contraction pathway. 

 

3.7.5.3 Concurrent Ring Contraction of Two Symmetrical 1,2,6-thiadiazines 

 

 

Scheme S3. Anticipated outcomes when two symmetrical 1,2,6-thiadiazines are irradiated in one-pot, under the 

optimised batch conditions (Method A). 

To help us obtain more mechanistic clues about the light-driven ring contraction, we 

conducted a crossover experiment to test the outcome of the reaction when two different 

symmetrical 1,2,6-thiadiazines were irradiated together.  If any of the substituted aryl 

moieties detach from the thiadiazine core during the contraction, then in principle we 

should observe asymmetrical 1,2,5-thiadiazine 1-oxides being formed (Scheme S3).   

However, subsequent spectroscopic evidence (Figure S8) proved that only the expected 

symmetric products are formed, indicating that the rearrangement that takes place during 

the ring contraction is intramolecular in nature. 
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Figure S8. DOSY spectrum after irradiating (1 h) a mixture of 32a and 34a in DMSO-d6.  The presence of two distinct 

diffusion coefficients for each of the products 32b and 34b support that these are the only species present in the solution. 

 

3.7.5.4 Equivalents of O2 Needed for the Complete Transformation of 1a to 1b 

 

 

Figure S9. Chart showing the relationship between O2 equivalents and the conversion of 1a to 1b.  The almost perfect 

linear relationship between conversion to 1b and O2 equivalents supports the observed quantitative yields.  The 

experiment was conducted using 100 mg (0.375 mmol) of 1a, dissolved in 10 mL of CDCl3, and 8.14 mL of O2 (d= 

1.428 g/L at STP100).   

H2O 

DMSO 

34b 

32b 
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3.7.5.6 Irradiation of Isolated 1,2,6-Thiadiazine Sulfones 50d and 51d 

 

Figure S10. LC-MS analysis sulfone SM 50d before (a) and after (b) irradiation (Method A) for 48 h.  Panel c) shows 

the MS (ESI-)/UV-Vis spectra for the most prominent LC traces (b) post irradiation. 

With the aim to determine whether the isolated 1,2,6-thiadiazine sulfones 50d and 51d, 

would behave in a similar manner with the starting non-S-oxidised thiadiazines, we 

subjected them to the same conditions that were developed previously (Method A), albeit 

for a substantially longer time period.  Aliquots of the reaction mixture were taken before 

and after the compounds were exposed to the 420 nm light.  For the moprholino sulfone 

50d, the results were inconclusive (Figure S10, a), and it was noted that even before the 

a) b) 

c) 

#4 - Unknown #5 - Unknown 

#7 – 50d/SM 

#7 
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reaction was started, there were at least 3 species present in the reaction mixture.  After 

48 h of irradiation, the same 3 peaks were present, however it seemed that peak #7 which 

belonged to the SM had a reduced area compared to the ‘products’ (peaks #4, #5 as seen 

in Figure S10, b).  Based on the corresponding MS and UV-Vis traces of these new peaks, 

it was not possible to identify the new compounds (Figure S10,c).  Notwithstanding, the 

results of this experiment clearly show that the sulfone 50d does indeed participate in a 

light-driven reaction. 

 

Figure S11. LC-MS analysis sulfone SM 51d before (a) and after (b) irradiation (Method A) for 48 h.  Panel c) shows 

the MS/UV-Vis spectra for the most prominent LC traces (b) post irradiation. 

a) b) 

c) 

#1 – Unknown 
#2 – 51e (Tentative) 

#3 – 51d/SM 
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A similar experiment was then conducted using the N-Me sulfone derivative 51d.  As 

seen in Figure S11, a), the SM was clean before the reaction was commenced.  Post 

irradiation, two new peaks appeared (Figure S11, b).  

A minor (peak #1, 17% w.r.t the SM) and a major (peak #2, 76% w.r.t SM).  Both 

compounds were more polar than the SM, based on their decreased retention time.  In 

addition, based on their respective UV-Vis spectra (Figure S11, c), they appeared to be 

less conjugated, with maximum absorption wavelengths of ca. 330 nm.  Intriguingly, the 

MS (ESI+) spectrum of the major peak #2, showed a large signal at 373 m/z, which closely 

matches with the expected mass of the ring contracted N-methyl-4-

[methyl(phenyl)amino]-3-oxo-N-phenyl-1,2,5-thiadiazole-2(3H)-carboxamide 1,1-

dioxide (51e) ([M+H]+ = 373.10).  Paired with the expected hypsochromic shift (vs. SM) 

on its UV-Vis spectrum, and increased polarity it is reasonable to assume that the 

corresponding 1,2,5-thiadiazole S,S-dioxide was formed.   

As for the minor peak #1, its MS (ESI-) spectrum showed strong signals at 386.90 and 

402.95 m/z, however a tentative structural assignment was not possible at this time.  As 

with SM 50d, it is evident that 51d is also photoactive and may be able to produce the 

ring contracted thiadiazole S,S-dioxide.  Further research is needed to reveal the 

mechanism of this transformation and identify the structure of these products. 

It is noted that, performing the above experiments using the corresponding sulfoxides 50c 

and 51c was not possible at this time, as the compounds were isolated along with multiple 

contaminants, rendering them inappropriate for further use. 
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3.7.6 Comments on the Role of Superoxide⸹ 

 

According to the computational results presented in section 3.4.7, the reaction can 

proceed without superoxide. However, experimental evidence for the presence of 

superoxide in the reaction was found, where this is believed to form by SET from 

substrate 1a (Scheme S4). The possible role of superoxide was therefore assessed, but the 

results were not conclusive:  

 

Scheme S4. Possible implication of superoxide in the formation of 1a. 

(i) Test calculations showed the energy of superoxide and 1b* (i.e. R = H) computed 

separately is over 200 kcal/mol higher in energy than that of singlet oxygen and 1b (also 

computed separately).  

(ii) attempts to simulate the attack of superoxide at 1a* in the open-shell singlet state led 

immediately to a closed-shell configuration of the system. 

(iii) attempts to simulate the attack of superoxide at 1a* in the triplet spin state resulted 

in electron transfer to provide substrate 1a and triplet oxygen. 

Based on the charges and spin density distributions (Figure S12) we would propose that 

the attack of superoxide at 1a* would most likely occur at the S atom and attempts to 

locate an end-on S-O-O adduct led directly to endoperoxide intermediate. 

 

Figure S12. Computed Mulliken charges and spin densities in 1a*. 
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3.7.7 Single Crystal X-Ray Diffraction Data Collection and Refinement Details⸹ 

 

X-ray structures were determined for 1a, 27a, 1b, 5b, 8b, 13b, ,20b, 27b, 28b, 32b, 35b, 

37b, 39b, 40b, 1c, 9c, 49c, 1d, 50c, 51c, 50d, and 51d. 1a, 5b, 39b and 9c, were refined 

as two component twins with hklf 4 data with the twin law (-1 0 0, 0 -1 0, 0 0 -1) (ie hkl 

data from one domain only) . 

In 27a, 27b and 28b there was substitutional disorder in the five-membered rings between 

carbon and sulphur atoms.  The coordinates and displacement parameters were 

constrained to be the same at the disordered positions with the commands EXYZ and 

EADP and the relative occupancies tied so that the occupancies of the positions and 

constituent elements summed to 100%. 

In 13b there is 2-fold rotational disorder in the phenyl ring along the Cipso-Me axis.  The 

occupancies were fixed at 50:50 and the displacement parameters in the two 

conformations are the same. 

The structure of 1d only solved in P1. A Flack parameter was obtained 0.3(2).  There are 

warnings that this could be P1 however, all the largest correlation matrix elements are 

between atoms within the same molecule.  There are 8 molecules on the asymmetric unit.  

The data were refined against hklf 5 data which were compiled from the OLEX2 twinning 

processing procedure.  There is a mixture of isotropic and anisotropic refinement chosen 

on the basis of atomic parameter refinement stability and standard deviation on the Flack 

parameter.  RIGU (rigid bond restraint) and isotropic restraints were applied. 

 

 CCDC deposition numbers and structure codes 

Deposition 

Number 

2168267 2167996 2168265 2168225 2167997 

Compound 

code 

1a 1b 1c 1d 5b 

 

Deposition 

Number 

2167999 2168226 2168000 2168157 2168266 

Compound 

code 

8b 9c 13b 20b 27a 
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Deposition 

Number 

2168187 2168217 2168147 2168218 2168219 

Compound 

code 

27b 28b 32b 35b 37b 

 

Deposition 

Number 

2168220 2168224 2168213 2168263 2168264 

Compound 

code 

39b 40b 49c 50d 51d 

 

Deposition 

Number 

2173994 2173995 

Compound 

code 

50c 51c 
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Table S2. Crystal data and structure refinement for 1a.   

Identification code 1a 

Empirical formula C15H10N2OS 

Formula weight 266.31 

Temperature/K 100.0 

trigonal Crystal system 

Space group P31 

a/Å 16.6569(10) 

b/Å 16.6569(10) 

c/Å 3.7166(3) 

α/° 90 

β/° 90 

γ/° 120 

Volume/Å3 893.03(13) 

Z 3 

ρcalcg/cm3 1.486 

μ/mm-1 2.343 

F(000) 414.0 

Crystal size/mm3 0.24 × 0.04 × 0.03 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.126 to 148.926 

Index ranges -20 ≤ h ≤ 17, -20 ≤ k ≤ 20, -4 ≤ l ≤ 4 

Reflections collected 13130 

Independent reflections 2410 [Rint = 0.0621, Rsigma = 0.0380] 

Data/restraints/parameters 2410/148/173 

Goodness-of-fit on F2 1.059 

Final R indexes [I>=2σ (I)] R1 = 0.0279, wR2 = 0.0684 

Final R indexes [all data] R1 = 0.0294, wR2 = 0.0691 

Largest diff. peak/hole / e Å-3 0.20/-0.21 

Flack parameter 0.046(12) 
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Table S3. Crystal data and structure refinement for 1b. 

Identification code 1b 

Empirical formula C15H10N2O3S 

Formula weight 298.31 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 9.7612(5) 

b/Å 4.3248(2) 

c/Å 31.9875(17) 

α/° 90 

β/° 93.392(3) 

γ/° 90 

Volume/Å3 1347.99(12) 

Z 4 

ρcalcg/cm3 1.470 

μ/mm-1 2.250 

F(000) 616.0 

Crystal size/mm3 0.22 × 0.06 × 0.03 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.536 to 149.262 

Index ranges -12 ≤ h ≤ 12, -5 ≤ k ≤ 5, -40 ≤ l ≤ 40 

Reflections collected 35241 

Independent reflections 2747 [Rint = 0.0790, Rsigma = 0.0303] 

Data/restraints/parameters 2747/0/190 

Goodness-of-fit on F2 1.139 

Final R indexes [I>=2σ (I)] R1 = 0.0670, wR2 = 0.1749 

Final R indexes [all data] R1 = 0.0746, wR2 = 0.1788 

Largest diff. peak/hole / e Å-3 0.83/-0.40 
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Table S4. Crystal data and structure refinement for 1c. 

Identification code 1c 

Empirical formula C15H10N2O4S 

Formula weight 314.31 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.143(5) 

b/Å 9.617(8) 

c/Å 15.379(7) 

α/° 90 

β/° 103.96(3) 

γ/° 90 

Volume/Å3 1312.4(14) 

Z 4 

ρcalcg/cm3 1.591 

μ/mm-1 2.404 

F(000) 648.0 

Crystal size/mm3 0.18 × 0.08 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 10.296 to 140.458 

Index ranges -11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -18 ≤ l ≤ 18 

Reflections collected 18102 

Independent reflections 2493 [Rint = 0.0676, Rsigma = 0.0332] 

Data/restraints/parameters 2493/0/199 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0308, wR2 = 0.0745 

Final R indexes [all data] R1 = 0.0390, wR2 = 0.0780 

Largest diff. peak/hole / e Å-3 0.29/-0.44 
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Table S5. Crystal data and structure refinement for 1d. 

Identification code 1d 

Empirical formula C15H11NO3 

Formula weight 253.25 

Temperature/K 100.0 

Crystal system triclinic 

Space group P1 

a/Å 5.449(3) 

b/Å 21.007(9) 

c/Å 21.065(9) 

α/° 88.01(2) 

β/° 82.915(15) 

γ/° 84.80(3) 

Volume/Å3 2382.2(18) 

Z 8 

ρcalcg/cm3 1.412 

μ/mm-1 0.820 

F(000) 1056.0 

Crystal size/mm3 0.54 × 0.04 × 0.02 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.224 to 158.088 

Index ranges -6 ≤ h ≤ 6, -26 ≤ k ≤ 26, -26 ≤ l ≤ 26 

Reflections collected 105763 

Independent reflections 17524 [Rint 0.0731, Rsigma = 0.0575] 

Data/restraints/parameters 17524/1230/1333 

Goodness-of-fit on F2 1.068 

Final R indexes [I>=2σ (I)] R1 = 0.1327, wR2 = 0.3894 

Final R indexes [all data] R1 = 0.1444, wR2 = 0.3971 

Largest diff. peak/hole / e Å-3 1.06/-0.97 

Flack parameter 0.28(19) 
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Table S6. Crystal data and structure refinement for 5b. 

Identification code  5b 

Empirical formula C17H14N2O4S 

Formula weight 342.36 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 8.4196(7) 

b/Å 13.2151(12) 

c/Å 14.0737(10) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1565.9(2) 

Z 4 

ρcalcg/cm3 1.452 

μ/mm-1 2.061 

F(000) 712.0 

Crystal size/mm3 0.2 × 0.2 × 0.1 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 12.464 to 159.958 

Index ranges -10 ≤ h ≤ 10, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17 

Reflections collected 53271 

Independent reflections 3362 [Rint = 0.0259, Rsigma = 0.0103] 

Data/restraints/parameters 3362/0/218 

Goodness-of-fit on F2 1.034 

Final R indexes [I>=2σ (I)] R1 = 0.0226, wR2 = 0.0616 

Final R indexes [all data] R1 = 0.0226, wR2 = 0.0616 

Largest diff. peak/hole / e Å-3 0.23/-0.24 

Flack parameter 0.483(14) 
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Table S7. Crystal data and structure refinement for 8b. 

Identification code 8b 

Empirical formula C17H12F2N2O4S 

Formula weight 378.35 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 13.153(3) 

b/Å 15.142(4) 

c/Å 8.3150(15) 

α/° 90 

β/° 104.933(6) 

γ/° 90 

Volume/Å3 1600.1(6) 

Z 4 

ρcalcg/cm3 1.571 

μ/mm-1 2.266 

F(000) 776.0 

Crystal size/mm3 0.42 × 0.18 × 0.08 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.956 to 144.32 

Index ranges -16 ≤ h ≤ 16, -18 ≤ k ≤ 16, -9 ≤ l ≤ 10 

Reflections collected 21101 

Independent reflections 3156 [Rint = 0.0536, Rsigma = 0.0319] 

Data/restraints/parameters 3156/0/235 

Goodness-of-fit on F2 1.070 

Final R indexes [I>=2σ (I)] R1 = 0.0321, wR2 = 0.0873 

Final R indexes [all data] R1 = 0.0353, wR2 = 0.0894 

Largest diff. peak/hole / e Å-3 0.32/-0.33 
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Table S8. Crystal data and structure refinement for 9c. 

Identification code 9c 

Empirical formula C21H15NO4 

Formula weight 345.34 

Temperature/K 100.0 

Crystal system monoclinic 

Space group Pn 

a/Å 9.237(4) 

b/Å 9.516(4) 

c/Å 9.930(5) 

α/° 90 

β/° 113.65(3) 

γ/° 90 

Volume/Å3 799.5(6) 

Z 2 

ρcalcg/cm3 1.435 

μ/mm-1 0.822 

F(000) 360.0 

Crystal size/mm3 0.28 × 0.2 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.294 to 150.82 

Index ranges -11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -12 ≤ l ≤ 12 

Reflections collected 26084 

Independent reflections 3244 [Rint = 0.0697, Rsigma = 0.0339] 

Data/restraints/parameters 3244/2/237 

Goodness-of-fit on F2 1.074 

Final R indexes [I>=2σ (I)] R1 = 0.0350, wR2 = 0.0875 

Final R indexes [all data] R1 = 0.0375, wR2 = 0.0895 

Largest diff. peak/hole / e Å-3 0.19/-0.20 

Flack parameter 0.1(2) 
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Table S9. Crystal data and structure refinement for 13b. 

Identification code 13b 

Empirical formula C17H14N2O3S 

Formula weight 326.36 

Temperature/K 100.0 

Crystal system monoclinic 

Space group C2/c 

a/Å 18.1894(8) 

b/Å 4.4604(2) 

c/Å 37.7102(17) 

α/° 90 

β/° 91.048(2) 

γ/° 90 

Volume/Å3 3059.0(2) 

Z 8 

ρcalcg/cm3 1.417 

μ/mm-1 2.031 

F(000) 1360.0 

Crystal size/mm3 0.46 × 0.1 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.688 to 149.22 

Index ranges -22 ≤ h ≤ 22, -5 ≤ k ≤ 5, -47 ≤ l ≤ 46 

Reflections collected 33296 

Independent reflections 3139 [Rint = 0.0617, Rsigma = 0.0297] 

Data/restraints/parameters 3139/0/246 

Goodness-of-fit on F2 1.037 

Final R indexes [I>=2σ (I)] R1 = 0.0389, wR2 = 0.1020 

Final R indexes [all data] R1 = 0.0435, wR2 = 0.1082 

Largest diff. peak/hole / e Å-3 0.36/-0.40 
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Table S10. Crystal data and structure refinement for 20b. 

Identification code 20b 

Empirical formula C15H8Cl2N2O3S 

Formula weight 367.19 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 4.228(2) 

b/Å 18.934(10) 

c/Å 18.988(10) 

α/° 90 

β/° 95.597(18) 

γ/° 90 

Volume/Å3 1512.8(14) 

Z 4 

ρcalcg/cm3 1.612 

μ/mm-1 5.305 

F(000) 744.0 

Crystal size/mm3 0.26 × 0.04 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.608 to 117.892 

Index ranges -4 ≤ h ≤ 4, -20 ≤ k ≤ 20, -20 ≤ l ≤ 20 

Reflections collected 16161 

Independent reflections 2162 [Rint = 0.0662, Rsigma = 0.0339] 

Data/restraints/parameters 2162/0/208 

Goodness-of-fit on F2 1.070 

Final R indexes [I>=2σ (I)] R1 = 0.0488, wR2 = 0.1293 

Final R indexes [all data] R1 = 0.0547, wR2 = 0.1341 

Largest diff. peak/hole / e Å-3 0.35/-0.54 
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Table S11. Crystal data and structure refinement for 27a. 

Identification code 27a 

Empirical formula C11H6N2OS3 

Formula weight 278.36 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 14.0787(8) 

b/Å 4.9634(3) 

c/Å 16.2584(10) 

α/° 90 

β/° 104.691(2) 

γ/° 90 

Volume/Å3 1098.97(11) 

Z 4 

ρcalcg/cm3 1.682 

μ/mm-1 0.654 

F(000) 568.0 

Crystal size/mm3 0.46 × 0.08 × 0.04 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.984 to 57.548 

Index ranges -19 ≤ h ≤ 19, -6 ≤ k ≤ 6, -21 ≤ l ≤ 22 

Reflections collected 45729 

Independent reflections 2855 [Rint = 0.0841, Rsigma = 0.0295] 

Data/restraints/parameters 2855/0/156 

Goodness-of-fit on F2 1.067 

Final R indexes [I>=2σ (I)] R1 = 0.0478, wR2 = 0.1043 

Final R indexes [all data] R1 = 0.0663, wR2 = 0.1144 

Largest diff. peak/hole / e Å-3 0.41/-0.48 
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Table S12. Crystal data and structure refinement for 27b. 

Identification code 27b 

Empirical formula C11H6N2O3S3 

Formula weight 310.36 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 6.79830(10) 

b/Å 19.5591(4) 

c/Å 8.9836(2) 

α/° 90 

β/° 95.2280(10) 

γ/° 90 

Volume/Å3 1189.57(4) 

Z 4 

ρcalcg/cm3 1.733 

μ/mm-1 5.770 

F(000) 632.0 

Crystal size/mm3 0.24 × 0.04 × 0.02 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.042 to 148.836 

Index ranges -8 ≤ h ≤ 8, -24 ≤ k ≤ 24, -11 ≤ l ≤ 11 

Reflections collected 43523 

Independent reflections 2437 [Rint = 0.0422, Rsigma = 0.0154] 

Data/restraints/parameters 2437/0/173 

Goodness-of-fit on F2 1.080 

Final R indexes [I>=2σ (I)] R1 = 0.0259, wR2 = 0.0691 

Final R indexes [all data] R1 = 0.0272, wR2 = 0.0700 

Largest diff. peak/hole / e Å-3 0.52/-0.33 
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Table S13. Crystal data and structure refinement for 28b. 

Identification code 28b 

Empirical formula C11H6N2O3S3 

Formula weight 310.36 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group Pna21 

a/Å 16.2994(7) 

b/Å 17.9235(8) 

c/Å 4.3228(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1262.87(10) 

Z 4 

ρcalcg/cm3 1.632 

μ/mm-1 5.435 

F(000) 632.0 

Crystal size/mm3 0.44 × 0.1 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.33 to 144.636 

Index ranges -20 ≤ h ≤ 20, -21 ≤ k ≤ 22, -5 ≤ l ≤ 5 

Reflections collected 14359 

Independent reflections 2438 [Rint = 0.0369, Rsigma = 0.0263] 

Data/restraints/parameters 2438/1/174 

Goodness-of-fit on F2 1.053 

Final R indexes [I>=2σ (I)] R1 = 0.0239, wR2 = 0.0628 

Final R indexes [all data] R1 = 0.0242, wR2 = 0.0631 

Largest diff. peak/hole / e Å-3 0.23/-0.23 

Flack parameter -0.005(11) 
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Table S14. Crystal data and structure refinement for 32b. 

Identification code 32b 

Empirical formula C19H14N2O7S 

Formula weight 414.38 

Temperature/K 100.0 

Crystal system monoclinic 

Space group Cc 

a/Å 8.9745(3) 

b/Å 32.8200(11) 

c/Å 6.9065(2) 

α/° 90 

β/° 119.452(2) 

γ/° 90 

Volume/Å3 1771.37(10) 

Z 4 

ρcalcg/cm3 1.554 

μ/mm-1 2.069 

F(000) 856.0 

Crystal size/mm3 0.22 × 0.18 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.386 to 149.056 

Index ranges -11 ≤ h ≤ 11, -40 ≤ k ≤ 40, -8 ≤ l ≤ 8 

Reflections collected 22913 

Independent reflections 3591 [Rint = 0.0625, Rsigma = 0.0388] 

Data/restraints/parameters 3591/2/265 

Goodness-of-fit on F2 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0404, wR2 = 0.0999 

Final R indexes [all data] R1 = 0.0437, wR2 = 0.1031 

Largest diff. peak/hole / e Å-3 0.36/-0.25 

Flack parameter 0.11(3) 
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Table S15. Crystal data and structure refinement for 35b. 

Identification code 35b 

Empirical formula C15H11N3O3S 

Formula weight 313.33 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 14.7665(5) 

b/Å 13.0019(5) 

c/Å 7.1500(3) 

α/° 90 

β/° 90.591(2) 

γ/° 90 

Volume/Å3 1372.67(9) 

Z 4 

ρcalcg/cm3 1.516 

μ/mm-1 2.260 

F(000) 648.0 

Crystal size/mm3 0.42 × 0.28 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.986 to 140.424 

Index ranges -18 ≤ h ≤ 16, -15 ≤ k ≤ 15, -8 ≤ l ≤ 8 

Reflections collected 17655 

Independent reflections 2613 [Rint = 0.1543, Rsigma = 0.0821] 

Data/restraints/parameters 2613/0/199 

Goodness-of-fit on F2 1.054 

Final R indexes [I>=2σ (I)] R1 = 0.0411, wR2 = 0.1053 

Final R indexes [all data] R1 = 0.0658, wR2 = 0.1129 

Largest diff. peak/hole / e Å-3 0.49/-0.38 
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Table S16. Crystal data and structure refinement for 37b. 

Identification code 37b 

Empirical formula C15H11N3O3S2 

Formula weight 345.39 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 6.9681(4) 

b/Å 7.5359(4) 

c/Å 15.4390(9) 

α/° 79.625(4) 

β/° 88.507(4) 

γ/° 67.320(4) 

Volume/Å3 734.96(7) 

Z 2 

ρcalcg/cm3 1.561 

μ/mm-1 3.463 

F(000) 356.0 

Crystal size/mm3 0.12 × 0.04 × 0.02 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.826 to 127.45 

Index ranges -8 ≤ h ≤ 8, -8 ≤ k ≤ 8, 0 ≤ l ≤ 17 

Reflections collected 21852 

Independent reflections 2350 [Rint = 0.1070, Rsigma = 0.0645] 

Data/restraints/parameters 2350/0/209 

Goodness-of-fit on F2 1.110 

Final R indexes [I>=2σ (I)] R1 = 0.0715, wR2 = 0.1827 

Final R indexes [all data] R1 = 0.0861, wR2 = 0.1942 

Largest diff. peak/hole / e Å-3 0.45/-0.49 
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Table S17. Crystal data and structure refinement for 39b. 

Identification code 39b 

Empirical formula C15H10N2O4S 

Formula weight 314.31 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 4.34330(10) 

b/Å 17.9288(6) 

c/Å 18.4384(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1435.80(7) 

Z 4 

ρcalcg/cm3 1.454 

μ/mm-1 2.197 

F(000) 648.0 

Crystal size/mm3 0.22 × 0.08 × 0.04 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.876 to 149.246 

Index ranges -5 ≤ h ≤ 5, -21 ≤ k ≤ 22, -22 ≤ l ≤ 23 

Reflections collected 17077 

Independent reflections 2932 [Rint = 0.0585, Rsigma = 0.0358] 

Data/restraints/parameters 2932/0/200 

Goodness-of-fit on F2 1.058 

Final R indexes [I>=2σ (I)] R1 = 0.0332, wR2 = 0.0807 

Final R indexes [all data] R1 = 0.0364, wR2 = 0.0827 

Largest diff. peak/hole / e Å-3 0.28/-0.18 

Flack parameter 0.44(2) 
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Table S18. Crystal data and structure refinement for 40b. 

Identification code 40b 

Empirical formula C18H14N2O6S 

Formula weight 386.37 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 15.333(7) 

b/Å 5.838(2) 

c/Å 18.736(8) 

α/° 90 

β/° 91.048(18) 

γ/° 90 

Volume/Å3 1676.8(12) 

Z 4 

ρcalcg/cm3 1.531 

μ/mm-1 2.091 

F(000) 800.0 

Crystal size/mm3 0.36 × 0.04 × 0.02 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.384 to 150.274 

Index ranges -13 ≤ h ≤ 19, -7 ≤ k ≤ 7, -23 ≤ l ≤ 23 

Reflections collected 21525 

Independent reflections 3427 [Rint = 0.0983, Rsigma = 0.0616] 

Data/restraints/parameters 3427/0/246 

Goodness-of-fit on F2 1.023 

Final R indexes [I>=2σ (I)] R1 = 0.0625, wR2 = 0.1625 

Final R indexes [all data] R1 = 0.0799, wR2 = 0.1773 

Largest diff. peak/hole / e Å-3 0.38/-0.60 
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Table S19. Crystal data and structure refinement for 49c. 

Identification code 49c 

Empirical formula C3H12N4O7S 

Formula weight 248.23 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 11.8880(6) 

b/Å 6.9467(3) 

c/Å 11.8972(6) 

α/° 90 

β/° 113.475(2) 

γ/° 90 

Volume/Å3 901.18(8) 

Z 4 

ρcalcg/cm3 1.830 

μ/mm-1 3.581 

F(000) 520.0 

Crystal size/mm3 0.18 × 0.06 × 0.03 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.892 to 133.474 

Index ranges -14 ≤ h ≤ 13, -8 ≤ k ≤ 8, -14 ≤ l ≤ 14 

Reflections collected 10073 

Independent reflections 1592 [Rint = 0.0665, Rsigma = 0.0393] 

Data/restraints/parameters 1592/4/147 

Goodness-of-fit on F2 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0434, wR2 = 0.1164 

Final R indexes [all data] R1 = 0.0524, wR2 = 0.1240 

Largest diff. peak/hole / e Å-3 0.68/-0.56 
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Table S20. Crystal data and structure refinement for 50d. 

Identification code 50d 

Empirical formula C11H16N4O5S 

Formula weight 316.34 

Temperature/K 103.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.2026(18) 

b/Å 7.6788(16) 

c/Å 19.314(5) 

α/° 90 

β/° 100.157(9) 

γ/° 90 

Volume/Å3 1343.4(5) 

Z 4 

ρcalcg/cm3 1.564 

μ/mm-1 2.436 

F(000) 664.0 

Crystal size/mm3 0.36 × 0.03 × 0.02 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.304 to 137.09 

Index ranges -11 ≤ h ≤ 11, -9 ≤ k ≤ 9, -22 ≤ l ≤ 23 

Reflections collected 20332 

Independent reflections 2472 [Rint = 0.0773, Rsigma = 0.0372] 

Data/restraints/parameters 2472/0/190 

Goodness-of-fit on F2 1.054 

Final R indexes [I>=2σ (I)] R1 = 0.0477, wR2 = 0.1227 

Final R indexes [all data] R1 = 0.0630, wR2 = 0.1329 

Largest diff. peak/hole / e Å-3 0.83/-0.57 
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Table S21. Crystal data and structure refinement for 51d. 

Identification code 51d 

Empirical formula C17H16N4O2.75S 

Formula weight 352.40 

Temperature/K 100 

Crystal system triclinic 

Space group P-1 

a/Å 9.7663(3) 

b/Å 9.9019(3) 

c/Å 10.1948(3) 

α/° 88.9643(11) 

β/° 65.4274(11) 

γ/° 68.8774(10) 

Volume/Å3 826.21(4) 

Z 2 

ρcalcg/cm3 1.417 

μ/mm-1 0.219 

F(000) 368.0 

Crystal size/mm3 0.24 × 0.2 × 0.12 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.012 to 56.574 

Index ranges -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -13 ≤ l ≤ 13 

Reflections collected 25337 

Independent reflections 4080 [Rint = 0.0382, Rsigma = 0.0244] 

Data/restraints/parameters 4080/0/228 

Goodness-of-fit on F2 1.038 

Final R indexes [I>=2σ (I)] R1 = 0.0378, wR2 = 0.0895 

Final R indexes [all data] R1 = 0.0475, wR2 = 0.0951 

Largest diff. peak/hole / e Å-3 0.33/-0.49 
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Table S22.  Crystal data and structure refinement for 50c. 

Identification code 50c 

Empirical formula C11H16N4O4S 

Formula weight 300.34 

Temperature/K 100.0 

Crystal system monoclinic 

Space group Cm 

a/Å 7.98980(10) 

b/Å 21.7995(3) 

c/Å 11.6915(2) 

α/° 90 

β/° 109.9253(8) 

γ/° 90 

Volume/Å3 1914.45(5) 

Z 6 

ρcalcg/cm3 1.563 

μ/mm-1 2.469 

F(000) 948.0 

Crystal size/mm3 0.2 × 0.14 × 0.03 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.044 to 144.458 

Index ranges -9 ≤ h ≤ 9, -26 ≤ k ≤ 26, -14 ≤ l ≤ 14 

Reflections collected 24106 

Independent reflections 3705 [Rint = 0.0495, Rsigma = 0.0301] 

Data/restraints/parameters 3705/2/290 

Goodness-of-fit on F2 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0373, wR2 = 0.0990 

Final R indexes [all data] R1 = 0.0380, wR2 = 0.1001 

Largest diff. peak/hole / e Å-3 0.64/-0.23 

Flack parameter -0.059(15) 
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Table S23. Crystal data and structure refinement for 51c. 

Identification code 51c 

Empirical formula C17H16N4O2S 

Formula weight 340.40 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 10.7889(3) 

b/Å 11.1624(3) 

c/Å 14.1533(3) 

α/° 81.1030(10) 

β/° 78.8280(10) 

γ/° 79.6240(10) 

Volume/Å3 1632.12(7) 

Z 4 

ρcalcg/cm3 1.385 

μ/mm-1 1.914 

F(000) 712.0 

Crystal size/mm3 0.55 × 0.4 × 0.25 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.414 to 149.53 

Index ranges -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -17 ≤ l ≤ 17 

Reflections collected 36321 

Independent reflections 6612 [Rint = 0.0413, Rsigma = 0.0287] 

Data/restraints/parameters 6612/0/438 

Goodness-of-fit on F2 1.133 

Final R indexes [I>=2σ (I)] R1 = 0.0504, wR2 = 0.1317 

Final R indexes [all data] R1 = 0.0513, wR2 = 0.1322 

Largest diff. peak/hole / e Å-3 1.16/-0.55 
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3.8 Experimental Section 

 

3.8.1 General Methods and Materials 

 

 Chemicals used were commercially available except those whose synthesis is 

described herein.  Anhydrous MgSO4 was used for drying organic extracts and all 

volatiles were removed under reduced pressure.  Reaction mixtures and column eluents 

were monitored by TLC using commercial aluminium backed thin layer chromatography 

(TLC) plates (Merck Kieselgel 60 F254); the plates were observed under UV light at 254 

and 365 nm.  The technique of flash chromatography was used throughout for all non-

TLC scale chromatographic separations using Merck Silica Gel 60 (< 0.063 mm).  

Melting points were determined using a Stuart SMP10 digital melting point apparatus. 

Small scale (μL) liquid handling measurements were made using variable volume (10–

100 μL) single channel Gilson PIPETMAN precision micropipettes.  Solvents used for 

recrystallisation are indicated after the melting point.  UV-vis spectra were obtained using 

a Perkin-Elmer Lambda-25 UV/vis spectrophotometer and inflections are identified by 

the abbreviation “inf”. IR spectra were recorded on a Thermo Scientific Nicolet iS5 FTIR 

spectrometer with iD5 ATR accessory or a Shimadzu FTIR-NIR Prestige-21 spectrometer 

with Pike Miracle Ge ATR accessory and broad, strong, medium, and weak peaks are 

represented by br, s, m and w, respectively.  1H and 13C NMR spectra were recorded on 

either a Bruker AVANCE III HD machine (at 400 and 100 MHz, respectively), a Bruker 

Avance 300 (at 300 and 75 MHz, respectively), or a 500 machine (at 500 and 125 MHz, 

respectively).  Chemical shifts (δ) are expressed in ppm and coupling constants J are 

given in Hz.  Data are represented as follows: chemical shift, multiplicity (s singlet, d 

doublet, t triplet, q quartet, m multiplet and/or multiple resonances, br s broad singlet).  

Deuterated solvents were used for homonuclear lock, and the signals are referenced to the 

deuterated solvent peaks.  For the acquisition of mass spectra, the samples were prepared 

as detailed below and analysed by positive ion nanoelectrospray (nES) using a Thermo 

Scientific™ LTQ Orbitrap XL™ ETD Hybrid Ion Trap-Orbitrap Mass Spectrometer.  

Matrix-Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF) mass 

spectra (+ve mode) were recorded on a Bruker Autoflex III Smartbeam instrument 

(Bruker), ESI-APCI+ mass spectra were recorded on a Model 6110 Quadrupole MSD, 

Agilent Technologies and ES-API spectra on a Model 1260 Infinity II Quadrupole MSD, 
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Agilent Technologies.  Flow reactions were carried out with a commercial E-series 

Photochem UV-150 reactor by Vapourtec Ltd, with two V-3 peristaltic pumps and using 

an LED module emitting at 420 nm with 61 W light output and a light intensity of 10.2 

W.cm-2.  For light driven batch reactions, a commercially available LED module was 

used, emitting at 420 nm/620 nm with 28 W light output and a light intensity of 3.5 W.cm-

2 (OSA Opto lights, OLM-018 series, Berlin, Germany), placed at a distance of 5 cm from 

the reaction vessel.  For the collection of LC-MS data a Shimadzu LC-2040C 3D Plus 

instrument was used. EPR studies were carried out using a Bruker microESR instrument, 

operating at X-band (9.8 GHz) frequency.  Sample tubes were Blaubrand micropipettes. 

Cristaseal putty was used for sealing.  Acquisition parameters were the following: 

Microwave power, 10 mW; Sweep field range, 3333 – 3657 G; Sweep time, 14.9 s; 

Number of points, 2592; Number of sweeps, 5; Temperature, 26.7 oC.  Elemental analysis 

was carried out at London Metropolitan University, with a Thermo Scientific™ FLASH 

2000 CHNS Analyser.  For structure determination using single crystal X-ray diffraction 

samples were mounted on a Molecular Dimensions Litholoop in mineral oil.  Data was 

collected on a Bruker D8 Venture diffractometer using either a copper or molybdenum 

microsource sealed tube with triumph monochromator and the Apex3 suite of programs.  

The crystal was kept at 100.0 K during data collection. Using Olex2,101 the structure was 

solved with the SHELXT structure solution program using Intrinsic Phasing and refined 

with the SHELXL refinement package using Least Squares minimisation.102 

 

3.8.2 Preparation of 4H-1,2,6-thiadiazine Starting Materials§ 

 

3,5-Dichloro-4H-1,2,6-thiadiazin-4-one (31a),103 3,5-bis(phenylamino)-4H-

1,2,6-thiadiazin-4-one (46a),103 3,5-dimethoxy-4H-1,2,6-thiadiazin-4-one (22a),103 3,5-

diphenoxy-4H-1,2,6-thiadiazin-4-one (23a),103 3,5-bis(phenylthio)-4H-1,2,6-thiadiazin-

4-one (25a),103 3-chloro-5-(phenylthio)-4H-1,2,6-thiadiazin-4-one (54a),103 3-chloro-5-

phenoxy-4H-1,2,6-thiadiazin-4-one (53a),103 3-chloro-5-(phenylamino)-4H-1,2,6-

thiadiazin-4-one (52a),103 3-methoxy-5-phenyl-4H-1,2,6-thiadiazin-4-one (38a),104 3',5'-

diphenylspiro[benzo[d][1,3]dioxole-2,4'-[1,2,6]thiadiazine] (9a),105 6,10-diphenyl-1,4-

dioxa-8-thia-7,9-diazaspiro[4.5]deca-6,9-diene (5a),105 N,3,5-triphenyl-4H-1,2,6-

thiadiazin-4-imine (3a),106 3,5-diphenyl-4H-1,2,6-thiadiazine-4-thione (2a),104 2-(3,5-
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diphenyl-4H-1,2,6-thiadiazin-4-ylidene)malononitrile (4a),104 3,5-bis(phenylethynyl)-

4H-1,2,6-thiadiazin-4-one (7a)107 and all symmetrical 3,5-diarylthiadiazinones were 

prepared according to the reported procedures. 

It is stated for clarity that the compounds in this section (3.8.2) were synthesised by our 

collaborators at the university of Cyprus, and their characterisation data and synthetic 

procedures are included in this thesis to present a complete storyline. 

 

3.8.2.1 Preparation of Symmetrical 3,5-Diaryl-4H-1,2,6-thiadiazines 

 

3,5-Bis(benzyloxy)-4H-1,2,6-thiadiazin-4-one (24a). 

To a stirred solution of 3,5-dichloro-4H-1,2,6-

thiadiazin-4-one (31a) (183 mg, 1.00 mmol) in THF (5 

mL), at ca. 20 °C, was added, in one portion, benzyl alcohol (227 μL, 2.00 mmol) and the 

mixture was cooled to ca. 0 °C.  To this cooled mixture was added NaH 60% in paraffin 

oil (80 mg, 2.00 mmol) and the mixture was stirred at this temperature for 1 h, then 

allowed to warm to ca. 20 °C and stirred until complete consumption of the starting 

material (TLC, 24 h).  The mixture was then adsorbed onto silica and chromatographed 

(n-hexane/DCM, 50:50) to give the title compound 24a (301 mg, 92%) as colourless 

needles, mp 152-153 °C (from c-hexane); Rf 0.16 (n-hexane/DCM, 50:50); (found: C, 

62.71; H, 4.36; N, 8.77. C17H14N2O3S requires C, 62.56; H, 4.32; N, 8.58%); 

λmax(DCM)/nm 271 (log ε 4.07), 359 (4.18); vmax/cm-1 3069w (aryl C-H), 2961 (alkyl C-

H), 1639s, 1522m, 1454m, 1395w, 1319s, 1281m, 1221w, 1082s, 986s, 924w, 847w, 

764m, 750m, 735s; δH(500 MHz; CDCl3) 7.45-7.43 (4H, m, Ar H), 7.38-7.31 (6H, m, Ar 

H), 5.36 (4H, s, CH2); δC(125 MHz; CDCl3) 157.4 (Cq), 155.7 (Cq), 135.1 (Cq), 128.54 

(CH), 128.47 (CH), 128.43 (CH), 69.2 (CH2); m/z (ES-API+) 326 (M+, 15), 270 (M+-H, 

100%), 118 (38). 

 

3,5-Bis(benzylthio)-4H-1,2,6-thiadiazin-4-one (26a).  

To a stirred solution of 3,5-dichloro-4H-1,2,6-

thiadiazin-4-one (31a) (183 mg, 1.00 mmol) in EtOH 

(5 mL), at ca. 20 °C, was added, in one portion, phenylmethanethiol (235 μL, 2.00 mmol) 
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and the mixture was cooled to ca. 0 °C.  To this cooled mixture was added NaH 60% in 

paraffin oil (80 mg, 2.00 mmol) and the mixture was stirred at this temperature for 1 h, 

then allowed to warm to ca. 20 °C and stirred until complete consumption of the starting 

material (TLC, 24 h).  The mixture was then poured onto H2O (10 mL), filtered and 

washed with n-hexane (5 mL) to give the title compound 26a (253 mg, 71%) as yellow 

needles, mp 91-92 °C (from c-hexane); Rf 0.19 (n-hexane/DCM, 70:30); (found: C, 56.80; 

H, 3.81; N, 7.73. C17H14N2OS3 requires C, 56.96; H, 3.94; N, 7.81%); λmax(DCM)/nm 250 

inf (log ε 4.30), 340 (4.01), 396 (4.07); vmax/cm-1 3055w and 3024w (aryl C-H), 2922w 

and 2853w (alkyl C-H), 1618s, 1493m, 1477w, 1452m, 1425w, 1391w, 1302m, 1242m, 

1202w, 1074m, 1028w, 868w, 835w, 781m, 745s; δH(500 MHz; CDCl3) 7.37 (4H, d, J 

7.1, Ar H), 7.31 (4H, dd, J 7.0, 7.0, Ar H), 7.26 (2H, dd, J 6.4, 6.4, Ar H), 4.20 (4H, s, 

CH2); δC(125 MHz; CDCl3) 160.7 (Cq), 158.0 (Cq), 136.0 (Cq), 129.1 (CH), 128.6 (CH), 

127.6 (CH), 33.8 (CH2); m/z (MALDI-TOF) 359 (MH+, 29%), 358 (M+, 42), 357 (M+-H, 

100), 180 (66), 153 (62), 90 (99). 

 

3,5-Bis[4-(benzyloxy)phenyl]-4H-

1,2,6-thiadiazin-4-one (34a).  A stirred 

solution of 3,5-dichloro-4H-1,2,6-

thiadiazin-4-one (31a) (91.5 mg, 0.500 

mmol), [4-(benzyloxy)-phenyl]tributylstannane (520 mg, 1.10 mmol) and Pd(Ph3P)2Cl2 

(17.5 mg, 5 mol %) in PhMe (1 mL) was deaerated by bubbling of Ar through it for 5 min 

and then heated at ca. 110 °C under Ar until complete consumption of the starting 

thiadiazine (TLC, 1.5 h).  The mixture was then allowed to cool to ca. 20 °C and the 

precipitate filtered to give the title compound 34a (189 mg, 79%) as yellow plates, mp 

214-215 °C (from PhMe); Rf 0.59 (n-hexane/DCM, 50:50); (found: C, 73.00; H, 4.37; N, 

5.63. C29H22N2O3S requires C, 72.78; H, 4.63; N, 5.85%); λmax(DCM)/nm 255 (log ε 

4.20), 270 inf (4.16), 382 (4.46); vmax/cm-1 3065w and 3051w (aryl C-H), 2947 (alkyl C-

H), 1620s, 1597m, 1570w, 1558w, 1504m, 1468m, 1456m, 1412m, 1379m, 1337m, 

1304m, 1240s, 1179s, 1138m, 1121w, 1084w, 1016m, 1005m, 991m, 928m, 866m, 839s, 

785m, 756m, 743s; δH(500 MHz; CDCl3) 8.08 (4H, d, J 8.1, Ar H), 7.49 (4H, d, J 7.5, Ar 

H), 7.42 (4H, dd, J 7.4, 7.4, Ar H), 7.36 (2H, d, J 9.0, Ar H), 7.13 (4H, d, J 7.1, Ar H), 

5.21 (4H, s, CH2); 
13C NMR could not be recorded due to insolubility; m/z (MALDI-

TOF) 479 (MH+, 27), 386 (32), 91 (100). 
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Dimethyl 4,4'-(4-oxo-4H-1,2,6-thiadiazine-

3,5-diyl)dibenzoate (32a).  To an intimate 

mixture of 3,5-dichloro-4H-1,2,6-thiadiazin-4-

one (31a) (100 mg, 0.546 mmol), [4-

(methoxycarbonyl)phenyl]boronic acid (216 mg, 1.20 mmol), Pd(Ph3P)4 (31.5 mg, 5 mol 

%), and Na2CO3 (115.7 mg, 1.092 mmol) was added dioxane (1 mL) and H2O (0.6 mL) 

and the mixture heated to ca. 100 °C until complete consumption of the starting 

thiadiazine (TLC, 30 min).  The mixture was then allowed to cool to ca. 20 °C, the 

precipitate filtered and washed with H2O (5 mL), then EtOH (5 mL) and dried under 

vacuum to give the title compound 32a (187 mg, 90%) as yellow needles, mp 234-235 °C 

(from DCE/c-hexane); Rf 0.76 (DCM); (found: C, 59.82; H, 3.67; N, 7.55. C19H14N2O5S 

requires C, 59.68; H, 3.69; N, 7.33%); λmax(DCM)/nm 258 (log ε 4.22), 356 (4.40); 

vmax/cm-1 1724s (C=O), 1616s, 1433m, 1400m, 1331w, 1307w, 1281s, 1259s, 1234m, 

1188m, 1177m, 1107s, 1013m, 997w, 953m, 856m, 837w, 779m, 764m, 750s; δH(500 

MHz; CD2Cl2) 8.23 (4H, d, J 8.6, Ar H), 8.12 (4H, d, J 8.6, Ar H), 3.93 (6H, s, CH3); 

δC(125 MHz; CD2Cl2) 166.7 (Cq), 165.4 (Cq), 160.7 (Cq), 138.6 (Cq), 132.8 (Cq), 129.7 

(CH), 129.3 (CH), 52.6 (CH3); m/z (MALDI-TOF) 383 (MH+, 86%), 381 (M+-H, 100), 

353 (61), 341 (36). 

 

3-Chloro-5-(2-methoxyphenyl)-4H-1,2,6-thiadiazin-4-one (Int1). 

To an intimate mixture of 3,5-dichloro-4H-1,2,6-thiadiazin-4-one 

(31a) (100 mg, 0.546 mmol), (2-methoxyphenyl)boronic acid (83 mg, 

0.546 mmol), Pd(Ph3P)4 (15.8 mg, 2.5 mol %), and Na2CO3 (57.9 mg, 0.546 mmol) was 

added dioxane (1 mL) and H2O (0.6 mL) and the mixture heated to ca. 60 °C until 

complete consumption of the boronic acid (TLC, 30 min).  The mixture was then allowed 

to cool to ca. 20 °C, adsorbed onto silica and chromatographed (n-hexane/DCM, 50:50) 

to give the title compound Int1 (88.9 mg, 64%) as a yellow oil; Rf 0.18 (n-hexane/DCM, 

50:50); (found: C, 47.28; H, 2.68; N, 10.97. C10H7ClN2O2S requires C, 47.16; H, 2.77; 

N, 11.00%); λmax(DCM)/nm 314 (log ε 4.16); vmax/cm-1 1655s, 1599m, 1497m, 1481m, 

1437m, 1321m, 1300m, 1275m, 1250s, 1192m, 1182m, 1165m, 1117m, 1051m, 1022m, 

1016s, 866m, 841m, 799s, 783m, 766s, 756s, 719s; δH(500 MHz; CDCl3) 7.47 (1H, ddd, 

J 7.5, 7.5, 1.7, Ar H), 7.35 (1H, dd, J 7.6, 1.8, Ar H), 7.05 (1H, ddd, J 7.5, 7.5, 0.9, Ar 

H), 7.00 (1H, d, J 8.4, Ar H), 3.83 (3H, s, CH3); δC(125 MHz; CDCl3) 161.5 (Cq), 159.9 
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(Cq), 157.3 (Cq), 151.8 (Cq), 132.3 (CH), 130.0 (CH), 123.8 (Cq), 120.8 (CH), 111.6 

(CH), 55.9 (CH3); m/z (MALDI-TOF) 257 (MH++2, 69%), 255 (MH+, 100), 193 (40), 

177 (34).  A final elution (n-hexane/DCM, 50:50) gave 3,5-bis(2-methoxyphenyl)-4H-

1,2,6-thiadiazin-4-one (18a) (25.5 mg, 14%) as yellow needles, mp 128-129 °C (from c-

hexane) [lit. mp 128.5-129 °C],107 Rf 0.47 (n-hexane/DCM, 50:50); δH(500 MHz; CDCl3) 

7.45-7.40 (4H, m, Ar H), 7.05 (2H, dd, J 7.5, 7.5, Ar H), 6.99 (2H, d, J 8.0, Ar H), 3.84 

(6H, s, OCH3), identical to an authentic sample.107 

 

3.8.2.2 Preparation of Asymmetrical 3,5-Diaryl-4H-1,2,6-Thiadiazinones 

 

Methyl 4-[5-(4-methoxyphenyl)-4-oxo-4H-1,2,6-

thiadiazin-3-yl]benzoate (40a): (Typical 

procedure A, one pot).  To an intimate mixture of 

3,5-dichloro-4H-1,2,6-thiadiazin-4-one (31a) 

(100 mg, 0.546 mmol), [4-(methoxycarbonyl)phenyl]boronic acid (98.3 mg, 0.546 

mmol), Pd(Ph3P)4 (15.8 mg, 2.5 mol %), and Na2CO3 (57.9 mg, 0.546 mmol) was added 

dioxane (1 mL) and water (0.6 mL) and the mixture heated at ca. 60 °C for 1 h.  Then (4-

methoxyphenyl)boronic acid (91.3 mg, 0.601 mmol), Pd(Ph3P)4 (15.8 mg, 2.5 mol %), 

and Na2CO3 (57.9 mg, 0.546 mmol) were added and the mixture heated at ca. 100 °C 

until complete consumption of the intermediate mono-arylthiadiazinone (TLC, 1 h).  The 

mixture was allowed to cool to ca. 20 °C, adsorbed onto silica and chromatographed (n-

hexane/DCM, 50:50) to give 3,5-bis(4-methoxyphenyl)-4H-1,2,6-thiadiazin-4-one (16a) 

(19.5 mg, 11%) as yellow needles, mp 169-171 °C (from c-hexane) [lit. mp 169-171 

°C],107 Rf 0.55 (n-hexane/DCM, 50:50); 8.22 (4H, d, J 9.0, Ar H), 6.97 (4H, d, J 8.5, Ar 

H), 3.87 (6H, s, OCH3), identical to an authentic sample.107  Further elution (n-

hexane/DCM, 30:70) gave the title compound 40a (103.5 mg, 54%) as yellow plates, mp 

186-187 °C (from DCE/c-hexane); Rf 0.28 (n-hexane/DCM, 30:70); (found: C, 61.14; H, 

3.83; N, 7.73. C18H14N2O4S requires C, 61.01; H, 3.98; N, 7.91%); λmax(DCM)/nm 251 

(log ε 4.39), 376 (4.54); vmax/cm-1 2951w (alkyl C-H), 1715s, 1624s, 1601m, 1572w, 

1564w, 1504m, 1452w, 1431m, 1412m, 1402m, 1331m, 1310m, 1283s, 1256s, 1177m, 

1138w, 1109m, 1026m, 1016m, 997w, 961m, 870m, 843m, 808m, 766m, 743m; δH(500 

MHz; CDCl3) 8.26 (2H, d, J 8.9, Ar H), 8.22 (2H, d, J 8.6, Ar H), 8.12 (2H, dd, J 8.6, Ar 
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H), 6.98 (2H, d, J 9.0, Ar H), 3.95 (3H, s, CH3), 3.89 (3H, s, CH3); δC(125 MHz; CDCl3) 

166.5 (Cq), 165.3 (Cq), 162.2 (Cq), 160.3 (Cq), 159.2 (Cq), 138.6 (Cq), 131.8 (Cq), 131.1 

(CH), 129.4 (CH), 128.9 (CH), 127.0 (Cq), 113.7 (CH), 55.4 (CH3), 55.3 (CH3); m/z 

(MALDI-TOF) 355 (MH+, 100%), 239 (65).  A final elution (DCM) gave dimethyl 4,4'-

(4-oxo-4H-1,2,6-thiadiazine-3,5-diyl)dibenzoate (32a) (37.1 mg, 18%), Rf 0.76 (DCM); 

δH(500 MHz; CD2Cl2) 8.23 (4H, d, J 8.6, Ar H), 8.12 (4H, d, J 8.6, Ar H), 3.93 (6H, s, 

CH3), identical to that described above. 

 

3-(4-Methoxyphenyl)-5-(p-tolyl)-4H-1,2,6-

thiadiazin-4-one (43a).  Similar treatment (typical 

procedure A) of 3,5-dichloro-4H-1,2,6-thiadiazin-4-

one (31a) (100 mg, 0.546 mmol) with p-tolylboronic 

acid (74.2 mg, 0.546 mmol) for 1 h, followed by (4-methoxyphenyl)boronic acid (91.3 

mg, 0.601 mmol) for 1 h, gave after chromatography (n-hexane/DCM, 60:40) 3,5-di-p-

tolyl-4H-1,2,6-thiadiazin-4-one (13a) (21.6 mg, 13%) as yellow needles, mp 201-203 °C 

(from c-hexane) [lit. mp 202-204 °C],107 Rf 0.35 (n-hexane/DCM, 70:30); δH(500 MHz; 

CDCl3) 8.11 (2H, d, J 8.0, Ar H), 7.29 (2H, d, J 8.5, Ar H), 2.44 (6H, s, CH3), identical 

to an authentic sample.107  Further elution (n-hexane/DCM, 60:40) gave the title 

compound 43a (92.3 mg, 55%) as yellow needles, mp 144-145 °C (from c-hexane/EtOH); 

Rf 0.30 (n-hexane/DCM, 60:40); (found: C, 65.90; H, 4.65; N, 9.17. C17H14N2O2S 

requires C, 65.79; H, 4.55; N, 9.03%); λmax(DCM)/nm 248 (log ε 4.16), 374 (4.40); 

vmax/cm-1 1628m, 1601s, 1571w, 1506m, 1460m, 1441w, 1410m, 1333m, 1304m, 1258s, 

1177s, 1140m, 1117w, 1036m, 837s, 785m, 741m; δH(500 MHz; CDCl3) 8.24 (2H, d, J 

9.0, Ar H), 8.07 (2H, d, J 8.3, Ar H), 7.27 (2H, d, J 9.2, Ar H), 6.97 (2H, d, J 9.0, Ar H), 

3.88 (3H, s, CH3), 2.42 (3H, s, CH3); δC(125 MHz; CDCl3) 165.6 (Cq), 161.9 (Cq), 160.2 

(Cq), 159.7 (Cq), 141.4 (Cq), 132.1 (Cq), 130.9 (CH), 129.0 (CH), 128.9 (CH), 127.4 

(Cq), 113.6 (CH), 55.4 (OCH3), 21.5 (CH3); m/z (MALDI-TOF) 311 (MH+, 95%), 310 

(M+, 100), 290 (99), 279 (96), 214 (94), 165 (78), 135 (93), 119 (95).  A final elution (n-

hexane/DCM, 50:50) gave 3,5-bis(4-methoxyphenyl)-4H-1,2,6-thiadiazin-4-one (16a) 

(15.3 mg, 9%) as yellow needles, mp 169-171 °C (from c-hexane) [lit. mp 169-171 °C],107 

Rf 0.55 (n-hexane/DCM, 50:50); 8.22 (4H, d, J 9.0, Ar H), 6.97 (4H, d, J 8.5, Ar H), 3.87 

(6H, s, OCH3), identical to an authentic sample.107 
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3-(2-Methoxyphenyl)-5-(4-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (45a): (Typical procedure B, two-pot). 

To an intimate mixture of 3-chloro-5-(2-methoxyphenyl)-

4H-1,2,6-thiadiazin-4-one (Int1) (50.9 mg, 0.200 mol), (4-

methoxy-phenyl)boronic acid (33.4 mg, 0.220 mol), Pd(Ph3P)4 (5.8 mg, 2.5 mol %), and 

Na2CO3 (21.2 mg, 0.200 mmol) was added dioxane (0.5 mL) and H2O (0.3 mL) and the 

mixture heated to ca. 100 °C until complete consumption of the starting thiadiazine (TLC, 

1 h).  The mixture was allowed to cool to ca. 20 °C, adsorbed onto silica and 

chromatographed (n-hexane/DCM, 50:50) to give the title compound 45a (64.6 mg, 99%) 

as yellow plates, mp 134-135 °C (from EtOH); Rf 0.26 (n-hexane/DCM, 50:50); (found: 

C, 62.78; H, 4.25; N, 8.31. C17H14N2O3S requires C, 62.56; H, 4.32; N, 8.58%); 

λmax(DCM)/nm 246 (log ε 4.11), 272 inf (3.96), 365 (4.33); vmax/cm-1 3011w (aryl C-H), 

2928w, 2930w and 2831w (alkyl C-H), 1616m, 1599s, 1572w, 1508m, 1497m, 1466m, 

1456m, 1431m, 1414m, 1342m, 1314m, 1288m, 1258s, 1180s, 1165w, 1150m, 1113m, 

1051m, 1030m, 1011w, 997m, 878w, 864w, 851m, 814m, 758s, 735m; δH(500 MHz; 

Acetone-d6) 8.22 (2H, d, J 9.1, Ar H), 7.48 (1H, ddd, J 7.5, 7.5, 1.8, Ar H), 7.46 (1H, dd, 

J 7.3, 1.8, Ar H), 7.13 (1H, d, J 8.2, Ar H), 7.08 (1H, ddd, J 7.5, 7.5, 0.9, Ar H), 7.05 (2H, 

d, J 9.1, Ar H), 3.89 (3H, s, CH3), 3.83 (3H, s, CH3); δC(125 MHz; Acetone-d6) 165.8 

(Cq), 164.1 (Cq), 163.1 (Cq), 159.1 (Cq), 157.9 (Cq), 132.3 (CH), 131.4 (CH), 130.9 

(CH), 128.1 (Cq), 126.7 (Cq), 121.5 (CH), 114.5 (CH), 112.3 (CH), 56.2 (CH3), 55.0 

(CH3); m/z (MALDI-TOF) 327 (MH+, 54%), 326 (M+, 92), 304 (86), 295 (68), 256 (100), 

228 (95), 192 (63), 135 (89). 

 

3-(2-Methoxyphenyl)-5-(3-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (44a). Similar treatment (typical 

procedure B) of 3-chloro-5-(2-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (Int1) (50.9 mg, 0.200 mol) with (3-methoxyphenyl)boronic acid (33.4 

mg, 0.220 mol) for 30 min gave after chromatography (n-hexane/DCM, 50:50) the title 

compound 44a (55.6 mg, 85%) as yellow needles, mp 91-92 °C (from c-hexane); Rf 0.33 

(n-hexane/DCM, 50:50); (found: C, 62.26; H, 4.10; N, 8.69. C17H14N2O3S requires C, 

62.56; H, 4.32; N, 8.58%); λmax(DCM)/nm 239 (log ε 4.06), 342 (4.11); vmax/cm-1 2940w 

and 2837w (alkyl C-H), 1643m, 1599m, 1574m, 1491m, 1464m, 1427m, 1341m, 1292m, 

1287m, 1269s, 1250m, 1227m, 1179w, 1159w, 1134w, 1047s, 1024m, 1011m, 881m, 
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758s, 723m; δH(500 MHz; Acetone-d6) 7.74 (1H, ddd, J 7.7, 1.5, 1.0, Ar H), 7.72 (1H, 

dd, J 2.6, 1.6, Ar H), 7.51-7.46 (2H, m, Ar H), 7.42 (1H, dd, J 8.1, 8.1, Ar H), 7.14 (1H, 

d, J 8.3, Ar H), 7.12-7.07 (2H, m, Ar H), 3.86 (3H, s, CH3), 3.85 (3H, s, CH3); δC(125 

MHz; Acetone-d6) 165.6 (Cq), 164.7 (Cq), 160.4 (Cq), 159.5 (Cq), 157.9 (Cq), 136.8 

(Cq), 132.4 (CH), 130.9 (CH), 130.2 (CH), 126.5 (Cq), 121.8 (CH), 121.5 (CH), 117.7 

(CH), 114.6 (CH), 112.4 (CH), 56.3 (CH3), 55.7 (CH3); m/z (MALDI-TOF) 327 (MH+, 

54%), 285 (100), 151 (81), 135 (47). 

 

3-Phenoxy-5-phenyl-4H-1,2,6-thiadiazin-4-one (39a).  

Similar treatment (typical procedure B) of 3-chloro-5-

phenoxy-4H-1,2,6-thiadiazin-4-one (53a) (120 mg, 0.500 mol) 

with phenylboronic acid (67.0 mg, 0.550 mmol) for 2 h gave after chromatography (n-

hexane/DCM, 60:40) the title compound 39a (78 mg, 55%) as yellow plates, mp 152-153 

°C (from c-hexane); Rf 0.17 (n-hexane/DCM, 60:40); (found: C, 63.75; H, 3.50; N, 9.95. 

C15H10N2O2S requires C, 63.82; H, 3.57; N, 9.92%); λmax(DCM)/nm 243 inf (log ε 3.77), 

316 (4.16), 354 (4.17); vmax/cm-1 3092w and 3065w (aryl C-H), 1632m, 1589w, 1524m, 

1487m, 1454w, 1441m, 1342s, 1314m, 1279s, 1194s, 1180m, 1165m, 1121m, 1078w, 

1022m, 1003w, 974w, 876m, 754s, 733s; δH(500 MHz; CDCl3) 8.20-8.18 (2H, m, Ar H), 

7.50-7.45 (5H, m, Ar H), 7.33 (1H, ddt, J 7.4, 7.4, 1.0, Ar H), 7.22-7.20 (2H, m, Ar H); 

δC(125 MHz; CDCl3) 161.1 (Cq), 158.9 (Cq), 157.9 (Cq), 151.5 (Cq), 134.2 (Cq), 130.9 

(CH), 129.8 (CH), 128.8 (CH), 128.3 (CH), 126.4 (CH), 121.8 (CH); m/z (MALDI-TOF) 

283 (MH+, 64%), 281 (M+, 81), 279 (100), 272 (60), 256 (35), 180 (39). 

 

3-Methoxy-5-(3-nitrophenyl)-4H-1,2,6-thiadiazin-4-one 

(42a).  Similar treatment (typical procedure B) of 3-chloro-5-

methoxy-4H-1,2,6-thiadiazin-4-one (53a) (89.3 mg, 0.500 

mol) with (3-nitrophenyl)boronic acid (91.8 mg, 0.550 mol) for 15 min gave after 

chromatography (n-hexane/DCM, 40:60) the title compound 42a (72.5 mg, 55%) as 

yellow needles, mp 175-176 °C (from DCE/c-hexane); Rf 0.29 (n-hexane/DCM, 40:60); 

(found: C, 45.00; H, 2.34; N, 15.76. C10H7N3O4S requires C, 45.28; H, 2.66; N, 15.84%); 

λmax(DCM)/nm 281 (log ε 3.99), 314 (4.00), 356 (4.12); vmax/cm-1 3123w, 3098w, 2945w 

(C-H), 1632s, 1535s, 1518s, 1477w, 1449w, 1427w, 1342s, 1281m, 1192m, 1179w, 
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1146m, 1092m, 1001m, 955m, 907m, 866m, 812m, 745m, 735m; δH(500 MHz; CDCl3) 

9.03 (1H, dd, J 2.0, 2.0, Ar H), 8.59 (1H, ddd, J 7.9, 1.1, 1.1, Ar H), 8.31 (1H, ddd, J 8.2, 

2.2, 1.4, Ar H), 7.65 (1H, dd, J 8.0, 8.0, Ar H), 4.04 (3H, s, CH3); δC(125 MHz; CDCl3) 

161.0 (Cq), 159.2 (Cq), 154.6 (Cq), 148.2 (Cq), 135.6 (Cq), 134.4 (CH), 129.3 (CH), 

124.9 (CH), 123.7 (CH), 55.1 (CH3); m/z (MALDI-TOF) 266 (MH+, 100%). 

 

3-Phenyl-5-(phenylamino)-4H-1,2,6-thiadiazin-4-one (35a).  

Similar treatment (general procedure B) of 3-chloro-5-

(phenylamino)-4H-1,2,6-thiadiazin-4-one (52a) (120 mg, 

0.500 mol) with phenylboronic acid (67.0 mg, 0.550 mmol) for 2 h gave after 

chromatography (n-hexane/DCM, 70:30) the title compound 35a (128.3 mg, 91%) as 

orange needles, mp 158-159 °C (from c-hexane); Rf 0.30 (n-hexane/DCM, 70:30); 

(found: C, 64.28; H, 3.64; N, 14.89. C15H11N3OS requires C, 64.04; H, 3.94; N, 14.94%); 

λmax(DCM)/nm 253 inf (log ε 3.89), 346 (4.34), 411 (3.87); vmax/cm-1 3300w (N-H), 

1605m, 1584s, 1551s, 1510w, 1497m, 1447m, 1342m, 1310w, 1229m, 1186w, 1030w, 

893m, 872m, 750s; δH(500 MHz; CDCl3) 9.02 (1H, br. s, NH), 8.18 (2H, dd, J 8.2, 1.9, 

Ar H), 7.69 (2H, d, J 7.8, Ar H), 7.49-7.45 (3H, m, Ar H), 7.40 (2H, dd, J 7.8, 7.8, Ar H), 

7.17 (1H, dd, J 7.4, 7.4, Ar H); δC(125 MHz; CDCl3) 159.1 (Cq), 152.2 (Cq), 151.9 (Cq), 

137.4 (Cq), 135.2 (Cq), 130.0 (CH), 129.2 (CH), 128.4 (CH), 128.2 (CH), 124.5 (CH), 

119.7 (CH); m/z (APCI+) 282 (MH+, 100%), 153 (16), 130 (45), 124 (22). 

 

3-(5-Nitrothien-2-yl)-5-(thien-2-yl)-4H-1,2,6-thiadiazin-4-

one (41a). To a beaker cooled at -15 °C using a salt/ice water 

bath, 15 mL of Ac2O was added and allowed to cool.  Then, 

concd HNO3 (3.5 mL) was slowly added and mixed thoroughly.  The resulting solution 

was then added to a 50 mL round bottom flask containing 3,5-di(thien-2-yl)-4H-1,2,6-

thiadiazin-4-one (27a) (100 mg, 0.359 mmol) in DCM (10 mL) and the solution stirred 

until complete consumption of 27a as monitored by TLC (n-hexane/DCM, 50:50).  The 

solution was then placed in a separation funnel, and the organic phase was collected and 

washed with brine.  The organic phase was then dried with Na2SO4, and the solvent was 

evaporated under vacuum.  The resulting residue was then separated using column 

chromatography using an eluent mixture of n-hexane/DCM (50:50) to afford the title 



Chapter 3: Photochemical Ring Editing: Selective Carbon Excision from Thiadiazines 

173 

 

compound 41a (97.4 mg, 84%) as orange needles. mp (hot-stage) 206-207 °C (CHCl3); 

Rf 0.43 (n-hexane/DCM, 50:50); λmax(DCM)/nm 287 (log ε 3.88), 436.5 (3.91); νmax/cm-

1 3102m, 2922m, 1598s (C=O), 1522w, 1492s, 1408m, 1391m, 1325s, 1260m, 1221w, 

1200w, 1150w, 1125w, 1056m, 1037m, 1000m, 873m, 844w, 820w, 844w, 820s, 789m, 

731m, 713s; δH(400 MHz, CDCl3) 8.37 (1H, dd, J 4.0, 1.2, Ar H), 8.04 (1H, d, J 4.4, Ar 

H), 7.96 (1H, d, J 4.8, Ar H), 7.74 (1H, dd, J 5.2, 1.2, Ar H), 7.24 (1H, dd, J 5.2, 4.0, Ar 

H); δC(100 MHz, CDCl3) 161.2, 155.1, 152.0, 139.8, 136.1, 135.0, 133.7, 129.4, 128.4, 

127.7, one C resonance missing; m/z (ESI-) Calculated for [M+Cl]- 357.9187, found: 

357.9173. 

 

3.8.3 Preparation of 1,2,5-Thiadiazole 1-oxides from 4H-1,2,6-Thiadiazines 

 

It is noted that no Rf values are reported for the 1,2,5-thiadiazole 1-oxide products as 

those decomposed on silica, as explained in section 3.7.4.  Moreover, it was observed that 

some of the derivatives, exhibited substantial fragmentation upon MS analysis, making 

the identification of their molecular peaks challenging. Since this scaffold has not been 

reported previously, a known fragmentation pattern is not available.  

 

3.8.3.1 Preparation of Symmetric 1,2,5-Thiadiazole 1-oxides 

 

2-Benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-one 1-oxide (1b).  

Method A (batch): In a screw capped 5 mL glass vial, a stirred 

solution of 3,5-diphenyl-4H-1,2,6-thiadiazin-4-one (1a) (10.0 mg, 

0.0375 mmol) in CDCl3 (1 mL) at ca. 20 °C was irradiated with 420 

nm light until it was consumed (monitored by TLC, CHCl3/n-hexane, 50:50) over a period 

of 15 min.  The resulting solution was then evaporated giving the title compound 1b (11.2 

mg, 100%) as colourless needles, mp (hot-stage) 171-172 °C (CHCl3); (found: C, 60.04; 

H, 3.38; N, 9.45; S, 10.77. C15H10N2O3S requires C, 60.39; H, 3.38; N, 9.39; S, 10.75%);  

λmax(DCM)/nm 244.5 (log ε 4.32), 296 (4.26); νmax/cm-1 1733s (C=O), 1699s (C=O), 

1600w, 1584m, 1563m, 1491w, 1447m, 1322w, 1309w, 1254m, 1208m, 1186s, 1177w, 

1150s, 1066m (S=O), 1041m, 1019m, 1000w, 977w, 938w, 926w, 900w, 866w, 837w, 
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803m, 784w, 747m, 715m; δH(300 MHz, CDCl3) 8.47-8.51 (2H, m, Ar H), 7.81-7.85 (2H, 

m, Ar H), 7.66-7.74 (2H, m, Ar H), 7.50-7.57 (4H, m, Ar H); δC(100 MHz, CDCl3) 167.9, 

166.4, 157.8, 135.5, 134.5, 131.3, 131.1, 130.2, 129.3, 128.7, 128.4; m/z (ESI+): 

Calculated for [M+H]+ 299.0490, found: 299.0468. 

Method B (flow): The contents of a 25 mL round bottom flask containing a solution of 

3,5-diphenyl-4H-1,2,6-thiadiazin-4-one (1a) (10.0 mg, 0.0375 mmol) in CDCl3 (5 mL) 

were pumped through a Vapourtec UV-150 photochemical reactor, equipped with a 420 

nm LED lamp at 3.30 mL min-1 (1 min residence time).  After exiting the photoreactor, 

the solution was then passed through a back pressure regulator which kept the pressure at 

3 bar before exiting the flow machine and collected in a 25 mL round bottom flask.  The 

resulting solution was then evaporated giving the title compound 1b (11.2 mg, 100%) as 

colourless needles, mp (hot-stage) 171-172 °C (CHCl3); identical to that described above. 

 

(2-Oxido-4-phenyl-6,9-dioxa-2-thia-1,3-diazaspiro[4.4]non-3-

en-1-yl)(phenyl)methanone (5b).  Similar treatment (Method B) 

of 6,10-diphenyl-1,4-dioxa-8-thia-7,9-diazaspiro[4.5]deca-6,9-

diene (5a) (11.6 mg, 0.0375 mmol) under 420 nm light for 10 min 

gave the title compound 5b (11.7 mg, 91%) as colourless needles, 

mp (hot-stage) 100-101 °C (CHCl3) decomp.; λmax (DCM)/nm 268.5 (log ε 5.02); νmax/cm-

1 2916m (alkyl C-H), 1681s (C=O), 1596m, 1570m, 1489w, 1446m, 1361w, 1289s, 

1206m, 1125m, 1051s, 977w, 948w, 896m, 849w, 794m, 746m 722m; δH(400 MHz, 

CDCl3) 7.95-7.98 (2H, m, Ar H), 7.66-7.71 (2H, m, Ar H), 7.63 (1H, tt, J 6.2, 1.3, Ar H), 

7.57 (1H, tt, J 7.5, 1.4, Ar H), 7.48-7.53 (4H, m, Ar H), 4.74-4.79 (1H, m, CH2), 4.62-

4.67 (1H, m, CH2), 4.28-4.38 (2H, m, CH2); δC(100 MHz, CDCl3) 176.7, 168.6, 135.0, 

133.7, 132.2, 129.9, 129.5, 129.0, 128.9, 128.4, 119.6, 69.0; m/z (ESI+): Calculated for 

[M+H]+ 343.0753, found: 343.0770. 

 

[2-Oxido-4-(p-tolyl)-6,9-dioxa-2-thia-1,3-diazaspiro[4.4]non-

3-en-1-yl](p-tolyl)methanone (6b).  Similar treatment (Method 

B) of 6,10-di-p-tolyl-1,4-dioxa-8-thia-7,9-diazaspiro[4.5]deca-

6,9-diene (6a) (12.7 mg, 0.0375 mmol) under 420 nm light for 

14 min gave the title compound 6b (13.1 mg, 94%) as colourless 
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needles, mp (hot-stage) 169-170 °C (Et2O); λmax (DCM)/nm 287 (log ε 4.12); νmax/cm-1 

1677s (C=O), 1588s, 1557m, 1510w, 1485w, 1297s, 1183m, 1158m, 1127m, 1051s, 

1017m, 977w, 947m, 900m, 858m, 823m, 790m, 752s, 702m; δH(400 MHz, CDCl3) 7.87 

(2H, d, J 8.4, Ar H), 7.60 (2H, d, J 8.4, Ar H), 7.30 (4H, dd, J 8.0, 0.4, Ar H), 4.65-4.83 

(2H, m, CH2), 4.30-4.40 (2H, m, CH2), 2.45 (3H, s, CH3), 2.42 (3H, s, CH3); δC(100 MHz, 

CDCl3) 176.5, 168.7, 144.9, 142.8, 132.2, 129.8, 129.6, 129.5, 128.5, 127.0, 119.6, 69.03, 

68.97, 21.9, 21.8; m/z (ESI+): Calculated for [M+H]+ 371.1066, found: 371.1071. 

 

[2-Oxido-4-(phenylethynyl)-6,9-dioxa-2-thia-1,3-

diazaspiro[4.4]non-3-en-1-yl]-3-phenylprop-2-yn-1-one 

(22b).  Similar treatment (Method B) of 6,10-

bis(phenylethynyl)-1,4-dioxa-8-thia-7,9-

diazaspiro[4.5]deca-6,9-diene (7a) (13.4 mg, 0.0375 mmol) 

under 420 nm light for 60 min gave the title compound 7b 

(13.1 mg, 90%) as beige plates, mp (hot-stage) 115-117 °C (Et2O); λmax (DCM)/nm 277 

(log ε 4.10), 286 (4.09), 320 inf (3.92); νmax/cm-1 2203s (C≡C), 1676s (C=O), 1601w, 

1580s, 1490w, 1443w, 1393w, 1306s, 1231m, 1190s, 1150s, 1045s, 929m, 887m, 820m, 

783w, 757s, 722m; δH(400 MHz, CDCl3) 7.67 (2H, d, J 7.2, Ar H), 7.60-7.63 (2H, m, Ar 

H), 7.46-7.54 (2H, m, Ar H), 7.40-7.45 (4H, m, Ar H), 4.63-4.70 (2H, m, CH2), 4.40-4.47 

(2H, m, CH2); δC(100 MHz, CDCl3) 133.3, 133.2, 131.9, 131.5, 129.1, 128.9, 119.5, 

119.0, 80.6, 69.4, 68.8.  Five of the C resonances belonging to alkyne and phenyl groups 

are overlapping; m/z (ESI+): Calculated for [M+H]+ 391.0753, found: 391.0753. 

 

(4-Fluorophenyl)[4-(4-fluorophenyl)-2-oxido-6,9-dioxa-2-

thia-1,3-diazaspiro[4.4]non-3-en-1-yl]methanone (8b).  

Similar treatment (Method B) of 6,10-bis(4-fluorophenyl)-1,4-

dioxa-8-thia-7,9-diazaspiro[4.5]deca-6,9-diene (8a) (13.0 mg, 

0.0375 mmol) under 420 nm light for 60 min gave the title 

compound 8b (13.5 mg, 95%) as colourless needles, mp (hot-stage) 160-161 °C (Et2O); 

λmax (DCM)/nm 276 (log ε 4.13); νmax/cm-1 2986w and 2908w (alkyl C-H), 1688s (C=O), 

1600s, 1580s, 1507m, 1484w, 1408w, 1303s, 1240m, 1230m, 1208m, 1165w, 1157m, 

1139s, 1123s, 1104w, 1052s, 1005s, 981m, 959m, 945s, 900s, 852m, 844s, 822w, 799w, 
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758s, 749s, 719w, 701w; δH(400 MHz, CDCl3) 7.99-8.03 (2H, m, Ar H), 7.71-7.75 (2H, 

m, Ar H), 7.17-7.23 (4H, m, Ar H), 4.69-4.82 (2H, m, CH2), 4.31-4.40 (2H, m, CH2); 

δC(100 MHz, CDCl3) 174.5, 167.5, 166.3 (d, 1JCF 255.0), 165.0 (d, 1JCF 252.0), 132.2 (d, 

3JCF 9.0), 131.1 (d, 3JCF 9.0), 125.9 (d, 4JCF 3.0), 119.5, 116.5 (d, 2JCF 22.0), 116.2 (d, 2JCF 

22.0), 69.1.  One C resonance is missing; m/z (ESI+): Calculated for [M+H]+ 379.0564, 

found: 379.0564. 

 

(1'-oxido-4'-phenyl-2'H-spiro[benzo[d][1,3]dioxole-2,3'-

[1,2,5]thiadiazol]-2'-yl)(phenyl)methanone (9b).  Similar 

treatment (Method B) of 3',5'-diphenylspiro[benzo[d][1,3]dioxole-

2,4'-[1,2,6]thiadiazine (9a) (13.4 mg, 0.0375 mmol) under 420 nm 

light for 10 min gave the title compound 9b (14.0 mg, 96%) as a 

colourless needles, mp (hot-stage) 155-160 °C (Et2O) decomp.; λmax (DCM)/nm 277 (log 

ε 3.81); νmax/cm-1 1698s (C=O), 1605m, 1595m, 1572w, 1482s, 1445m, 1362w, 1279s, 

1261m, 1228s, 1197w, 1180w, 1129s, 1098m, 1063s, 1024m, 1001m, 980w, 961m, 

918w, 796s, 739s, 717s; δH(300 MHz, CDCl3) 7.86-7.90 (2H, m, Ar H), 7.66-7.69 (2H, 

m, Ar H), 7.59 (1H, tt, J 7.5, 1.2, Ar H), 7.52 (1H, tt, J 7.5, 1.5, Ar H), 7.36-7.45 (4H, m, 

Ar H), 6.98-7.06 (3H, m, Ar H), 6.89-6.91 (1H, m, Ar H); δC(100 MHz, CDCl3) 172.3, 

168.3, 146.1, 146.0, 134.7, 134.0, 132.5, 129.9, 129.3, 128.8, 128.5, 128.3, 123.4, 123.2, 

121.0, 109.1, 108.7; m/z (ESI+): Calculated for [M+H]+ 391.0753, found: 391.0752. 

 

[1'-Oxido-4'-(p-tolyl)-2'H-spiro(benzo[d][1,3]dioxole-2,3'-

[1,2,5]thiadiazol)-2'-yl](p-tolyl)methanone (11b).  Similar 

treatment (Method B) of 3',5'-di-p-

tolylspiro(benzo[d][1,3]dioxole-2,4'-[1,2,6]thiadiazine) (11a) 

(14.5 mg, 0.0375 mmol) under 420 nm light for 10 min gave the 

title compound 11b (13.8 mg, 88%) as  colourless needles, mp 

(hot-stage) 166-167 °C (Et2O) decomp.; λmax(DCM)/nm 284 (log ε 4.17), 297 inf (4.13); 

νmax/cm-1 1696m (C=O), 1591m, 1560w, 1481s, 1278s, 1229w, 1183w, 1136m, 1063w, 

1018w, 961w, 910w, 826w, 804w, 780w, 749s; δH(400 MHz, CDCl3) 7.77 (2H, d, J 8.4, 

Ar H), 7.58 (2H, d, J 8.4, Ar H), 7.21 (4H, dd, J 12.8, 7.6, Ar H), 6.98-7.05 (3H, m, Ar 

H), 6.89-6.91 (1H, m, Ar H), 2.38 (6H, s, CH3); δC(100 MHz, CDCl3) 172.2, 168.2, 
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146.22, 146.15, 143.2, 131.3, 130.1, 130.0, 129.5, 129.4, 128.7, 125.6, 123.3, 123.0, 

121.0, 109.0, 108.6, 22.0, 21.8; m/z (ESI+): Calculated for [M+H]+ 419.1066, found: 

419.1063. 

 

2-(4-Methylbenzoyl)-4-(p-tolyl)-1,2,5-thiadiazol-3(2H)-one 1-

oxide (13b).  Similar treatment (Method A) of 3,5-di-p-tolyl-4H-

1,2,6-thiadiazin-4-one (13a) (11.0 mg, 0.0375 mmol) under 420 

nm light for 15 min gave the title compound 13b (12.2 mg, 100%) 

as  colourless needles, mp (hot-stage) 169-170 °C (CHCl3) 

decomp.; λmax(DCM)/nm 250 (log ε 4.17), 326 (4.13); νmax/cm-1 

2920w (alkyl C-H), 1728m (C=O), 1700m (C=O), 1606m, 1585m, 1551m, 1509w, 

1447w, 1401w, 1364w, 1309w, 1254m, 1207m, 1171m, 1149s, 1063m, 1033w, 1017s, 

968w, 906w, 833m, 826m, 796w, 777w, 758m, 740s; δH(400 MHz, CDCl3) 8.40 (2H, dd, 

J 6.8, 1.6, Ar H), 7.74 (2H, dd, J 6.8, 1.6, Ar H), 7.31-7.34 (4H, m, Ar H), 2.46 (6H, s, 

CH3); δC(100 MHz, CDCl3) 167.7, 166.0, 158.1, 147.2, 145.8, 131.2, 130.4, 130.1, 129.5, 

128.6, 125.8, 22.2, 22.1; m/z (ESI+): Calculated for [M+H]+ 327.0803, found: 327.0790. 

 

2-(3-Methylbenzoyl)-4-(m-tolyl)-1,2,5-thiadiazol-3(2H)-one 

1-oxide (14b).  Similar treatment (Method B) of 3,5-di-m-

tolyl-4H-1,2,6-thiadiazin-4-one (14a) (11.0 mg, 0.0375 mmol) 

under 420 nm light for 2 min gave the title compound 14b (11.8 

mg, 97%) as colourless needles, mp (hot-stage) 143-144 °C 

(CHCl3); λmax(DCM)/nm 253 (log ε 4.91), 314 (4.86); νmax/cm-1 2923w (alkyl C-H), 1728s 

(C=O), 1695m (C=O), 1606w, 1581m, 1554m, 1479w, 1456w, 1425w, 1385w, 1276m, 

1225m, 1193m, 1161s, 1085m, 1054m, 1000w, 939m, 932w, 890m, 826m, 797m, 760s, 

739s, 716m; δH(400 MHz, CDCl3) 8.29 (2H, dd, J 5.6, 0.4, Ar H), 7.59-7.62 (2H, m, Ar 

H), 7.49 (2H, dd, J 8.0, 8.0, Ar H), 7.38-7.43 (2H, m, Ar H), 2.43 (3H, s, CH3), 2.42 (3H, 

s, CH3); δC(100 MHz, CDCl3) 168.1, 166.4, 157.9, 139.2, 138.8, 136.4, 135.3, 131.4, 

130.5, 129.2, 128.6, 128.41, 128.37, 127.3, 21.5, 21.4.  One C resonance missing; m/z 

(ESI+): Calculated for [M+H]+ 327.0803, found: 327.0809. 
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2-(2-Methylbenzoyl)-4-(o-tolyl)-1,2,5-thiadiazol-3(2H)-one 1-

oxide (15b).  Similar treatment (Method A) of 3,5-di-o-tolyl-4H-

1,2,6-thiadiazin-4-one (15a) (11.0 mg, 0.0375 mmol) under 420 

nm light for 30 min gave the title compound 15b (12.2 mg, 100%) 

as colourless needles, mp (hot-stage) 175-176 °C (CHCl3) 

decomp.; λmax(DCM)/nm 247 (log ε 3.94), 308 (3.92); νmax/cm-1 2927w (alkyl C-H), 

1735m (C=O), 1692m (C=O), 1586m, 1573m, 1487w, 1457m, 1381w, 1300w, 1242s, 

1213s, 1197m, 1147s, 1056m, 1044m, 1021m, 905w, 868w, 824w, 777m, 762m, 747m, 

734s, 700m; δH(400 MHz, CDCl3) 8.00 (1H, dd, J 8.4, 1.6, Ar H), 7.44-7.52 (3H, m, Ar 

H), 7.29-7.38 (4H, m, Ar H), 2.63 (3H, s, CH3), 2.47 (3H, s, CH3); δC(100 MHz, CDCl3) 

168.4, 168.3, 157.6, 141.3, 137.7, 133.7, 132.44, 132.38, 132.3, 131.9, 131.4, 128.6, 

126.9, 126.2, 126.0, 22.0, 19.8; m/z (ESI+): Calculated for [M+H]+ 327.0803, found: 

327.0783. 

 

2-(4-Methoxybenzoyl)-4-(4-methoxyphenyl)-1,2,5-

thiadiazol-3(2H)-one 1-oxide (16b).  Similar treatment 

(Method A) of 3,5-bis(4-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (16a) (12.2 mg, 0.0375 mmol) under 420 

nm light for 15 min gave the title compound 16b (13.4 mg, 

100%) as  yellow needles, mp (hot-stage) 192-193 °C 

(CHCl3) decomp. ; λmax(DCM)/nm 257 (log ε 3.99), 281 (3.97), 359 (4.05); νmax/cm-1 

2941w and 2846w (alkyl C-H), 1728m (C=O), 1692m (C=O), 1601s, 1577m, 1548m, 

1511m, 1459w, 1445w, 1424w, 1317m, 1258s, 1182w, 1166m, 1152s, 1064m, 1018m, 

907m 841m, 817w, 784w, 762m, 753m, 727w, 717w, 702m; δH(400 MHz, CDCl3) 8.53–

8.57 (2H, m, Ar H), 7.83–7.87 (2H, m, Ar H), 6.98–7.03 (4H, m, Ar H), 3.92 (3H, s, 

CH3), 3.91 (3H, s, CH3); δC(100 MHz, CDCl3) 166.9, 165.8, 164.9, 164.8, 158.6, 133.8, 

133.1, 123.6, 121.1, 114.9, 114.1, 55.9, 55.8; m/z (ESI+): Calculated for [M+H]+ 

359.0702, found: 359.0683. 
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2-(3-Methoxybenzoyl)-4-(3-methoxyphenyl)-1,2,5-

thiadiazol-3(2H)-one 1-oxide (17b).  Similar treatment 

(Method A) of 3,5-bis(3-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (17a) (12.2 mg, 0.0375 mmol) under 

420 nm light for 25 min gave the title compound 17b 

(13.4 mg, 100%) as  yellow needles, mp (hot-stage) 119-120 °C (CHCl3) decomp.; 

λmax(DCM)/nm 260 (log ε 4.07), 310 (4.00), 379 inf (3.44); νmax/cm-1 3080w (aryl C-H) 

and 3003w (C-H), 2940w and 2830w (alkyl C-H), 1732s (C=O), 1688m (C=O), 1597m, 

1557m, 1487m, 1425m, 1335w, 1291w, 1275m, 1247m, 1227m, 1197w, 1152s, 1083w, 

1056w, 1029s, 994m, 943m, 890w, 857m, 822m, 790m, 756m, 740m; δH(400 MHz, 

CDCl3) 8.14 (1H, dt, J 7.6, 1.2, Ar H), 7.97 (1H, dd, J 2.4, 1.6, Ar H), 7.38-7.46 (3H, m, 

Ar H), 7.33 (1H, dd, J 2.4, 1.2, Ar H), 7.22-7.26 (2H, m, Ar H), 3.88 (3H, s, CH3), 3.87 

(3H, s, CH3); δC(100 MHz, CDCl3) 167.7, 166.1, 160.1, 159.8, 157.8, 132.6, 130.3, 129.8, 

129.5, 124.0, 122.7, 122.5, 120.9, 114.6, 55.74, 55.72. One C resonance missing; m/z 

(ESI+): Calculated for [M+H]+ 359.0702, found: 359.0714. 

 

2-(2-Methoxybenzoyl)-4-(2-methoxyphenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (18b).  Similar treatment (Method A) of 

3,5-bis(2-methoxyphenyl)-4H-1,2,6-thiadiazin-4-one (18a) 

(12.2 mg, 0.0375 mmol) under 420 nm light for 4 h gave the 

title compound 18b (13.4 mg, 100%) as yellow needles, mp 

(hot-stage) 139-140 °C (CHCl3) decomp.; λmax(DCM)/nm 262 (log ε 4.15), 297 (3.14), 

370 inf (3.60); νmax/cm-1 2931w and 2836w (alkyl C-H), 1762m (C=O), 1664m (C=O), 

1664m, 1598s, 1490m, 1455m, 1432m, 1297m, 1276m, 1243s, 1196w, 1162w, 1143s, 

1124m, 1073w, 1052w, 1041w, 1019s, 936w, 907m, 851w, 816w, 747s, 708m; δH(400 

MHz, CDCl3) 7.74 (1H, dd, J 8.0, 1.6, Ar H), 7.50-7.57 (3H, m, Ar H), 7.03-7.08 (3H, m, 

Ar H), 6.96 (1H, d, J 8.4, Ar H), 3.88 (3H, s, CH3), 3.83 (3H, s, CH3); δC(100 MHz, 

CDCl3) 169.1, 166.5, 159.9, 157.7, 156.5, 135.2, 134.2, 132.2, 130.3, 122.3, 121.0, 120.9, 

117.9, 112.3, 111.4, 56.3, 56.0; m/z (ESI+): Calculated for [M+H]+ 359.0702, found: 

359.0711. 
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2-(4-Chlorobenzoyl)-4-(4-chlorophenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (19b).  Similar treatment (Method A) of 

3,5-bis(4-chlorophenyl)-4H-1,2,6-thiadiazin-4-one (19a) (12.6 

mg, 0.0375 mmol) under 420 nm light for 15 min gave the title 

compound 19b (13.8 mg, 100%) as colourless needles, mp (hot-

stage) 179-181 °C (CHCl3) decomp.; λmax(DCM)/nm 250 (log ε 

4.18), 325 (4.10); νmax/cm-1 3100w (aryl C-H), 1728m (C=O), 1673m (C=O), 1586s, 

1488m, 1402m, 1304w, 1270m, 1210m, 1185w, 1151s, 1117w, 1090s, 1032w, 1011m, 

958w, 901m, 840s, 790m, 763m, 743s, 715m; δH(400 MHz, CDCl3) 8.45 (2H, dd, J 8.8, 

2.4, Ar H), 7.77 (2H, dd, J 8.8, 2.4, Ar H), 7.50-7.55 (4H, m, Ar H); δC(100 MHz, CDCl3) 

166.9, 165.4, 157.6, 142.8, 141.4, 132.4, 131.6, 129.9, 129.5, 129.2, 126.7; m/z (ESI+): 

Calculated for [M+Na]+ 388.9530, found: 388.9530. 

 

2-(3-Chlorobenzoyl)-4-(3-chlorophenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (20b).  Similar treatment (Method A) of 

3,5-bis(3-chlorophenyl)-4H-1,2,6-thiadiazin-4-one (20a) 

(12.6 mg, 0.0375 mmol) under 420 nm light for 25 min gave 

the title compound 20b (13.8 mg, 100%) as  colourless 

needles, mp (hot-stage) 167-169 °C (CHCl3) decomp.; λmax(DCM)/nm 244 (log ε 3.57), 

300 (3.49); νmax/cm-1 3069w (aryl C-H), 1736m (C=O), 1692s (C=O), 1576m, 1551s, 

1472w, 1423m, 1408m, 1284m, 1252s, 1197m, 1153s, 1089w, 1072m, 1032w, 998w, 

928m, 914w, 889m, 830w, 800m, 792m, 769w, 740s, 712m; δH(400 MHz, CDCl3) 8.47 

(1H, dd, J 2.0, 2.0, Ar H), 8.38 (1H, dt, J 8.4, 1.2, Ar H), 7.78 (1H, dd, J 2.0, 2.0, Ar H) 

7.65-7.70 (3H, m, Ar H), 7.49 (2H, dd, J 15.2, 7.6, Ar H); δC(100 MHz, CDCl3) 166.7, 

165.4, 157.3, 135.7, 135.6, 135.1, 134.5, 132.8, 130.8, 130.6, 130.1, 130.0, 129.8, 129.2, 

128.1; m/z (ESI+): Calculated for [M+Na]+ 388.9530, found: 388.9549. 

 

2-(2-Chlorobenzoyl)-4-(2-chlorophenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (21b).  Similar treatment (Method A) of 3,5-

bis(2-chloro-phenyl)-4H-1,2,6-thiadiazin-4-one (21a) (12.6 mg, 

0.0375 mmol) under 420 nm light for 2 h gave the title compound 

21b (13.8 mg, 100%) as colourless plates, mp (hot-stage) 173-175 
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°C (CHCl3) decomp.; λmax(DCM)/nm 241 (log ε 3.90), 296 (3.76); νmax/cm-1 3098w (C-

H), 1743s (C=O), 1703s (C=O), 1589m, 1566w, 1473w, 1436m, 1291w, 1249s, 1210s, 

1151s, 1094m, 1072w, 1031m, 1020m, 958w, 909w, 875w, 803m, 777m, 744s, 715w; 

δH(400 MHz, CDCl3) 7.69-7.71 (1H, m, Ar H), 7.53-7.55 (2H, m, Ar H), 7.48-7.51 (3H, 

m, Ar H) 7.39-7.43 (2H, m, Ar H); δC(100 MHz, CDCl3) 169.0, 165.6, 156.1, 134.5, 

134.1, 133.1, 132.29, 132.25, 131.5, 131.2, 130.2, 129.4, 127.4, 127.13, 127.08; m/z 

(ESI+): Calculated for [M+H]+ 366.9711, found: 366.9743. 

 

Methyl 4-methoxy-3-oxo-1,2,5-thiadiazole-2(3H)-carboxylate 1-oxide 

(15b).  Similar treatment (Method A) of 3,5-dimethoxy-4H-1,2,6-

thiadiazin-4-one (22a) (6.5 mg, 0.0375 mmol) under 420 nm light for 15 

min gave the title compound 22b (7.7 mg, 100%) as colourless plates, mp 

(hot-stage) 98-100 °C (CHCl3); λmax(DCM)/nm no absorption above 235 nm; νmax/cm-1 

2961w (alkyl C-H), 1790s (C=O), 1729m (C=O), 1612s, 1441m, 1370w, 1265s, 1228s, 

1157s, 1033s, 1011s, 945m, 894s, 846w, 894s, 846w, 787w, 760m, 741m; δH(300 MHz, 

CDCl3) 4.21 (3H, s, CH₃), 4.03 (3H, s, CH₃); δC(100 MHz, CDCl3) 164.8, 151.6, 148.7, 

59.1, 55.2; m/z (ESI-): Calculated for [M+Na-2H]- 226.9739, found: 226.9780. 

 

Phenyl 3-oxo-4-phenoxy-1,2,5-thiadiazole-2(3H)-carboxylate 1-

oxide (23b).  Similar treatment (Method B) of 3,5-diphenoxy-4H-

1,2,6-thiadiazin-4-one (23a) (11.2 mg, 0.0375 mmol) under 420 nm 

light for 2 min gave the title compound 23b (11.5 mg, 93%) as 

colourless plates, mp (hot-stage) 163-164 °C (Et2O) decomp.; 

λmax(DCM)/nm 258 (log ε 3.99); νmax/cm-1 1784m (C=O), 1732s 

(C=O), 1622m, 1583m, 1487s, 1457w, 1373m, 1277s, 1217m, 1187m, 1168s, 1157s, 

1068w, 1026w, 1005m, 974w, 931m, 915w, 894m, 838m, 757s, 726s; δH(400 MHz, 

Acetone-d6) 7.46-7.60 (6H, m, Ar H), 7.42–7.46 (1H, m, Ar H), 7.39 (1H, tt, J 7.6, 1.2, 

Ar H), 7.32-7.34 (2H, m, Ar H); δC(100 MHz, Acetone-d6) 165.0, 153.1, 153.0, 150.8, 

148.2, 131.0, 130.8, 128.3, 127.9, 122.2, 121.5; m/z (ESI+): Calculated for [M+H]+ 

331.0389, found: 331.0388. 
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Benzyl 4-(benzyloxy)-3-oxo-1,2,5-thiadiazole-2(3H)-

carboxylate 1-oxide (24b).  Similar treatment (Method A) of 

3,5-bis(benzyloxy)-4H-1,2,6-thiadiazin-4-one (24a) (12.6 mg, 

0.0375 mmol) under 420 nm light for 15 min gave the title 

compound 24b (13.4 mg, 100%) as colourless plates, mp (hot-

stage) 79-81 °C (CHCl3); λmax(MeOH)/nm 232 (log ε 3.72); 

νmax/cm-1 3186 w, 3061w and 3033w (aryl C-H), 1775m (C=O), 1745s (C=O), 1704w, 

1683w, 1535w, 1495m, 1454m, 1405w, 1301s, 1227m, 1186s, 1079w, 1047s, 1018m, 

943m, 906m, 770m, 744w, 728s; δH(400 MHz, CDCl3) 7.37-7.48 (10H, m, Ar H), 5.53 

(2H, s, CH2), 5.42 (2H, q, J 12.0, CH2); δC(100 MHz, CDCl3) 163.9, 151.8, 148.2, 133.9, 

132.6, 129.8, 129.5, 129.2, 129.1, 129.0, 128.7, 74.6, 70.1; m/z (ESI+): Calculated for 

[M+CH3OH+H]+ 391.0964, found: 391.0948. 

 

S-Phenyl 3-oxo-4-(phenylthio)-1,2,5-thiadiazole-2(3H)-

carbothioate 1-oxide (25b).  Similar treatment (Method A) of 3,5-

bis(phenylthio)-4H-1,2,6-thiadiazin-4-one (25a) (12.4 mg, 0.0375 

mmol) under 420 nm light for 15 min gave the title compound 25b 

(13.6 mg, 100%) as beige-yellow plates, mp (hot-stage) 131-133 °C 

(CHCl3) decomp.; λmax(DCM)/nm 234 (log ε 4.23), 245 inf (4.15), 309 inf (3.95), 335 

(4.02), 352 inf (3.70), 393 (3.53); νmax/cm-1 3060w (aryl C-H), 1737s (C=O), 1674s 

(C=O), 1618m, 1577w, 1538s, 1475m, 1441m, 1271s, 1159w, 1138m, 1059s, 1022m, 

1000w, 899m, 846w, 733s, 704w; δH(400 MHz, CDCl3) 7.61 (1H, dd, J 7.6, 1.6, Ar H), 

7.43-7.55 (9H, m, Ar H); δC(100 MHz, CDCl3) 177.3, 166.8, 160.2, 159.1, 156.4, 135.8, 

135.5, 134.4, 131.4, 130.8, 130.2, 130.1, 129.7, 129.6, 129.2, 127.7, 126.9; m/z (ESI-): 

Calculated for [M-H]- 360.9781, found: 360.9751. 

 

4-(Thien-2-yl)-2-(thiophene-2-carbonyl)-1,2,5-thiadiazol-3(2H)-

one 1-oxide (27b).  Similar treatment (Method A) of 3,5-di(thien-2-

yl)-4H-1,2,6-thiadiazin-4-one (27a) (10.4 mg, 0.0375 mmol) under 

420 nm light for 15 min gave the title compound 27b (11.6 mg, 

100%) as beige-yellow needles , mp (hot-stage) 180-181 °C (CHCl3) 

decomp.; λmax (DCM)/nm 264 (log ε 4.03), 353.5 (4.03); νmax/cm-1 3105m and 3087m 
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(aryl C-H), 1723s (C=O), 1648s (C=O), 1558s, 1515m, 1421m, 1406s, 1353m, 1262s, 

1238s, 1160s, 1053s, 995m, 850m, 829w, 728s; δH(300 MHz, CDCl3) 8.61 (1H, dd, J 4.2, 

1.2, Ar H), 8.01 (1H, dd, J 3.9, 1.2, Ar H), 7.97 (1H, dd, J 5.1, 1.2, Ar H), 7.85 (1H, dd, 

J 4.8, 1.2, Ar H), 7.32 (1H, dd, J 5.1, 3.9, Ar H), 7.23 (1H, dd, J 5.1, 4.2, Ar H); δC(100 

MHz, CDCl3) 160.9, 160.3, 157.2, 139.4, 138.6, 137.07, 137.06, 134.8, 131.1, 129.7, 

128.5; m/z (ESI+): Calculated for [M+H]+ 310.9619, found: 310.9613. 

 

4-(Thien-3-yl)-2-(thiophene-3-carbonyl)-1,2,5-thiadiazol-3(2H)-

one 1-oxide (28b).  Similar treatment (Method A) of 3,5-di(thien-

3-yl)-4H-1,2,6-thiadiazin-4-one (28a) (10.4 mg, 0.0375 mmol) 

under 420 nm light for 35 min gave the title compound 28b (11.6 

mg, 100%) as beige needles, mp (hot-stage) 138-140 °C (CHCl3) 

decomp.; λmax (DCM)/nm 259 (log ε 4.11), 319 (4.09); νmax/cm-1 3108m (aryl C-H), 1731s 

(C=O), 1664s (C=O), 1562s, 1511m, 1408w, 1385m, 1299m, 1255m, 1226m, 1200w, 

1151s, 1069m, 1040m, 943m, 911m, 877m, 854m, 815s, 803s, 774w, 732s; δH(400 MHz, 

CDCl3) 9.09 (1H, dd, J 3.2, 1.2, Ar H), 8.30 (1H, dd, J 3.2, 1.2, Ar H), 7.91 (1H, dd, J 

5.2, 1.6, Ar H), 7.57 (1H, dd, J 5.2, 1.2, Ar H), 7.48 (1H, dd, J 5.2, 3.2, Ar H), 7.40 (1H, 

dd, J 5.2, 2.8, Ar H); δC(100 MHz, CDCl3) 161.4, 161.0, 157.8, 138.8, 136.7, 133.6, 

130.7, 128.6, 128.2, 127.5, 126.5; m/z (ESI+): Calculated for [M+H]+ 310.9619, found: 

310.9608. 

 

4-(1-Methyl-1H-pyrrol-2-yl)-2-(1-methyl-1H-pyrrole-2-

carbonyl)-1,2,5-thiadiazol-3(2H)-one 1-oxide (29b).  Similar 

treatment (Method A) of 3,5-bis(1-methyl-1H-pyrrol-2-yl)-4H-

1,2,6-thiadiazin-4-one (29a) (10.2 mg, 0.0375 mmol) under 420 nm 

light for 90 min gave the title compound 29b (11.4 mg, 100%) as  

brown plates, mp (hot-stage) 170-180 °C (Et2O) decomp.; λmax (DCM)/nm 296 (log ε 

3.94), 376 (4.10); νmax/cm-1 3121w (aryl C-H), 1729m (C=O), 1664m (C=O), 1561m, 

1512w, 1406m, 1389m, 1330m, 1246m, 1144m, 1064s, 1007m, 758s; δH(400 MHz, 

CDCl3) 8.09 (1H, dd, J 4.4, 1.6, Ar H), 7.17 (1H, dd, J 2.0, 2.0, Ar H), 7.05 (1H, dd, J 

4.4, 1.6, Ar H), 7.00 (1H, dd, J 2.0, 2.0, Ar H), 6.35 (1H, dd, J 4.4, 2.4, Ar H), 6.24 (1H, 

dd, J 4.4, 2.8, Ar H), 4.01 (3H, s, CH3), 3.98 (3H, s, CH3); δC(100 MHz, CDCl3) 159.2, 
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157.8, 155.6, 136.8, 134.0, 126.7, 124.4, 124.1, 122.7, 111.7, 109.6, 39.0, 37.4; m/z 

(ESI+): Calculated for [M+H]+ 305.0708, found: 305.0711. 

 

Methyl 4-{5-[4-(methoxycarbonyl)benzoyl]-1-oxido-

4-oxo-4,5-dihydro-1,2,5-thiadiazol-3-yl}benzoate 

(32b).  Similar treatment (Method A) of dimethyl 

4,4'-(4-oxo-4H-1,2,6-thiadiazine-3,5-diyl)dibenzoate 

(32a) (14.2 mg, 0.0375 mmol) under 420 nm light for 

15 min gave the title compound 32b (15.5 mg, 100%) 

as off-yellow plates, mp (hot-stage) 182-183 °C (CHCl3);  λmax(DCM)/nm 244 (log ε 

4.35), 300 (4.24); νmax/cm-1 2964w (alkyl C-H), 1727s (C=O), 1698m (C=O), 1579m, 

1555m, 1503w, 1433m, 1407m, 1394w, 1317w, 1266s, 1260s, 1206m, 1158s, 1107s, 

1069m, 1031w, 1014m, 955m, 908m, 866m, 826m, 796w, 781m, 779m, 727s, 701m; 

δH(400 MHz, CD2Cl2) 8.50-8.53 (2H, m, Ar H), 8.16-8.19 (4H, m, Ar H), 7.86-7.88 (2H, 

m, Ar H), 3.952 (3H, s, CH3), 3.946 (3H, s, CH3); δC(100 MHz, CD2Cl2) 167.9, 166.6, 

166.2, 157.8, 136.4, 135.6, 135.4, 132.2, 131.4, 130.5, 130.3, 130.1, 53.12, 53.08.  One 

C resonance missing; m/z (ESI+): Calculated for [M+H]+ 415.0594, found: 415.0595. 

 

4-(Phenylethynyl)-2-(3-phenylpropioloyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (33b).  Similar treatment (Method A) of 

3,5-bis(phenylethynyl)-4H-1,2,6-thiadiazin-4-one (33a) 

(11.8 mg, 0.0375 mmol) under 420 nm light for 4 h gave the 

title compound 33b (13.0 mg, 100%) as orange plates, mp 

(hot-stage) 126-127 °C (CHCl3); λmax(DCM)/nm 345 (log ε 

4.20); νmax/cm-1 2197s (C≡C), 1756m (C=O), 1669m (C=O), 1595w, 1563m, 1489m, 

1443m, 1290m, 1232m, 1158s, 1111s, 1069m, 1025m, 998m 959w, 900m, 812m, 755s; 

δH(300 MHz, CDCl3) 7.74-7.78 (3H, m, Ar H), 7.37-7.62 (7H, m, Ar H); δC(100 MHz, 

CDCl3) 157.4, 154.8, 148.9, 134.1, 134.0, 132.7, 132.2, 129.1, 129.0, 119.1, 118.7, 110.2, 

97.6, 81.0, 80.8; m/z (ESI+): Calculated for [M+H]+ 347.0485, found: 347.0465. 
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2-[4-(Benzyloxy)benzoyl]-4-[4-(benzyloxy)phenyl]-

1,2,5-thiadiazol-3(2H)-one 1-oxide (34b).  Similar 

treatment (Method A) of 3,5-bis[4-

(benzyloxy)phenyl]-4H-1,2,6-thiadiazin-4-one (34a) 

(17.9 mg, 0.0375 mmol) under 420 nm light for 15 

min gave the title compound 34b (19.1 mg, 100%) as 

yellow plates, mp (hot-stage) 163-164 °C (CHCl3); 

λmax(DCM)/nm 259 (log ε 4.08), 283 (4.09), 361 (4.13); νmax/cm-1 3064w and 3037w (aryl 

C-H), 2873w (alkyl C-H), 1730m (C=O), 1690w (C=O), 1674m (C=O), 1602s, 1569m, 

1542s, 1509s, 1466w, 1455m, 1423m, 1384m 1307m, 1274m, 1255s, 1210m, 1153s, 

1123m, 1069m, 1033m, 988s, 917w, 905m, 835m, 812w, 776m, 750s, 742m; δH(400 

MHz, CD2Cl2) 8.53 (2H, dt, J 9.2, 3.2, Ar H), 7.84 (2H, dt, J 9.2, 2.8, Ar H), 7.37-7.48 

(10H, m, Ar H), 7.08-7.13 (4H, m, Ar H), 5.19 (4H, d, J 5.2, CH2); δC(100 MHz, CD2Cl2) 

167.4, 165.44, 165.41, 164.5, 158.8, 136.6, 136.4, 134.1, 133.4, 129.3, 129.2, 129.0, 

128.9, 128.2, 124.3, 121.8, 116.1, 115.3, 71.03, 70.97. One C resonance missing; m/z 

(ESI+): Calculated for [M+H]+ 511.1322, found: 511.1317. 

 

3.8.3.2 Preparation of Asymmetric 1,2,5-Thiadiazole 1-oxides 

 

2-Benzoyl-4-(phenylamino)-1,2,5-thiadiazol-3(2H)-one 1-oxide 

(35b).  Similar treatment (Method B) of 3-phenyl-5-(phenylamino)-

4H-1,2,6-thiadiazin-4-one (35a) (10.5 mg, 0.0375 mmol) under 420 

nm light for 5 min gave the title compound 35b (11.0 mg, 94%) as off 

white needles, mp (hot-stage) 86-90 °C (CHCl3) decomp.; 

λmax(DCM)/nm 258 inf (log ε 3.95), 326 (3.76); νmax/cm-1 3297m (N-H), 3249br (N-H), 

3140m and 3089m (aryl C-H), 1751s (C=O), 1721w, 1683s (C=O), 1624s, 1582s, 1495s, 

1450s, 1267s, 1202m, 1178m, 1137s, 1084w, 1055m, 1020m, 1006m, 969w, 926w, 898s, 

843m, 779m, 757s, 715m; δH(400 MHz, CDCl3) 8.14 (1H, s, NH), 7.80-7.85 (2H, m, Ar 

H), 7.74-7.80 (2H, m, Ar H), 7.63-7.72 (1H, m, Ar H), 7.50-7.56 (2H, m, Ar H), 7.42-

7.49 (2H, m, Ar H), 7.27-7.32 (1H, m, Ar H); δC(100 MHz, CDCl3) 167.2, 156.4, 152.8, 

135.5, 134.5, 131.5, 130.2, 129.8, 128.8, 126.8, 120.5; m/z (ESI+): Calculated for [M+H]+ 

314.0599, found: 314.0582. 
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Phenyl 3-oxo-4-(phenylamino)-1,2,5-thiadiazole-2(3H)-

carboxylate 1-oxide (36b).  Similar treatment (Method B) of 3-

phenoxy-5-(phenylamino)-4H-1,2,6-thiadiazin-4-one (36a) (11.2 

mg, 0.0375 mmol) under 420 nm light for 2 min gave the title 

compound 36b (10.7 mg, 86%) as beige needles, mp (hot-stage) 

155-165 °C (Et2O) decomp.; λmax(DCM)/nm 272 (log ε 3.48), 277 

inf (3.46), 313 (3.36), 410 inf (2.02); νmax/cm-1 3262m (N-H), 3145w, 3078w (aryl C-H), 

1801s (C=O), 1734m (C=O), 1629s, 1584s, 1492s, 1451m, 1331w, 1293s, 1263w, 

1230m, 1186s, 1137s, 1073w, 1019s, 901s, 836w, 757s, 743s, 730s; δH(400 MHz, CDCl3) 

8.31 (1H, s, NH), 7.80-7.82 (2H, m, Ar H), 7.43-7.49 (4H, m, Ar H), 7.28-7.34 (4H, m, 

Ar H); δC(100 MHz, CDCl3) 156.2, 152.6, 149.8, 147.0, 135.4, 129.9, 129.8, 127.2, 126.9, 

121.3, 120.7; m/z (ESI+): Calculated for [M+H]+ 330.0549, found: 330.0568. 

 

S-Phenyl 3-oxo-4-(phenylamino)-1,2,5-thiadiazole-2(3H)-

carbothioate 1-oxide (37b).  Similar treatment (Method B) of 3-

(phenylamino)-5-(phenylthio)-4H-1,2,6-thiadiazin-4-one (37a) 

(11.8 mg, 0.0375 mmol) under 420 nm light for 2 min gave the title 

compound 37b (11.8 mg, 91%) as beige needles, mp (hot-stage) 

155-165 °C (Et2O) decomp.; λmax(DCM)/nm 330 (log ε 3.94); 

νmax/cm-1 3275m (N-H), 3075w (aryl C-H), 1742s (C=O), 1678s (C=O), 1630s, 1589s, 

1494m, 1475m, 1452m, 1441m, 1342w, 1328w, 1284s, 1256m, 1208m, 1153s, 1096m, 

1073s, 1023m, 1009m, 967m, 896s, 838m, 775w, 758s, 747s; δH(400 MHz, CDCl3) 8.20 

(1H, s, NH), 7.77-7.79 (2H, m, Ar H), 7.55-7.57 (2H, m, Ar H), 7.45-7.52 (4H, m, Ar H), 

7.28-7.44 (2H, m, Ar H); δC(100 MHz, CDCl3) 171.0, 166.4, 156.4, 152.6, 135.5, 135.4, 

130.7, 129.8, 129.7, 129.2, 127.7, 126.9, 120.6; m/z (ESI+): Calculated for [M+H]+ 

346.0320, found: 346.0326. 

 

2-Benzoyl-4-methoxy-1,2,5-thiadiazol-3(2H)-one 1-oxide (38b).  

Similar treatment (Method A) of 3-methoxy-5-phenyl-4H-1,2,6-

thiadiazin-4-one (38a) (8.1 mg, 0.0375 mmol) under 420 nm light for 

15 min gave the title compound 38b (9.3 mg, 100%) as off white 
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plates, mp (hot-stage) 79-81 °C (CHCl3); λmax(MeOH)/nm 268 inf (log ε 3.45), 339 (3.07); 

νmax/cm-1 3062w (alkyl C-H), 1747m (C=O), 1686 (C=O), 1600w, 1574w, 1502w, 

1478m, 1438m, 1352w, 1305w, 1202s, 1155s, 1053m, 1025w, 1000w, 971w, 907m, 

800m, 705s; δH(400 MHz, CDCl3) 7.78 (2H, d, J 7.2, Ar H), 7.67 (1H, dd, J 8.0, 8.0, Ar 

H), 7.51 (2H, dd, J 7.6, 7.6, Ar H), 4.24 (3H, s, CH3); δC(100 MHz, CDCl3) 167.3, 164.6, 

152.2, 134.7, 130.8, 130.3, 128.7, 59.1; m/z (ESI+): Calculated for [M+H]+ 315.04, 

found: 315.02. 

 

2-Benzoyl-4-phenoxy-1,2,5-thiadiazol-3(2H)-one 1-oxide (39b).  

Similar treatment (Method B) of 3-phenoxy-5-phenyl-4H-1,2,6-

thiadiazin-4-one (39a) (10.6 mg, 0.0375 mmol) under 420 nm light for 

5 min gave the title compound 39b (4.6 mg, 39%) as colourless 

needles, mp (hot-stage) >129 °C (Et2O) decomp.; λmax(DCM)/nm 256 

(log ε 4.18), 283 inf (3.95); νmax/cm-1 2971w (aryl C-H), 1766s (C=O), 1691m (C=O), 

1620s, 1581s, 1486s, 1364m, 1259s, 1253s, 1166m, 1050m, 1021m, 918w, 881m, 832w, 

756m, 713m; δH(400 MHz, Acetone-d6) 7.94-7.96 (2H, m, Ar H), 7.73-7.77 (1H, m, Ar 

H), 7.54-7.61 (4H, m, Ar H), 7.40-7.46 (3H, m, Ar H); δC(100 MHz, Acetone-d6) 153.2, 

136.0, 135.1, 131.0, 130.9, 129.4, 128.2, 121.5.  Three quaternary C peaks are missing; 

m/z (ESI+): Calculated for [M+Na]+ 337.0259, found: 337.0248. 

 

Methyl 4-[4-(4-methoxyphenyl)-1-oxido-3-oxo-2,3-

dihydro-1,2,5-thiadiazole-2-carbonyl]benzoate (40b).  

Similar treatment (Method A) of methyl 4-[5-(4-

methoxyphenyl)-4-oxo-4H-1,2,6-thiadiazin-3-yl]benzoate 

(40a) (13.3 mg, 0.0375 mmol) under 420 nm light for 10 

min gave the title compound 40b (14.5 mg, 100%) as pale 

yellow needles, mp (hot-stage) 159-160 °C (CHCl3) decomp.; λmax(DCM)/nm 247 (log ε 

4.58), 365 (4.40); νmax/cm-1 2958w, 2925w and 2844w (alkyl C-H), 1732m (C=O), 1719s 

(C=O), 1690s (C=O), 1603s, 1568s, 1529s, 1504s, 1487w, 1464m, 1437m, 1424m, 

1405m, 1339w, 1312m, 1268s, 1254s, 1247m, 1212m, 1188w, 1166s, 1104s, 1069m, 

1031m, 1007s, 959m, 910m, 844s, 791s, 776s, 736m, 715s; δH(400 MHz, CDCl3) 8.51-

8.54 (2H, m, Ar H), 8.17-8.20 (2H, m, Ar H), 7.84-7.87 (2H, m, Ar H), 6.99-7.03 (2H, 
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m, Ar H), 3.97 (3H, s, CH3), 3.93 (3H, s, CH3); δC(100 MHz, CDCl3) 167.5, 166.1, 166.0, 

164.8, 158.4, 135.4, 134.9, 133.8, 129.8, 121.0, 115.0, 55.9, 52.7.  One C resonance 

missing; m/z (ESI+): Calculated for [M+H]+ 387.0645, found: 387.0628. 

 

2-(5-Nitrothiophene-2-carbonyl)-4-(thien-2-yl)-1,2,5-

thiadiazol-3(2H)-one 1-oxide (41b).  Similar treatment 

(Method A) of 3-(5-nitrothien-2-yl)-5-(thien-2-yl)-4H-1,2,6-

thiadiazin-4-one (41a) (12.1 mg, 0.0375 mmol) under 420 nm 

light for 60 min gave the title compound 41b (13.3 mg 100%) 

as orange needles, mp (hot-stage) 184-185 °C (CHCl3); λmax(DCM)/nm 322.5 (log ε 3.81), 

370 inf (log ε 3.64); νmax/cm-1 3112m (aryl C-H), 2923m (aryl C-H), 1743m (C=O), 

1662m (C=O), 1638w, 1553m, 1537m, 1508s, 1435m, 1354w, 1260m, 1193m, 1159s, 

1122m, 1081m, 1046m, 992w, 863m, 815w, 767m, 729s; δH(300 MHz, CDCl3) 8.61 (1H, 

d, J 3.6, Ar H), 8.01 (1H, d, J 4.8, Ar H), 7.93 (2H, s, Ar H), 7.34 (1H, t, J 4.2, 4.2, Ar 

H); δC(100 MHz, DMSO-d6) 163.2, 157.6, 152.1, 150.4, 134.1, 133.6, 131.6, 129.8, 

128.8, 124.9, 99.2; m/z (ESI+): Calculated for [M+H]+ 355.9464, found: 355.9453. 

 

4-Methoxy-2-(3-nitrobenzoyl)-1,2,5-thiadiazol-3(2H)-one 

(42b).  Similar treatment (Method B) of 3-methoxy-5-(3-

nitrophenyl)-4H-1,2,6-thiadiazin-4-one (42a) (9.9 mg, 0.0375 

mmol) under 420 nm light for 5 min gave the title compound 42b 

(9.1 mg, 82%) as off white plates, mp (hot-stage) >86 °C (CHCl3) decomp.; 

λmax(DCM)/nm 243 inf (log ε 3.70); νmax/cm-1 3088w (aryl C-H), 2954w (alkyl C-H), 

1761s (C=O), 1694s (C=O), 1604s, 1583w, 1532s, 1478m, 1441m, 1351s, 1296m, 1259s, 

1227m, 1180s, 1168s, 1103m, 1056m, 1010m, 930w, 913w, 889m, 868m, 817w, 799m, 

784w, 758m, 718s, 706s; δH(400 MHz, CDCl3) 8.57-8.62 (1H, m, Ar H), 8.51 (1H, ddd, 

J 8.3, 2.3, 1.1, Ar H), 8.07 (1H, ddd, J 7.8, 1.7, 1.1, Ar H), 7.73 (1H, ddd, J 8.3, 7.9, 0.5, 

Ar H), 4.27 (3H, s, CH3); δC(100 MHz, CDCl3) 165.5, 164.4, 152.2, 148.2, 135.5, 132.4, 

130.0, 128.6, 125.1, 59.4; m/z (ESI+): Calculated for [M+H]+ 298.01, found: 298.01. 

HRMS analysis did not show peaks corresponding to any of the anticipated molecular 

adducts.  However, it has been reported that other nitro-thiadiazole 1-oxide compounds 
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can produce specific signals for loss of oxygen and nitro groups.108  After further analysis, 

the following adduct was found: Calculated for [M-NO2-O]+ 235.0177, found: 235.0182. 

4-(4-Methoxyphenyl)-2-(4-methylbenzoyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (43b) and 2-(4-methoxybenzoyl)-4-(p-tolyl)-

1,2,5-thiadiazol-3(2H)-one 1-oxide (43c).  Similar treatment 

(Method A) of 3-(4-methoxyphenyl)-5-(p-tolyl)-4H-1,2,6-

thiadiazin-4-one (43a) (11.6 mg, 0.0375 mmol) under 420 nm 

light for 15 min gave the title compounds 43b and 43c as an 

inseparable mixture (molar ratio 43b/43c 69:31 as judged by the 

integrations of the peaks at δH 8.53-8.56 and 8.41 in the 1H NMR 

spectrum) (12.8 mg, 100%) as beige needles, mp (hot-stage) 159-

166 °C (CHCl3) decomp.; λmax(DCM)/nm 255 (log ε 3.94), 357 

(3.86); νmax/cm-1 2940w (alkyl C-H), 1732s (C=O), 1698s 

(C=O), 1604s, 1577m, 1547s, 1511s, 1456w, 1425m, 1383w, 1321w, 1259s, 1210m, 

1183w, 1168s, 1150s, 1062s, 1015s, 906m, 846m, 826m, 798w, 763s, 742s, 717w; δH(400 

MHz, CDCl3) crude after completion of the reaction containing 43b and 43c: 8.53-8.56 

(2.04H, m, Ar H), 8.41 (0.90H, d, J 8.4, Ar H), 7.83-7.87 (0.94H, m, Ar H), 7.74 (2.06H, 

dd, J 6.4, 1.6, Ar H), 7.31-7.35 (3.03H, m, Ar H), 6.99-7.01 (3.06H, m, Ar H), 3.92 (3H, 

s, CH3O), 3.91 (1.40H, s, CH3O), 2.47 (1.35H, s, CH3), 2.46 (3.03H, s, CH3); δC(100 

MHz, CDCl3) crude after completion of the reaction containing 43b and 43c: 167.8, 

166.9, 166.0, 165.9, 165.0, 164.8, 158.5, 158.2, 147.1, 145.8, 133.8, 133.2, 131.2, 130.4, 

130.1, 129.5, 128.8, 125.9, 123.5, 121.1, 114.9, 114.2, 55.9, 55.8, 22.2, 22.1; m/z (ESI+): 

Calculated for [M+H]+ 343.0753, found: 346.0736.  The assignment of the structures for 

43b and 43c is tentative and was based on comparison of the 1H and 13C NMR spectra of 

the mixture of the two compounds (focusing on the peaks of the CH3O and CH3 groups) 

with that of 13b and 16b. 
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2-(4-Methoxybenzoyl)-4-(3-methoxyphenyl)-1,2,5-

thiadiazol-3(2H)-one 1-oxide (44b) and 2-(3-

methoxybenzoyl)-4-(4-methoxyphenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (44c).  Similar treatment (Method A) of 3-

(3-methoxyphenyl)-5-(4-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (44a) (12.2 mg, 0.0375 mmol) under 420 nm 

light for 10 min gave the title compounds 44b and 44c as an 

inseparable mixture (molar ratio 44b/44c 60:40 as judged by 

the integrations of the peaks at δH 3.91 and 3.80 in the 1H NMR 

spectrum) (13.4 mg, 100%) as yellow needles, mp (hot-stage) 

115-127 °C (CHCl3) decomp.; λmax(DCM)/nm 262 (log ε 

3.73), 306 (3.58), 381 inf (3.12); νmax/cm-1 2942w and 2837w (alkyl C-H), 1746s (C=O), 

1700s (C=O), 1599s, 1585s, 1489s, 1463s, 1427m, 1333m, 1299w, 1276m, 1230s, 

1196w, 1149s, 1121w, 1067m, 1033s, 1019s, 984w, 924m, 897w, 882m, 842w, 809w, 

798w, 788w, 753s, 740s, 715s; δH(400 MHz, CDCl3) crude after completion of the 

reaction containing 44b and 44c: 8.11 (0.67H, ddd, J 8.0, 1.6, 1.2, Ar H), 7.93 (0.65H, 

dd, J 2.4, 1.6, Ar H), 7.76 (1H, ddd, J 7.6, 1.6, 0.4, Ar H), 7.53-7.61 (2.42H, m, Ar H), 

7.40-7.44 (2.81H, m, Ar H), 7.33-7.34 (1H, m, Ar H), 7.19-7.21 (1.77H, m, Ar H), 7.01-

7.11 (2.80H, m, Ar H), 6.99 (0.80H, d, J 8.4, Ar H), 3.91 (3H, s, CH3O), 3.86 (5.04H, s, 

CH3O), 3.80 (1.98H, s, CH3O); δC(100 MHz, CDCl3) crude after completion of the 

reaction containing 44b and 44c: 169.5, 167.8, 166.2, 160.0, 159.7, 157.7, 157.2, 157.0, 

135.5, 134.4, 132.6, 132.0, 130.5, 130.3, 129.73, 129.68, 123.8, 122.6, 122.4, 122.2, 

121.1, 120.7, 117.8, 114.9, 114.5, 112.4, 111.5, 56.3, 56.0, 55.72, 55.70; m/z (ESI+): 

Calculated for [M+H]+ 359.0702, found: 359.0696.  The assignment of the structures for 

44b and 44c is tentative and was based on comparison of the 1H and 13C NMR spectra of 

the mixture of the two compounds (focusing on the peaks of the CH3O groups) with that 

of 16b and 17b. 
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2-(4-Methoxybenzoyl)-4-(2-methoxyphenyl)-1,2,5-

thiadiazol-3(2H)-one 1-oxide (45b) and 2-(2-

methoxybenzoyl)-4-(4-methoxyphenyl)-1,2,5-thiadiazol-

3(2H)-one 1-oxide (45c).  Similar treatment (Method A) of 3-

(2-methoxyphenyl)-5-(4-methoxyphenyl)-4H-1,2,6-

thiadiazin-4-one (45a) (12.2 mg, 0.0375 mmol) under 420 nm 

light for 10 min gave the title compounds 45b and 45c as an 

inseparable mixture (molar ratio 45b/45c 60:40 as judged by 

the integrations of the peaks at δH 3.90 and 3.80 in the 1H NMR 

spectrum) (13.4 mg, 100%) as yellow needles, mp (hot-stage) 

159-176 °C (CHCl3) decomp.; λmax(DCM)/nm 257 (log ε 

3.51), 283 inf (3.36), 362 (3.43); νmax/cm-1 2941w and 2841w (alkyl C-H), 1749s (C=O), 

1687s (C=O), 1601s, 1532w, 1513m, 1489s, 1461m, 1437m, 1332w, 1308w, 1260s, 

1201m, 1173s, 1165s, 1153s, 1120m, 1069m, 1046m, 1020s, 935w, 906m, 847s, 815m, 

788w, 776w, 759s, 746s, 730m, 712s; δH(400 MHz, CDCl3) crude after completion of the 

reaction containing 45b and 45c: 8.49-8.52 (1.99H, m, Ar H), 7.84-7.86 (1.32H, m, Ar 

H), 7.77 (0.66H, ddd, J 7.6, 2.0, 0.4, Ar H), 7.54-7.62 (1.73H, m, Ar H), 7.52 (0.98H, 

ddd, J 7.6, 1.6, 0.4, Ar H), 7.06-7.11 (2.38H, m, Ar H), 6.97-7.00 (4.45H, m, Ar H), 3.913 

(2.10H, s, CH3O), 3.910 (2.91H, s, CH3O), 3.90 (1.98H, s, CH3O), 3.80 (3H, s, CH3O); 

δC(100 MHz, CDCl3) crude after completion of the reaction containing 45b and 45c: 

169.6, 166.9, 166.3, 165.8, 165.1, 165.0, 160.1, 157.80, 157.76, 157.4, 135.3, 134.2, 

133.6, 133.2, 132.0, 130.4, 121.4, 121.1, 114.9, 114.1, 112.5, 111.6, 56.4, 56.1, 55.84, 

55.77; m/z (ESI+): Calculated for [M+H]+ 359.0702, found: 359.0699.  The assignment 

of the structures for 45b and 45c is tentative and was based on comparison of the 1H and 

13C NMR spectra of the mixture of the two compounds (focusing on the peaks of the 

CH3O groups) with that of 16b and 18b. 

 

3.8.4 Characterisation of Isolated Side-Products and Reference Compounds 

 

Benzamide.  To a stirred solution of 2-benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-

one 1-oxide (1b) (10.0 mg, 0.034 mmol) in dry DCM (5 mL) was added Ph3P 

(0.068 mmol, 2equiv.) and CCl4 (10 equiv.).  The resulting solution was heated 
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to 40 oC (reflux) and stirred for 24 h, after which the sulfoxide 1b was consumed 

(monitored by 1H NMR).  The resulting solution was then concentrated under reduced 

pressure, and the title compound was isolated after column chromatography (CHCl3/n-

hexane, 50:50) as a white solid (1.5 mg, 37%); δH(400 MHz, CDCl3) 7.81-7.83 (2H, m, 

Ar H), 7.54 (1H, tt, J 7.2, 1.6, Ar H), 7.43-7.47 (2H, m, Ar H), 6.11 (1H, s, NH2), 5.82 

(1H, s, NH2); δC(100 MHz, CDCl3) 169.5, 133.5, 132.2, 128.8, 127.5; LC (ret. time): 

4.040 min; m/z (ESI+): Calculated for [2M+H]+ 243.11, found: 243.15.  Identical to 

spectra obtained from commercially available sample. 

 

N-(2-oxo-2-phenylacetyl)benzamide.  The title compound was 

synthesised according to known procedures85 and was obtained as a 

yellow solid (0.88 g , 59%); δH(300 MHz, CDCl3) 9.78 (1H, s, NH), 

8.12 (2H, dd, J 8.7, 1.5, Ar H), 7.88-7.93 (2H, m, Ar H), 7.61-7.69 (2H, m, Ar H), 7.51-

7.55 (4H, m, Ar H); δC(75 MHz, CDCl3) 186.7, 165.4, 161.0, 134.9, 134.1, 132.5, 131.2, 

130.4, 129.30, 129.1, 128.2; LC (ret. time): 5.581 min; m/z (ESI+): Calculated for [M+H]+ 

254.08, found: 254.00.  Identical to published spectra.85,86 

 

Seleninyldibenzene.  The title compound was synthesised according to 

known procedures109 and was obtained as a colourless solid (0.20 g , 10%); 

δH(400 MHz, CDCl3) 7.69-7.71 (4H, m, Ar H), 7.46-7.48 (6H, m, Ar H); 

δC(100 MHz, CDCl3) 142.7, 131.5, 129.9, 126.4; LC (ret. time): 4.737 min; m/z (ESI+): 

Calculated for [M+H]+ 251.00, found: 251.05.  Identical to published spectra.109  

 

Selenonyldibenzene.  The title compound was synthesised according to 

known procedures110 and was obtained as a colourless solid (0.19 g , 72%); 

δH(400 MHz, CD2Cl2) 7.96-7.98 (4H, m, Ar H), 7.67-7.69 (2H, m, Ar H), 7.61-7.65 (4H, 

m, Ar H); δC(100 MHz, CD2Cl2) 142.9, 134.1, 130.3, 126.9; LC (ret. time): 4.740 min; 

m/z (ESI+): Calculated for [M+H]+ 266.99, found: 267.05.  Identical to published 

spectra.110  
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3-Nitrobenzonitrile.  Similar treatment (Method A) of 3-methoxy-5-(3-

nitrophenyl)-4H-1,2,6-thiadiazin-4-one (42a) (9.9 mg, 0.0375 mmol) under 

420 nm light for 24 h led to its consumption (by 1H NMR) and the 

concomitant appearance of multiple new spots on TLC (CHCl3/EtOAc, 90:10).  The 

reaction mixture was subjected to column chromatography (CHCl3/EtOAc, 90:10), and 

the major band was isolated.  After the solvent was removed, the title compound was 

isolated (0.5 mg, 9%) as  colourless needles, mp (hot-stage) 115-116 °C (CHCl3), lit. 

mp111 115-117 oC (EtOH); νmax/cm-1 3080m (aryl C-H), 2237m (C≡N), 1618m, 1535s, 

1474m, 1434w, 1335s, 1202w, 1102m, 1080w, 921m, 904m, 817m, 789m, 735m; δH(400 

MHz, CDCl3) 8.47 (1H, t, J 1.7, Ar H), 8.41 (1H, ddd, J 8.4, 2.3, 1.1, Ar H), 7.89-7.96 

(1H, m, Ar H), 7.61-7.71 (1H, m, Ar H); δC(100 MHz, CDCl3) 148.4, 137.7, 130.8, 127.7, 

127.4, 116.7, 114.3.  Identical to published spectra.111 

 

2-Benzoyl-4-phenyl-1,2,5-thiadiazol-3(2H)-one 1,1-dioxide (1c).  

To a stirred solution of 3,5-diphenyl-4H-1,2,6-thiadiazin-4-one (1a) 

(20 mg, 0.075 mmol) in DCM (5 mL) at 20 °C, mCPBA (2 equiv.) 

was added in one portion.  After 30 min the mixture still contained 

starting material (by 1H NMR); however, the introduction of a 

further portion of mCPBA (2 equiv.) resulted in the complete consumption of the starting 

material within 30 min.  After the reaction was complete, the mixture was transferred to 

a separation funnel, the organic layer was separated, and the aqueous layer was extracted 

with DCM (3 × 5 mL).  The combined organic fractions were washed with brine, dried 

with MgSO4, filtered and evaporated under reduced pressure.  The resulting residue was 

washed with cold Et2O (3 × 1 mL) and dried under reduced pressure to afford the title 

compound 1c (6.8 mg, 29%) as colourless needles, mp (hot-stage) 172-173 °C (Et2O);  

λmax(DCM)/nm 295 (log ε 3.72); νmax/cm-1 1772m (C=O), 1681s (C=O), 1597w, 1507w, 

1576w, 1560s, 1491w, 1449m, 1416m, 1389s, 1300m, 1258s, 1207s, 1193s, 1177s, 

1067m, 1021m, 923m, 898w, 820s, 793m, 785m, 749m, 740w, 715s; δH(400 MHz, 

Acetone-d6) 8.45-8.50 (2H, m, Ar H), 7.99-8.02 (2H, m, Ar H), 7.83-7.87 (1H, m, Ar H), 

7.74-7.78 (1H, m, Ar H), 7.65-7.70 (2H, m, Ar H), 7.58-7.62 (2H, m, Ar H); δC(100 MHz, 

Acetone-d6) 165.8, 165.1, 155.4, 136.7, 134.9, 132.7, 132.6, 130.1, 129.4, 128.1.  One C 

resonance missing; m/z (ESI+): Calculated for [M+H]+ 315.0440, found: 315.0425. 
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N-(2-Benzoylbenzo[d][1,3]dioxol-2-yl)benzamide (9c).  Similar 

treatment (Method A) of 3',5'-

diphenylspiro[benzo[d][1,3]dioxole-2,4'-[1,2,6]thiadiazine] (9a) 

(13.4 mg, 0.0375 mmol) under 420 nm light in CDCl3 (1 mL) at 

ca. 20 °C was irradiated with 420 nm light until it was consumed 

(TLC, CHCl3/n-hexane, 50:50) over a period of 3 days.  The 

resulting solution turned cloudy, and TLC analysis revealed the formation of multiple 

spots, indicative of decomposition by-products.  After removal of the solvent under 

reduced pressure, the crude mixture was subjected to a preparative TLC separation 

(DCM/n-hexane, 50:50).  The major band was isolated, extracted with CHCl3, and was 

then dried under reduced pressure to afford the title compound 9c (2.5 mg, 19%) as 

colourless needles, mp (hot-stage) 120-123 °C (CHCl3); Rf 0.66 (CHCl3/EtOAc, 95:5); 

λmax(DCM)/nm 254 inf (log ε 4.05), 273 inf (3.86); νmax/cm-1 3258br (N-H), 1708m 

(C=O), 1666s (C=O), 1600w, 1580w, 1516m, 1478s, 1464w, 1359m, 1314w, 1260w, 

1233s, 1179w, 1099s, 1026w, 1003m, 909s, 901m, 801w, 729s, 709s; δH(400 MHz, 

CDCl3) 8.32 (1H, s, NH), 8.00-8.02 (2H, m, Ar H), 7.82-7.84 (2H, m, Ar H), 7.52-7.59 

(2H, m, Ar H), 7.38-7.47 (4H, m, Ar H), 6.97-7.02 (4H, m, Ar H); δC(100 MHz, Acetone-

d6) 185.6, 167.4, 146.7, 134.6, 133.9, 133.5, 133.3, 130.0, 129.5, 129.2, 128.6, 123.2.  

Two C resonances missing; m/z (ESI+): Calculated for [M]+ 345.09, found: 345.09. 

 

3,5-dimorpholino-4H-1,2,6-thiadiazin-4-one 1,1-dioxide 

(50d).  Similar treatment (Method A) of 3,5-dimorpholino-4H-

1,2,6-thiadiazin-4-one (50a) (10.7 mg, 0.0375 mmol) under 420 

nm light for 24 h led to its consumption (by TLC) and the 

concomitant appearance of multiple new spots on TLC (EtOAc).  The reaction mixture 

was subjected to column chromatography (EtOAc), and the major band was isolated.  

After the solvent was removed, the title compound 50d was isolated (7.4 mg, 62%) as 

yellow needles, mp (hot-stage) 252-254 °C (CHCl3); Rf 0.19 (EtOAc); λmax(DCM)/nm 

358 (log ε 3.54);  νmax/cm-1 2924 (alkyl C-H), 1713m (C=O), 1607s, 1550s, 1445m, 

1491w, 1352w, 1304s, 1269m, 1223w, 1186m, 1132s, 1121m, 1109s, 1069m, 1044m, 

1020w, 997w, 936s, 912w, 870s, 858s, 845w, 831m, 797w; δH(400 MHz, Acetone-d6) 

3.70-3.75 (8H, m, CH2), 3.63-3.65 (8H, m, CH2); δC(100 MHz, Acetone-d6) 177.0, 157.1, 

67.1, 66.6, 49.1, 45.2; m/z (ESI-): Calculated for [M]- 316.08, found: 316.10 
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3,5-bis(methyl(phenyl)amino)-4H-1,2,6-thiadiazin-4-one 1,1-dioxide 

(51d). Similar treatment (Method A) of 3,5-

bis(methyl(phenyl)amino)-4H-1,2,6-thiadiazin-4-one (51a) (12.2 mg, 

0.0375 mmol) under 420 nm light for 24 h led to its consumption (by 

1H NMR) and the concomitant appearance of multiple new spots on 

TLC (CHCl3/EtOAc, 90:10).  The reaction mixture was subjected to column 

chromatography (CHCl3/EtOAc, 90:10), and the major band was isolated. After the 

solvent was removed, the title compound 50d was isolated (5.9 mg, 44%) as orange 

needles, Rf 0.80 (EtOAc); mp (hot-stage) 260-262 °C (CHCl3);  λmax(DCM)/nm 347 (log 

ε 3.74); νmax/cm-1 2936w (aryl C-H), 1719m (C=O), 1603m, 1582s, 1530s, 1499m, 1406, 

1310s, 1163s, 1148s, 1099m, 1053w, 1028w, 933m, 878s, 808s, 791w, 774m, 754m; 

δH(500 MHz, DMSO-d6) 7.20-7.42 (10H, m, Ar H), 3.32 (6H, s, CH3); δC(125 MHz, 

DMSO-d6) 155.4, 142.3, 129.4, 127.8, 126.0, 40.5; m/z (ESI-): Calculated for [M-H]- 

355.08, found: 355.05 
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4.2 Background and Aims 

 

 This project builds upon previous work carried out by Dr G. O Lloyd and his 

group on the chemistry of metallosupramolecular cages bearing hydroxamate linkers.1–3  

More specifically, it was established that small dihydroxamic acid compounds, based on 

the isophthaloyl motif, are able to coordinate with Fe3+, Ga3+, Al3+ and In3+ ions to form 

clusters which possess an internal cavity, as depicted in Figure 1.4   

 

Figure 1. Past work involving isophthalic dihydroxamic acid (diHA) linkers and their resulting tetrahedral clusters. 

To determine the geometry of the clusters, several analytical techniques were used, 

including 1H NMR titrations, DOSY NMR, Variable-Temperature NMR, molecular 

dynamics simulations and MS.  Although these methods can offer crucial information 

that can be used to provide evidence for a certain geometry, the most reliable way to 

determine their geometry is by growing single crystals of the respective clusters and then 

elucidating their structure using SC-XRD.  Fortunately, in the case of the aforementioned 

complexes, it was possible to grow SC-XRD quality crystals, which showed that in the 

solid-state the coordinated linkers form M4L6 (M=Metal, L=Ligand) type tetrahedral 

clusters. These type of clusters have been studied extensively over the past 20 years, as 

their internal cavity can be utilised for a multitude of applications, including catalysis,5 

sensing,6 smart materials,7 medicine,8 and photochemistry.9  Despite the substantial 

maturity of this field, the utilisation of HAs as ligands has remained relatively unexplored, 

as most of the known examples are made using catecholate,10 or pyridyl11 containing 

ligands.  The reason behind this probably relates to the ease of synthetic access for each 

functional group, and as will be discussed later, it will become clear that accessing HA 

functionalities poses several challenges.  Intrigued by the encouraging results obtained 

from the isophthaloyl type ligands, we set off to develop a library of larger HA containing 

ligands, as the pore size of the isophthaloyl cages was not sufficiently large enough to 

accommodate organic guest compounds.  The following work describes our efforts to 

achieve this goal, and the challenges that we had to face. 
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4.3 Introduction 

 

4.3.1 Introduction to Supramolecular Cages and Their Applications 

 

 Molecular receptors can be defined as molecules that have the ability to 

‘communicate’ selectively with ionic or molecular substrates (or both) via various 

intermolecular interactions.12  In order to achieve this, a wide range of factors must be 

taken into account during the process of designing a molecule which will act as a 

receptor.13  The desired complementarity depends on a very well-defined three-

dimensional architecture that has the appropriate configuration and conformation for the 

necessary binding motifs.14  More specifically, the receptor and the substrate will be able 

to come into contact and bind only if the receptor is able to physically cover a large region 

of the substrate, to maximise the binding motifs and thus the intermolecular bonding 

forces and the overall stability.  Another important benefit of a large contact area is that 

the probability of compatibility between the receptor and substrate (size, shape, structure) 

is increased.  This illustrates the reason why the receptor (host) must have molecular 

cavities which can be tuned to be complimentary to the substrate (guest).  In those with 

concave shaped-hosts, the cavity possesses binding motifs which ‘point’ towards the 

guest and this is why they are so-called endo-receptors.15  Alternatively, a host can act as 

an exo-receptor, where the guest molecule can bind on its exterior wall.  In those cases, 

physical encapsulation within the host is less likely to occur, as dictated by the geometry 

of the host (e.g. bowl-shaped,16 lantern-shaped17), the shape of the guest,18 and the various 

host-guest interactions, such as CT,19 π-π stacking,20 H-bonding,21 ion-dipole 

interactions,22 among others. 

Until today, there have been receptors synthesised and studied with a great structural 

variety.23  They are designed with the goal of having an easily controllable geometry, 

which can be achieved by employing a specific organisation pattern, something which 

increases with a cyclic orientation (preferred) and also depends partly on various physico-

chemical factors, namely structural rigidity, solubility and electronic properties.  The 

desirability for this kind of pre-organisation is that which led the researchers to shift their 

focus from acyclic to macrocyclic receptors, like crown-ethers24 and macropolycyclic 

receptors, such as calixarenes,25 which have led to the advent of supramolecular capsule 
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systems.  D. J. Cram was the first to conceptualise these systems in 1983, and coined the 

term ‘cavitands’ to describe them.26  Later in 1985, his research group reported the first 

example of such a cavitand,27 and in 1987 he, along with J-M Lehn and C. J. Pedersen 

won the Nobel prize in Chemistry for their seminal contributions to the field of 

supramolecular chemistry.28 

A cavitand (also known in literature as nanoreactors, molecular flasks, supramolecular 

coordination cages, or nano-containers; these terms are used interchangeably) can be 

defined as a molecule (host) which has an internal cavity or opening, large enough to 

accommodate a smaller molecule inside it (guest) (Figure 2).  In order to form a capsule 

both the host and the guest must fulfil certain criteria: (i) The host must be defined by 

pre-organisation so that it can resist conformational changes during the encapsulation 

process; (ii) its functional groups must be complementary to the guest’s functional groups 

so there can be maximum interaction and minimum repulsion (steric factors) between the 

two molecules; (iii) besides chemical complementarity, a large number of functional 

groups must be present, so they can be used to promote the encapsulation process.29  This 

process is governed mostly by the chelate effect, which describes the high stability of 

complexes that are formed using polydentate ligands, compared to the corresponding 

complex that is being formed using monodentate ligands.30  Moreover, depending on the 

stoichiometry between the host and the guest there are different types of capsules, such 

as 1:1 and 2:1.  For instance, most capsules that contain fullerenes are 2:1 capsules which 

means that two host molecules are required to trap a single fullerene molecule.31  

 

Figure 2. Schematic representation of the mechanism that describes the formation of a molecular capsule. 

By exploiting the property of metals that coordinate with organic ligands over different 

conformations and angles, it is possible to synthesise many complex supramolecular 

structures.  For the formation of a molecular capsule to be viable, the host must have the 

appropriate conformation, which will allow the incoming guest to be tethered to it.  

Besides non-covalent interactions such as van der Waals forces,32 π-π stacking,33 

hydrogen bonding,34 and electrostatic interactions,35 molecular capsules can also be 
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formed with the use of covalent bonds.36  These kinds of capsules have several advantages 

because they are held together via covalent bonds (which are strong in nature), the 

capsules display enhanced stability and are therefore harder to decompose.  On the other 

hand, both hydrogen bonding and metal coordination containing capsules, can be 

sensitive under certain conditions (e.g., pH changes,37 high temperatures,38 light 

irradiation39) and can decompose fairly easily.  This ‘stimuli-response’ property of many 

such cages has been exploited by scientists to construct ‘smart’ supramolecular systems 

with many practical applications, including gas storage,38 chemical separations,40 and 

anti-counterfeight inks.41 

 

4.3.2 Hydroxamic Acids and Their Use in Supramolecular Assemblies 

 

4.3.2.1 Properties and Structure of Hydroxamic Acids 

 

 Hydroxamic acids (the term ‘HAs’ can be used interchangeably) are a class of 

molecules, which are known to exhibit interesting and medicinally important properties, 

due to their ability to form stable complexes with transition metal ions, particularly 

gallium and iron.42  Many studies have been undertaken to improve our understanding of 

the coordination interactions between hydroxamic acids and various metals.  It has been 

shown that due to the various binding modes available to hydroxamates they are very 

effective and versatile ligands, and because of this, their applications in coordination 

chemistry can be vast.  Hydroxamic acids of the form RCONHOH have two potentially 

labile protons (O–H, N–H).  Therefore, for a long time, it remained unclear whether the 

most predominant form is mono- (m) or di-deprotonated (d) and how the protonation state 

affects the binding mode.  Recent literature43 has shed light on how titanium dioxide 

(TiO2), a widely used metal oxide semiconductor found in photoelectrochemical 

devices,44 interacts with hydroxamic acids and has suggested many possible modes for 

hydroxamate binding.  Figure 3 depicts the most likely binding forms. 
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Figure 3. Examples of hydroxamic acid binding forms.43 

The binding modes represented in Figure 3 involve binding through the oxygen atoms 

within the molecule.  It is worth noting that it is also possible to coordinate to a metal 

centre via the nitrogen-containing group.  A good example comes from work of Buglyó 

et al.,45 wherein they successfully synthesised a Pd(II) hydroxamate complex, to prove 

the effective use of hydroxamic acids in palladium scavenging.  The group synthesised 

and determined the structure of [Pd(en)(2,5-pyha−1H)]Cl (where 2,5-pyha−1H =  2,5-

pyridinedihydroxamic acid  and en = ethylenediamine) by X-ray crystallography (Figure 

4). 

 

Figure 4. Structure of the ligand used by Buglyo et al.45 

Through density functional theory (DFT) it was shown that the structure with the 

palladium coordinating to both nitrogens in 2,5-pyridinedihydroxamic acid, was 5.7 

kcal/mol more stable than the other binding modes wherein the oxygens coordinate to the 

metal centre.  This was also true of the di-nuclear species, indicating that the resulting 

distorted square-planar complex is more favourable than the assumed non-distorted 

square-planar geometry of the other binding modes, thus, complicating the coordination 

chemistry of hydroxamic acids, where there is more than one functional group to which 

a metal centre can bind. 

The same team also synthesized several novel dipeptide hydroxamic acids, such as L-

Ala-L-AlaN(R)OH and L-Ala-L-SerN(R)OH and studied their binding modes using 

several metals.45  Depending on whether the dipeptide was N-protected, the 



Chapter 4: Development of Photoactive Hydroxamate-Based Coordination Cages 

216 

 

corresponding binding form would switch between the nitrogen and oxygen atoms 

(Figure 5). 

 

Figure 5. Depiction of different binding modes of hydroxamate species.45 

Although iron is one of the most abundant elements on the planet, its pivotal role in 

biology is dependent on the development of effective methods for its assimilation.46  Ionic 

forms of iron, especially iron (III) (the most common oxidation state47,48), are very 

insoluble under physiological conditions.49  To circumvent the solubility problem, many 

microbial, plant, and even higher organisms (e.g., mammals), synthesise and utilise very 

specific low molecular weight iron chelators called siderophores.50  Hydroxamic acids 

can occur in siderophore natural products that bind iron, and they have several 

applications in medicinal chemistry as inhibitors of metalloenzymes.42  As a result, there 

are many commercially available drugs containing the hydroxamate moiety (Figure 6). 

 

Figure 6. The hydroxamate moiety and three examples of HA containing drugs. 
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4.3.2.2 Supramolecular Cages based on Hydroxamic Acid Ligands 

 

 Being such good chelators, hydroxamate ligands are an excellent choice for 

binding units in supramolecular complexes, especially due to the high stability of these 

chelates with 3+ ions with octahedral coordination environments,51,52 and as a result they 

tend to form neutral M(hydroxamate)3 units.53  When two HA moieties are present within 

a compound, then assemblies with various topologies can form, the simplest being M2L3.  

Surprisingly, the first M2L3 complex was reported in 1978 by Raymond et. al,54 when 

rhodotorulic acid, a naturally occurring secondary hydroxamic acid, produced by the 

yeast  Rhodotorula mucilaginosa,55 was used as a ligand to coordinate with Fe3+, Al3+ and 

Cr3+ ions (Figure 7).  The resulting M2(rhodotorulic acid)3 complexes appeared to possess 

helical geometries, and they were aptly named triple helicates.   

 

Figure 7. Structure of rhodotorulic acid (left) and a triple stranded helicate complex (right). 

An interesting property of these helicates is that they are optically active; the metal vertex 

of the helicate consists of six metal-oxygen bonds and is a distorted octahedron.  The O-

N bond of the hydroxamate is always located on one face of the octahedron and 

consequently provides the vertex with its fac (facial) isomerism.  In addition to their 

geometries the vertices are also chiral and can display lambda (Λ) or delta (Δ) chirality. 

This type of chirality is also known as axial chirality56 or helicity since the axis of the 

structure has a helical, propeller, or screw-shaped geometry.  P (plus) or Δ is a right-

handed helix, whereas M (minus) or Λ is a left-handed helix.  The P/M or Δ/Λ 

terminology is used particularly for molecules that actually resemble a helix, such as 

hexahelicene57 (Figure 8).  It can also be applied to other structures having axial chirality 

by considering the helical orientation of the "front" vs "back" Cahn–Ingold–Prelog 

rankings.58                         
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Figure 8. The two axial conformations of hexahelicene (Δ/Λ). 

As such, these M2L3 type compounds can exist as three optical isomers, namely as (ΔΔ), 

(ΛΛ) and (ΔΛ).  In the last case, as each metal vertex has opposite helicity the complex 

is optically inactive.  This class of isomers are known as meso-helicates, or mesocates.59   

Similarly, when it comes to tetrahedral M4L6 topologies, since each metal vertex can have 

two distinct chiralities (Δ or Λ), and there are four metal centres in total, then five 

potential cage isomers are possible overall.  There are two T-type symmetry cages 

(ΛΛΛΛ or ΔΔΔΔ) two C3 cages (Δꓥꓥꓥ or ꓥΔΔΔ), and one S4 cage (ꓥꓥΔΔ).  These 

names are derived from their point group symmetries and are solely related to the 

chiralities of the vertices.  In contrast to kinetically inert materials whose structures are 

fixed at the time of synthesis, the supramolecular structures found in nature are dynamic 

and typically on the nanometer scale.  For those types of cages, Raymond et al.60 have 

used VT 1H NMR to elucidate the different isomers that are present in those systems.  

They have found that when at room temperature, a M4L6 cage (M=Ga, L= isophthaldi-N-

(4-methylphenyl)hydroxamate), the activation barrier for the inversion of configuration 

is 58  KJ/mol (at room temperature).  The different isomers are visible as distinct 1H NMR 

peaks, however, this becomes apparent only at lower temperatures, as at 300 K, they 

interconvert at speeds that are comparable with the NMR time-scale. 

Trischelate or tritopic ligands such as these hydroxamate clusters mentioned above are 

well-known examples of metal complexes, which can exist as separate enantiomers, 

belonging (if appropriately substituted) to the chiral D3 or C3 point groups.  Two proposed 

mechanisms exist by which a trischelate cluster like the one discussed can racemize 

without any M–L bonds breaking.  The first one is known as the Bailar twist,61 where the 

opposite triangular faces of the octahedron, which lie normal to the C3 axis of the 

molecule, twist to give a trigonal prismatic transition state.  An alternate process is the 

Ray–Dutt Twist61 in which the faces involved in the twist are any opposite pair other than 

the ones normal to the C3 axis, (Figure 9).  With this in mind, it is postulated that since 
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four coordination centres are tethered in the M4L6 tetrahedron, the Bailar twist is the only 

mechanically possible rearrangement.60 

 

 

Figure 9 An Illustration of a) the Bailar b) Ray-Dutt racemisation mechanisms. 

 

4.3.2.3 Previous Work on M4L6 Tetrahedral Cages 

 

The Lloyd lab62 has used hydroxamic acids in the past to form small organic cages, using 

ligands such as N1,N3-dihydroxyisophthalamide (IHA), 5-amino-N1,N3-

dihydroxyisophthalamide (AHA) and N1,N3,5-trihydroxyisophthalamide (HHA) (Figure 

10) to form M4L6 type cages.  Hydroxamate cages of this type usually tend to self-

assemble in solution, and a range of solvents have been used such as DMF, DMSO, 

  

Figure 10. Hydroxamic acid ligands for cage formation. 

alkaline water, MeOH and their mixtures.  However, it needs to be stressed that predicting 

the final architecture of a self-assembly process is not a trivial matter, as it is dependent 

on several factors.11  Solvent of choice is important if we take into account the low 

solubility of these ligands as they contribute to difficulties in characterising the assembled 

a) 

b) 
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cages.  Experience gained by working with these cages has shown that MS analysis of 

these compounds can be cumbersome since subjecting them to standard techniques, such 

as ESI, can produce ambiguous fragments.  Moreover, due to their generally low 

solubility, the determination of a viable solvent system that is compatible with the 

analytical instrumentation is challenging.  As mentioned in section 4.2, SC-XRD was used 

to unambiguously characterise the unknown cage.  Figure 11 depicts the crystal structure 

of one of the hydroxamic acid cages made previously in the Lloyd group, using the IHA 

ligand and Fe(NO3)3
.9H2O as the metal source. 

 

 

 

 

 

 

 

 

Figure 11. Crystal structure showing the tetrahedral shape of the M4L6 cage formed from Fe3+ and IHA.  The iron 

vertices are connected by purple lines to illustrate the shape.  One ligand is shown, connecting to iron coordination 

spheres that are shown with a complete coordination sphere of the hydroxamate functionality.  Atoms shown in ball-

and-stick representation.62 

The hydroxyl oxygen is deprotonated and located on the outside of the cage.  The NH 

group, also located on the outside of the cage, remains protonated.  The hydroxyl oxygen 

has a formal negative charge with each metal coordinating with three of these oxygens.  

It was found that the crystallised cages had T symmetry only.  Additionally, since the 3+ 

charge of the metal is neutralised upon complexation, the cage is overall charge-neutral, 

which is relatively rare, as most metallosupramolecular cages are usually charged,63 

massively increasing their solubility in polar solvents, and their ability to crystalise, 

making them, therefore, easier to characterise.  On the other hand, this presents an 

opportunity for us to study these elusive systems.   
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4.4 Results and Discussion 

 

4.4.1 Terephthaloyl Dihydroxamic Acid-Based Complexes⸹ 

 

4.4.1.1 Synthesis of Ligands H2A-H2D 

 

 In order to increase the length of the ligands and create a larger pore size, we 

decided to synthesise a series of dihydroxamic acids with a terephthaloyl core that is 

coupled with various amino acids.  The presence of the amino acid motifs serves two 

purposes, as they increase the overall length of the ligand, and they also contain a 

stereogenic centre, making them optically active.  The introduction of a chiral ligand is 

generally a strategy to generate discrete metallosupramolecular architectures, as their 

chirality tends to be predetermined by the enantiopure ligand.64  Consequently, these 

complexes possess dual chirality, which allows them to act as ‘chiral traps’, by 

encapsulating guest compounds with high diastestereomeric excess.65  More specifically, 

amino acid-containing ligands also promote H-bonding interactions and have been used 

before to construct interesting architectures and encapsulate unusual guests.66–68   

The ligands N1,N4-bis((S)-1-(hydroxyamino)-1-oxopropan-2-yl)terephthalamide (H2A), 

N1,N4-bis((S)-1-(hydroxyamino)-3-methyl-1-oxobutan-2-yl)terephthalamide (H2B) and 

N1,N4-bis((S)-1-(hydroxyamino)-4-methyl-1-oxopentan-2-yl)terephthalamide (H2C) 

were prepared through a simple two-step reaction as shown in Scheme 1.  The first step 

of the reaction was an amide coupling in which the intermediate was prepared through 

the use of terephthalate chloride with 2 equivalents of the associated L-amino acid methyl 

ester hydrochloride (H2A= L-alanine methyl ester HCl, H2B= L-valine methyl ester HCl 

and H2C= L-leucine methyl ester HCl).  

Due to the moisture-sensitive nature of terephthalate chloride the reaction was proceeding 

under nitrogen.  The second step was a hydroxamic acid synthesis reaction to produce 

ligands H2A, H2B and H2C.  This involved reaction with the methyl ester intermediate 

from step 1 with 6 equivalents of hydroxylamine hydrochloride and 12 equivalents of 

sodium hydroxide.  The 1H NMR spectra of these compounds displayed the characteristic 

hydroxamic acid OH and NH peaks at approximately 9 and 11 ppm, respectively.69  The 

overall yields were generally modest (H2A= 33%, H2B= 39% and H2C= 43%). 
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Scheme 1. Synthetic pathway for hydroxamic acid ligands H2A, H2B, H2C and H2D. 

Ligand N1,N4-bis((S)-1-(hydroxyamino)-1-oxo-3-phenylpropan-2-yl)terephthalamide 

H2D was prepared using a four-step synthetic pathway instead, as  the same hydroxamic 

acid synthesis pathway could not be implemented here due to this particular ester 

intermediate being insoluble in methanol.  Step 1 involved amide coupling as carried out 

previously using terepthaloyl chloride and L-phenylalanine methyl ester hydrochloride.  

Then, ester hydrolysis of the intermediate was performed to afford a carboxylic acid. Step 

3 involved the use of 1,1'-Carbonyldiimidazole (CDI) to convert the carboxylic acid to an 

carbonylimidazole intermediate,70 followed by conversion to the target dihydroxamic 

acid by using 6 eq. of NH2OH.HCl and 6 eq. of KOH.  

It is noted that, to isolate the diHAs, the solution after the final synthetic step must be 

carefully acidified to a pH~6, as more alkaline solutions usually contain the hydroxamate 

anions.  If on the other hand, the solution’s pH is further reduced, then it is possible that 

the dihydroxamic acid will decompose via Loosen rearrangement,71 or unreacted 

dicarboxylic acid intermediate will co-precipitate.  The work up procedure is detailed in 

SI, 4.8.2.  The overall yield for the three steps was 12%. 
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4.4.1.2 Synthesis and Characterisation of Ga3+/Fe3+ Complexes with ligands H2A-

H2D 

 

At this point we were ready to initiate the cage synthesis, which is a trivial process, 

as it was based on previous work using the smaller IHA/AHA/HHA ligands.4  To form 

the cages in solution, the desired ligand is dissolved in DMSO, to which is added a 

stoichiometric amount of a metal salt, usually the nitrate.  When iron was used as the 

metal centre, a striking colour change occurred as soon as it mixed with the HA, which 

was expected, since Fe-HA complexes almost always form intense purple solutions.72  On 

the other hand, when gallium was used, no colour change was observed.  After the desired 

complexes (Ga3+) were formed, they were subjected to 1H NMR analysis, and their 

spectrum was compared to that of the free ligand.   

Multiple 1H NMR spectra were collected in-between sequential additions of the metal 

salt, and stacked on top of each other, a technique that is known as NMR titration.73  This 

allowed us to detect minute differences in the chemical shifts after each addition and is a 

frequently used diagnostic tool when working with supramolecular clusters.  In general, 

as a new complex forms, several of the NMR resonances shift, as the protons that are 

pointing towards the inside of the cage are ‘shielded’ from the solvent, resulting in a 

different chemical environment and thus appear downfield.65  

It is also important to mention, that since Fe3+ is paramagnetic, it cannot be used for NMR 

studies, as paramagnetic metal centres (such as Fe3+ or high-spin Fe2+, Co2+, Ni2+ etc.) 

cause signal broadening along with large shifts due to short relaxation times.74  For this 

reason we used the diamagnetic Ga3+ (in the form of Ga(NO3)3
.H2O) as the metal source 

for the NMR studies.  Below is described the 1H NMR titration using ligand H2B, the 

results of which are representative of all the set.  Gratifyingly, the anticipated downfield 

shift of certain proton resonances was observed, as shown in Figure 12.  
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Figure 12. 1H NMR titration study using the ligand H2B. 

Specifically, aromatic protons 1 and 2 did not demonstrate any discernible shift or change 

in morphology of their peaks even after the addition of 1eq. of Ga3+, indicating that their 

microenvironment did not change.  However, when looking at peaks 3 and 7 

corresponding to the amidic (NH) and hydroxamic acid hydrogens (NH), we see that their 

intensity is reduced while a new set of peaks, 7′ (singlet) and 3′ (doublet) appear at ~13 

and ~13.2 ppm, respectively.  These are tentatively assigned to the amide (NH) and HA 

(NH) hydrogens of the newly formed cage.  At the same time, peak 8, belonging to the 

HA (OH), is reduced in intensity, as the -OH group is deprotonated to coordinate with the 

Ga3+.  Similarly, we observe that the alkyl hydrogens (CH) 4, 5 and 6 behave in an 

analogous manner to that of 3 and 7, albeit their downfield shift is much less pronounced, 

since they are likely located on the exterior of the cage.  It is also worth mentioning that, 

after adding 1 eq. of Ga3+ in the ligand solution, the complexation was not complete, as 

evidenced by the remaining peak 8, representing the protonated ligand. 

To obtain evidence for the topology of the newly formed supramolecular constructs, a 

series of attempts to grow crystals suitable for SC-XRD were carried out.  We employed 
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several crystallisation techniques, including heating and subsequent cooling, slow 

evaporation, vapour diffusion, and layering (solvent diffusion), using a range of solvent 

mixtures with different polarities.  Unfortunately, despite numerous attempts over several 

months, we were unable to obtain the desired crystals which left us with MS as the other 

reliable method of inferring the topology.  

Luckily the cages were able to dissolve in MeOH, which is a suitable solvent for EI 

techniques and to our surprise, the measured masses matched the M2L3 topology (Figure 

13).  Without the SC-XRD data, however, it is unclear whether the helicate, or mesocate 

or a mixture of two isomers was formed in each case.  Notwithstanding, the fact that only 

one set of new peaks appeared downfield (7′ and 3′), might imply that only one 

diastereomer is present (ΔΔ/ΛΛ or ΔΛ/ΛΔ), however as we will see in the next section 

(4.4.2), there are other plausible explanations for the emergence of these peaks. 

 

 

Figure 13. MS spectrum (EI) showing the theoretical (bottom) and measured (top) mass pattern for the complex 

Fe2(H2B)3. 
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4.4.2 Naphthaloyl Dihydroxamic Acid-Based Complexes 

 

4.4.2.1 Synthesis and Characterisation of Ligands AlaHA, ValHA, LeuHA and 

PheHA 

 

 Since the goal of this project was to expand the internal cavity volume found in 

the original IHA tetrahedral cage, the triple helicate/mesocate complexes that were 

obtained meant that they could not be utilised for our intended purposes since the cavity 

in those architectures with short spacers (in our case terephthaloyl unit) is usually small 

and inaccessible to most guest compounds.75  The main strategy to overcome this 

challenge is to select a larger spacer, ideally with a relatively rigid structure, as too much 

flexibility can lead to binding of the two hydroxamate units to the same metal centre.76,77  

Based on this and inspired by earlier work from Raymond et al.,78 illustrating a series of 

tetrahedral M4L6 clusters with 1,5-naphthalene-containing, catecholate spacers (Figure 

14a), we decided to employ the more elongated 2,6-naphthalene regioisomer, to further 

increase the length of the ligand.  Furthermore, we decided to keep the amino acid 

moieties, since they offer a series of benefits, as mentioned in section 4.4.1.1 and they 

appeared to behave as intended when used with the terephthaloyl-based ligands (Figure 

14b). 

 

Figure 14. a) Catechol-based ligand featuring the 1,5-naphthalene unit (blue) as a spacer used by Raymond et al.  b) 

Our proposed hydroxamic acid-based ligand containing the more elongated 2,6-naphthalene unit (red) as a spacer, 

along with chiral amino acid extensions. 
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We started by using the commercially available 2,6-naphthalene dicarboxylic acid, as the 

main building block for the synthesis of the target compounds (Scheme 2).  We proceeded 

by chlorinating the dicarboxylic acid using thionyl chloride, a commonly used 

chlorinating reagent,79 to obtain 2,6-naphthalene dicarbonyl dichloride (NaphCl) which 

was the used as a coupling partner with a series of amino acid methyl ester HCl salts. 

 

Scheme 2. Synthetic steps followed to access the desired dihydroxamic acid ligands. 

In total, we used five different amino acids, namely L-alanine, L-valine, L-leucine, L-

phenylalanine and L-histidine.  However, it was quickly discovered that histidine was an 

incompatible amino acid for our method, as the coupling step involves the use of pyridine, 

which may act as a base to deprotonate the histidine moiety, leading to salt formation and 

side-reactions.  As such, we obtained four coupling products, which were then converted 
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to the target dihydroxamic acids using the same method employed in section 4.4.1.1.  In 

general, this method afforded N2,N6-bis(1-(hydroxyamino)-1-oxopropan-2-

yl)naphthalene-2,6-dicarboxamide (AlaHA), N2,N6-bis(1-(hydroxyamino)-3-methyl-1-

oxobutan-2-yl)naphthalene-2,6-dicarboxamide (ValHA), N2,N6-bis(1-(hydroxyamino)-

4-methyl-1-oxopentan-2-yl)naphthalene-2,6-dicarboxamide (LeuHA) in poor yields (10-

20%).  In an attempt to improve the yields, we tried to raise the temperature of the last 

step above 50 oC, however we noticed that the opposite was achieved; in many cases, no 

product was formed, and a sticky tar was produced instead.  The few attempts that did 

work, gave products with even poorer yields (<10%) than the original ones.  It is 

postulated, that this is due to the tendency of many hydroxamic acids to decompose upon 

heating and participate in a plethora of side-reactions,80–82 the most common one being 

the Loosen rearrangement,71 where a hydroxamic acid can convert to an isocyanate 

intermediate. 

Particularly difficult was the case of N2,N6-bis(1-(hydroxyamino)-1-oxo-3-phenylpropan-

2-yl)naphthalene-2,6-dicarboxamide (PheHA), as it was insoluble in virtually all solvents 

besides DMF and DMSO, making its use incompatible with the method employed for the 

other substrates, and afforded PheHA at 5% yield, and only after several attempts.  For 

this reason, we decided to employ a mechanochemical, solvent-free method, which 

should be able to circumvent the solubility problem.  We used a modified protocol that 

was first developed by Porcheddu et al.,83 which utilises CDI to install an imidazole 

moiety adjacent to a carbonyl group.  This imidazole then acts as a good leaving group in 

the presence of a hydroxylamine, to give the corresponding HA.  In our lab we have 

established that using hydroxylamine sulphate (NH3OH)2SO4 and imidazole as a base in 

the presence of CH3NO2 as a LAG agent, generally works best.  To our satisfaction, this 

method gave compound PheHA at a 42% yield, after 110 min of total reaction time 

(compared to 16 h for the solution method).  Furthermore, since the Retsch MM400 mixer 

mill that was used to grind the sample can hold two jars, the reaction throughput was 

doubled, which saved us time and resources.  In addition, this mechanochemical protocol 

takes place at room temperature (compared to 50 oC in solution), limiting the 

decomposition of the dihydroxamic acids.  The main downside was that this method 

requires the use of a carboxylic acid as a starting material, which added an extra step into 

the synthesis, however obtaining the carboxylic acid 2,2'-((naphthalene-2,6-

dicarbonyl)bis(azanediyl))bis(3-phenylpropanoic acid) (PheOH) was not a difficult 
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undertaking, as it simply involved the hydrolysis of a suspension of the ester precursor, 

dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))bis(3-phenylpropanoate) 

(PheEst), in a mixture of THF/Methanol (1:1).   

After the dihydroxamic acids were synthesised, we proceeded to characterise them by 

using key analytical techniques (1H, 13C, NOESY and DOSY NMR, IR, MS and m.p).  

Almost immediately, an interesting observation was made regarding their NMR spectra;  

it appeared as if most of the proton and carbon resonances were doubled.  This effect was 

present in all four compounds, however, in ValHA it was the most prominent, as seen in 

Figure 15. 

 

Figure 15. Part of (120-140 ppm) the 13C spectrum of ValHA, showing an apparent doubling of the expected 

resonances. 

We felt confident that the compounds were sufficiently free of impurities, and the 

structure assignments were correct, as evidenced by MS and TLC observations.  Potential 

contamination with carboxylic acid or ester analogues was ruled out, since their 

corresponding masses were absent from the MS spectra.  For reference, we also compared 

the NMR spectra of PheHA and PheOH, and the extra peaks in the former did not match 

those observed in the latter.  This led us to consider an alternative hypothesis; the 

racemisation of the amino acid moieties.  It is a well-known fact, that chiral compounds 

and most specifically enantiopure amino acids can lose their optical purity and racemise, 

a process which is dependent on many factors, including temperature, pH, presence of 

catalysts and time,84 albeit there are still many unknown parameters that are under 

investigation.85  If that had occurred with our compounds, then in principle we should be 

left with at least three stereoisomers (Figure 16).  Taking ValHA as an example, if partial 

racemisation had occurred during the last step of its synthesis, then we would expect to 

have a mixture of (S,S)-ValHA (SM), (R,R)-ValHA, (S,R)-ValHA and (R,S)-ValHA. 

As illustrated in Figure 16, the latter two enantiomers are actually the same compound, 

since there is an internal plane of symmetry that bisects them, and they have two opposite 
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stereogenic centres, they fulfil the criteria of a meso compound.86  As such, they are 

achiral and should not respond to polarised light.  When we measured the optical rotation 

of ValHA using a polarimeter, it was [α]D= +4 (c 1.00, MeOH, 20.1 oC) compared to 

[α]D= +16 (c 1.00, MeOH, 21.0 oC) for ValEst.  This inferred that the compound that we 

had was optically active, meaning that we had an excess of a certain enantiomer.   

 

Figure 16. Possible stereoisomers stemmed from the partial racemisation of an enantiopure (S,S) ligand. 

It is also worth mentioning, that out of the (S,S)-ValHA, (R,R)-ValHA and meso-ValHA 

stereoisomers, the first two (enantiomers) are diastereomers with relation to the third, and 

since 1H NMR can be used to detect diastereomers, and diastereomeric ratios (d.r.),87,88 

but not enantiomers, we would expect to have two sets of signals in total, which is in 

agreement with our observations.  When it comes to the 1H NMR spectra of the 

precursors, the resonances appeared to be as expected, meaning that the racemisation 

must have occurred during the last step of the synthesis.  Next, we attempted to calculate 

the d.r. for each of the four compounds (Table 1), by integrating the NMR resonances for 

each diastereomeric pair.  To ensure the reliability of the data, the average of several 

integrals was calculated for each compound.  In cases where there was significant overlap 

or ambiguity in the 1H NMR peaks, 13C NMR integrations were used instead, as it has 

been shown that even proton decoupled 13C NMR with short relaxation times, can provide 

a quantitative diastereomeric resolution which is comparable to those obtained by 1H 
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NMR.89  This was confirmed by our study, as the difference between the two methods 

was less than 3%.  Even though we could measure the d.r., assigning a structure to each 

Table 1. Diastereomeric analysis for the dihydroxamic acids as determined by NMR spectroscopy.  

 

percentage is not possible.  It might be argued, that since we began the synthesis with a 

single enantiomer (S,S) which resisted racemisation up until the final step of the synthesis, 

then the major diastereomer would belong to the (S,S) stereoisomer.  However, this 

cannot be proven with the data in hand.  It is also not clear why ValHA appeared to 

deviate from the other compounds, by having an almost 50:50 relationship between the 

diastereomers.  Finally, it seems that when it comes to the d.r. of PheHA, both batch and 

mechanochemical methods give rise to the same outcome.   

 

4.4.2.2 Synthesis and Characterisation Ga3+ Complexes with Ligands AlaHA, 

ValHA, LeuHA and PheHA 

 

 To obtain the desired complexes in solution was relatively trivial; similarly to the 

process followed with the terephthaloyl ligands used in section 4.4.1, we formed the 

complexes by adding Ga(NO3)3
.H2O to a DMSO-d6 solution of each ligand.  The process 

was monitored by 1H NMR (titrations).  Starting with AlaHA (Figure 17), it quickly 

became evident that even 3 eq. of Ga3+ was not enough to fully coordinate the hydroxamic 

acid moieties, and as such, we added an additional 2 eq. of triethylamine (TEA), a bulky 

organic base which has been used to promote the complexation of hydroxamate ligands 

with Ga3+.90   In our case, this seemed to completely deprotonate AlaHA, however, the 

addition also caused moderate broadening of most peaks, something which has been 

associated with the formation of several oligomeric aggregates.91  This was further 

Compound mol% major by 1H NMR mol% major by 13C NMR 

AlaHA 90.9 88.5 

ValHA 51.7 53.5 

LeuHA 82.0 79.3 

PheHA 81.8 (solution) 

80.8 (mechanochemistry) 

83.7 (mechanochemistry) 
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supported by the apparent gelation of a solution of AlaHA in the presence of excess Fe3+ 

(SI, 4.7.3).  Despite this, the titration offers us significant clues regarding the fate of the 

hydroxamate ligand.   

 

 

Figure 17. 1H NMR titration of AlaHA. 
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The most striking difference between AlaHA and the addition of 3eq. of Ga3+ seems to 

be the appearance of two new sets of peaks, with the concomitant disappearance of the 

AlaHA peaks.  Then, the same titrations experiment was also carried out using ValHA 

and LeuHA, however, the resulting spectra were particularly hard to interpret, as there 

was a lot of peak overlap after the Ga3+ addition was completed (SI, 4.7.4, 4.7.5).  

Fortunately, when PheHA was employed, the overlap was reduced (Figure 18). 

 

Figure 18. 1H NMR titration of PheHA. Methylene protons 6 were omitted as they overlap with H2O peak. 

In accordance with the behaviour seen with AlaHA, it appears that after the metal is 

added two new distinct peaks appear downfield (8′ and 8″).  Their relationship to the 

hydroxamate proton 8 can be discerned by:  i) Their morphology, as they appear as 

sharp singlets, ii) their simultaneous appearance as peak 8 is reduced in intensity and iii) 

by the fact that when D2O drops are added in the solution after the titration, both 8′ and 

8″ disappear, signifying their labile nature.  Furthermore, the final addition of TEA 

helps us distinguish between peaks 8 and 9, as it is expected that only peak 9 (OH) 

would disappear upon addition of a base.  The same behaviour was seen with the other 

substituents as well.  We then decided to test whether the newly formed supramolecular 
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architectures were able to act as hosts for small organic compounds, as this would give 

us information about their geometry and potential cavity space (Figure 19).  We decided 

to use imidazole (Im) as the potential guest, as it is small, polar, with neutral charge and 

a flat geometry, which should make it able to access even relatively small pores. 

 

Figure 19. 1H NMR titration showing an encapsulation attempt of Im within the tentative PheHA-Ga cage. 

Upon adding 1.5 eq. of Im to a solution of PheHA, we observed a set of peaks (a and b), 

corresponding to free Im, although the amine proton was not observed (based on 

comparing its resonances when in solution on its own), possibly due to overlapping with 

PheHA protons.  To our surprise, upon adding 1 eq. of Ga3+ peaks a and b immediately 

shifted downfield.  After 2 eq. were added, the tentative encapsulation was complete, and 

further addition did not shift the peaks any further.  Furthermore, not only was the 

assembly able to encapsulate 1.5 eq. of Im, but its presence altered the relative ratios of 

peaks 8′ and 8″.  By comparing Figure 18 and 19, it is evident that initially peak 8′ was 

the major one compared to 8″.  We can also see that analogous inversion in peak intensity 

occurred in peaks 5′ and 5″ after Im encapsulation.  This result is intriguing, as assuming 
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that the different peaks belong to separate chemical entities, it implies that Im acts as a 

template that promotes the formation one particular architecture.  To gain further insights 

into the peaks involved, we obtained the DOSY spectra before, and after the addition of 

Ga3+ (Table 2). 

Table 2. DOSY analysis of tentative host-guest assembly Im⊂PheHA-Ga 

Compound Mw 

(predicted) 

D (x10-10 m2/s) Hydrodynamic 

Radius (Å) 

Mw (lowest 

estimate)a 

PheHA 540.58 1.28 8.30 904.4 

Im 68.08 (Free) 4.90 (free) 

2.35 (Hosted) 

3.39 (free) 

5.41 (hosted) 

61.6 

PheHA-Ga 1755.13 

(Helicate) 

3510.25 

(Tetrahedron) 

0.77 

 

0.55 

12.34  

 

16.35  

2973.32 

 

6916.47 

a Lowest end of estimate range was used since it was a best match for Im’s Mw.  Confidence of prediction is 95%. 

The estimations for the Mw values were made using a modified Stokes-Einstein equation 

SEGWE method) which tends to perform better for smaller compounds.90 As DOSY is 

meant to be used as a qualitative method, the accuracy of the method is not as important 

as the diffusion coefficient (D) for each compound.  For instance, we notice that free Im, 

has a higher D value compared to the restricted environment of a cage, which is what we 

would expect to see in this situation.  Moreover, it appears that there are two sets of signals 

with discrete D values when PheHA-Ga complex is measured.  This suggests that at least 

two different architectures are forming, one of which is about twice as heavy as the other.  

By careful observation, we also noticed that it was possible to assign the proton peaks 5′ 

and 5″ to two different diffusion bands, the latter belonging to the heavier architecture 

(Figure 20).  Although further evidence is needed to definitively prove this hypothesis, 

with the data that we have in hand so far it seems that we have uncovered a relatively rare 

example of template-induced interconversion of one supramolecular architecture to 

another.  The first example of this effect was described in 1999 by Raymond et al., where 

they showed how a charged guest (Me4N
+) can induce the conversion of a triple helicate 

to a tetrahedral complex.92  Interestingly, their ligand was based on a 2,6-anthracene 

spacer, which is structurally similar to our 2,6-naphthalene spacers.  Moving away from 
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NMR spectroscopy, we were also interested to obtain the MS spectra of these cages, as 

this would help us determine the topology of the architectures, as demonstrated in section 

 

Figure 20. DOSY NMR comparison of a) PheHA and b) PheHA-Ga CH peaks.  Note that the y axis (D) is at a 

different scale for a) and b). 

4.4.1.2.  Unfortunately, in this case, we were not able to achieve this goal as we quickly 

discovered that these complexes can only be dissolved in very polar solvents such as 

DMSO, DMF, or NMP, however technical limitations with the MS instrumentation that 

was available to us meant that these solvents could not be used at this time.  Finally, the 

low solubility of our compounds also prevented us from being able to grow SC-XRD 

quality crystals, even after several months of attempts.  This is quite limiting when it 

comes to characterising these assemblies (architecture and chirality), as the vast majority 

of groups working on such systems usually rely on crystallography to provide proof for 

their hypotheses,10 and as such, the techniques that we were able to use (namely NMR), 

usually have a complementary role to the evidence. 
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4.5 Conclusions 

 

 We have developed two sets of dihydroxamic acid containing ligands that were 

used to form a series of metallosupramolecular assemblies.  For the smaller, 

terephthaloyl- containing ligands, we were able to demonstrate that they form M2L3 type 

topologies, instead of the desired tetrahedral (M4L6) one.  The larger, naphthaloyl-

containing ligands were more challenging to work with in many aspects; firstly, their 

synthesis proved to be relatively demanding, especially for the derivative PheHA, which 

could only be obtained reliably by using a solid-free, mechanochemical protocol.  

Secondly, these ligands appeared to consist of stereoisomeric mixtures, which made their 

characterisation problematic.  Thirdly, the low solubility of the ligands and corresponding 

clusters prevented us from obtaining MS data.  Finally, due to a combination of low 

solubility, neutral charge, and poor solid-state packing, we were unable to grow any 

suitable crystals for SC-XRD analysis.  Despite these setbacks, we have shown that 

assemblies do indeed form with these types of ligands, and we have made substantial 

progress towards understanding their topologies, and it appears their architecture may be 

tuneable by host-guest interactions.  

 

4.6 Future Work 

 

4.6.1 Work Involving 2,6-Naphthalene-Based Ligands 

 

 As mentioned, it is necessary to obtain MS spectra of the ligands and clusters, to 

help us determine their topology.  For this reason, effort should be made toward finding 

an analytical technique which is compatible with the solvent systems that we have 

developed.  Moreover, computational modelling of these systems using DFT, and related 

methods should provide us with very useful insights, especially with regards to predicting 

the total number and stereoisomeric distribution of our assemblies.93  For example, in an 

M2L3 assembly with two octahedral metal centres and three ligands, each of which 

contains two stereogenic centres (yielding three stereoisomeric combinations, (R,R), 

(S,S) and meso- (R,S), we would expect to have a maximum 28= 256 possible 
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stereoisomers, although assuming that the two metal centres are homochiral (ΔΔ/ΛΛ), 

which can be favoured,94 that number would be 64.  Even worse, in the case of a M4L6 

tetrahedral cage with octahedral geometry we would expect to see 216= 65,536 

stereoisomers or 8,192 if the metals had adopted the most common95 homochiral T 

symmetry (ΔΔΔΔ/ΛΛΛΛ).   

As part of our long-term aim for this project to develop cages with large enough cavities 

to be used in areas such as photocatalysis, future work should involve measuring their 

photophysical properties, including UV-Vis. absorption, emission, photoluminescence 

quantum yield (PLQY) and excited state lifetime.  This data can then be used to make 

informed decisions about the suitability of the assemblies to be used as photocatalysts or 

participate in photoredox reactions.   

Using cages (or nanocontainers) to enhance photochemical processes is an active area of 

research, and there are many reported examples where their cavity was used to enhance 

the photocatalytic performance of known chromophores.  Examples of this include using 

the confined environment to extend their excited state,96 promoting photocatalytic H2 

generation,97 improving the efficacy of (photodynamic therapy) PDT agents,98 promoting 

photo-switching of alkenes,99 and protecting light-sensitive compounds from 

irradiation.100   

This last potential application inspired us to test whether or not our complexes could be 

used to encapsulate a 1,2,6-thiadiazine compound and prevent it from producing the ring 

contracted 1,2,5-thiadiazole 1-oxide product by using the internal cavity of the cage to 

protect it from light and/or coming into contact with O2.  In a preliminary experiment 

(Figure 21), we used 3,5-dimethoxy-4H-1,2,6-thiadiazin-4-one, primarily for its small 

size, to maximise the probability of encapsulation.  We used 1 eq. of PheHA in a DMSO-

d6 solution, along with 3 eq. of Ga3+ and 1 eq. of thiadiazine.  The encapsulation was 

tested by how the thiadiazine resonances behaved when the Ga3+ was added.  If it had 

occurred, then we would expect to see a noticeable downfield shift, in the same manner 

we did when Im was used.  Unfortunately, no such shift was detected, even after addition 

of 2eq. of TEA, to ensure that all the PheHA was coordinated.  This might suggest that 

an even larger spacer might be needed in the future, to further enlarge the pore size of the 

cavity. 
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Figure 21. Illustration of how the cavity of our cage could in principle shield a 1,2,6-thiadiazine from external light 

and O2. 

Another promising application for these cages could be their use as AIEgens.  As we have 

discussed in detail in chapter 2, AIEgens are versatile materials with many applications.  

Recently, it was demonstrated that self-assembly of metallocages can be used to enable 

AIE in compounds that would otherwise not be emissive when aggregated.101  It was 

shown that this works because as the cage forms, the ligand is rigidified, which 

substantially lowers radiative relaxation pathways and allows them to fluoresce.  

Theoretical calculations also showed that this was not due to the coordinating metals 

ability to participate in the excited state of the ligands, thus proving that this is caused by 

the linkage-induced stabilisation of the ligand.   

Inspired by this work, we wanted to assess whether this technique could also be exploited 

with our assemblies.  For this reason, we prepared a series of solutions containing 

different fractions of water in DMSO (fw).  In one series we added AlaHA (10 mg, 0.03 

mmol) on its own, and in the second the same amount of AlaHA, along with 3 eq. of 

Ga3+.  Each series consisted of three fw (0, 0.5, and 0.9) values.  To our surprise, the fw= 

0.9 fraction containing the AlaHA-Ga complex showed strong blue fluorescence, when 

irradiated with long UV light (Figure 22).  Moreover, when the same experiment was 

conducted by using PheHA as the ligand, the fw= 0.9 fraction did not fluoresce, even 

though aggregation had occurred.  This may be explained by the presence of the Ph groups 

in PheHA-Ga which might suppress the fluorescence by π-π stacking deactivation.  

Unfortunately, it was not possible to acquire the relevant absorption and emission spectra 

of these experiments at the time and the experiments were only conducted on a qualitative 

basis.  Thus, it can be concluded that this phenomenon might be attributable to linkage-
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induced enhancement of fluorescence, as described above, however it cannot be used as 

a proof of metallocage formation.  Another mechanism that could explain this behaviour 

was described by Lei et al., as they developed a selective and sensitive Ga3+ ‘turn-on’ 

fluorescent probe, consisting of a simple naphthalene-L-serine containing Schiff base.101  

It was established that when the Ga3+ coordinates with the compound, photo-induced 

electron transfer (PET), and excited-state intramolecular proton transfer (ESIPT) 

 

Figure 22. Photographs of a) AlaHA (left) and AlaHA-Ga (right) in the solid form,  b) fractions of AlaHA-Ga complex 

under long UV irradiation, and c) fractions of AlaHA-Ga under visible light. 

(caused by tautomerism) processes, are suppressed allowing radiative relaxation 

pathways to emerge.  As such, even though these results are promising, additional work 

is required to acquire qualitative results and understand the mechanism that enables the 

fluorescence.  
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4.6.2 Work Involving Ligands with Other Spacer Units 

 

 Besides the 2,6-naphthalene backbone, the 1,5- regioisomer could also prove to 

be a good alternative spacer for dihydroxamic acid linkers (Scheme 3a), as it has been the 

main backbone adopted by the Raymond research group, and its use helped pioneer this 

area of metallosupramolecular cages.10 

 

Scheme 3. Alternative synthetic routes for cluster scaffolds that are currently in development. 

In addition, instead of amino acids other groups can be installed on these backbones that 

may be of interest.  For instance, we attempted using monomethylmalonic chloride 

coupled with naphthalene-1,5-diamine to produce an alternative, more flexible ligand 
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(Scheme 3b), however during the conversion of monomethylmalonic acid SM to the 

corresponding chloride, the reaction failed to yield a product, and instead, a viscous dark 

oily tar was formed, that appeared to be a mixture of decomposed products (based on 

multiple TLC spots).  Several chlorinating agents were employed such as oxalyl chloride, 

thionyl chloride and phosphorus pentachloride, but none of them afforded the desired 

product.  Despite these setbacks, efforts to circumvent this issue are underway.  Finally, 

a third scaffold was also made, which utilises hexaaryl-1,4- 

dihydropyrrolo[3,2-b]pyrroles as linkers for the cages (Scheme 3c).  

Those scaffolds have quite rigid structure, and in principle should be able to form cages 

with a single topology.  Furthermore, due to the X shape of their structure, they tend to 

adopt propeller-like geometries in the solid-state and have been used as potent 

AIEgens.102,103  In addition, they are known for their interesting optical properties, which 

give rise to intense colours and fluorescence, leading to their use as fluorescent dyes.104  

Since they have a similar size to the naphthalene scaffolds we have used, we believe that 

the dihydroxamic acid analogue of these compounds could be a viable way to generate 

photoactive metallocages, enabling them to act as potent photocatalysts.105 

There are two main methods for synthesising these compounds,104,106 and both of them 

involve use of a three-component, one-pot approach, where an aniline, benzaldehyde and 

diketone (diacetyl) react in the presence of an acid catalyst to yield the final product, 

although the exact mechanism of the reaction is still not understood.  We started exploring 

this chemistry by synthesising a diethyl ester intermediate, as seen in Scheme 4.  The SMs 

reacted together in acetic acid at around 90-100 oC with the addition of p-toluenesulfonic 

acid catalyst. 
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Scheme 4. Synthesis of a hexaaryl-1,4- dihydropyrrolo[3,2-b]pyrrole dihydroxamic acid intermediate. 

Subsequently, the ester was hydrolysed to form the dicarboxylic acid, which was 

insoluble in common organic solvents, making it very hard to convert to the dihydroxamic 

acid target using conventional batch methods.  As such, we decided to utilise the 

mechanochemical protocol that was described earlier to form compound PheHA.   

Although this reaction seemed to work, the product was found to be contaminated with 

iron that tentatively leached from the ball mill cup during the milling process.  The 

presence of iron was confirmed by NMR, since the paramagnetic iron (III) that was bound 

to the siderophoric dihydroxamic acid moiety reduced the relaxation times and thus, made 

the peaks appear broader74,107 (Figure 23a), however after filtering through celite, most 

of it was removed, judging by the change in the 1H NMR spectrum (Figure 23b).  

Unfortunately, due to the low solubility in DMSO-d6, a satisfactory 13C NMR spectrum 

could not be acquired. 
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Figure 23. a) Broadening of the NMR peaks due to the presence of paramagnetic iron.  b) Filtering with celite removes 

most of the iron, revealing the target dihydroxamic acid, as evidenced by the characteristic singlet NH and OH peaks 

at ~9 and 11ppm respectively. 

Finally, we also investigated the use of an aniline SM that bears a hydroxamic acid moiety 

at the para position, to construct the target molecule in one step, allowing us to 

circumvent the synthesis of the diester and dicarboxylic acid intermediates.  However, for 

this to work, we had to use more benign conditions, as the hydroxamic acid moiety did 

not survive the conditions used previously (AcOH, 90 oC) (Scheme 5a). 

For this reason, we decided to exploit the second synthetic method available,106 which 

uses a niobium (V) source, acting as a Lewis acid catalyst that was found to be very 

effective for this type of transformation.  Furthermore, this methodology uses acetonitrile 

as solvent instead of acetic acid, and the reaction takes place at room temperature.  By 

employing those conditions, we postulated that the hydroxamic acid could survive and 

successfully produce the target compound (Scheme 5b). 
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Scheme 5. a)Using the first method led to decomposition of the aniline SM and we could not detect any product.  b) 

By using a set of more benign conditions, the reaction proceeded to afford the target compound. 

Interestingly, it appeared that the reaction worked, and we managed to form the product 

in a modest yield (44%).  Unfortunately, its 1H NMR spectrum revealed that it contains 

several impurities, and due to its low solubility in most solvents except DMSO and DMF, 

it has thus far not been possible to purify it (Figure 24).  

 

Figure 24. 1H NMR spectrum of the impure dihydroxamic acid. 
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The main purification method that was tested was recrystallisation from DMSO, but this 

did not improve the purity of the compound, as the impurities crashed out along with the 

desired compound.  Currently, we are exploring possible solutions to this issue, which 

include optimising the original reaction, employing mechanochemical methods, or 

finding more suitable recrystallisation systems. 

In the following and final chapter, we will first attempt to develop a mechanochemical 

protocol for the N-protection of the HA ligands presented here.  However, as it will 

become evident, our efforts eventually led to the development of a novel solvent-free 

pathway which allowed us to access a series of N-arylbenzamides from O-protected 

hydroxamic acids.  Furthermore, we will show how 3D printing was utilised for scaling 

up our reactions. 
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4.7 Supporting Information 

 

4.7.1 D2O Effect on AlaHA, ValHA, LeuHA and PheHA 1H NMR Spectra 

 

 

Figure S1. 1H NMR Spectra of AlaHA and ValHA, showing vanishing of labile proton signals upon addition of D2O. 

Total volume 0.6 mL. 

 



Chapter 4: Development of Photoactive Hydroxamate-Based Coordination Cages 

248 

 

 

 

Figure S2. 1H NMR spectra of LeuHA and PheHA, showing vanishing of labile proton signals upon addition of D2O. 

Total volume 0.6 mL. 

 

4.7.2 D2O Effect on AlaHA-Ga Complex 

 

 

Figure S3. 1H NMR spectra comparison between AlaHA-Ga dissolved in DMSO-d6 (lower) and the same solution 

after adding two drops of D2O (upper).  It is clear that the peak at ~13 ppm which appears after AlaHA is coordinated 

to Ga3+ belongs to an easily exchangeable proton.  Total volume 0.6 mL 

 



Chapter 4: Development of Photoactive Hydroxamate-Based Coordination Cages 

249 

 

4.7.3 Gel Formation After TEA addition to AlaHA-Fe Complex 

 

 

Figure S4. A gel was formed after 2eq. of TEA were added in a solution containing AlaHA and 3eq. of Fe3+ dissolved 

in ~1mL of DMSO.  Similar behaviour was observed in Ga3+ complexes after TEA addition, forming clear gels.  In 

general, it was observed that gelation was generally more pronounced the more TEA was added. 
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4.7.4 1H NMR Titration Experiment Using ValHA  

 

 

Figure S5. 1H NMR titration using ValHA as ligand.  Even after adding 3 eq. of  Ga3+ it appears that the coordination 

process was not completed, as evidenced by the presence of peak 9.  Only after 2 eq, of TEA were added all of ValHA 

was consumed.  Proton assignment on the resulting spectra was challenging, due to overlap of various signals, and 

ambiguity regarding their origin.  The two separate peaks from proton 5 in the ValHA spectrum are ascribed to the 

diastereomeric pair (S,S)/meso-(S,R). 
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4.7.5 1H NMR Titration Experiment Using LeuHA 

 

 

Figure S6. 1H NMR titration using LeuHA as ligand.  As seen previously, after adding 3 eq. of  Ga3+ it appears that 

the coordination process was not completed, as evidenced by the presence of peak 10.  Only after 2 eq. of TEA were 

added all of LeuHA was consumed.  Proton assignment on the resulting spectra was challenging, due to overlap of 

various signals, and ambiguity regarding their origin.  In contrast with the other SMs, it seems that LeuHA only forms 

one supramolecular construct when Ga3+ is added, based on the appearance of only one peak past 12 ppm (peak 9′).  It 

is not yet clear why this difference exists, although it has been shown before that different ligand substitution can lead 

to complexes of different topology.108 
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4.7.6 DOSY Spectra of PheHA and PheHA-Ga Complexes 

 

 

Figure S7. Comparison between a) DOSY spectrum of PheHA on its own, and b) DOSY spectrum of PheHA after 

adding 3eq. of Ga3+.  Dashed line is centred on 1.00x10-10 m2/s.  The y axis is on a logarithmic scale.  The x axis ranges 

from 2.2 to 10.9 ppm.  It is quite evident that when the metal is added, the diffusion coefficient shifts to lower values, 

signifying the presence of a different molecular species with a larger hydrodynamic radius and molecular weight.  It 

can also be seen that in graph b) there are two bands present, although due to the broadness of the signals it is hard to 

discern the exact diffusion coefficient for each signal band.  In general, the signals are of low quality, and should only 

be used to make qualitative comparisons. 

 

4.8 Experimental Section 

 

4.8.1 General Methods and Materials 

 

 General Methods and Materials 

All chemicals were commercially available except those whose synthesis is herein 

described.  Anhydrous MgSO4 was used for drying organic extracts and all volatiles were 

removed under reduced pressure.  All reaction mixtures and column eluents were 

monitored by TLC using commercial aluminium backed thin layer chromatography 

(TLC) plates (Merck Kieselgel 60 F254).  The plates were observed under UV light at 254 

and 365 nm. The technique of flash chromatography was used throughout for all non-

TLC scale chromatographic separations using Merck Silica Gel 60 (less than 0.063 mm).  



Chapter 4: Development of Photoactive Hydroxamate-Based Coordination Cages 

253 

 

Melting points were determined using a Stuart SMP10 digital melting point apparatus. 

Small scale (μL) liquid handling measurements were made using variable volume (1.00–

100.00 μL) single channel Gilson PIPETMAN precision micropipettes.  Solvents used for 

recrystallisation are indicated after the melting point.  IR spectra were recorded on a 

Thermo Scientific Nicolet iS5 FTIR spectrometer with iD5 ATR accessory and broad, 

strong, medium and weak peaks are represented by b, s, m and w, respectively.  1H and 

13C NMR spectra were recorded on a Bruker AVANCE III HD machine (at 400 and 100 

MHz, respectively).  An AVANCE III 300 MHz NMR Spectrometer was also used for 

reaction monitoring.  Chemical shifts (δ) are expressed in ppm and coupling constants J 

are given in Hz.  Data are represented as follows: chemical shift, multiplicity (s = singlet, 

d = doublet, t = triplet, q = quartet, p = quintet/pentet, sp = septet, oc = octet, m = multiplet 

and/or multiple resonances, br s = broad singlet).  Deuterated solvents were used for 

homonuclear lock and the signals are referenced to the deuterated solvent peaks.  For the 

acquisition of mass spectra the samples were prepared as detailed below and analysed by 

positive ion nanoelectrospray (nES) using a Thermo Scientific™ LTQ Orbitrap XL™ 

ETD Hybrid Ion Trap-Orbitrap Mass Spectrometer.  Low resolution mass spectra were 

acquired using a Shimadzu LC-2040C 3D Plus instrument equipped with an Atmospheric 

Solids Analysis Probe (ASAP).  For the mechanochemical synthesis of HAs, a Retsch 

MM400 mixer mill was used, along with two stainless steel jars with each having 10 mL 

of internal volume. Additionally, two steel balls with a diameter of 8 mm were used in 

each jar. 

 

4.8.2 Preparation of New Compounds 

 

Preparation of naphthalene-2,6-dicarbonyl dichloride (NaphCl) 

To a stirred solution of thionyl chloride (SOCl2) (25 mL) was added 2,6-

naphthalenedicarboxylic acid (1.73 g, 8 mmol) along with a catalytic amount 

of DMF (five drops).  The reaction mixture was then refluxed at 90 oC for 12 

h.  The resultant light-green solution was then allowed to cool to room 

temperature and n-hexane (100 mL) was added, which caused the formation 

of an off-yellow precipitate.  The precipitate was then isolated by simple 

filtration, washed with n-hexane (3x20 mL), and dried under reduced pressure, to give 
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the title compound NaphCl as off-yellow plates (1.86g, 92%).  mp (hot-stage) 187-190 

°C (CHCl3) [literature value: 188-189 °C (THF/n-hexane)109]; νmax/cm-1 3089w (aryl C-

H), 1739s (C=O), 1596s, 1491w, 1383m, 1336s, 1277m, 1211s, 1162s, 1121s, 975w, 

939s, 936s, 798s, 707s; δH (400 MHz, CDCl3) 8.79 (2H, d, J 2.0, Ar H), 8.19 (2H, dd, J 

8.8, 2.0, Ar H), 8.13 (2H, d, J 8.8, Ar H); δC (100 MHz, CDCl3) 168.2, 135.4, 133.8, 

133.8, 131.0, 126.9; identical to literature data.109  

 

Preparation of dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-

dipropionate (AlaEst) 

Typical procedure A:  To a stirred solution of pyridine (25 mL) 

naphthalene-2,6-dicarbonyl dichloride (NaphCl) (1.86g, 

7.34mmol), and L-alanine methyl ester hydrochloride (2.07 g, 14.8 

mmol, 2.02 eq.) was added and left to stir at room temperature for 

15 hours.  Water (30 mL) was then added to the solution and the 

resulting precipitate was filtered, washed with water (3 x 15 mL) 

and dried in the oven overnight to afford the title compound AlaEst 

as a white powder (2.04 g, 72%) mp (hot-stage) 216-217 °C; 

νmax/cm-1 3314br (N-H), 3060w (aryl C-H), 2935w (alkyl C-H), 1742s (C=O), 1631s 

(C=O), 1599m, 1522s, 1462w, 1447m, 1436w, 1376w, 1369w, 1361w, 1348m, 1313s, 

1277w, 1268m, 1211s, 1205m, 1158m, 1146m, 1107m, 1096w, 1068w, 1050w, 981m, 

978w, 948w, 934w, 922m, 905m, 890w, 862m, 847m, 832m, 821m, 802s, 769s, 748m, 

740w; δH (400 MHz, DMSO-d6) 9.03 (2H, d, J 7.2, NH), 8.54 (2H, d, J 1.2, Ar H), 8.13 

(2H, d, J 8.4, Ar H), 8.02 (2H, dd, J 8.4, 1.2), 4.55 (2H, p, J 7.2, CH), 3.67 (6H, s, OCH3), 

1.46 (6H, d, J 7.6, CH3); δC (100 MHz, DMSO-d6) 173.1, 166.2, 133.4, 132.6, 129.0, 

127.5, 125.1, 51.9, 48.4, 16.8; m/z (ASAP): Calculated for [M+H]+ 387.16, found: 

387.15. 
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Preparation of dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(3-

methylbutanoate) (ValEst) 

 

Similar treatment (typical procedure A) of L-valine methyl ester 

hydrochloride (2.48 g, 14.8 mmol) afforded the title compound 

ValEst as a white powder (2.63 g, 81%) mp (hot-stage) 177-178 

°C; νmax/cm-1 3311br (N-H), 3051w (aryl C-H), 2966m (alkyl C-

H), 2875w (alkyl C-H), 1742s (C=O), 1637s (C=O), 1621w, 

1516s, 1466w, 1431m, 1390w, 1372m, 1353w, 1327w, 1308m, 

1268w, 1244m, 1197s, 1149s, 1071m, 1042w, 994s, 963w, 947w, 

907s, 822m, 815m, 792m, 765s, 764m, 756w, 709w; δH (400 

MHz, DMSO-d6) 8.84 (2H, d, J 8.0, NH), 8.55 (2H, s, Ar H), 8.13 

(2H, d, J 8.4, Ar H), 8.01 (2H, dd, J 8.4, 1.2, Ar H), 4.37 (2H, t, J 7.6, CH), 3.68 (6H, s, 

OCH3), 2.19-2.27 (2H, m, CH(CH3)2), 1.00 (12H, dd, J 21.6, 6.8, CH3); δC (100 MHz, 

DMSO-d6) 172.2, 166.9, 133.3, 132.7, 128.9, 127.7, 125.3, 58.8, 51.7, 29.6, 19.2, 19.1; 

m/z (ASAP): Calculated for [M+H]+ 443.22, found: 443.20. 

 

Preparation of dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(4-

methylpentanoate) (LeuEst) 

Similar treatment (typical procedure A) of L-leucine methyl ester 

hydrochloride (2.69 g, 14.8 mmol) afforded the title compound 

LeuEst as a white powder (2.59 g, 75%) mp (hot-stage) 227-228 

°C; νmax/cm-1 3300br (N-H), 3083w (aryl C-H), 3061w (aryl C-H), 

2956m (alkyl C-H), 2871w (alkyl C-H), 1744s (C=O), 1637s 

(C=O), 1599m, 1545s, 1496m, 1468m, 1436m, 1387w, 1369w, 

1340s, 1309m, 1272m, 1241w, 1211m, 1197s, 1156s, 1123w, 

1076m, 1019m, 991m, 959w, 938w, 907s, 855w, 827m, 810m, 

768s, 745w; δH (400 MHz, DMSO-d6) 8.96 (2H, d, J 7.6, NH), 8.55 

(2H, s, Ar H), 8.14 (2H, d, J 8.8, Ar H), 8.02 (2H, dd, J 8.4, 1.2, Ar H), 4.58 (2H, ddd, J 

10.7, 7.6, 4.7 CH), 3.67 (6H, s, OCH3), 1.77-1.88 (4H, m, CH2), 1.59-1.65 (2H, m, 

CH(CH3)2), 0.96 (12H, dd, J 16.4, 6.4, CH3); δC (100 MHz, DMSO-d6) 173.1, 166.5, 
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133.4, 132.6, 129.0, 127.5, 125.1, 51.9, 51.1, 24.5, 22.9, 21.2; m/z (ASAP): Calculated 

for [M+2H]+ 472.26, found: 472.30. 

 

Preparation of dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(3-

phenylpropanoate) (PheEst) 

Similar treatment (typical procedure A) of L-phenylalanine methyl 

ester hydrochloride (3.19 g, 14.8 mmol) afforded the title compound 

PheEst as a white powder (2.45 g, 62%) mp (hot-stage) 215-216 °C 

(dec.); νmax/cm-1 3260br (N-H), 3064w (aryl C-H), 3026w (aryl C-H), 

2952m (alkyl C-H), 1745s (C=O), 1637s (C=O), 1600w, 1533s, 

1495m, 1455w, 1436s, 1353s, 1319w, 1272m, 1216s, 1196s, 1151m, 

1129w, 1089s, 1031m, 991m, 928w, 904s, 879w, 866w, 830w, 811s, 

760w, 746s; δH (400 MHz, DMSO-d6) 9.09 (2H, d, J 7.6, NH), 8.44 

(2H, d, J 1.6, Ar H), 8.09 (2H, d, J 8.4, Ar H), 7.92 (2H, dd, J 8.8, 1.6, 

Ar H), 7.18-7.35 (10H, m, Ar H), 4.74 (2H, ddd, J 9.9, 7.8, 5.5, CH), 3.66 (6H, s, OCH3), 

3.11-3.24 (4H, m, CH2); δC (100 MHz, DMSO-d6) 172.1, 166.3, 137.6, 133.3, 132.6, 

129.1, 128.3, 127.5, 126.5, 125.0, 54.4, 52.0, 36.2; m/z (ASAP): Calculated for [M-H]- 

537.20, found: 537.35. 

 

Preparation of (2S,2'S)-2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))bis(3-

phenylpropanoic acid) (PheOH) 

To a stirred solution of KOH (15.0 g, 267 mmol) in THF (100 mL) was 

added 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(3-

phenylpropanoate) (PheEst) (3.57 g, 6.63 mmol) as a suspension in 100 

mL of MeOH and was left to stir until fully dissolved.  The reaction 

mixture was then heated to 50 oC for 16 h before it was allowed to cool to 

room temperature.  The solution was then acidified to a pH of 1 by portion 

wise addition of aqueous HCl (1N).  When the pH fell below 5, a white 

precipitate started to appear.  When the solution was fully acidified the 

precipitate, which stopped forming upon further HCl addition, and was 

filtered, washed with water (3x 20 mL) and dried under reduced pressure, to afford the 
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title compound PheOH as a white powder (3.11 g, 92%).  mp (hot-stage) 259-260 °C 

(dec.); νmax/cm-1 3355br (N-H), 3064w (aryl C-H), 3028w (aryl C-H), 2989br (O-H), 

2900w (alkyl C-H), 1734w (C=O), 1690s (C=O), 1601m, 1538s, 1496m, 1478w, 1456w, 

1423s, 1340m, 1294s, 1268w, 1227s, 1191s, 1169m, 1080s, 1028w, 961w, 915s, 839w, 

823s, 793w, 769s, 740m; δH (300 MHz, DMSO-d6) 12.88 (2H, s, OH), 8.93 (2H, d, J 8.1, 

NH), 8.43 (2H, s, Ar H), 8.08 (2H, d, J 8.7, Ar H), 7.92 (2H, dd, J 8.7, 1.2, Ar H), 7.35 

(4H, d, J 6.9, Ar H), 7.25-7.30 (4H, m, Ar H), 7.15-7.21 (2H, m, Ar H), 4.69 (2H,ddd, J 

10.4, 8.2, 4.6, CH), 3.07-3.27 (4H, m, CH2); δC (75 MHz, DMSO-d6) 173.1, 166.2, 138.2, 

133.3, 132.8, 129.1, 129.0, 128.2, 127.4, 126.4, 125.0, 54.4, 36.4; m/z (ASAP): 

Calculated for [M+H]+ 511.19, found: 511.25. 

 

Preparation of N2,N6-bis(1-(hydroxyamino)-1-oxopropan-2-yl)naphthalene-2,6-

dicarboxamide (AlaHA)  as a mixture of (S,S), (S,R), (R,S), and (R,R) stereoisomers. 

Typical procedure B (solution synthesis of Hydroxamic acids):  To 

a round bottom flask containing a solution of THF (100 mL) was 

added dimethyl 2,2'-((naphthalene-2,6-

dicarbonyl)bis(azanediyl))(2S,2'S)-dipropionate (AlaEst) (1.92 g, 

4.97 mmol) and was left to stir until fully dissolved.  In a separate 

flask, NH2OH.HCl (2.1 g, 30.0 mmol) was dissolved in 100 mL of 

MeOH, followed by the addition of KOH (3.36 g, 60.0 mmol), 

which caused the solution to turn cloudy, as KCl precipitate 

formed.  The precipitate was filtered off and discarded.  The 

resulting clear solution was then added to the THF solution of AlaEst and the combined 

mixture was heated to 50 oC and stirred for 16 h.  The solution was then allowed to cool 

to room temperature and the solvent mixture was subsequently removed under reduced 

pressure, until approximately 10 mL remained in the flask.  To the solution it was then 

added 100 mL of water, and the resulting aqueous mixture was acidified by portion wise 

addition of aqueous HCl (1N), until the pH reached 6.2, at which point a white precipitate 

was formed.  The precipitate was filtered, washed with water (3x 10 mL) and left to dry 

in an oven at 40 oC for 16 h, affording the title compound AlaHA as a white powder 

(0.367 g, 19%).  mp (hot-stage) 186-187 °C (dec.); νmax/cm-1 3291m (N-H), 3168br (N-

H), 3060w (aryl C-H), 2997w (alkyl C-H), 2916br (O-H), 1634s, 1595m, 1533s, 1492m, 
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1451m, 1392w, 1373m, 1338w, 1309s, 1271m, 1197s, 1156m, 1135w, 1123w, 1093w, 

1080m, 1039m, 1019m, 1015w, 975w, 959m, 934m, 917s, 914s, 876w, 838s, 834m, 777s; 

δH (400 MHz, DMSO-d6) 10.70 (2H, s, NHOH), 8.84 (2H, s, NHOH) 8.72 (2H, d, J 7.6, 

NH), 8.55 (2H, s, Ar H), 8.09 (2H, d, J 8.4, Ar H), 8.02 (2H, dd, J 8.4, 1.2, Ar H), 4.46 

(2H, p, J 7.2, CH), 1.37 (6H, d, J 7.2, CH3); δC (100 MHz, DMSO-d6) 169.2, 165.9, 133.2, 

132.9, 128.7, 127.5, 125.2, 47.0, 18.1; m/z (ASAP): Calculated for [M-H]- 387.13, found: 

387.05. 

 

Preparation of N2,N6-bis(1-(hydroxyamino)-3-methyl-1-oxobutan-2-yl)naphthalene-

2,6-dicarboxamide (ValHA), as a mixture of (S,S), (S,R), (R,S), and (R,R) stereoisomers. 

Similar treatment (typical procedure B) of dimethyl 2,2'-

((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(3-

methylbutanoate) (ValEst) (2.2 g, 4.97 mmol) afforded the title 

compound ValHA as a white powder (0.265 g, 12%).  mp (hot-

stage) 190-197 °C (dec.); νmax/cm-1 3269br (N-H), 3068w (aryl C-

H), 2966m (alkyl C-H), 2953w (alkyl C-H), 2825w (alkyl C-H), 

1724w (C=O), 1635s (C=O), 1595m, 1533s, 1495m, 1471w, 

1387w, 1341m, 1323m, 1263m, 1218w, 1192s, 1147m, 1065m, 

1037m, 997w, 965w, 944w, 928w, 900s, 866w, 847w, 820s, 

767s, 762m, 699s; δH (400 MHz, DMSO-d6) 10.81 (0.69H, s, NHOH), 8.95 (0.53H, s, 

NHOH), 8.62-8.65 (0.80H, m, NH), 8.55 (1H, s, Ar H), 8.52 (1.08H, s, Ar H), 8.43 

(1.01H, dd, J 8.4, 8.4, Ar H), 8.09-8.13 (2.00H, m, Ar H), 7.97-8.08 (2.08H, m, Ar H), 

4.25-4.29 (1.10H, m, CH), 4.19 (1.03H, t, J 8.8, CH), 2.12-2.25 (2.08H, m, CH(CH3)2), 

0.92-0.99 (12.02H, m, CH3); δC (100 MHz, DMSO-d6) 173.1, 173.0, 167.7, 166.2, 

133.32, 133.30, 133.2, 132.9, 128.9, 128.8, 127.5, 127.2, 127.2, 125.2, 125.1, 58.9, 57.1, 

30.1, 29.9, 19.5, 19.3, 19.2 ,18.7; m/z (ASAP): Calculated for [M+NH4]
+ 462.23, found: 

462.20. 
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Preparation of N2,N6-bis(1-(hydroxyamino)-4-methyl-1-oxopentan-2-yl)naphthalene-

2,6-dicarboxamide (LeuHA), as a mixture of (S,S), (S,R), (R,S), and (R,R) stereoisomers. 

Similar treatment (typical procedure B) of dimethyl 2,2'-

((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(3-

methylbutanoate) (LeuEst) (2.34 g, 4.97 mmol) afforded the title 

compound LeuHA as a white powder (0.446 g, 19%).  mp (hot-

stage) >110 °C (dec.); νmax/cm-1 3268br (N-H), 3061w (aryl C-H), 

2958m (alkyl C-H), 2946w (alkyl C-H), 2869w (alkyl C-H), 1717w 

(C=O), 1637s (C=O), 1601w, 1532s, 1496w, 1469w, 1436w, 

1403w, 1386w, 1368w, 1338w, 1306m, 1270m, 1230w, 1194m, 

1158m, 1127w, 1082w, 1044w, 1013s, 951s, 920w, 880w, 862w, 

824w, 808w, 768m, 702w; δH (400 MHz, DMSO-d6) 10.83 (0.36H, s, NHOH), 8.83 

(1.50H, d, J 7.6, NH), 8.72 (0.44H, d, J 8.0, NHOH), 8.57 (0.50H, s, Ar H), 8.55 (1H, s, 

Ar H), 8.10-8.14 (1.94H, m, Ar H), 8.02-8.04 (2H, m, Ar H), 4.48-4.54 (2.27H, m, CH), 

1.74-1.85 (6.39H, m, CH(CH3)2), 0.91-0.96 (12.17H, m, CH3). NHOH resonance appears 

to be overlapped by peak at 8.84 ppm; δC (100 MHz, DMSO-d6) 174.2, 168.8, 166.3, 

166.1, 133.31, 132.93, 132.87, 132.82, 128.9, 128.8, 127.5, 127.4, 125.3, 125.1, 51.1, 

49.8, 24.6, 24.4, 23.0, 22.9, 21.6 ,21.2; m/z (ASAP): Calculated for [M-H]- 471.22, found: 

471.15 

 

Preparation of N2,N6-bis(1-(hydroxyamino)-1-oxo-3-phenylpropan-2-yl)naphthalene-

2,6-dicarboxamide (PheHA), as a mixture of (S,S), (S,R), (R,S), and (R,R) stereoisomers. 

Solution procedure: Similar treatment (typical procedure B) of 

dimethyl 2,2'-((naphthalene-2,6-dicarbonyl)bis(azanediyl))(2S,2'S)-

bis(3-phenylpropanoate) (PheEst) (2.68 g, 4.97 mmol) afforded the 

title compound PheHA as a white powder (0.150 g, 5%).  

Mechanochemical procedure (adapted from Mocci et. al):83 To a 10 

mL stainless steel jar which contained two 8 mm stainless steel balls, 

was added (2S,2'S)-2,2'-((naphthalene-2,6-

dicarbonyl)bis(azanediyl))bis(3-phenylpropanoic acid) PheOH (200 

mg, 0.391 mmol), along with 1,1'-Carbonyldiimidazole (CDI) (162.2 

mg, 1.00 mmol) and CH3NO2 (40 μL).  The jar was then sealed, and 
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milled at 25 Hz for 10 min, after which it was reopened and imidazole (68.1 mg, 1.00 

mmol) along with (NH3OH)2SO4 (164.1 mg, 1.00 mmol) was added to the mixture.  The 

jar was then resealed, and the contents milled at 25 Hz for 1 h.  The contents of the jar 

were then transferred to a 50 mL beaker containing 20 mL of water, and acidified to a pH 

of 6.2, by portion wise addition of an aqueous solution of HCl (1N).  The resulting 

precipitate was then filtered, washed with water (3x 10 mL) and left to dry in an oven at 

40 oC for 16 h, affording the title compound PheHA as a white powder (0.089 g, 42%). 

mp (hot-stage) 154-155 °C (dec.); νmax/cm-1 3255br/s , 3063w (aryl C-H), 3029w (aryl C-

H), 2926w (alkyl C-H), 2857w (alkyl C-H), 1632s (C=O), 1596m, 1521s, 1493s, 1456m, 

1377m, 1339w, 1328m, 1308s, 1271w, 1257w, 1191m, 1163w, 1144w, 1093m, 1065s, 

1023m, 970w, 935w, 922m, 900s, 823s, 787w, 748s; δH (300 MHz, DMSO-d6) 10.84 

(1.38H, s, NHOH), 8.92 (1.14H, s, NHOH), 8.86 (1.63H, d, J 8.4, NH), 8.44 (1.60H, s, 

Ar H), 8.38 (0.39H, s, Ar H), 8.02-8.06 (2.00H, m, Ar H), 7.90-7.94 (2.01H, m, Ar H), 

7.24-7.37 (8.05H, m, Ar H), 7.14-7.21 (2.11H, m, Ar H), 4.54-4.71 (1.89H, m, CH); δC 

(75 MHz, DMSO-d6) 167.9, 166.0, 138.2, 133.2, 132.8, 129.2, 129.1, 128.7, 128.1, 128.0, 

127.4, 126.3, 125.0, 52.9, 37.4 ; m/z (ASAP): Calculated for [M-H]- 539.19, found: 

539.30. 
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Chapter 5: Mechanochemically Mediated Synthesis of N-Aryl 

Benzamides from O-protected Hydroxamic Acids 

 

5.1 Declaration 

 

 This chapter contains sections of work that have been published:  

E. Broumidis, M. C. Jones, F. Vilela, G. O. Lloyd, ChemPlusChem 2020, 85, 1754.  

As the primary author of this publication, I can confirm that most of the work is my own. 

The contributions of each collaborator are outlined below: 

Emmanouil Broumidis: Discovery of the transformation, reaction optimisations, reaction 

scope, mechanistic experiments, data analysis, CAD design of milling jars, 3D printing, 

writing of the published manuscript (main text and supporting information). 

Mary C. Jones: Batch photosensitisation experiment, collection of UV-Vis absorption 

spectrum of compound 2l, manuscript revision. 

Adilet Zhakeyev: Preparation of photoactive resin, 3D printing of photoactive balls and 

jars (unpublished results). 

Gareth O. Lloyd and Filipe Vilela: Overall project supervision, experiment design, 

manuscript review. 

 

5.2 Background and Aims 

 

 This project started when a need for post-synthetic modification of the metal-

organic assemblies that were described in Chapter 4 was identified as being potentially 

useful.  In recent years, many such modification strategies have been reported, whereby 

the structure of a supramolecular cage is altered to change its properties.1,2  The main 
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modification on the hydroxamate linkers that we aimed to perform, was the substitution 

of the -NH part of the hydroxamate moiety, as this would in principle significantly alter 

key properties of the assemblies (Scheme 1).  By varying the nature of the substituents 

we could engineer them to increase their solubility3 or tune the way in which they pack 

in the solid state,4 and therefore their crystallinity.  Since both the HA linkers and their 

assemblies were particularly insoluble in most solvents, such modification could be 

carried out in a mechanochemical reactor. 

 

Scheme 1. Proposed mechanochemical post-synthetic modification of the assemblies made in chapter 4.  PG= 

protecting group. 

A common choice of protecting groups to enhance the overall solubility of insoluble cages 

are alkyl chains.5,6  On the other hand, their presence would also increase the flexibility 

of the resulting cages, and their capacity to act as AIE agents could diminish, as it was 

discussed in Chapter 2.  Thus, to minimise non-radiative relaxation processes, it was 

hypothesised that N-Aryl substitutions would be a suitable choice.  Predicting the effect 

of these changes on the ability of the assemblies to crystalise is a more challenging 

undertaking, and many research groups are working towards the development of 

computational methods to help make such predictions.7 

The most usual avenues for making these substitutions would be by reacting the 

corresponding HA ester,8 chloride,9 or acid10 precursors with an N-Aryl hydroxylamine 

salt.  The downside of this methodology is the poor chemical stability11 and the high cost 

of N-substituted hydroxylamines and their salts,12 and thus, this renders the process of 
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making large quantities (gram-scale) of substituted linkers cost and time prohibitive.  

Another method includes the partial reduction of a nitro compound to the corresponding 

hydroxylamine.  This method usually suffers from over reduction issues, often leading to 

reaction mixtures containing both the desired hydroxylamine and the corresponding 

amine compound.13  The reducing reagent varies depending on the substrate but zinc 

metal and Ag loaded TiO2 nanoparticles have been successfully employed.14  

However, all of these reactions need to occur in solution in order to succeed, and the N-

hydroxylamine usually needs to be used immediately upon formation, since the freebase 

form is usually unstable.15  Moreover, while the aforementioned methodologies may be 

applied to the linker synthesis, they cannot be used on HA motifs, making them unsuitable 

for post-synthetic cage modification.  Various methods for N-substitution of HAs are 

known, but usually they target specific HA-containing compounds and require the use of 

a solvent.  To our knowledge at the time, a broadly applicable, solvent-free protocol for 

the N-substitution of HAs had not yet been reported, and as such we wanted to explore 

this further. 

We wanted to develop a mechanosynthetic route that worked by directly reacting an aryl 

halide (inexpensive) with a hydroxamic acid to form the desired product.  Essentially, the 

goal was to develop and optimise a well-known batch C-N coupling protocol such as the 

Ullmann coupling that utilises Cu (I) catalysts16 for mechanochemical use, and thus 

avoiding the use of solvents.  While there are some examples of other type of couplings 

done in the ball mill (C-C couplings, Suzuki-Miyaura, oxidative couplings)17 there was 

still no example of a C-N Ullmann-type coupling in the literature.   

It was soon realised that the O-unprotected HAs are not reactive towards those conditions, 

and thus O-protected starting materials were used (-OBz and -OMe mainly).  

Interestingly, the only reaction observed with those conditions, yielded the corresponding 

amide, as the -OBz group was exchanged for the Ar group, in low to moderate yields 

(Scheme 2).  This result was something that Zhang et al. has reported, by reacting O-

acetyl hydroxamic acids with boronic acids, in the presence of copper (I) and copper (II) 

catalysts.18  
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Scheme 2. a) Initial plan involved the conversion of an unprotected HA to a N-substituted HA under mechanochemical 

conditions; however, the desired product could not be obtained.  b) An O-protected HA was tested as an alternative, 

but the corresponding amide was obtained instead. 

Despite failing to develop a solvent free method for the synthesis of N-protected HAs, the 

preliminary results of this work showed us that it was possible to convert O-protected 

HAs into amides under mechanochemical conditions.  Since at the time there were no 

other known solid-state Ullmann coupling methodologies, and our group was interested 

in promoting the use and versatility of new synthetic technologies, we felt developing this 

reaction further was a worthy endeavour.  The following sections describe the process of 

optimising and exploring the scope of this reaction. 

 

5.3 Abstract 

 

 Two robust and efficient mechanochemical protocols for the synthesis of an array 

of N-arylamides have been developed.  This was achieved by a C-N cross-coupling 

between O-pivaloyl hydroxamic acids and aryl iodides or aryl boronic acids, in the 

presence of a stoichiometric amount of a copper mediator.  The effectiveness of this 

method is highlighted by the high-yielding, scalable, and rapid synthesis of N-aryl 

amides, using a variety of deactivated and sterically encumbered substrates, whilst 

employing mild conditions in the absence of solvents.  In addition, it was determined that 

whilst the O-pivaloyl hydroxamic acid precursors can be successfully synthesised 

mechanochemically, iron contamination originating from the steel milling jars was found 
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to occur which can hinder the efficacy of this process.  Thus, and since steel milling jars 

are commonly used for mechanosynthesis, this iron leaching should be considered as a 

source of potential interference with the reaction.  Furthermore, 3D printing was used to 

produce inexpensive, durable, and customisable milling jars which were used to 

successfully accommodate a scaled-up version of the two protocols. 

 

5.4 Introduction 

 

 The amide functionality has proven to be extremely important in most areas of 

organic chemistry and is present in a vast number of contemporary pharmaceuticals, 

agrochemicals, polymers, as well as natural products and biological molecules.19,20  Since 

there is an intrinsic need for large scale production of amide-bearing compounds, it is 

imperative that improved and sustainable methods are developed to provide high atom 

efficiency, low energy consumption, and minimal waste, whilst maintaining acceptable 

yields.21  It is noted that within the pharmaceutical industry alone, amides constitute by 

far the most abundant functionality (16% of all reactions within the sector), and 

subsequently, synthetic routes that provide access to this moiety are the most commonly 

used in the sector.22  Aryl amides can be problematic to synthesise due to the reduced 

reactivity/nucleophilicity of the amine.  Furthermore, it has been reported that around 

85% of the chemicals that are being used are solvents,21 of which a large percentage are 

never recycled, ending up in the environment as pollutants.  Large database searches have 

revealed that the most prevalent solvents employed in amide couplings are 

dichloromethane (DCM) and N,N-dimethylformamide (DMF), used in 36% and 47% of 

the reactions respectively.23  It is widely accepted that both of these solvents pose issues,24 

both in handling them and discarding them to the environment.25,26  Thus, it is now 

becoming increasingly important for chemists to seriously consider implementing 

alternative and greener methods for synthesising compounds and mechanochemistry is a 

great means to achieve this.  Traditionally, mechanochemistry was considered as a 

technique of less versatility and scope for chemists, and as a result, it has not been widely 

accepted by the synthetic community as a plausible method of inducing chemical 

reactions.  However, this is now rapidly changing, as researchers are starting to recognise 

the versatility and potential mechanochemistry has to offer, mainly due to the advent of 
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green chemistry and the need to find more environmentally friendly and sustainable 

methods of producing chemicals, both in research laboratories17,27,28 and on an industrial 

scale.29  These realisations have led to rapid developments in key areas of synthetic 

organic chemistry spanning from catalysis and coupling reactions30 to more niche topics 

such as fullerene chemistry,31 photocatalysis,32 and supramolecular chemistry.33  Through 

this apparent era of 'mechanochemical enlightenment', it has become clear that an 

optimised mechanochemical protocol can not only provide improved performance 

compared to equivalent batch reactions but it can also unlock new mechanistic pathways 

which lead to products previously unattainable through batch techniques.34,35  Amides 

have understandably been a target for mechanochemical synthesis with activated 

carboxylic acids (carbodiimides, for example), peptides, and materials being common 

themes.  Herein we describe two mechanochemical protocols for the high yielding N-

amidation of aryl iodides (protocol A) and aryl boronic acids (protocol B) by O-protected 

hydroxamic acids, mediated by the stoichiometric presence of a Cu(I/II) species. 

 

5.5 Results and Discussion 

 

5.5.1 Mechanochemical SM Synthesis and Iron Leaching Problem 

 

 There are several examples within the literature18,36,37 (see Figure 1 for 

comparison of literature methods and work presented here) describing protected 

hydroxamic acids that can be converted into amides, and it is clear that high temperatures, 

inert atmospheres, harsh solvents and moderate to long reaction times are in most cases 

indispensable to achieve the desired outcome.  Additionally, only one of the reports36 

employs aryl halides, where the starting reagent N-methoxybenzamide undergoes a 

double oxidative C-C and C-N bond formation to afford a cyclic phenanthridinone, 

circumventing the formation of a secondary amide.  The most common coupling partners 

used in those reactions are boronic acids.  Our main goal for this study was to find a set 

of more benign and sustainable reaction conditions that could be implemented with 

mechanochemistry.  Initially, the possibility of using ball milling to gain access to the O-

pivaloyl protected hydroxamic acids starting materials was examined (Scheme 3).  It was 

found, that, although it was possible to achieve comparable yields with reduced reaction 
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times by applying the mainstream solution-based conditions18,38 to the ball mill, in the 

absence of a solvent, iron leaching from the steel jars occurred during the milling process.   

 

Figure 1. Comparison between previous N-benzamide synthetic contributions using O-protected hydroxamic acids and 

current work. 
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Scheme 3. Most common syntheses conditions of various O-protected hydroxamic acids involve the use of solvents 

such as diethyl ether (Et2O) or tetrahydrofuran (THF). 

It has also been shown that iron particles which become dislodged during the milling 

process can then be oxidised to form Fe(II) and Fe(III) species.39  We found that when 

this occurs, the Fe-hydroxamate complex becomes unreactive and due to the 

paramagnetic nature of Fe(III), during NMR analysis we observed reduced relaxation 

times, which causes an extreme broadening of the NMR peaks (Figure 2 and SI, 5.8.3).  

Furthermore, energy dispersive x-ray spectroscopy (EDX) analysis with a scanning 

electron microscope (SEM) of pristine and milled benzohydroxamic acid samples 

confirmed the presence of iron and chromium in the latter samples, both of which are 

contained within the steel jars that were used. 
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Figure 2. a) SEM/EDX analysis of pristine (left) and milled (right) benzohydroxamic acid clearly shows that iron and 

chromium leaches from the steel jars to the sample. b) Pre-milled and post-milled H-NMR spectra of benzohydroxamic 

acid illustrating peak broadening due to the presence of paramagnetic Fe(III).  

It is interesting to note that Mocci et al.10 do not mention the leaching of iron during their 

hydroxamic acid mechanochemical synthesis.  We can only speculate that ageing of the 

steel-constructed jars may be the cause of our observation of leaching and we advise when 

using mechanochemistry to be aware of this issue with steel grinding jars, as leaching of 

iron or chromium may not only interfere with the reactants but also catalyse reactions40,41 

both of which may lead to inaccurate results.   

Unsurprisingly, this leaching occasionally caused interference with the reaction leading 

to inconsistent results, as hydroxamic acids and their derivatives are well-known 

siderophores and iron sequesters.42,43  As such, in order to reliably obtain the desired O-

protected hydroxamic acids we opted to use traditional batch procedures, although we 

believe that future research endeavours focusing on addressing this issue are required to 
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allow iron-sensitive chemistries to work reliably under mechanochemical conditions 

using steel grinding jars.  Use of jars made from different materials such as Teflon (PTFE) 

and agate may be a way to circumvent this issue, however, the aforementioned reaction 

did not work when we tried using PTFE instead of steel jars, perhaps due to their softness 

compared to steel.44 

 

5.5.2 Reaction Optimisation 

 

 For the optimisation of the Ullmann coupling (protocol A, Figure 1), we were 

interested in determining the optimal conditions for the preparation of N-

phenylbenzamide (2a).  Although synthesis of this compound is trivial,45 the starting 

materials are relatively cheap, easily available, and allow for ease of testing and 

optimisation of the initial reaction conditions.  These include the determination of an 

appropriate catalyst/promoter, base (if required), ligand, and protecting group for the HA.  

It was found that by using 3 equivalents (eq.) of copper (I) thiophene-2-carboxylate 

(CuTC), N,N′-dimethylethylenediamine (DMEDA) (6 eq.), O-pivaloyl protected 

benzohydroxamic acid and iodobenzene the Ullmann-type transformation (protocol A) 

proceeded to give the best results under liquid-assisted grinding (LAG, EtOH, η = 0.16 

µL/mg)46 mechanochemical transformations.  No other additives were deemed necessary.  

All mechanochemical reactions were carried out using a 10 mL steel jar with 2 steel balls 

(8 mm in diameter), and the optimised reaction was complete in under 20 minutes, which 

is significantly less than comparable batch reactions. 

With these optimal conditions in hand, we proceeded to investigate whether the use of 

LAG is necessary (Table 1).  A range of solvents was tested spanning a wide spectrum of 

polarities.  It immediately became obvious that using small amounts of EtOH has a 

profound effect on the efficiency of the reaction (entry 3).  When the reaction was 

performed without any solvent, (entry 1) the yield dropped significantly, highlighting the 

importance of LAG in this mechanochemical synthesis.47  The use of water as a LAG 

additive (entry 2) further reduced the overall yield, while DMF (entry 4) offers a 

substantial conversion but lower than EtOH.  Non-polar LAGs did not affect the yield. 
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Table 1. Investigation of LAG effects on the yield of 2a[a]. 

Entry LAG[b] Yield (%)[c] 

1 Neat 65 

2 Water 46 

3 Ethanol (EtOH) 94 

4 Dimethylformamide 

(DMF) 

88 

5 3-Hexyne 66 

6 Toluene 65 

[a] 10 mL stainless-steel jar with two 8 mm diameter stainless-steel balls were used for the ball-milling reactions.  An 

average of two runs is reported for the ball-milling reactions.  [b] η = 0.16 μL/mg, based on adding 100 μL of solvent 

in 618 mg of reactants.  [c] Isolated yield 

Olefins and alkynes are known to act as π-Lewis base ligands that can coordinate with 

various copper species and enhance the yields of Ullmann oxidative couplings.48  

Moreover, it was recently found28,49 that olefins can be used as effective molecular 

dispersants for solid-state Pd promoted cross-coupling reactions.  For those reasons 3-

hexyne was used to test whether any enhancement could be observed.  The overall yield 

of the reaction (Table 1, entry 5) was no different than the LAG-free benchmark.  We 

also noticed that the two best LAG additives (EtOH and DMF) were found to dissolve all 

components of the mixture well, albeit when we tried applying the same reaction protocol 

in solution the reactivity was reduced significantly (SI, 5.8.6).  After establishing that 

EtOH is the most efficient LAG additive, we wanted to examine the respective reactivity 

of bromo- and chloro-benzene as coupling partners.  It was found that, under the 

aforementioned optimal reaction conditions, bromobenzene only afforded 2a at a yield of 

16% while chlorobenzene was completely unreactive (SI, 5.8.2).  This was not 

unexpected, as aryl iodides are known to be the most reactive aryl halides towards 

Ullmann couplings.50  Commercial grinding jars are available in a range of materials 

therefore further optimisation may be achieved by changing the jars used.  The reaction 

was repeated for jars and 8 mm balls made out of Teflon (PTFE) and poly(methyl 

methacrylate) (PMMA).  It was found that stainless steel and Teflon had comparable 

performances, and the acrylic jars and balls did not perform as well (SI, 5.8.5). 

In order to extend the utility of the O-protected hydroxamic acid starting materials, and 

inspired by previously reported51 solution-based N-amidations, we developed a separate, 
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mechanochemical Chan-Lam type coupling procedure (protocol B), which uses 

arylboronic acids as the coupling partner together with a stoichiometric amount of 

Cu(OAc)2 as a mediator.52  We initiated our optimisation (Scheme 4), by adopting the 

conditions that were developed for solution-based chemistry by Zhang et al.51 

 

Scheme 4. The Chan-Lam reaction parameters that were explored for optimisation under mechanochemical conditions 

(protocol B). 

We found that both acetyl (1a) and pivaloyl (1d) O-protected hydroxamic acids were 

effective coupling partners affording 2a in a 90% and 92% yield, respectively.  The 

presence of a base was deemed necessary for the reaction to proceed to completion and 

after a base screening, 2 equivalents of potassium tert-butoxide (t-BuOK) were found to 

be the best choice (SI, 5.8.1).  In contrast with the Ullmann protocol A, the addition of a 

LAG solvent did not improve the reaction efficacy with a reduction in the overall yield 

when EtOH was used as a LAG component (SI, 5.8.1).  The minimum amount of time 

for the reaction to go to completion was determined to be 20 minutes, which is 

comparable with the corresponding time for protocol A.  It was observed that when the 

Cu(OAc)2 equivalents were less than one, the reaction did not proceed to completion.  

This result is in line with most Chan-Lam coupling procedures in the literature,53 where 

a stoichiometric amount of copper is required.  Overall, the optimised conditions were 

determined to be 1 eq. of 1d, 1 eq. of Cu(OAc)2 and 2 eq. of t-BuOK which afforded 

product 2a in high yield (92%) after 20 minutes of milling.  For comparison, when 

applying these conditions to a solution-based set-up using various solvents and heating 

the reaction mixture we found that even after 16 hours the reaction was not complete and 

thin-layer chromatography (TLC) analysis revealed many side-products and unreacted 

starting material (SI, 5.8.6). 
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5.5.3 Reaction Scope 

 

 The optimised protocols (A and B) were applied to a range of different aryl iodides 

and aryl boronic acids to explore their effectiveness and versatility (Figure 3).  Overall, 

both protocols A and B proved to be highly efficient and provided access to moderate to 

high yielding N-arylamides.   

Compounds bearing electron-deficient functional groups (2d, 2f, 2g, 2i, 2j, 2l, 2m) and 

sterically encumbering functional groups (2e, 2h, 2i, 2o) were accessed, although 2m and 

2o only in trace amounts.  Furthermore, protocol A also works when varying the starting 

O-protected hydroxamic acid, as demonstrated by the use of N-(pivaloyloxy)acetamide 

1e and N-(pivaloyloxy)picolinamide 1f to give the commercial pharmaceutical 

paracetamol, 2k, in moderate yield and traces of 2m.  Interestingly, when diiodo aryl 

starting materials were used only the monosubstituted compounds were formed (2i, 2l, 

2m, 2l), even when the CuTC and DMEDA equivalents were doubled.  Similar results 

were observed under solution control conditions. 

Heteroaryl 1f was used to afford compound 2m, but only a trace amount (< 5 % yield) 

was isolated and when N-(pivaloyloxy)isonicotinamide (1g) was used the reaction failed.  

Similarly, when these heteroaryl starting materials were used in conjunction with protocol 

B conditions, the reaction also did not work.  We postulate that this unreactivity stems 

from the pyridyl moiety binding to the copper mediator.54  Interestingly, when 1,4-

diiodobenzene was used under protocol A conditions, compound 2n was isolated (27% 

yield) and no traces of diamide were detected in the reaction mixture.  Even when we 

used 2 eq. of 1d only the monoamide 2n formed, despite having a second iodine available 

for further cross-coupling.  This apparent inertness of 2n towards protocol A’s Ullmann-

like conditions was further established when we used a pure sample of 2n as the halide 

source and it did not react with 1d. 
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Figure 3. Reaction scope using the optimised protocols A and B. 

Similar results were observed when 1,4-dibromobenzene and 4,7-

diiodobenzo[c][1,2,5]thiadiazole were used for the formation of 2c and 2l, respectively.  

Overall, this selective reactivity towards aryl dihalides expands the scope of the method 

and makes it possible to synthesise halogen-bearing N-benzamides which can be then 

used for further synthetic modifications.  

We postulated that the electron donor-acceptor (D-A) type compound, 2l, could be used 

for photochemical applications.  This was demonstrated by using it as a photosensitiser 
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for the mechanochemically-assisted solid-state photocatalytic  (MASSPC)55 conversion 

of anthracene to anthracene-endoperoxide (SI, 5.8.8 and 5.8.9) which was subsequently 

catalytically decomposed to anthraquinone.56 

Since polycyclic aromatic hydrocarbons (PAHs) are known for their low solubility in 

most organic solvents, due to strong intermolecular π-π interactions which stem from their 

extended planar structures,57 we decided to use pyrene-1-boronic acid as a coupling 

partner to 1d to gain access the corresponding N-benzamide 2o via protocol B. 

Unexpectedly, after 20 minutes of milling, TLC analysis of the reaction mixture showed 

a multitude of trailing spots, indicating a deviation from the expected outcome.  Upon 

subjecting the reaction mixture to mass spectrometry (MS) analysis, it was revealed that 

the target amide 2o was present amongst other side-products.  Purification of the crude 

reaction mixture via preparative thin layer chromatography afforded 27 mg of a yellow 

solid (13% yield), however, we were not able to isolate amide 2o.  Interestingly, upon 

analysis, the isolated yellow solid was found to be primarily pyrene and although it was 

contaminated with other by-products it was reasonably pure (based on the number of MS 

peaks) (Scheme 5). 

 

Scheme 5. The mechanochemical reaction between 1d and pyrene-1-boronic acid under protocol B conditions leads 

to the formation of pyrene as the major isolatable product. 
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We postulate that the formation of pyrene can be the result of a protodeboronation side-

reaction which may have been catalysed by the presence of Cu(OAc)2.  A solution-based 

copper catalysed protodeboronation procedure under basic conditions was reported in 

2014,58 however, to the best of our knowledge, this is the first example of a 

mechanochemical protodeboronation reaction.  Although historically protodeboronations 

have been considered of lesser importance by organic chemists, recently this reaction has 

found a variety of applications in synthetic procedures59,60 and thus the aforementioned 

example may form a stepping stone for further development of such solventless 

protodeboronations.  In general, protocol B gave slightly lower yields than protocol A, 

which can be rationalised since we know that side-reactions such as protodeboronations 

may occur, under protocol’s B conditions.  

 

5.5.4 Custom 3D Printed Jars for Reaction Scale-Up 

 

 We found that both protocols are scalable up to the gram scale with only slight 

modifications (Scheme 6).  Machining61 and 3D printing of custom milling jars62 are 

examples of customisation techniques mechanochemists have used in the past to adjust 

the milling jars to their needs.  

 

Scheme 6. Gram-scale synthesis using protocols A and B. 
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To accommodate the large quantity of reactants, custom milling jars were made using a 

commercial 3D printer that uses methacrylate photopolymers to produce the desired 

object via a stereolithographic (SLA) printing technique.63  The 3D printed jar that was 

used was printed using a commercial Form 2 SLA printer along with tough v5 resin, both 

supplied by Formlabs.64  The jars had an internal volume of 70 mL, a wall thickness of 

10 mm and could easily accommodate the reactants, which combined had a mass of 12.75 

g and 6.49 g for protocols A and B, respectively.  The milling frequency was reduced to 

20 Hz to ensure that the printed jars could withstand the prolonged milling forces, as it 

was found that at 25 Hz and above, cracks would form on the inner surface of the jars 

after about 30 – 45 minutes of milling.  As a result of the lower milling frequency, the 

reaction time to completion increased to about 90 minutes, for both protocols. 

Initially, 25 x 8 mm Teflon balls with a total mass of 6 g were used (protocol A), but the 

mixture remained unreactive. However, when 6 ZrO2 balls of variable diameter (6 – 15 

mm) were used with a total mass of 16.11 g, the reaction gave product 2d at 72% yield.  

This agrees with the studies made by Fischer et al.,65 which showed that the total energy 

input of each collision during the milling process has a higher impact on the reactivity 

than the number of collisions during the milling process.  Similarly, by using the mixed 

ZrO2 balls, protocol B was successfully used at gram scale and afforded 2b at 61%. 

 

5.6 Conclusions 

 

 We report here the synthesis of amides using two mechanochemical protocols.  As 

a comparison to previously reported methodologies, we believe that these methods add 

to the current knowledge base.  As early as 2008, Gao and Wang66 used potassium 

peroxymonosulfate, also known as Oxone, as an environmentally friendly non-toxic 

oxidant67 to synthesise a range of aromatic benzamides by oxidative amidation of 

aldehydes with anilines under mechanochemical, solvent-free conditions.  Other notable 

amide synthesis examples include mechanochemically activating carboxylic acids using 

N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl) for the 

chemoselective and high yielding synthesis of aromatic amides and dipeptides, developed 

by Štrukil et al.68  A similarly enticing report emerged in 2013 by Bonnamour et al.69 

demonstrating a method that uses EtOAc LAG mechanochemistry to access a variety of 
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peptides in high yields after 20 minutes of milling, compared to traditional solution 

syntheses which primarily use harsh solvents such as DMF.  Finally, a more recent 

example from 2020 by Dayaker et al.,27 introduced a copper-catalysed milling synthesis 

affording a plethora of carbamoyl-amides in high yields, whilst analogous batch 

experiments required high temperatures to work, while producing unwanted by-products 

not seen under mechanochemical conditions.  These examples are a small part of an 

ongoing effort for utilising mechanochemical techniques to form amide and peptide 

bonds and they all operate under the same principles as our study, offering high yielding 

amide syntheses, minimal ecological impact, chemoselectivity, minimisation of 

unwanted by-products, and synthesis of difficult-to-access amides (e.g., aryl amides).   

In summary, we developed two high yielding and scalable mechanochemical protocols 

that provide access to various secondary N-arylamides from readily available O-protected 

hydroxamic acids, iodoaryls and arylboronic acids.  As the industrial community 

recognises the need for the development of new and sustainable amidation 

methodologies, this work acts as a proof-of-concept that may encourage other researchers 

to delve into solvent-free syntheses of amides and utilise the many benefits 

mechanochemistry has to offer compared to the traditional batch-based chemistries.  

Protocol B produced lower yields than protocol A, most likely due to protodeboronation 

acting as a side-reaction.   

In addition, we identified and highlighted the fact that iron leaching originating from the 

steel milling jars should be considered when using reactants with high affinity for iron 

such as hydroxamic acids or when iron contamination may alter the reaction outcome.  

Moreover, we utilised SLA 3D printing to produce jars that were suitable for scaling up 

the new synthetic protocols.  Finally, to expand the scope of the methodology that was 

developed, further work is currently underway that aims to synthesise efficient BTZ-

containing N-Arylamides for MASSPC 1O2 generation. 
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5.7 Future Work 

 

 The successful implementation of a MASSPC reaction during this project, paired 

with our group’s interest for the development of bespoke 3D printed continuous flow 

photoreactors70,71 inspired us to utilise the same technology for the fabrication of a 

photoactive milling jar and balls, to be used for heterogeneous, solvent-free ROS 

generation.  Heterogeneous photocatalysts are typically inferior to homogeneous systems 

as it is difficult for photons to penetrate through a materials surface and their 

characterisation can be challenging.72  Additionally, the photocatalysis events are 

localised to the materials surface, hence efficient mass transport of the adsorbing 

reactants, and desorbing products at the surface is critical to productivity.73  To overcome 

these obstacles, we used a 2,1,3-benzothiadiazole (BTZ) enriched photopolymerisable 

resin for SLA 3D printing, which enables us to confine a photocatalyst material within a 

custom milling jar and balls.  These are semi-transparent and have high surface to volume 

ratio, providing efficient irradiation of the material (Figure 4).  The pressure generated 

from individual impacts during milling greatly enhances the mass transfer at the 

photocatalyst surface, and should provide systems, which can be competitive with 

homogeneous photocatalysts in terms of kinetics, but with far greater productivity and 

reduced purification requirements. 

 

Figure 4. a) Example of photoactive 3D printed milling jar (right half), b) balls, and c) their fluorescence under long 

UV irradiation. 

To test the efficacy of the aforementioned reactionware, we used two BTZ-enriched 

(0.1% loading by mass) balls (8 mm diameter) as photosensitisers for singlet oxygen (1O2) 

a) 

b) c) 
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production. Due to the unavailability of a sufficient quantity of photoactive resin at the 

time, only one-half of a jar that was printed contained BTZ, and thus we opted to test the 

balls only. 

α-terpinene was ball-milled for 1 hour at 30 Hz under blue (420 nm) light irradiation (28 

W light output, 3.5 W/cm2 light intensity, OSA opto lights) using a 10 mL optically 

transparent poly(methyl methacrylate) (PMMA) jar (purchased from Form-tech 

Scientific).  After the milling was complete, NMR analysis revealed the presence of 

ascaridole, which is an endoperoxide that forms when α-terpinene reacts with 1O2 (Figure 

5).  Although the conversion was low (3%), this was obtained without using the 

photoactive jars and can be optimised further.  

We anticipate that future work will involve optimisation of the jar geometry, its internal 

volume, and the number of milling balls.  Moreover, varying the photocatalyst loading in 

the resin, as well as using different types of resin materials should also be explored.  

 

Figure 5. Demonstration of 1O2 generation using photoactive milling balls. 

Time and progress dependent, this project has further avenues of development, such as: 

(i) Making a ‘library’ of photoactive jars/balls using different sensitisers;  (ii) using 

photoactive jars/balls for the development of various solid-state photoredox 

transformations such as alkylations (Minisci) or trifluoromethylations;74  (iii) using in situ 

X-ray diffraction to monitor and understand the mechanism of solid-state 

photochemistry.61,75 
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5.8 Supporting Information 

 

5.8.1 Optimisation of protocols A and B 

 

 Based on literature information,76 we wanted to investigate the potential of various 

copper (I) salts as possible catalysts for the Ullmann-type coupling reaction, mainly for 

the relative ease of access, low cost and low environmental impact compared to other 

coupling agents.77  The main copper sources were, CuI and copper (I) thiophene-2-

carboxylate (CuTC), since they are known to be very effective C-N coupling agents and 

their use has been widespread in many procedures.76,78  We investigated the use of 

tetramethylethylenediamine (TMEDA), N,N′-dimethylethylenediamine (DMEDA) and 

trans-N,N′-dimethylcyclohexane-1,2-diamine (DMCDA) as bidentate ligands as well as 

Na2CO3 and potassium tert-butoxide (t-BuOK) as bases, since those are one of the most 

common and effective Ullmann C-N coupling reagents reported in the literature.79   

Another consideration was the mechanochemical conditions that we were going to use, 

and we adopted the initial parameters of milling at 25 Hz, for 1-3 hours using two steel 

balls of 8 mm in diameter, paired with a 10 mL stainless-steel grinding jar.  A liquid 

assisted grinding (LAG) approach was adopted using EtOH (η = 0.16 µL/mg)46 based on 

other solid-state coupling protocols reported in the literature.17,80  

 Regarding aryl halides we began by using iodobenzene, since its known that the iodo-

substrates are usually the most reactive.81  As such, we applied these parameters, which 

resulted in the discovery of the optimal reaction conditions (Table S1).  
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Table S1. Optimisation conditions for protocol Aa. 

 

Entry R Catalyst  Catalyst/Ligand 

(eq.) 

Base 

(2eq) 

Yieldb 

(%) 

Time 

(h) 

1 Bz CuI/DMCDA  1/2 K2CO3 24 3 

2 Bz CuI/DMCDA 1/2 t-BuOK 46 3 

3 Ac CuI/DMCDA 1/2 K2CO3 26 1 

4 Ac CuI/DMCDA 1/2 t-BuOK 44 1 

5 Ac CuI/TMEDA 1/2 K2CO3 NRc 3 

6 Ac CuI/TMEDA 1/2 t-BuOK NRc 3 

7 Ac CuI/DMEDA 1/2 K2CO3 3 3 

8 Ac CuI/DMEDA 1/2 t-BuOK 12 3 

9 Me CuI/DMCDA 1/2 K2CO3 NRc 3 

10 Me CuI/DMCDA 1/2 t-BuOK NRc 3 

11 Me CuI/DMEDA 1/2 K2CO3 IRd
, 2 3 

12 Me CuI/DMEDA 1/2 t-BuOK NRc 3 

13 Bz CuI/DMEDA 1/2 K2CO3 30 2 

14 Bz CuI/DMEDA 1/2 t-BuOK 28 2 

15 Piv CuI/DMCDA 1/2 K2CO3 IRd, 7 1 

16 Piv CuI/DMCDA 1/2 t-BuOK 52 1 

17 Piv CuI/TMEDA 1/2 K2CO3 NRc 3 

18 Piv CuI/TMEDA 1/2 t-BuOK NRc 3 

19 Piv CuI/DMEDA 1/2 K2CO3 IRd, 9 1 

20 Piv CuI/DMEDA 1/2 t-BuOK 53 1 

21 Piv CuI/DMEDA 2/4 t-BuOK 78 1 

22 Piv CuI/DMEDA 3/6 t-BuOK 89 1 

23 Piv CuI/DMEDA 2/2 t-BuOK 21 2 

24 Piv CuI/DMEDA 3/6 K2CO3 IRd, 75 1 

25 Piv CuI/DMCDA 3/6 t-BuOK 89 1 
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Entry 

 

R Catalyst Catalyst/Ligand 

(eq.) 

Base 

(2 eq.) 

Yieldb 

(%) 

Time 

(h) 

26 Ac CuI/DMEDA 3/6 t-BuOK 37 1 

27 Piv CuTC/- 2/- t-BuOK NRc 3 

28 Piv CuTC/- 3/- t-BuOK IRd, trace 3 

29 Piv CuTC/DMEDA 3/6 t-BuOK 99 1 

30 Piv CuTC/DMEDA 3/6 K2CO3 95 1 

31 Piv CuTC/DMEDA 3/6 t-BuOK 99 0.33 

32 Piv CuTC/DMEDA 3/6 - 93 1 

33 Piv CuTC/DMEDA 3/6 - 94 0.33 

33 Piv CuTC/DMEDA 1/2 t-BuOK 55 1 

a10 mL stainless-steel jars with two 8 mm diameter stainless-steel balls for the ball-milling reactions.  The average of 

two runs is reported for the ball-milling reactions. LAG was EtOH, η= 0.16 µL/mg    bIsolated product, cNR: No reaction, 

dIR: Incomplete reaction (TLC). 

Initially, we investigated the reaction using four different protecting groups, acetyl (Ac), 

benzoyl (Bz), methoxy (Me), and pivaloyl (Piv), to compare between their respective 

reactivities.  It soon became apparent that all but the O-methoxy hydroxamic acids (1c) 

are relatively reactive towards iodobenzene, as even after 3 hours of milling no product 

was formed.  Overall 1d was deemed to be the most reactive of the protected hydroxamic 

acids (entry 20). 

Additionally, it was revealed that the use of TMEDA was ineffective, and in all cases, no 

reactivity was observed, while both DMEDA and DMCDA performed equally well.  For 

that reason, DMEDA was chosen as the best ligand since it is considerably more 

affordable than DMCDA.  We then turned our attention to the amount of copper required, 

as it seemed that even after the addition of 1 equivalent (eq.) the yield would not exceed 

53% (entry 20).  The use of stoichiometric amounts of copper is widespread in Cu 

mediated Ullmann-type couplings, although the exact mechanism of the reaction is still 

under debate.82  Nevertheless, by increasing the total amount of Cu to 2 eq. (entry 21), 

the yield improved significantly and when 3 eq. were used (entry 22), 89% of product 2 

was isolated, while t-BuOK consistently outperformed K2CO3 as a base.  

We then proceeded to test the efficacy of CuTC as a copper source and it proved to be 

able to surpass CuI in terms of performance, leading the reaction to completion in under 

1 hour (entry 29).  The ratio between copper and ligand was also probed, and we 
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concluded that 2 eq. of ligand are required for every eq. of copper.  Absence of the ligand 

leads to the inhibition of the reaction, even after 3 hours, although a trace of 2a was 

observed by TLC after using 3 eq. of CuTC (entries 27, 28).  Using the best conditions, 

(entry 29) the actual reaction time was probed using TLC over 5-minute time intervals, 

and after 20 minutes the reaction had progressed to completion (entry 31).  At this point, 

we also questioned whether the presence of a base was required.  Although the base 

unquestionably played a role when the Cu/L ratio was at or below 2/4 (entry 21) when it 

was increased to 3/6 its use was no longer needed, as demonstrated by the high yield of 

94% and low reaction time of 20 min (confirmed by TLC) (entry 33). 

For the Chan-Lam based coupling (protocol B), we began the optimisation by using a 

similar, solution-based protocol first introduced by Zhang et al.,51 which uses acetyl O-

protected hydroxamic acids and boronic acids as the coupling partners, along with a 

source of stoichiometric Cu(II).  In Table S2 below we present the results of this 

optimisation. 

It was found that both acetyl (1a) and pivaloyl (1d) O-protected hydroxamic acids were 

effective coupling partners.  Furthermore, the presence of a base was deemed necessary 

for the reaction to proceed to completion.  In contrast with the Ullmann (protocol A), the 

addition of a LAG solvent did not improve the reaction efficacy and it appeared that there 

is a reduction in the overall yield when EtOH was used as a LAG component (Table S2, 

entry 8).  The minimum amount of time for the reaction to go to completion was 

determined to be 20 minutes, which is comparable with the corresponding time for 

protocol A.  

Interestingly when the copper equivalents were less than 1, the reaction did not proceed 

to completion.  This result is in line with most Chan-Lam coupling procedures in the 

literature, where a stoichiometric amount of copper is required.  Overall, the optimised 

conditions were determined to be when 1d was used with 1 eq. of Cu(OAc)2 and 2 eq. of 

t-BuOK and the reaction afforded product 2a in high yield (Table S2, entry 9). 
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Table S2. Optimisation conditions (protocol B)a  

 

Entry R Catalyst (eq) LAG Base 

(2eq) 

Yieldb 

(%) 

Time 

(h) 

1 Ac Cu(OAc)2 (0.1) - t-BuOK IRd 3 

2 Ac Cu(OAc)2 (0.1) EtOH t-BuOK IRd 3 

3 Ac Cu(OAc)2 (0.5) - t-BuOK IRd 3 

4 Ac Cu(OAc)2 (1) - t-BuOK 90 1 

5 Ac Cu(OAc)2 (1) - t-BuOK 87 0.5 

6 Ac Cu(OAc)2 (1) - t-BuOK 88 0.33 

7 Ac Cu(OAc)2 (1) - t-BuOK IRd 0.2 

8 Ac Cu(OAc)2 (1) EtOH t-BuOK 85 0.33 

9 Piv Cu(OAc)2 (1) - t-BuOK 92 0.33 

10 Piv Cu(OAc)2 (1) - - NRc 3 

11 Piv Cu(OAc)2 (1) - K2CO3 55 2 

12 Piv CuTC (1) - t-BuOK NRc 3 

13 Piv CuTC (1) - - NRc 3 

a10 mL stainless-steel jar with two 8 mm diameter stainless-steel balls for the ball-milling reactions.  The average of 

two runs is reported for the ball-milling reactions.  LAG was EtOH, η= 0.16 µL/mg bIsolated product, cNR: No reaction, 

dIR: incomplete reaction (TLC). 
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5.8.2 Aryl Halide Scope 

 

 We wanted to examine the use of chloro- and bromobenzene to compare their 

reactivity with iodobenzene.  We found that under the optimised milling conditions 

(Table S1, entry 33), bromobenzene only afforded 2a at a yield of 16% (Table S3, entry 

2) after 1 hour of milling, while chlorobenzene was completely unreactive towards 

compound 1d.  As such, because of the poor performance of chloro- and bromobenzene, 

aryliodides were used throughout the additional experiments. 

 

Table S3. Aryl halide scope 

 

Entry Ph-X Base (2eq) Yield 

(%) 

Time 

(h) 

1 Br K2CO3 14 1 

2 Br t-BuOK 16 1 

3 Br - 16 1 

4 Cl K2CO3 NRa 1 

5 Cl t-BuOK NRa 1 

a N.R : No reaction 
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5.8.3 Iron Leaching During Milling 

 

 In order to demonstrate the leaching of iron during the milling process, we utilised 

the strong iron affinity of most hydroxamic acids, which coincides with a purple colour.42  

As such, we milled benzohydroxamic acid (54.9 mg, 0.4 mmol) in a 10 mL stainless-steel 

jar for 1 hour at 25 Hz.  After the milling was complete, the jar was opened, and the 

striking colour difference (from white to dark red) confirmed that iron was bound with 

the hydroxamic acid (Figure S1).  Further evidence for iron complexation came from the 

comparison between the 1H NMR spectra of the compound pre- and post-milling (Figure 

2b). 

 

Figure S1. a) Deep purple/red colour generated by the addition of a small amount of Fe(NO₃)₃ to a solution of 

benzenehydroxamic acid in EtOH.  b) Pristine sample of benzenehydroxamic acid prior to milling (left) and same 

sample after milling (right). 

 

5.8.4 Effect of Various Catalysts and Additives 

 

 Besides CuI, CuTC and Cu(OAc)2, we also tried using other copper species, as 

well as iron(III) nitrate and iron(II) chloride, in order to test if they have any effect on the 



Chapter 5: Mechanochemically Mediated Synthesis of N-Aryl Benzamides from O-protected Hydroxamic Acids 

301 

 

reaction outcome.  It is known that milling using steel grinding jars results in iron leaching 

into the reaction mixture and as a result of the grinding motion the iron particles can 

oxidise to form Fe(II) and Fe(III)39 species, which could subsequently affect the outcome 

of the reaction (Table S4). 

Table S4. Testing of different catalysts and additives 

 

Entry Protocol Additive 

(3 eq.) 

Catalyst/Ligand Cat/L 

(eq.) 

Yielda Time 

(h) 

1 A TEMPO CuTC/DMEDA 3/6 98 1 

2 A Fe(NO3)3
 
 CuTC/DMEDA 3/6 99 1 

3 A FeCl2 CuTC/DMEDA 3/6 98 1 

4 A -  Cu(OAc)2/- 3/- NRb 3 

5 A -  Cu(OAc)2/DMEDA 3/6 NRb 3 

6 A -  Fe(NO3)3/- 3/- NRb 3 

7 B Fe(NO3)3 Cu(OAc)2 1 92 1 

8 B FeCl2 Cu(OAc)2 1 87 1 

9 B TEMPO Cu(OAc)2 1 88 1 

a Isolated yield. b No reaction 

We used 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as a radical trap (Table S4, 

entry 1, 9) to test whether a tempo intermediate could form, something that would indicate 

a radical-mediated process,83 however, this never occurred and the reaction proceeded as 

normal.  The introduction of iron in the reaction mixture had no effect (entries 2, 3, 6, 7, 

8), which leads to the conclusion that the use of stainless-steel jars is suitable for this 

reaction.  Finally, the use of Cu(OAc)2 as the copper source did not produce any product 

under the standard reaction conditions (entries 4,5). 
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5.8.5 Comparison of Jar Materials (Protocol A) 

 

 Presented below are the different jar materials that were tested on the optimised 

reaction (Table S1, entry 33), after 1 hour of milling (Figure S3).  The yields are the 

average of two reaction tests for each material.  

  

Figure S3. Yield comparison between different jar materials. 

Surprisingly, even though acrylic is usually harder than teflon, the latter gave significantly 

higher yields, that are comparable with those of stainless-steel.  A possible explanation 

may stem from the fact that acrylic is prone to EtOH sorption, hence, it may have removed 

the LAG element from the milling process, resulting in the lower yield.84 

 

5.8.6 Efficacy of Solution Chemistry Versus Mechanochemistry (Protocols A and B) 

 

 To establish whether or not the mechanochemical protocol that was developed 

offers any benefits in the yield and time of completion compared to a solution-based 

approach, we applied the optimised conditions (Table S1, entry 33 and Table S2, entry 9) 

in solution using various solvents at reflux temperatures (Table S5).  
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Table S5. Reaction protocol under wet-chemistry conditions 

 

Entry Protocol Solvent Yielda (%) Time (h) 

1 A EtOH 75 1.5 

2 A THF 70 1.5 

3 A Toluene 54 1 

4 B DMF IRb 16 

5 B THF IRb 16 

6c B DMF IRb 16 

7c B THF IRb 16 

a Isolated yields, b IR = incomplete reaction, c Reactions were carried out under N2 atmosphere. 

Protocol A: 

It quickly became apparent that the solution approach is significantly inferior to the solid-

state one, highlighted by the overall lower reaction yields time to completion and the 

unnecessary use of solvent.  Using EtOH as a solvent seems to work better compared with 

THF and toluene, although the latter went to completion faster (TLC), something that 

may be attributed to the higher reflux temperature of toluene (~ 110 oC) compared to that 

of EtOH (~78 oC).  However, we need to note that the reaction above was optimised using 

mechanochemical conditions, and a solution-based optimisation may also be possible, but 

it is not part of the scope of this work. 

Protocol B:  

For the Chan-Lam type coupling protocol B, the optimised conditions (Table S2, entry 9) 

were not effective in producing product 2a, as even after 16 hours under reflux conditions, 
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the TLC analysis of the reaction mixture revealed a multitude of spots (5 or more), 

indicating the presence of a plethora of compounds, which were not isolated due to the 

overlapping Rf values of the spots.  Interestingly, by removing the base (t-BuOK), the 

reaction produces at least two products (2a and the N-substituted O-protected hydroxamic 

acid), as it was shown by Zhang et al.,51 but as mentioned before, the removal of the base 

in the ball mill (protocol B) eliminates the reactivity and doesn’t produce any products.  

 

5.8.7 3D Printing of Large Volume Milling Jars 

 

 Machining61 and 3D printing of custom milling jars62 are examples of 

customisation techniques mechanochemists have used in the past to adjust the milling jars 

to their needs.  To demonstrate the scalability of the developed protocol, we had to use 

milling jars with a larger internal volume than the standard 10 mL jars that were used for 

the preparative (0.4 mmol) scale reactions.  As such, jars of an internal volume of 20, 40 

and 70 mL (Figure S4) were made using the stereolithographic (SLA) 3D printing 

technique that many commercial 3D printers use.  For this case, we used a Formlabs Form 

2 SLA 3D printer, along with the tough V5/durable V2 photopolymerisable resin.  The 

resulting jars were made to a maximum length of 6.5 cm, ensuring that they could easily 

fit inside the Retch MM400 mixer mill. 

 

Figure S4. Collection of commercial (bottom, 10 mL) and SLA 3D printed jars. 
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The durability of the 3D printed jars was tested before they were used as reactionware, 

by milling blank samples of SiO2 (5 g) using 15 g ZrO2 balls (4 balls of variable 

diameters) at 20 Hz for 1 h.  All jars were left undamaged by the durability tests and thus 

they were then used for large-scale reactions.  It was found that the 70 mL jar was best 

suited for the gram-scale preparation of N-benzamides.  To demonstrate the 

inexpensiveness of the 3D printed jars we present the approximate cost of printing the 

custom jars (Table S6). 

Table S6. Materials and cost analysis for a pair of grinding jars printed using SLA with 

commercial resins 

Material (resin) Ball mill 

type 

Internal 

volume 

(mL) 

Price per 

pair 

Date of 

quote 

Acrylonitrile 

butadiene styrene 

analogue 

(Tough resin V5) 

Mixer mill 70 ~£49 

(327 mL 

of resin) 

29/11/2019 

Acrylonitrile 

butadiene styrene 

analogue 

(Tough resin V5) 

Mixer mill 40 ~£11 

(78 mL of 

resin) 

29/11/2019 

High-density 

polyethylene 

analogue  

(Durable resin V2) 

Planetary 

mill 

60 ~£21 

(142 mL 

of resin) 

29/11/2019 

 

The estimated cost for the 3D printed parts was calculated based on the amount of resin 

(mL) that was used for the parts (pair of jars + structure supports) divided by the cost of 

the resin that was used (£150/L as of 29/11/2019).  In all cases, the print resolution was 

50 microns per layer. 
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5.8.8 Generation of 1O2 Under Batch Conditions⸹ 

 

 Photocatalyst 2l (1.3 mg, 0.0034 mmol) and α-terpinene (53 μL, 0.33 mmol) were 

dissolved in CDCl3 (1 mL) in a glass vial.  The vial was irradiated by a blue LED (28 W 

light output, 3.5 W/cm2
 light intensity, OSA opto lights, olm-018 series), situated 7 cm 

from the centre of the vial, for 1 hour and the final conversion was determined by 1H-

NMR spectroscopy (Figure S5).  UV/vis spectroscopy shows maximum absorption at 394 

nm (Figure S6) and the experimental set-up is shown in Figure S7. 

Figure S5. a) Conversion of α-terpinene to ascaridole using 2l as a photosensitiser.  b) 1H-NMR showing the conversion 

of α-terpinene to ascaridole. 
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Figure S6. UV-Vis spectrum of 2l showing a maximum absorption at 398 nm. 

 

 

Figure S7. Experimental set-up for the generation of 1O2 in batch conditions. 
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5.8.9 Generation of 1O2 Under Mechanochemically-Assisted Solid-State 

Photocatalysed (MASSPC) Conditions 

 

 

Figure S8. 1O2 mediated conversion of anthracene to the corresponding endoperoxide and subsequent base-catalysed 

decomposition to anthraquinone.  

The procedure for the mechanochemically-assisted solid-state photocatalysed conversion 

of anthracene was adapted from Strukil and Sajko55 and was carried out as follows (Figure 

S8):  A mixture of catalyst 2l (0.4 mg,) anthracene (17.8 mg, 0.1 mmol) and anhydrous 

sodium sulfate (750 mg) was ball milled for 3 hours at 27 Hz under blue light irradiation 

(28 W light output, 3.5 W/cm2
 light intensity, OSA opto lights, olm-018 series) using a 10 

mL optically transparent poly(methyl methacrylate) (PMMA) jar (purchased from Form-

tech Scientific) and a 8 mm PMMA ball.  TLC analysis of the reaction mixture in 

chloroform:hexane (4:1) revealed the presence of unreacted anthracene and a new product 

(Figure S9). 

 

Figure S9. TLC plate of MASSPC conversion of anthracene.  A new spot has formed on the reaction mixture that was 

illuminated with light, whereas the reference reaction (Dark) on the right does not show any new spots. 
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The same reaction mixture was prepared and milled under the same conditions in a 

opaque 10 mL Teflon jar using a 8 mm Teflon ball.  The jar was covered in aluminium 

foil prior to milling to eliminate any light passing through.  This mixture was used as a 

reference. 

The 1H NMR spectrum of the reaction mixture (Figure S10) shows the appearance of a 

new set of peaks corresponding to the anthraquinone product.  The ratio between 

anthracene and anthraquinone is 1.00:0.05 or 4.8% conversion.  This reaction was 

completed primarily as proof of concept.  Possible optimisation of the reaction parameters 

to increase the overall conversion include the increase of the mol % of the photosensitiser, 

conducting the reaction under an oxygen atmosphere to increase the amount of 3O2 

available, changing the light source, increasing the milling frequency, and changing the 

milling materials. 

 

Figure S10. 1H NMR spectra of the MASSPC reaction mixture.  The reaction that occurred in the presence of light 

(PMMA jar) produced a spectrum that shows the presence of anthraquinone (upper).  In the absence of light, there is 

only the starting material present (lower).  
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Figure S11: Experimental set-up for the MASSPC reaction. 

The air-cooled light source was secured on top of the mixer’s protective screen using 

double sided adhesive tape.  No modifications were required to take place on the mixer 

apparatus and once the reaction was complete, the light source could easily be removed.  

During the experiments, the light source was located approximately 4 cm above the 

transparent PMMA jar (left), and the Teflon jar (right) was used as a reference and was 

wrapped in aluminium foil to exclude all light (Figure S11). 

The mass spectrum (Figure S12) of the reaction mixture revealed the presence of 

anthraquinone in the mixture along with a small peak corresponding to the mass of 

anthracene-endoperoxide as well as the photocatalyst 2l, indicating the base catalysed 

decomposition of the anthracene-endoperoxide. 
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Figure S12. Mass spectrum of illuminated milled sample confirming presence of anthraquinone.  Electron ionization 

(EI) in positive mode was used for acquiring the spectrum.  As a result, the peaks of interest are representing charged 

adducts ([M]+). 

 

5.9 Experimental Section 

 

5.9.1 General Methods and Materials 

 

 All chemicals were commercially available except those whose syntheses are 

described.  Anhydrous MgSO4 was used for drying organic extracts and all volatiles were 

removed under reduced pressure.  All reaction mixtures and column eluents were 

monitored by TLC using commercial aluminium-backed thin layer chromatography 

(TLC) plates (Merck Kieselgel 60 F254).  The plates were observed under UV light at 254 

and 365 nm.  The technique of dry flash chromatography was used throughout for all non-

TLC scale chromatographic separations using Merck Silica Gel 60 (less than 0.063 mm).  

Melting points were determined using a Stuart SMP10 digital melting point apparatus.  

Small scale (μL) liquid handling measurements were made using variable volume (1.00–

5000.00 μL) single-channel Gilson PIPETMAN precision micropipettes.  Solvents used 
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for recrystallization are indicated after the melting point.  IR spectra were recorded on a 

Thermo Scientific Nicolet iS5 FTIR spectrometer with iD5 ATR accessory and broad, 

strong, medium, and weak peaks are represented by b, s, m and w, respectively.  1H- and 

13C-NMR spectra were recorded on a Bruker AVANCE III HD machine (at 400 and 100 

MHz, respectively).  Chemical shifts (δ) are expressed in ppm and coupling constants J 

are given in Hz.  Data are represented as follows: chemical shift, multiplicity (s=singlet, 

d=doublet, t=triplet, q=quartet, m=multiplet and/or multiple resonances, br s=broad 

singlet).  Deuterated solvents were used for homonuclear lock, and the signals are 

referenced to the deuterated solvent peaks.  The ball mill used was a Retsch MM 400 

mixer mill.  Milling balls were 8mm in diameter.  Unless otherwise stated, 

mechanochemical reactions were performed in 10 mL stainless steel jars made by Retsch 

with two stainless steel balls of mass 1.3 g each.  The mass of each acrylic (PMMA) and 

Teflon (PTFE) ball is 0.29 g and 0.24 g, respectively.  Unless otherwise stated, all 

reactions were performed at room temperature.  The 3D printer that was used to print the 

custom-made milling jars was a Formlabs Form 2 SLA 3D printer. 

 

5.9.2 Preparation of 4,7-Diiodobenzo[c][1,2,5]thiadiazole85 

 

 

4,7-Diiodobenzo[c][1,2,5]thiadiazole was prepared from the commercially available 

benzo[c][1,2,5]thiadiazoleaccording to the modified method based on the literature.85 

Under an argon atmosphere, benzo[c][1,2,5]thiadiazole (2.72 g, 20.0 mmol), iodine (12.7 

g, 50.0 mmol), silver(I) sulfate (6.24 g, 20 mmol) were added to a 100 mL round bottom 

flask containing concentrated sulfuric acid (30 mL).  The reaction mixture was then 

stirred at 120 °C for 23 hours.  After cooling to ambient temperature, the reaction mixture 

was quenched with water at 0 °C, and the precipitate was collected by filtration.  The 

compounds were extracted with CH2Cl2 from the precipitate three times.  The organic 

solution was washed with saturated aqueous NaHCO3 and brine, and dried over Na2SO4.  

After evaporation of dichloromethane, the residue was recrystallized with ethyl acetate to 

give 4,7-diiodobenzo[c][1,2,5]thiadiazole (2.92 g, 7.54 mmol) in 38% yield. 
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5.9.3 Preparation of O-Protected Hydroxamic Acids38,86 

 

 

N-Acetoxybenzamide (1a).  Benzohydroxamic acid (1.23 g, 9 mmol, 

1 eq.), CH2Cl2 (30 mL) and NaOH 2M (30 mL) were charged in a 

round bottom flask. Ac2O (936 μL, 9.9 mmol, 1.1 eq.) was added 

via syringe.   After stirring at room temperature for 3 h, the organic layer was separated, 

and the aqueous layer was extracted with CH2Cl2.  The combined organic fractions were 

washed with brine, dried with MgSO4, filtered, and evaporated under reduced pressure to 

afford the desired product as a white solid (1.46 g, 91%).   Mp, IR, 1H- and 13C- NMR 

were in agreement with the literature.38,86,  Mp  90-92 °C (EtOH); νmax/cm-1 3141m 

(Amide N-H), 2958m (Aryl C-H), 2815m (Aryl C-H), 1790s (AcO, C=O), 1654s (Amide, 

C=O), 1616w, 1600w, 1579m, 1528m, 1490w, 1447w, 1364m, 1312m, 1290w, 1171s, 

1077m, 1033m, 1018s, 977w, 931m, 895m, 855m, 849m, 798m, 732w, 694s; δH (400 

MHz, DMSO-d6) 12.31 (1H, s, NH), 7.81 (2H, d, J = 7.2 Hz, ArH), 7.61 (1H, t, J = 7.2, 

ArH), 7.52 (2H, t, J = 7.2, ArH), 2.23 (3H, s, CH3); δC (100 MHz, DMSO-d6) 168.7, 

164.6, 132.3, 131.0, 128.6, 127.4, 18.1. 

 

N-(Benzoyloxy)benzamide (1b).  Benzohydroxamic acid (1.00 

g, 7.29 mmol, 1 eq.) and sodium tert-butoxide (701 mg, 7.29 

mmol, 1 eq.) were stirred together at room temperature in 

diethyl ether (30 mL) for 30 min.  Benzoyl chloride (850 μL, 7.29 mmol, 1 eq.) was then 

added dropwise and the reaction mixture was allowed to stir at room temperature for 16 

hours.  It was then diluted with EtOAc and washed with water and brine.  The organic 

fraction containing the product in the solid form was diluted with acetone to dissolve it 

almost completely.  The organic phase was dried over MgSO4, filtered, and evaporated 

under reduced pressure to afford the desired product as a white solid (1.12 g, 63%) 

without needing any further purification.  Mp, IR, 1H- and 13C-NMR were in agreement 

with the literature .38,86  Mp  161-163 °C (EtOH); νmax/cm-1 3168m (Amide N-H), 2978m 

(Aryl C-H), 1764s (BzO, C=O), 1654s (Amide, C=O), 1652w, 1641m, 1601w, 1578m, 



Chapter 5: Mechanochemically Mediated Synthesis of N-Aryl Benzamides from O-protected Hydroxamic Acids 

314 

 

1514m, 1484m, 1451m, 1447m, 1309m, 1260w, 1235s, 1179w, 1154m, 1078m, 1041m, 

1022s, 1001m, 988w, 941w, 935w, 900m, 847m, 796m, 698s, 692m; δH (400 MHz, 

DMSO-d6) 12.67 (1H, s, NH), 8.09-8.12 (2H, m, ArH), 7.87-7.93 (2H, m, ArH), 7.77 

(1H, t, J = 8.0 Hz, ArH), 7.60-7.66 (3H, m, ArH), 7.56 (2H, t, J = 8.0, ArH); δC (100 

MHz, DMSO-d6) 164.9, 164.4, 134.4, 133.0, 131.0, 129.5, 129.2, 128.7, 127.5, 126.9. 

 

N-Methoxybenzamide (1c).  To a solution of 20 mL EtOAc and 10 mL 

H2O containing Na2CO3 (2 eq.) O-methylhydroxyamine hydrochloride 

(835 mg, 10 mmol, 1 eq.) was added.  The mixture was cooled to 0°C 

and benzoyl chloride (1.4 g, 1.15 mL, 10 mmol, 1 eq.) was added dropwise to the mixture.  

It was then allowed to stir at 0°C for 2 hours.  The reaction was then quenched with brine 

and more EtOAc was added.  The organic layer was washed twice with brine.  It was then 

dried over MgSO4, filtered, and evaporated under reduced pressure.  The purification was 

made by flash column chromatography using 20% EtOAc in pet. ether as eluent.  The 

product obtained was a white solid (1.1 g, 73 %).  Mp, IR, 1H- and 13C-NMR agreed with 

literature data. 38,86  Mp 58-59°C (n-Hexane); νmax/cm-1 3193m (Amide N-H), 2978w 

(Aryl C-H), 2936w (Aryl C-H), 1645s (Amide, C=O), 1579m, 1516m, 1481m, 1439w, 

1308m, 1291w, 1190w, 1152m, 1075w, 1043m, 1025m, 942m, 879m, 798m, 691m, 

668w; δH (400 MHz, DMSO-d6) 11.74 (1H, s, NH), 7.74-7.76 (2H, m, ArH), 7.61 (1H, 

t, J = 7.6, ArH), 7.46 (2H, t, J = 7.6, ArH), 3.71 (3H, s, (CH3); δC (100 MHz, DMSO-d6) 

164.1, 132.3, 131.6, 128.5, 127.0, 63.2. 

 

N-(Pivaloyloxy)benzamide (1d).  Benzohydroxamic acid (6.93 g, 

50 mmol, 1 eq.) and sodium tert-butoxide (4.08 g, 50 mmol, 1 eq.) 

were stirred together at room temperature in diethyl ether (100 

mL) for 30 min.  Pivaloyl chloride (6.12 mL, 50 mmol, 1 eq.) was then added dropwise 

and the reaction mixture was allowed to stir at room temperature overnight.  It was then 

diluted with 100 mL of EtOAc and washed with water and brine.  The organic fraction 

containing the product in the solid form was diluted with acetone to dissolve it almost 

completely. The organic phase was dried over MgSO4, filtered, and evaporated under 

reduced pressure to afford the desired product as a white solid (7.23 g, 65%) without 

needing any further purification.  Mp, IR, 1H- and 13C-NMR were in agreement with the 
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literature.38,86  Mp  170-172 °C (CHCl3); νmax/cm-1 3230m (Amide N-H), 2975m (Aryl C-

H), 1780m (PivO, C=O), 1651s (Amide, C=O), 1601w, 1579w, 1575w, 1562s, 1557m, 

1538m, 1516m, 1482m, 1451m, 1436w, 1400w, 1369w, 1309w, 1290m, 1267w, 1240w, 

1163m, 1146m, 1064m, 1042w, 1022s, 1001w, 935w, 900m, 868m, 811m, 800m, 755w, 

708s, 688m; δH (400 MHz, DMSO-d6) 12.27 (1H, s, NH), 7.81 (2H, dd, J = 7.2, 1.6 Hz, 

ArH), 7.61 (1H, tt, J = 6.8, 1.6, ArH), 7.52 (1H, t, J = 7.6, ArH), 1.29 (9H, s, (CH3)3); δC 

(100 MHz, DMSO-d6) 175.7, 164.6, 132.2, 131.1, 128.6, 127.3, 37.8, 26.8. 

 

N-(Pivaloyloxy)acetamide (1e).  Acetohydroxamic acid (750.7 mg, 10 

mmol, 1 eq.) and sodium tert-butoxide (816 mg, 10 mmol, 1 eq.) were 

stirred together at room temperature in diethyl ether (50 mL) for 30 

min.  Pivaloyl chloride (1.22 mL, 10 mmol, 1 eq.) was then added dropwise and the 

reaction mixture was allowed to stir at room temperature overnight.  It was then diluted 

with 50 mL of EtOAc and washed with water and brine.  The organic fraction containing 

the product in the solid form was diluted with acetone to dissolve it almost completely.  

The organic phase was dried over MgSO4, filtered, and evaporated under reduced 

pressure.  The residue was then subjected to flash chromatography (CHCl3/EtOAc, 80/20) 

to afford the desired product as a viscous colourless oil (1.23 g, 77%).  IR, 1H- and 13C-

NMR were in agreement with the literature. 38,86   νmax/cm-1 3193bm (Amide N-H), 2975s 

(Aryl C-H), 1780m (PivO, C=O), 1677s (Amide, C=O), 1481m, 1456m, 1398w, 1368m, 

1269m, 1092s, 1022m, 990m, 941w, 874m, 757m; δH (400 MHz, DMSO-d6) 11.47 (1H, 

s, NH), 1.85 (3H, s, CH3), 1.22 (9H, s, (CH3)3); δC (100 MHz, DMSO-d6) 175.6, 166.9, 

26.8, 19.3. 

N-(Pivaloyloxy)picolinamide (1f).  N-Hydroxypicolinamide 

(1.38 g, 10 mmol, 1 eq.) and sodium tert-butoxide (816 mg, 10 

mmol, 1 eq.) were stirred together at room temperature in diethyl 

ether (50 mL) for 30 min.  Pivaloyl chloride (1.22 mL, 10 mmol, 1 eq.) was then added 

dropwise and the reaction mixture was allowed to stir at room temperature overnight.  It 

was then diluted with 50 mL of EtOAc and washed with water and brine.  The organic 

fraction containing the product in the solid form was diluted with acetone to dissolve it 

almost completely. The organic phase was dried over MgSO4, filtered, and evaporated 

under reduced pressure to afford the desired product as a white solid (1.42 g, 63.8%) 
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without needing any further purification.  Mp 102-103 °C (CHCl3);. IR, 1H- and 13C-

NMR were in agreement with the literature. 38,86  νmax/cm-1 3086bm (Amide N-H), 2974m, 

2906wm, 1772m (PivO, C=O), 1689s (Amide, C=O), 1591m, 1567w, 1504w, 1469w, 

1437m, 1396w, 1363w, 1307m, 1287m, 1268m, 1246w, 1149w, 1075s, 1045m, 1027m, 

1003m, 904m, 877w, 819m, 754m, 701m, 626m, 576w; δH (400 MHz, DMSO-d6) 12.49 

(1H, s, NH), 8.67 (1H, dd, J = 4.7 Hz, 0.9, ArH), 7.97-8.02 (2H, m, ArH), 7.47-7.73 (1H, 

m, ArH) 1.27 (9H, s, (CH3)3); δC (100 MHz, DMSO-d6) 175.3, 161.7, 148.8, 148.7, 137.9, 

127.2, 122.4, 37.7, 26.8. 

 

N-(Pivaloyloxy)isonicotinamide (1g).  N-

Hydroxyisonicotinamide (1.38 g, 10 mmol, 1 eq.) and sodium 

tert-butoxide (816 mg, 10 mmol, 1 eq.) were stirred together at 

room temperature in diethyl ether (50 mL) for 30 min.  Pivaloyl chloride (1.22 mL, 10 

mmol, 1 eq.) was then added dropwise and the reaction mixture was allowed to stir at 

room temperature overnight.  It was then diluted with 50 mL of EtOAc and washed with 

water and brine.  The organic fraction containing the product in the solid form was diluted 

with acetone to dissolve it almost completely. The organic phase was dried over MgSO4, 

filtered, and evaporated under reduced pressure to afford the desired product as a white 

solid (1.12 g, 50.3%) without needing any further purification.  Mp 118-119 °C (CHCl3);  

νmax/cm-1 3091bm (Amide N-H), 2984m, 2873m, 2755bm, 1772m (PivO, C=O), 1691s 

(Amide, C=O), 1605w, 1538m, 1461m, 1413m, 1397w, 1371w, 1330w, 1296m, 1268w, 

1219m, 1160m, 1074s, 1062m, 1028m, 1003m, 938m, 913w, 871w, 850w, 754m, 685s, 

577w; δH (400 MHz, DMSO-d6) 12.66 (1H, s, NH), 8.78 (2H, dd, J = 4.5 Hz, 1.5, ArH), 

7.71. (2H, dd, J = 4.5 Hz, 1.4, ArH), 1.29 (9H, s, (CH3)3); δC (100 MHz, DMSO-d6) 

175.6, 162.7, 150.6, 138.2, 121.2, 37.9, 26.8. 
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5.9.4 Preparation of N-Aryl Benzamides (Protocols A and B) 

 

 

Mechanochemical preparation: 

Protocol A: 

To a stainless-steel ball mill jar (10 mL internal volume) N-(pivaloyloxy)benzamide (88.5 

mg, 0.4 mmol, 1 eq.) was added, followed by the corresponding phenyl iodide (0.44 

mmol, 1.1 eq.), copper (I) thiophene-2-carboxylate (228.2 mg, 1.2 mmol, 3 eq.) and N,N′-

dimethylethylenediamine (211.6 mg, 2.4 mmol, 6 eq.).  In addition to these reagents, 

EtOH (η = 0.16 μL/mg) was added to the jar, along with two steel balls (8 mm in 

diameter).  The jar was sealed and milled for 20 minutes at 25 Hz.  After the completion 

of the reaction which was confirmed by TLC (CHCl3:EtOAc, 90:10), the jar was opened 

and the reaction mixture was passed through a short silica plug (eluted with 

CHCl3:EtOAc, 80:20).  The resulting solution was evaporated under reduced pressure, 

and the residue was recrystalised to afford the title compound (2a-n). 

Protocol B: 

To a stainless-steel ball mill jar (10 mL internal volume) N-(pivaloyloxy)benzamide (88.5 

mg, 0.4 mmol, 1 eq.) was added, followed by the corresponding phenyl boronic acid (0.48 

mmol, 1.2 eq.), copper(II) acetate (72.7 mg, 0.4 mmol, 1 eq.) and potassium tert-butoxide 

(89.77 mg, 0.8 mmol, 2 eq.).  In addition to these reagents, two steel balls were added to 

the jar (8 mm in diameter).  The jar was then sealed and milled for 20 minutes at 25 Hz. 

After the completion of the reaction which was confirmed by TLC (CHCl3:EtOAc, 

90:10), the jar was opened and the reaction mixture was passed through a short silica plug 

(eluted with CHCl3:EtOAc, 80:20).  The resulting solution was evaporated under reduced 

pressure, and the residue was recrystalised to afford the title compound (2a-n). 
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Solution preparation (protocol A and B): 

The aforementioned mechanochemical procedures were tested in solution by using the 

same quantity of reagents as described above, which were added in a sealable glass vial 

along with a stir bar.  In addition to these reagents, 5 mL of the preferred solvent was 

added.  The vial was sealed, and the reaction was stirred under air at reflux temperature. 

After the completion of the reaction which was confirmed by TLC (CHCl3:EtOAc, 

90:10), the vial was opened, and the reaction mixture was evaporated under reduced 

pressure.  When DMF was used, an aqueous work-up was required, in which water (50 

mL) was added to the reaction mixture and subsequently extracted by EtOAc (2 x 5mL).  

The combined organic layers were washed twice with brine and the crude mixture was 

then subjected to column chromatography (eluted with CHCl3:EtOAc, 80:20) to afford 

the desired N-aryl benzamide. 

 

N-Phenylbenzamide (2a).  Colourless plates (78.9 mg, 99%).  Mp, 

IR, 1H- and 13C-NMR were in agreement with the literature.87  Mp  

162-163 °C (CHCl3); νmax/cm-1 3345m (Amide N-H), 3051w (Aryl 

C-H), 2951w (Aryl C-H), 1724m and 1654s (C=O), 1599m, 1579s, 1526m, 1489m, 

1448s, 1436m, 1320m, 1257m, 1178s, 1165s, 1147m, 1114m, 1074w, 1027m, 1001m, 

979m, 927w, 885w, 791w, 748s, 714s; δH (400 MHz, DMSO-d6) 10.25 (1H, s, NH), 7.79 

(2H, d, J = 7.2 Hz, ArH), 7.79 (2H, d, J = 8.0, ArH), 7.51-7.61 (3H, m, ArH), 7.35 (2H, 

t, J = 7.4, ArH), 7.10 (1H, t, J = 7.2, ArH); δC (100 MHz, DMSO-d6) 165.5, 139.2, 135.0, 

131.5, 128.6, 128.4, 127.6, 123.6, 120.3. 

 

N-(4-Methoxyphenyl)benzamide (2b).  Colourless plates 

(88.2 mg, 97%).  Mp, IR, 1H- and 13C- NMR were in 

agreement with the literature.87,88  Mp  155-157 °C (CHCl3); 

νmax/cm-1 3345m (Amide N-H), 2965w (Aryl C-H), 2838w (Aryl C-H), 1646m (C=O), 

1615m, 1603w, 1512s, 1492m, 1459m, 1409m, 1326w, 1305m, 1268m, 1246m, 1186m, 

1175w, 1118m, 1107m, 1074w, 1031m, 1002w, 977w, 933w, 928w, 899w, 813s, 792m, 

761m, 715m, 691s; δH (400 MHz, DMSO-d6) 10.12 (1H, s, NH), 7.94 (2H, d, J = 7.6 Hz, 

ArH), 7.68 (2H, d, J = 9.6, ArH), 7.58 (1H, t, J = 6.8 ArH), 7.52 (2H, t, J = 6.8, ArH), 
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6.93 (2H, d, J = 8.8, ArH), 3.75 (3H, s, OCH3); δC (100 MHz, DMSO-d6) 165.1, 155.5, 

135.0, 132.2, 131.4, 128.3, 127.5, 122.0, 113.7, 55.2. 

 

N-(4-Bromophenyl)benzamide (2c).  Colourless plates (100.5 

mg, 91%).  Mp, IR, 1H- and 13C-NMR were in agreement with 

the literature.89  Mp  200-202 °C (CHCl3); νmax/cm-1 3329m 

(Amide N-H), 1645m (C=O), 1590m, 1579w, 1511s, 1485m, 1449w, 1436w, 1392m, 

1356w, 1302m, 1288m, 1240m, 1179m, 1159w, 1100w, 1073m, 1026m, 1009m, 939w, 

929w, 900w, 795m, 716s, 691s; δH (400 MHz, DMSO-d6) 10.37 (1H, s, NH), 7.95 (2H, 

dd, J = 7.2, 1.2 Hz, ArH), 7.78 (2H, dt, J = 10.0, 2.4 ArH), 7.6 (1H, t, J = 7.2 ArH), 7.52-

7.55 (4H, m, ArH); δC (100 MHz, DMSO-d6) 165.7, 138.6, 134.7, 131.7, 131.4, 128.4, 

127.7, 122.2, 115.3. 

 

N-(4-Nitrophenyl)benzamide (2d).  Yellow needles (89.1 

mg, 92%).  Mp, IR, 1H- and 13C-NMR were in agreement with 

the literature.90  Mp  198-199 °C (CHCl3); νmax/cm-1 3328m 

(Amide N-H), 1656m (C=O), 1613m, 1594m, 1580w, 1530w, 1498s, 1486m, 1446w, 

1436w, 1406m, 1334s, 1303m, 1248m, 1178m, 1110m, 1074w, 1031m, 1001m, 960w, 

931w, 901w, 847s, 820m, 795m, 748m, 737m, 718m, 689s; δH (400 MHz, DMSO-d6) 

10.80 (1H, s, NH), 8.27 (2H, dt, J = 10, 2.6 Hz, ArH), 7.78 (2H, dt, J = 10.4, 2.4 ArH), 

7.98 (2H, dd, J = 7.4, 1.4 ArH), 7.64 (1H, t, J = 7.6, ArH), 7.56 (2H, t, J = 7.6, ArH); δC 

(100 MHz, DMSO-d6) 166.3, 145.5, 142.5, 134.2, 132.2, 128.5, 127.9, 124.8, 119.8. 

 

N-(2-Isopropylphenyl)benzamide (2e).  Colourless plates (80.4 

mg, 84%).  Mp, IR, 1H- and 13C-NMR were in agreement with the 

literature.91  Mp  149-150 °C (CHCl3); νmax/cm-1 3207m (Amide N-

H), 2957m (Aryl C-H), 2866w (Aryl C-H), 1637s (C=O), 1600w, 1579w, 1527s, 1493m, 

1446m, 1436w, 1418w, 1384w, 1363w, 1310s, 1296m, 1076m, 1027m, 932w, 912m, 

838m, 801m, 756w, 694s; δH (400 MHz, DMSO-d6) 9.91 (1H, s, NH), 8.27 (2H, d, J = 

7.98 Hz, ArH), 7.59 (1H, d, J = 7.6, ArH), 7.53 (2H, t, J = 7.6, ArH), 7.37 (1H, d, J = 7.6, 

ArH), 7.26 – 7.30 (1H, m, ArH), 7.23 (2H, m, ArH), 3.22 (1H, sep, J = 7.2, CH(CH3)2), 
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1.16 (6H, d, J = 7.2, CH(CH3)2); δC (100 MHz, DMSO-d6) 165.9, 144.9, 135.1, 134.5, 

131.5, 128.4, 128.2, 127.6, 127.0, 125.9, 125.6, 27.6, 23.2. 

 

N-(4-Fluorophenyl)benzamide (2f).  Colourless needles (80.9 

mg, 94%).  Mp, IR, 1H- and 13C-NMR were in agreement with 

the literature.88,92  Mp  183-184 °C (CHCl3/EtOAc, 90/10); 

νmax/cm-1 3346m (Amide N-H), 1652m (C=O), 1614m, 1580w, 1522s, 1508s, 1490m, 

1456w, 1446w, 1436m, 1406s, 1331m, 1312m, 1259w, 1209s, 1158m, 1112w, 1095m, 

1073w, 1029m, 1014m, 1001m, 984m, 959m, 929m, 900m, 826s, 795s, 773m, 701s, 

690s; δH (400 MHz, DMSO-d6) 10.30 (1H, s, NH), 7.95 (2H, dd, J = 7.2, 1.6 Hz, ArH), 

7.78-7.82 (2H, m, ArH), 7.59 (1H, t, J = 7.6, ArH), 7.53 (2H, t, J = 7.6, ArH), 7.19 (2H, 

t, J = 8.0, ArH); δC (100 MHz, DMSO-d6) 165.5, 158.3 (d, 1JCF 240.5 Hz), 135.5 (d, 4JCF 

2.7) , 134.8, 131.6, 128.4, 127.6, 122.2 (d, 3JCF 7.7), 115.2 (d, 2JCF 21.8). 

 

N-(4-(Trifluoromethyl)phenyl)benzamide (2g).  Colourless 

needles (91.2 mg, 86%).  Mp, IR, 1H- and 13C-NMR were in 

agreement with the literature.88  Mp  204-205 °C (CHCl3); 

νmax/cm-1 3328m (Amide N-H), 1652m (C=O), 1616m, 1599m, 1581w, 1527m, 1513m, 

1487w, 1407m, 1302m, 1251m, 1182w, 1169w, 1155w, 1070m, 1027w, 1015m, 1000w, 

950w, 929w, 902w, 834s, 795m, 762w, 733s, 716m, 690m; δH (400 MHz, DMSO-d6) 

10.58 (1H, s, NH), 8.03 (2H, d, J = 8.8 Hz, ArH), 7.98 (2H, dd, J = 7.0, 1.6 ArH), 7.72 

(2H, d, J = 8.4, ArH), 7.62 (1H, t, J = 7.2, ArH), 7.55 (2H, t, J = 8.0, ArH); δC (100 MHz, 

DMSO-d6) 166.1, 142.8, 134.5, 131.9, 128.5, 127.8, 125.9 (q, 3JCF 3.6 Hz), 124.4 (q, 1JCF 

271.3), 123.6 (q, 2JCF 32.6), 120.36.  Note: The first peak of the 1JCF quartet is hidden 

under the peak at 128.5 ppm.  The quartet resonances are located at 128.4, 125.8, 123.1 

and 120.4 ppm. 

 

N-(2-Hydroxyphenyl)benzamide (2h).  Colourless needles (65.4 

mg, 77%).  Mp, IR, 1H- and 13C-NMR were in agreement with the 

literature93, mp 169-170 °C (CHCl3);  νmax/cm-1 3234br,m (Hydroxyl 

O-H), 2917m (Amide N-H), 1646m (C=O), 1598m, 1577w, 1523s, 1496m, 1453s, 
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1328m, 1282w, 1240m, 1200w, 1158w, 1120w, 1093w, 1074m, 1025m, 1001m, 930w, 

898w, 852w, 748s, 705s, 690m, 635w, 608w, 591w, 559w; δH (400 MHz, DMSO-d6) 

9.74 (1H, s, OH), 9.51 (1H, s, NH), 8.01 – 7.93 (2H, m, ArH), 7.71 – 7.63 (1H, m, ArH), 

7.63 – 7.57 (1H, m, ArH), 7.56 – 7.49 (2H, m), 7.04 (1H, td, J = 7.7, 1.4 Hz, ArH), 6.92 

(1H, dd, J = 8.1, 1.4, Ar), 6.84 (1H, td, J = 7.7, 1.4, ArH). δC (100 MHz, DMSO-d6) 

165.25, 149.36, 134.38, 131.67, 128.52, 127.50, 125.86, 125.70, 124.15, 119.04, 115.99. 

N-(2,3,5,6-Tetrafluoro-4-iodophenyl)benzamide (2i).  

Colourless needles (39 mg, 50%).  Mp 195-196 °C (CHCl3); 

νmax/cm-1 3259m (Amide N-H), 1679m (C=O), 1637w, 1609w, 

1511s, 1487m, 1459s, 1445m, 1370w, 1304w, 1283m, 1252m, 

1186w, 1172w, 1138m, 1079w, 1058w, 1027w, 1001w, 978s, 931m, 890s, 809m, 795m, 

710s, 689m, 647m, 618m, 601w, 560w; δH (400 MHz, DMSO-d6) 10.58 (1H, s, NH), 

8.00 (2H, d, J = 7.2 Hz, ArH), 7.66 (1H, t, J = 7.4, ArH), 7.57 (1H, t, J = 7.5, ArH).; δC 

(100 MHz, DMSO-d6) 165.3, 132.6, 132.4, 128.7, 128.0, 117.8, 72.9. two CF resonances 

missing; δF (282.4 MHz, DMSO-d6) -122.6 - -122.7 (2F, m, C-F(adjacent to I)), -143.2 - 

-143.3 (2F, m, C-F(adjacent to C=O); m/z (ESI +): calculated for [M+H]+ 395.9508, 

found: 395.9504; calculated for [M+NH4]
+ 412.9774, found: 412.9771; calculated for 

[M+Na]+ 417.9328, found: 417.9311. 

 

N-(4-Amino-3-(trifluoromethyl)phenyl)benzamide (2j).  

Pale purple needles (39 mg, 50%).  Mp 115-116 °C (CHCl3); 

νmax/cm-1 3412m (Amide N-H), 3277m (Ar NH2), 1643m 

(C=O), 1579w, 1530m, 1505m, 1446w, 1431m, 1338w, 1310m, 1293m, 1267m, 1225m, 

1174m, 1149m, 1108s, 1052m, 1026w, 999w, 946w, 927w, 901w, 877w, 827m, 799m, 

756w, 737w, 695m, 674s, 668s, 619m, 570w; δH (400 MHz, CDCl3) δ 8.10 (1H, s, NH), 

7.82 (2H, d, J = 7.5 Hz, ArH), 7.62 (1H, s, ArH), 7.52 (2H, dd, J = 19.8, 8.0, ArH), 7.41 

(2H, t, J = 7.4, ArH), 6.67 (1H, d, J = 8.6 Hz, ArH), 4.13 (2H, s, NH2); δC (100 MHz, 

CDCl3) 166.08, 141.72, 134.70, 131.93, 128.82, 128.51, 127.13, 126.53, 124.7 (q, 1JCF 

270.0), 119.6 (q, 3JCF 4.0), 117.85, 113.9 (q, 2JCF 30.0); m/z (ESI +): calculated for 

[M+H]+ 281.0902, found: 281.0900; calculated for [M+Na]+ 303.0716, found: 303.0713. 
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N-(4-Hydroxyphenyl)acetamide (2k).  Colourless needles (41.7 

mg, 69%).  Mp, IR, 1H- and 13C-NMR were in agreement with the 

literature.94  Mp  169-170 °C (CHCl3 /EtOH, 90/10); νmax/cm-1 

3097m (Amide N-H), 2961bw (Alcohol, O-H), 1662s (C=O), 1575w, 1528s, 1486w, 

1429m, 1404m, 1353m, 1279s, 1231s, 1170w, 1107m, 1077w, 1043m, 1006w, 931w, 

909m, 866w, 857m, 822m, 760w, 748w, 735s, 722s; δH (400 MHz, DMSO-d6) 9.63 (1H, 

s, OH), 9.12 (1H, s, NH), 7.33 (2H, d, J = 9.2, ArH), 6.67 (2H, d, J = 8.4, ArH), 1.97 (3H, 

s, CH3), δC (100 MHz, DMSO-d6) 167.5, 153.1, 131.1, 120.8, 115.0, 23.7. 

 

N-(7-Iodobenzo[c][1,2,5]thiadiazol-4-yl)benzamide (2l).  

Yellow needles (79.3 mg, 52%).  Mp 164-165 °C (CHCl3); 

νmax/cm-1 3427m (Amide N-H), 2965m, 1682m (C=O), 1537m, 

1505m, 1475m, 1434w, 1483m, 1310w, 1273w, 1247m, 1183w, 1139w, 1098w, 1084m, 

1069m, 1020w, 1000w, 921m, 875m, 837s, 791m, 782w, 719w, 682m, 649m, 614m, 

585m; δH (400 MHz, CDCl3) δ 10.46 (1H, s, NH), 8.26 (1H, d, J = 8.0 Hz, ArH), 8.01-

8.06 (3H, m, ArH), 7.65 (1H, tt, J = 7.2, 1.2, ArH), 7.56-7.60 (2H, m, ArH); δC (100 MHz, 

CDCl3) 165.7, 155.4, 147.5, 139.5, 133.9, 132.2, 130.7, 128.6, 127.8, 121.0, 81.4.; m/z 

(ESI +): calculated for [M+H]+ 381.9511, found: 381.9509; calculated for [M+Na]+ 

403.9330, found: 403.9288. 

 

N-(4-Iodophenyl)benzamide (2n).  White needles (35.0 mg, 

27%).  Mp, IR, 1H- and 13C-NMR were in agreement with the 

literature.95  Mp 217-218 °C (CHCl3); νmax/cm-1 3327m (Amide 

N-H), 2920m, 1643s (C=O), 1589m, 1578m, 1514m, 1485m, 1449w, 1422w, 1389m, 

1310m, 1287w, 1241m, 1183w, 1100w, 1076w, 1062w, 1026w, 1004m, 982w, 930w, 

900w, 816s, 794m, 710s, 692s, 655s, 613w, 585w, 576m, 562w; δH (400 MHz, Acetone-

d6) δ 9.61 (1H, s, NH), 7.97-8.00 (2H, m, ArH), 7.71 (4H, s, ArH), 7.49-7.58 (3H, m, 

ArH); δC (100 MHz, Acetone-d6) 166.4, 140.5, 140.4, 136.1, 132.6, 129.3, 128.4, 123.1, 

123.0, 87.0; m/z (ESI +): calculated for [M]+ 322.98, found: 323.0; calculated for [M+H]+ 

323.99, found: 324.0. 
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5.9.5 Gram-Scale Mechanochemical Preparations (Protocol A and B) 

 

 Protocol A: 

 

To an SLA 3D printed milling jar (70 mL internal volume) N-(pivaloyloxy)benzamide 

(1.77 g, 8 mmol, 1 eq) was added, followed by 1-iodo-4-nitrobenzene (2.19 g, 8.8 mmol, 

1.1 eq.), copper (I) thiophene-2-carboxylate (4.56 g, 24 mmol, 3 eq.) and N,N′-

dimethylethylenediamine (4.23 g, 48 mmol, 6 eq.), along with 4 ZrO2 balls of variable 

diameter (6 - 15 mm) with a total mass of 16.11 g.  The jar was sealed and milled for 90 

minutes at 20 Hz.  After the completion of the reaction which was confirmed by TLC 

(CHCl3:EtOAc, 90:10), the jar was opened and the reaction mixture was passed through 

a short silica plug (eluted with CHCl3:EtOAc, 80:20).  The resulting solution was 

evaporated under reduced pressure, and the residue was recrystalised to afford the title 

compound as a yellow powder (1.39 g, 72%). 

Protocol B: 

 

 

 

 

To an SLA 3D printed milling jar (70 mL internal volume) N-(pivaloyloxy)benzamide 

(1.77 g, 8 mmol, 1 eq.) was added, followed by 4-methoxyphenylboronic acid ( 1.47 g, 

9.6 mmol, 1.2 eq.), copper(II) acetate (1.45 g, 8 mmol, 1 eq.) and potassium tert-butoxide 

(1.80 g, 16 mmol, 2 eq.).  In addition to these reagents, 4 ZrO2 balls of variable diameter 

(6 - 15 mm) with a total mass of 16.11 g were added.  The jar was sealed and milled for 

90 minutes at 20 Hz.  After the completion of the reaction which was confirmed by TLC 
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(CHCl3:EtOAc, 90:10), the jar was opened and the reaction mixture was passed through 

a short silica plug (eluted with CHCl3:EtOAc, 80:20).  The resulting solution was 

evaporated under reduced pressure, and the residue was recrystalised to afford the title 

compound as a white powder (1.10 g, 61%). 
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