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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

CHEMISTRY 

Doctor of Philosophy 

The trapping of reactive intermediate using flow chemistry 

by Cyril Henry 

 Flow chemistry, long established in the bulk chemical industry has 

recently received more attention in fine chemicals production and discovery 

chemistry with small-scale apparatus, resulting from laboratory equipment 

becoming commercially available. The interest in flow chemistry is driven in part 

by the precise control of reaction parameters, the automation and sequencing of 

reactions and facile access to certain areas of reaction space. The approach of 

flow chemistry is rather different to conventional batch chemistry. The dispersion 

of fluids and the thermic transfer were discussed. 

By taking advantage of working in a flow chemistry domain, the generation 

and trapping of ketenes from thermolysis of alkynyl ethers was developed. 

Kinetics and activation energy were determined by means of in-situ IR 

spectroscopy using conventional and improved methodologies. Generation of 

ketene such as methylene ketene, acyl ketene and vinyl ketene from dioxinone 

and Meldrum’s acid was also investigated under flow chemistry conditions. 

 Coupled to a custom design of a photo-reactor, the flow apparatus was 

adapted to perform relevant synthesis of photochemical reaction such as [2+2] 

cycloaddition, arylation of alkene and S
RN

1 type reaction. Enabling better access to 

photochemistry, this photo-flow platform overcomes many limitations associated 

with batch reactors. 
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Chapter 1. Flow Chemistry – A New Frontier 

for the Chemist 

1.1 Presentation of Flow Chemistry 

1.1.1 Context and strategy – The flow chemistry development 

 Currently, part of the industry, in a period of major change, is facing 

challenges. Modern pharmaceutical companies are confronted to severe lack of 

getting new drugs to the market, more demanding regulatory constraints (FDA 

approval), strong competition from emerging countries and time-limited market 

(generic patent expiry). Moreover, suffering from strict timelines and pressure of 

market delivery, sub-optimal synthetic route are often used in the development of 

an API. Optimised generation of product (cleaner synthesis, efficient reaction, 

minimising side products) often has lower priority in the strategy of 

development.1 In order to compete in a fast changing market, pharmaceutical 

companies need to use synthetic methods which are more efficient, cost effective, 

sustainable and have more manufacturing flexibility. One way to increase 

competitive advantage is to implement process intensification as part of a multi-

faceted policy taking in account technological innovations, sustainable 

development, green chemistry and qualification rules such as GMP (Good 

Manufactured Product). 

 One of the aims of process intensification is to achieve major reductions in 

size of the units conducting operations in chemical plants, with increased 

flexibility through mobility an important bonus. Many approaches are based on 

assistive technologies such as photochemical, ultrasonic, microwave, new 

separation and purification technologies and continuous flow reactors. Flow 

chemistry with the use of micro-reactors, micro-mixers and in-line purification has 

good potential for adaptability. Continuous production has been used for a long 

time in various fields, such as in the petrochemical and natural gas industry. The 

need to improve processes, to incorporate changes in attitude (green chemistry), 
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improve safety as well as the availability of new tools such as micro-reactors are 

driving the adoption of flow chemistry in fine chemicals synthesis. The number of 

publications and patents in this area has increased year after year, confirming 

that flow chemistry is becoming a frequently used technology (Figure 1.1). 

 
Figure 1.1. Number of publications containing “continuous flow” in their abstract – Reaxys literature 

search. 

 It is important for eventual use in production that flow chemistry becomes 

familiar at all stages of chemical development. The transfer of technology from 

batch chemistry to flow chemistry can be difficult so introducing flow chemistry at 

an early stage of the development of a synthesis will accelerate this phase of 

technology transfer. 

1.1.2 What is flow chemistry? 

 The workflow of batch chemistry is a combination of a reaction in a flask, 

quenches, work-ups, isolation, purification, crystallisation and other single unit 

operations. As opposed to batch chemistry, flow chemistry can be defined as the 

running of reactions in a flow of material rather than in a batch flask. The concept 

of flow chemistry works according to a constant input – output principle. Fluids 

are passed through a series of units where the chemical transformation takes 

place. At the exit of such a device, a stream of product is collected. A reaction run 

in batch will be defined by usual parameters such as reaction time, stoechiometry 

and yield. For flow chemistry, the stoichiometry of the reaction is defined by the 

concentration of reagents in solution and the ratio of their flow volumes when 

they are mixed. The ratio of the reactor’s volume over the flow rate gives the 
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residence time. In addition to yield, reaction performance is also defined by the 

production of weight of product per unit time (g/h). 

A flow chemistry system is quite simple and can be divided in equipment parts 

with different roles. It often contains: 

§ A pump; to manage the flow of the fluids and therefore setting up a flow 

rate (from µL/min to L/min) 

§ A mixer; to mix the different flow of reagents 

§ A reactor; where the reaction will occur (heated reactor, catalytic bed, 

photo-reactor) 

The advantage of flow chemistry is that it can also be fitted with various other 

elements to bring new properties to the system and fit the requirement of the 

reaction that need to be achieved. Among these elements we can cite: 

§ in-situ analysis 

§ in-line crystallisation unit 

§ in-line evaporator unit 

§ in-line work-up unit 

§ in-line reaction quenching 

 Although flow chemistry is a standard process in large-scale chemical 

manufacturing such as petrochemical, it is currently infrequently used in fine 

chemicals manufacturing. Nonetheless, due to various benefits of flow chemistry 

industry investment has increased in this key technology. 

1.1.3 Benefit and constrain of the flow chemistry 

As with all technologies, there are a number of inherent benefits and 

inconveniences associated with the use of flow chemistry.2-6 

1.1.3.1 Advantages of flow chemistry 

§ Precise control of the reaction parameters: 

 Parameters such as temperature and pressure are easily monitored using 

sensors, and controlled (heater, bpr). Reaction time is precisely controlled through 

variation of the flow rate. Having a computer-controlled system permits the 
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decrease of operator influence, leading overall to higher reproducibility of 

reactions. Moreover, real time monitoring ensures that the effective reaction 

conditions correspond to the targeted conditions. 

§ Temperature control – Heat transfer: 

 Heat transfer to and from the reaction mixture is generally much faster in a 

flow reactor than in batch. This is due to a higher surface contact ratio of the 

reactor (either chip or tube) with the heated system compare to a flask, which is in 

contact only at the surface. Therefore, the temperature gradient is steep, meaning 

that the reaction mixture quickly reaches the target temperature. If transfer of 

heat is a limiting parameter (e.g. exothermic reactions such as lithium halogen 

exchange) we can work in a more concentrated media.7 It also reduces the risk of 

loss of temperature control in case of a runaway reaction. Scale-up of flow 

reactions generally just means leaving the process running with no change of 

parameters, whereas in batch, as the volume to surface area ratio decreases 

rapidly with increased scale, limits on the input or loss of heat can require 

substantial changes in procedure, or even lead to failure. 

§ Mixing control – Mass transfer: 

 Mixing is faster and more efficient in flow chemistry but differs from batch 

chemistry. In a batch process, a reagent A is added to a solution of reagent B. 

Therefore, the reagent A encounters a high excess of reagent B at the mixing 

point. In flow chemistry, reagent A and B will mixed by the merging of the two-

reagent flows. Usually good, the efficiency of mixing is depend of the fluids 

regime and flow properties. Thus, contrary to mixing in batch, reagent B will 

always be in the presence of the same ratio of concentration of reagent A at the 

mixing point during the whole process. 

§ Fast assembly and modular apparatus: 

 As described in the section 1.1.2, flow chemistry equipment is a 

combination of elementary units including pump, reactor and mixer, which could 

be customised with purification, work-up and analysis units, amongst others. All 

these components are designed to be easily and rapidly connected together in 

order to create the configuration required for the target chemical transformation. 
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Also, it allows the design of a mini-plant to perform multi-step synthesis in a 

single flow operation. 

§ High level of automation: 

 An advantage of flow chemistry is that it is more easily automated than 

batch reactions. Initially planned and started by a chemist, multiple experiments 

can be controlled by software and run without the supervision of a chemist. 

Coupling flow technology with in-situ detectors allows the determination of the 

composition of output in real time. 

§ Scaling up to industrial production: 

 Flow apparatus can produce product continuously making it particularly 

relevant on an industrial scale. A unit to characterise flow production is 

mass/time. The time taken for loading reagents and heating or cooling reactors 

are often reduced compared to batch processes. This is especially true for the 

cleaning of apparatus, which require the rinsing of the apparatus by flowing 

suitable solvent (if needed). Therefore, shut down time for cleaning is reduced. 

This considerably reduces the scale-up resources (time, effort and cost) of a 

process. Another major advantage is that plant needed for flow reaction is 

generally much smaller than the equivalent batch facility for the same production. 

Flow apparatus units due to their flexibility, can also be re-used for other reaction 

campaigns. 

§ New area of reaction conditions: 

 Flow reactors are capable of enduring high temperatures and pressures. 

Equipped with a backpressure regulator, flow systems can use super heated 

solvents. It can open new conditions for a reaction and potentially new chemistry 

under a safer environment as smaller volume reactors are used compare to tank 

reactor for a same productivity. 

§ Enhanced safety: 

 The implementation of hazardous processes is safer given the small unit 

volumes involved at a time, the thermal control and the fact that all chemicals are 

fully contained in resistant tubing, thus reducing exposure. Usual hazardous 
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reactions that are prohibited are more accessible. For example, recent production 

at industrial sites using flow chemistry has been demonstrated on various 

reaction such as nitration8 and those involving hydrazine.9 In addition, flow 

reactions are run at steady state. Therefore, if accumulation of particles and other 

potential blockage are not occurring, conditions will be identical throughout the 

process, leading to easier controlled of deviation in the process.10 Furthermore, if 

something goes wrong on the system, a secondary safety system should be 

available in order to keep the reaction flowing while working on the failed part of 

the system. 

1.1.3.2 Disadvantages of flow chemistry 

§ Costs: 

 Contrary to small-scale batch chemistry when the apparatus is simple 

glassware, flow chemistry requires more advanced equipment. Flow chemistry is 

also an emerging technology and systems are sold in small numbers (e.g. 

Vapourtec supplied their 100th R-serie systems in 2011 and recently their 200th in 

2013) so are expensive which make them difficult to acquire for small companies 

and academic research groups. Companies such as ICI, Lonza, BASF, DSM and 

others have experienced the development and application of flow chemistry for 

more than 20 years. On the contrary, suppliers of commercial flow equipment 

giving a friendly access to flow chemistry for non-experienced laboratory are quite 

recent (section 1.1.5.1). Running costs due to maintenance are also high as spare 

parts (HPLC fittings, ferrule, check valve, mixers) are very expensive. 

§ Chemistry limitation: 

 While batch chemistry has developed over more than three centuries, flow 

chemistry is at the early stages of its development. Therefore, the full potential of 

this technology is still not clear. As an example, the R-serie system from 

Vapourtec can only cope with certain types of solvents and reagents. It cannot 

cope with solid particles otherwise the channel and the pomp may clog. THF and 

DCM are not recommended (destruction of seals with prolonged use) and strong 

acids are prohibited for the pump system. Some other flow platforms can handle 

biphasic flow, solids and corrosive fluids. In addition, due to the closed nature of 
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flow systems, it is difficult to move the balance of a reaction by removal of the 

products formed, though units, which use semi-permeable membranes that allow 

removal of components e.g. gasses during the reaction, are available. The 

limitations of the flow equipment are being overcome with the development of 

new flow apparatus to manage particular conditions. 

§ Information on the reaction: 

 Contrary to batch chemistry where information is obtained by sampling at 

any time of the reaction, flow reactors are closed systems and therefore, sampling 

is easily carried out at the end of the reactor. However, Improving the sampling of 

a flow apparatus will require upgrades such as in-situ analysis and sensors 

(pressure, temperature) fitted in relevant places to follow the chemical 

transformation. The engineering of existing equipment to perform sampling at 

any position of the flow system are labour and cost consuming. 

§ Compatibility of equipment and non-open source platform: 

 Flow apparatus benefits from the great advantages of automation due to 

software control. Moreover, customisation of the flow equipment with other units, 

such as external heating system and in-situ analysis, improve its versatility. 

However, all these added units are not easily able to all communicate through the 

same software interface without modification of the software or operating 

through other system such as Labview. For example, the Vapourtec’s R4 series is 

computer controlled via the FlowCommander® software, which is a non-open 

source software. In our system the in-situ IR and UV analysis, the high 

performance oil heating and the high precision syringe pump, despite being 

computer controlled, could not be controlled using the same software. Each 

system requires unique software, which prohibits communication between the 

different devices without an operator. 

§ Limited to short reaction time: 

 Flow systems are poorly compatible with slow reaction kinetics. Our flow 

platform for example could get a flow rate from 0.1 mL/min to 10 mL/min. 

Therefore, with default reactor of 10 mL, a maximum of 100 min residence time 

could be run. Fortunately, the modularity of flow system allows extending this 
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reaction time by the multiplication of reactors units in series (3 reactors in series 

= 300 min residence time) but this technique is quite material consuming (the 

need to fill a full reactor before getting access to the products at the exit of the 

reactor) and not adapted to screening application. 

1.1.4 Perspectives in flow chemistry 

 Flow reactors provide an enrichment of the chemistry toolbox. It allows 

discovery of new chemistry and adoption of chemistry that was previously 

neglected because of too many constraints (safety, reactivity, extreme conditions). 

In addition, flow chemistry provides a technology to intensify processes by scaling 

down the equipment and scaling up the production out-put, by increasing safety 

and often improving the green impact of the process.6,11 While many routine 

synthetic tasks have already been transferred into flow, there are still problems 

that need to be solved. Transferring a synthesis into a flow chemistry process can 

be quite labour intensive. The use of a flow reactor modifies the usual practice of 

chemical engineering. Indeed, the synthesis requires a meticulous study to adapt 

the equipment, the structure and the architecture of the processes themselves, to 

create locally the conditions most favourable to the physicochemical 

transformation desired. Some of the transfer to flow chemistry could look difficult 

such as the injection of solid into a reaction, in-line crystallisation, in-line work-up, 

solvent change, among other operations. However, the intense and constant 

development of flow technologies could rapidly overcome many of these current 

limitations. This promise offered by this technology encourages companies to 

invest time and money. 

 Also, as it is demonstrated in this project, in-situ analysis of flow reactions is 

a powerful tool for reaction development.12 This approach can be used for rapid 

characterisation of a reaction’s kinetics (see Chapter 3). Also, the development of 

the in-situ analysis allows the transformation of the flow platform into a fully 

automated system that could perform self-optimisation without the intervention 

of any operator.13-15 While in-situ analyses provide the reaction mixture 

composition, an algorithm plans the next experiment. Repeating of this 

optimisation loop allows the determination of the optimum conditions for the 
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target (maximising the product purity, maximising the production rate).16 

1.1.5 Overview of existing flow chemistry systems 

1.1.5.1 Flow equipment suppliers 

 With the rise of interest in flow technology, commercial flow platforms have 

become accessible to the scientific community by shrinking factory-size 

components to fume cupboard-friendly dimensions. Flow equipment exists in 

different scales. From micro-reactors of µL/min capacity to meso-reactor 

(mL/min), and even large-scale reactors (L/h), all flow equipments is assembled 

from primary units (pump, mixer, reactor). 

 Apart from the above, companies have emerged to provide different flow-

platform opportunity, using various materials (SS, PFA, glass), reactors (chip, tube, 

tank) and strategy. Insertion of interchangeable parts into a flow system offers 

flexibility and allows access to a range of reaction conditions. Each business in 

the area of flow chemistry focuses on the same goal: providing versatile user-

friendly equipment. The range of flow chemistry equipment is wide and Table 1.1 

lists a few examples of the existing companies producing flow chemistry 

equipment. This non-exhaustive list goes from fully complex system (Syrris®, 

Vapourtec®, ThalesNano®, Corning®), to a small upgrade unit (Zaiput flow 

technologies®) and analytical apparatus (Metler Toledo®, Advion®). A chemist can 

chose from several commercial flow kits, depending on the application and 

available budget. 

 In addition to these commercial equipments, personal innovative 

customisation of flow equipment has appeared in the academic domain. Our 

research group has recently designed, and shown the applications of a novel low 

power photochemical flow reactor.17 Technologies that were recently not possible 

are now available as homemade prototype. For example, prototype of in-line 

evaporation has been developed.18 This proves to be an efficient tool to either 

isolate crude product straight at the exit of the reactor, or more powerfully, allows 

in-situ keep of the reaction solvent. Similarly, in-situ aqueous/organic work-up can 

be efficiently achieved in flow chemistry.19-21 Moreover, workup techniques have 
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been adapted to provide in-line chromatography and phase separation 

capabilities.19,20,22 A variety of auto samplers and auto injectors are also available 

for full automation of these systems. 

Syrris®23: Asia series 130 

 

Providing a full range of equipment, the Asia series of Syrris® is a 
versatile apparatus composed of syringe pump, tube reactor, chip 
reactor, collector and software monitoring. Various upgrade are 
available. 
- Syringe pump: 1mL-10 mL/min. 
- Heating system: −15 °C to 150 °C. 
- Pressure limit: 20 bars. 

Vapourtec®24: R4/R2+ Series 

 

The R4/R2+ series of Vapourtec® is a versatile apparatus composed 
of Knauer HPLC pump, tube reactor, pack column reactor, collector 
and software monitoring. Upgrades are possible with peristaltic 
pump, cryo-reactor, gas-liquid reactor, etc. 
- HPLC pump: 0.1 mL-10 mL/min. 
- Heating system: r.t. to 250 °C. 
- Pressure limit: 35-50 bars. 

Cambridge reactor design®25: Chameleon Adaptable Reactor Technology 

 

Cambridge reactor® provides a full range of flow reactor to meet 
different needs. The Chameleon Adaptable reactor is opposite from 
the current trends: Continuous Stirred Tank Reactors (CSTRs) for 
continuous processing. It consists in 4 batch reactors (6 mL) that 
could easily adapts to continuous or batch chemistry. It is suitable 
for liquid and gas-liquid chemistries. 

Uniqsis®26: FlowSyn 

 

FlowSyn from Uniqsis® is a versatile apparatus composed of 
syringe pump, tube reactor, chip reactor, coiled reactor, sample 
injector, sample collector and computer interface. Various upgrade 
available such as cooling reactor (−88 °C). 
- Syringe pump: 0.1mL-10 mL/min. 
- Heating system: r.t. to 260 °C. 
- Pressure limit: 97 bars. 

Corning®27: Advance glass reactor 

 

Corning reactors are made of glass plate reactors. Glass reactor 
affords high chemical resistance. The high engineering design 
ensures mixing and heat transfer. The several glass plates could be 
combined into several unit such as feed, pre-mix, reaction 
neutralization and quench. Interestingly, similar equipment is used 
from lab to industrial scale for easier scale-up studies. 

AM Technology®28: Coflore ACR 

 

Rather different from the usual flow chemistry strategy, Coflore 
reactor is a multi-stage flow reactor that delivers good plug flow. It 
consists of a mixing technique where free moving agitators within 
each reaction stage promote mixing when the reactor body is 
subjected to lateral shaking. This generates intense mixing. 
Volume: 10-100 mL 
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ThalesNano®29: Phoenix 

 

This platform is for chemists that require working in a parameter of 
chemical space not achievable on standard lab equipment: 
superheated reaction.   It uses fixed bed reactor, coil reactor, 
cartridges and columns reactors 
- Flow rate: up to 25 mL/min 
- Heating system: 10 °C to 450 °C. 
- Pressure range: 1-100 bar. 

Zaiput flow technologies®30 

 

Development of tools for flow chemistry such as intelligent, 
integrated liquid-liquid separator for in-line work-up and the design 
of advance back pressure regulator 

Advion®31: expression Metler Toledo®32: React IR 

 

Development of in-
line mass analysis 
with the expression. 

 

A platform 
specialised in in-
situ IR analysis 

Table 1.1. Non-exhaustive selection of flow chemistry equipment. 

1.1.5.2 The Vapourtec R4/R2+ series 

 For our research, the University of Southampton has invested in the R4/R2+ 

Series from Vapourtec® (Figure 1.2). Experiments are carried out in a tubing 

reactor (PFA or stainless steel) or glass column reactors, filled with a bed of 

catalyst. Equipped with injection valve and injection sample loops, reagents can 

either be taken from stock bottles, or, for small-scale synthesis, they are directly 

introduced into the flow reactor using sample loops. T-mixers are used to mix 

reagents in the system. Reactors consist of a tubular reactor encapsulated within 

a glass jacket. A fast stream of heated air passes into this glass capsule heating 

the reactor. After reacting, the solution continues to a collection point (flask or 

auto sampler). A variety of parameters (temperature, residence time, 

stoichiometry) and configurations can be selected according to the needs of the 

experiment. 
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Figure 1.2. Vapourtec Flow Platform set up in a fume cupboard. The instrument is coupled to IR 

(Bruker Alpha) and UV-vis (Ocean Optics) via flow cell from Harrick or UV cuvette from Fisher. The 

flow system is linked to an auto sampler (Gilson). Not visible: Control computer via Software: Flow 

Commander, OPUS (IR), Spectra Suits (UV-vis) and BORIS (chemometry analysis). 

 This system has been preferred to others for its accessibility as an all-in-one 

apparatus to perform automated reactions. The apparatus is controlled from a 

computer via user-friendly software, which allows very easy definition and 

scheduling of reactions. The standard fittings of the system also allow easy 

modularity with homemade customisation and upgrades such as the use of a 

more complex mixer, additional reactors, heating systems and in-line analysis 

cell. Each of these devices is easily added to the flow platform via standard HPLC 

fittings. 

1.2 Aims and Objectives 

 The aim of this project was the synthesis of chemical compounds using flow 

technologies. As discussed, this technology is in constant evolution to increase its 

versatility and perform more reactions. This dynamic evolution was also an 

important part of the project with improvement of existing equipment and 

technology. A main part was concerned with the development and application of 

monitoring technique such as in-situ IR and UV spectroscopy. Another part was to 

test equipment such as a home-designed photo-reactor. Taking advantages of 

flow chemistry characteristics, a particular focus of the project was to develop 

reagent-less synthesis and the generation and trapping of reactive intermediates. 

UV spectrometer	  

IR spectrometer	  

SSL Reactor	  

sample collector	  

sample loops	  

pump head	  

waste collection	  
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1.2.1 Fluids dynamic investigation – Characterisation of the equipment 

 Despite its apparent simplicity, the scientific background around the flow 

chemistry is complex. Concepts from chemical engineering such as plug flow 

regime, mixing and heat transfer are important. Thus, some properties (heat 

transfer, dispersion) are discussed during this project. 

1.2.2 Development of the in-situ spectroscopic analysis 

 Flow chemistry being a potentially continuous process, is well suited to 

allowing real time information to be collected about what is occurring in the 

system. Also, the automation of flow reactions can lead to a high number of 

reactions run in minimum time. Indeed, using automatic injector, automatic 

collection sample, and the plannification of reactions, allows the screening of 

reagents and reaction parameters which, couple to in-situ analysis can provide the 

reaction results (yields, conversion, products formed). Off-line analysis is possible 

but requires the collection of the reaction mixture, the preparation and the 

analysis of the samples. To access this information faster, in-line analysis may be 

used. Such analysis also avoids further possible transformations that could occur 

during the treatment of the reaction mixture between the end of the reaction and 

the analytical measurement. Mathematical models can be used to extract 

information such as conversion and purity in real time. 

 In-situ analysis has been applied to characterise reactions. Generation of a 

ketene will be used as a test reaction to demonstrate the high potential of in-situ 

analysis. Exploiting the monitored temperatures and residence time in 

combination with automation, we compare kinetic data acquired via in-situ IR 

analysis against traditional off-line 1H-NMR analysis on the ketene products. After 

validation of the IR analysis we will investigate kinetic measurements using the 

recently reported push-out method.33 
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1.2.3 Application of flow chemistry to ketenes 

 Flow reactors have particular advantages for the generation of reactive 

intermediates at high temperatures due to the safe handling of high pressures 

and temperatures. We hoped to investigate reactive ketenes, which provide a 

route to valuable chemistry. The generation of ketenes coupled with the flow 

platform can provide an efficient method for the generation of compounds 

libraries. Several routes to ketenes have been investigated. 

1.2.4 Application of flow chemistry to photoreaction 

 Photochemistry is a reagent-less and green technique, which uses light as 

the source of energy. The interest in flow chemistry applied to this technique is 

driven by the often-poor efficiency of batch photochemistry, and difficulty in the 

use of the equipment. High-voltage, high-pressure mercury lamps are often the 

equipment used in batch photochemistry, requiring strong cooling and protective 

shielding. These limitations make it rarely used in synthetic laboratories. The 

development of ‘user-friendly’ flow alternatives could provides an opportunity to 

overcome some issues of conventionally used kits and to further promote the 

development of photochemistry, which is a powerful alternative for many complex 

transformations. 

 Part of the research will be the consideration of the design of a custom-made 

photo flow reactor with the benefit of interchangeable frequency selective low 

power light bulbs. Inspired from existing literature,34 this custom-made reactor 

will demonstrate its efficiency through its application to a selection of 

photochemical reactions including [2+2] cycloaddition, arylation and S
RN

1-type 

reactions. 
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Chapter 2. Flow Chemistry – Introduction to 

the Mass and Heat-Transfer 

 Flow chemistry is at the boundaries of several disciplines. Such projects 

gather different areas from chemistry to chemical engineering and computer 

science. This interdisciplinary mixing offers great potential for chemistry. Heat 

transfer, diffusion, dispersion and mixing are important factors to understand 

behaviour in continuous flow reactors. Controlling and knowing these properties 

is important to understand the reaction composition at specific local points and to 

know the chemicals aspects of a reaction such as concentration and kinetics. 

However, the determination, prediction and quantification of these phenomena 

are a real hurdle for scientists. In this chapter we discuss our investigations into 

these physical phenomena with respect to the flow equipment we used. 

2.1 Diffusion and Dispersion – A Complex Phenomena 

2.1.1 The molecular diffusion 

 Diffusion is a fundamental transport process fluid mechanics. As illustrated 

in Figure 2.1, diffusion mass transport occurs in media from regions of high 

concentration to low concentration, with an equilibrium state being reached when 

the concentration in the media is uniform. The magnitude of this transport is 

proportional to the gradient of concentration. The higher the gradient, the more 

mass is transported. Diffusion of molecule over time, leads to the spreading of 

the molecular distribution. Molecular diffusion is a microscopic mechanism 

causing dispersion, but which is usually negligible with respect to the spreading 

along the length of a short tube. 
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Figure 2.1. Schematic view of the molecular diffusion. Top scheme: molecules in a box. Bottom 

scheme: distribution of the molecules in the box along six columns. A: Molecules are present in a 

box according to the initial state of these molecules. B: The molecules move from a high 

concentration area (symbolised by the two middle column) to a low concentration area (the 4 others 

available column). After some time, molecules have moved randomly, reducing the concentration 

gradient in the box. C: Eventually, after a long enough time, the concentration is uniform. 

2.1.2 The dispersion of the material in a fluid in motion 

2.1.2.1 Determination of the fluids’ regime – Reynolds number 

 Reynolds number is frequently used when performing dimensional analysis 

of fluid dynamic problems. It allows characterisation of the flow regime between 

either laminar and turbulent. Its definitions include the fluid properties (density 

and viscosity), plus a velocity and a characteristic length (Equation 2.1). Laminar 

flow occurs at low Reynolds numbers (Re < 2200), where viscous forces are 

dominant, and is characterised by a smooth and constant fluid motion. Turbulent 

flow occurs at high Reynolds numbers (Re > 4000) and is dominated by inertial 

forces, which tend to produce a chaotic flow. Micro and meso-scale flow 

equipment are usually work in the laminar range condition. Table 2.1 confirmed 

that for our equipment we are definitely working in the laminar flow conditions. 
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Equation 2.1. Reynolds number. 

Flow rate (mL/min) 0.1 0.5 1 2 5 10 

Reynolds 0.8 4.2 8.4 16.7 41.8 83.6 

Table 2.1. Reynolds calculation for our flow equipment using toluene solvent properties for a 

Vapourtec 10 mL reactor (12.73 m of 1 mm diameter PFA tubing). 

2.1.2.2 Dispersion affected by the fluids’ regime 

 Dispersion is mainly caused by the slower movement of the fluid at the wall. 

At laminar flow, the centre of the flow moves faster with the fluid’s velocity 

following a parabolic profile (Figure 2.2). At turbulent flow, the parabolic profile 

disappears for a linear profile. The fluid is flowing at the same averaged speed all 

along the reactor’s tube cross-section. At the boundary the speed of the fluid is 

zero, but at some height from the boundary, the flow speed almost equals the 

speed at the centre of the tube. This complex zone, called the critics layer, is 

characterised by a low speed of the fluids (Figure 2.3). 

 
Figure 2.2. Profile of the fluids velocity at laminar flow rate (Re < 2200) – Cross section of a tube. 

 
Figure 2.3. Profile of the averaged fluid’s velocity at turbulent flow rate (Re > 4000) – Cross section 

of a tube – Zoom on the boundary critics layer. 

!" ! ! !"#$%&'(!!"#$%!"#$%&#!!"#$%!

!" ! !!!!!!! ! !!!!!!!!  

with,   ρ  =  density  (kg/m3)	  
   V  =  velocity  (m/s)	  
   L  =  length  of  tubing  (m)	  
   µ  =  dynamic  viscosity  (Pa.s,  N.s/m2,  or  kg/m)	  
   Q  =  flow  rate  (m3/s)	  
   DH  =  Hydraulic  diameter  (m)  
   A  =  Cross  section  area  (m2)  
   υ  =  kinematic  viscosity  (m2/s)	  

! !!!!! !! !!! 



 

 18 

2.1.2.3 The Taylor dispersion 

 This dispersion phenomenon is often referenced as the Taylor dispersion,35-37 

which involves a shear forces increasing the effective diffusivity of a species. It 

smears out the concentration distribution much faster than simple diffusion 

effects. Such phenomenon have been characterised using mathematical 

approaches.38-44 The original paper by Taylor35 did not attempt a full mathematical 

resolution of the dispersion but managed a simpler characterisation of the 

dispersion by applying relevant hypothesis (Equation 2.2). Experimental 

observations of the dispersion using coloured fluid flowing in a tube confirmed 

that at a low flow rate, the hypothesis made for this calculation was correct.35 The 

plug is spread out symmetrically over the length of the tube. 

 
Equation 2.2. Equation and solution verified by the Taylor dispersion model for cylindrical 

coordinate (r,  θ, z). u
0
: mean velocity at r = 0 (m/s), a: radius of the cross section of the tube (m), D: 

diffusion coefficient or diffusivity (m2/s). C: concentration of the material dispersed. 

2.1.2.4 The plug flow regime – Reduction of the dispersion 

 The dispersion resulting from the laminar flow (parabolic velocity profile) 

causes substantial spreading down the length of the tube and is not be 

compatible with plug flow behaviour. Non-plug flow behaviour provokes a 

difference in the reaction conditions that can dramatically affect reliability, 

particularly in terms of kinetic measurements. Nonetheless, flow equipments 

introduced in chapter 1 (section 1.1.5.1) claim to deliver plug flow. In order to get 

a parabolic flow profile compatible with a plug flow behaviour, it is required that 

the radial diffusion across a channel is much faster than axial mass transfer down 

the channel. For most of the micro-scale systems, only small deviations from plug 

flow are expected due to the ability of radial diffusion to compensate for a 

parabolic flow profile. In the case of bigger systems, this competition between 

plug flow and a parabolic profile can be characterised thanks to Fourier and 

Bodenstein numbers.45 

!!!!!!!! !!!!!
! ! !

!!! !!! !
!!!!

! !!!"#$!! ! !!!!!!
!"#!! !!"#!!! ! ! ! !!! 

!!"#$%&"'!!!! !!! ! ! !!! !
!!!!!! !!"!

!!"! !"# 
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2.1.3 Application of the fluid properties to the mixing 

 Despite being an important factor in flow chemistry, the mixing parameter 

remains mostly unknown for the organic chemist. It is assumed to be very fast. In 

laminar conditions and convection conditions, the mixing mainly occurs by 

diffusion, a slow process on the meso-scale (1 mm diameter tubes) we used. 

Therefore, mixing might be problematic for very fast reactions. Additional 

elements are often used to improve mixing such as an active mixing (sonication, 

mechanical stirring) or passive mixing.32,43-45 Passive mixers generate a turbulent 

flow domain that will perform efficient mixing.45-48 Different shapes and strategies 

of mixing have been investigated to create vortex and turbulence.49-51 Several 

methodologies were applied to characterise the performance of this mixing 

including chemical approach using chemical reaction that present a competition 

influenced by mixing,47,52-55 and optical approach such as imaging.56 

 Studies carried out within our group by David Bolien using optical and 

chemical experiments demonstrated good mixing efficiency of the standard 

Vapourtec mixers.57 

2.2 Determination of the Dispersion of our Flow 

Equipment 

2.2.1 Comparison Software prediction – Experimental observation 

 The Vapourtec® software (FlowCommander®) generate a theorical dispersion 

profile for each reaction. The dispersion profile estimated by FlowCommander® 

allows the coordination of other apparatus for collection and analysis. Although 

based on substantial work by Vapourtec, it does not take into account the solvent 

(viscosity, diffusion coefficient), the temperature, and the molecular weight of the 

solute. Thus, its accuracy is open to question. In order to determine the 

dispersion difference between the Vapourtec® prediction and reality, experiments 

were carried out using in-line monitoring to characterise dispersion in our system. 
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Figure 2.4. Vapourtec R-serie configuration and the dispersion model associated with the reaction 

n°1, run at 1 mL/min for a plug of 1 mL. 

 A solution of 1-hexyne (0.174 M), used as an IR tracer, was pumped through 

a 10 mL heated SSL reactor (Figure 2.4). Experiments were run using different 

parameters such as the size of the plug injected in the reactor (1 mL, 2 mL and 5 

mL plug), the flow rate (1 mL/min, 2 mL/min and 5mL/min). The in-situ flow cell 

records continuously the IR absorption of the flow stream at the exit of the 

reactor. It allows the extraction of the dispersion profile from the IR analysis. One 
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example of the reaction run is presented on Figure 2.5. Other examples can be 

found in the experimental part related this section. 

 
Figure 2.5. Dispersion profile via the observation of IR absorbance in function of the time of 

acquisition for a 1mL plug flowing at 1 mL/min in a 10 mL reactor at room temperature. 

 This experimental observation can be compared to the software’s prediction. 

However, the data extracted from in-situ IR analysis are using Absorbance 

whereas Vapourtec software predicts the dispersion in the following unit: 

percentage of the starting solution concentration ([C]/[C
0
] x 100). In order to 

compare both dispersion profiles, IR absorbance was converted into molar unit 

using a calibration curve (Figure 2.6). This molar concentration was further 

converted into a “percentage of the starting solution concentration C
0
” and 

compared to the Vapourtec prediction (Figure 2.7). In this case the dispersion 

observed appeared to be less than the Vapourtec’s prediction. 

 
Figure 2.6. Calibration curve to convert IR absorbance of 1-hexyne solutions into molar 

concentration (mol/L) – Records of IR absorbance of the steady state plateau reached by 4 plugs of 

solution of known concentration. 
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Figure 2.7. Profile of dispersion (unit: percentage of the initial concentration C

0
) of the reagent 

solution at the exit of the reactor. Orange curve: Flow commander dispersion prediction – Blue 

curve: Experimentally recorded dispersion. 

 Experiments were carried out to illustrate the influence of the solvent 

temperature on the dispersion, which is a missing parameters of the software. 

Several plug size of reagent solution (1-hexyne, 0.174 M) where injected in the 

SSL reactor at 2 mL/min for three temperatures (r.t., 150 °C and 200 °C). The 

profile of dispersion was recorded using in-situ IR analysis. The maximum of 

Absorption (converted into Percentage of C
0
) of each profile was selected, 

reflecting the spread out of the plug by dispersion.a The more dispersion that 

occurs, the lower the top of the peak. The dispersion reduces at higher 

temperature. As depicted on Figure 2.8, predictions of the Vapourtec® software 

are not reliable. 

 

 

                                            

a This measure of the dispersion is only valid for short plug. This limitation is already visible with a 2 mL plug as 
steady state is almost reached (100% of C

0
). Using longer plug will require to use another type of measurement 

of the dispersion. 
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Figure 2.8. Dispersion recorded using IR absorption (unit: percentage of the initial concentration C
0
) 

depending on the temperature for the plug of solution (1-hexyne, 0.174 M), injected in a 10 mL 

heated SSL reactor at 2 mL/min – Flow commander prediction was also added to point out the 

prediction divergence. 

2.2.2 Dispersion resulting from the molecular diffusion 

 As mention in section 2.1, molecular diffusion drives the movement of 

material from a high concentrate region to a low concentrate region. In the case 

of our flow system, this diffusion is occurring at the interface solvent-reaction 

mixture and could disperse the plug of material into the solvent. 

 To determine this dispersion, 4,4’-dimethoxybenzophenone (DMBP) was 

used as the UV tracer with a maximum of absorption at 291 nm and a cut off 

region at 330 nm.b A 5×10-4 M stock solution of DMBP in MeCN was prepared. A 1 

mL plug of solution was injected into a 5 mL PFA reactor at 2 mL/min using bottle 

reagent switching. After 1min and 15 second of pumping, the pump was stopped. 

The 1 mL plug was therefore stuck into the middle of the reactor. The solution 

was maintained in the middle of this reactor for different amount of time to let 

the molecular diffusion occurred. The solution was then pumped again at 2 

mL/min until reaching the UV cell for in-line UV monitoring of the dispersion 

profile. Superposing the dispersion profile of these experiments revealed very 

similar and overlapping profile (Figure 2.9), demonstrating that molecular 

diffusion along the length of the tube is not a significant contributor to the 

observed dispersion. Using a long plug (15 mL), allows to determine the UV 

absorption value of the 5x10-4 M solution of DMBP: 1.245 U.A. 

                                            

b DMBP was chosen for this study as it resolved the problem of inconsistency due to the volatility of the acetone, 
which was giving an evolution of the concentration in acetone of the solution over time. However, it was only 
partially resolved as we can observed a decrease of the absorbance in DMBP over long time. Volatility can't be 
blame for this observed phenomenon. It might come from decomposition over time of the material. Therefore, 
several steady states were obtained along the experiment to adjust the concentration range. 
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Figure 2.9. Superposition of the dispersion profile for different amount of time to let the molecular 

diffusion dispersing the DMBP material into the solvent – dispersion of a 1 mL plug of DMBP solution 

(5×10-4 M) flowing at 2mL/min into a 5mL reactor. Plug stopped after 1min15sec (corresponding to 

2.5 mL) into the reactor for different amount of time. 

2.2.3 Dispersion resulting from the Taylor dispersion 

 Whereas estimated results require computational study and the 

determination of various constant, the in-situ analysis could provide a direct 

observation of the phenomenon. Several relevant parameters were characterised 

such as the length of tubing to go through, the type of reactor (PFA, SS), the 

temperature, the flow rate and the shape of reactors. The protocol used a stock 

solution of 5×10-4 M of DMBP in MeCN. The data points presented in the following 

section corresponds to the maximum of absorption at 291 nm (maximum of UV 

absorption of the DMBP) of the dispersion profile for each experiments (Figure 

2.10). The absorption is converted into a percentage of the absorption over the 

absorption of the initial concentration (Abs/Abs
0
 x 100). The more dispersion, the 

lower this absorption value. 
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Figure 2.10. Example of dispersion profile and the visualisation of the data points used in this 

section. 

2.2.3.1 Influence of the flow rate on the dispersion 

 Influence of the flow rate was carried out by injecting a 1 mL plug of the 

stock solution at various flow rates through a 10 mL PFA loop reactor (Figure 

2.11) at room temperature. Part of the dispersion profile recorded is visible on 

Figure 2.12 (experiment 1 to 11). The experiment n°1 and n°11 correspond to the 

injection of a long plug (10 mL) at 10 mL/min in order to reach the steady state 

and figure out the value of absorbance for the initial concentration of the solution 

(A
0
). Along 1 h of experiment, the value of absorbance for the steady is stable, 

with 1.366 U.A. for the experiment n°1 and 1.361 U.A. for the experiment n°11. 

Using the absorption of the steady state: A
0
, the absorbance of the profile of 

dispersion was converted to the UV absorbance normalised (Figure 2.13), with the 
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value 1 corresponding to the initial absorbance of the solution, meaning a low 

dispersion of the solution. Eventually, the maximum of absorption of each profile 

is collected and used to characterise the dispersion in function of the flow rate. 

Figure 2.14 resulting from this experiment reflects the complexity of such 

phenomenon. Indeed, no relation could be extrapolated from this curve. Non-

linear, the dispersion is lower at low flow rate (<2 mL/min), but is also decreasing 

at higher flow rate (>5 mL/min). In the 2-5 mL/min range, the dispersion is quite 

stable. 

 
Figure 2.11. Left: Picture of the PFA reactor from Vapourtec used for the following experiments, 

called new design. Right: picture of the old design PFA reactor from Vapourtec, inserted into its 

glass oven. The particular design of the new PFA reactor from Vapourtec is made of distorted 

hexadecagon instead of the previous design made of circular wrapping around several circle layers 

and fixed into a metal gate. 

 
Figure 2.12. Profile of dispersion recorded for the reaction from 1 to 11. Unit: UV absorbance (U.A.) 

N°1	  

2	  

11	  

4	  3	  
5	   6	  
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8	  

9	   10	  
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Figure 2.13. Profile of dispersion recorded for the reaction from 1 to 11. Unit: UV absorbance 

(normalised) 

 
Figure 2.14. Influence of the flow rate on the dispersion profile – 1 mL plug of DMBP (5×10-4 M) 

injected at various flow rate in the 10 mL PFA reactor maintained at room temperature (21°C). 

The experiment using 4, 6 and 10 mL/min have been carried out a second time 

with a new solution of the same concentration, and at another moment. An 

additional experiment to reach the steady state allow to normalised the UV 

absorbance data using the same described process (Table 2.2). The deviation 

from one experiment to another is negligible. In addition, to confirm consistency 

of reaction parameters, the flow rate use to be checked often (before and after 

each series of experiment) using a measuring cylinder during the run of an 
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experiment, to confirm the genuine flow rate. Temperature was measured by a 

thermocouple, measuring the temperature of the tube of the reactor. 

Flow	  rate	  
(mL/min)	  

1st	  exp.	  
UV	  absorbance	  norm.	  

2nd	  exp.	  
UV	  absorbance	  norm.	   Difference	  

10.0	   0.529	   0.525	   0.004	  
8.0	   0.528	   0.519	   0.009	  
4.0	   0.414	   0.409	   0.005	  

Table 2.2. Normalised UV absorption of the dispersion profile for 4, 6 and 10 mL/min. 

2.2.3.2 Influence of the temperature on the dispersion 

 Evaluation of dispersion as a function of temperature was carried out. A 1 

mL plug of the stock solution was run at 2 mL/min in the 10 mL SSL reactor 

heated at various temperatures. Figure 2.15 revealed that the dispersion 

decreased with higher temperature. Two factors could explain this trend. Firstly, 

the solute is diffusing more quickly. Indeed, temperature has the greatest effect 

on diffusion rates. Increasing the temperature increases the diffusion rate by 

adding energy to each particle, which can therefore move through the host 

material (solvent in our case) more easily. This is due to the fact that average 

speed of a particle is a function of temperature. Particles move more rapidly as 

temperature increases and a higher velocity means that the particles can travel 

further faster, and achieve a more even distribution sooner. Thus, this higher 

diffusion is inducing a flow regime closer to a plug flow regime than lower 

diffusion and therefore inducing a lower dispersion. Secondly, the property of the 

solvent changes as a function of the temperature. Indeed, at higher temperature, 

the viscosity and the surface tension of the solvent decreases, which again, 

increase the diffusion and therefore reducing the dispersion of the solution. 

NB: Flow rate of this experiment had been adjusted to take into account the 

expansion of solvent upon heating. This expansion of solvent is discussed in the 

next chapter (Chapter 3 section 3.2.3). 
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Figure 2.15. Influence of the temperature on the dispersion profile – 1 mL plug of DMBP (5×10-4 M) 

injected at 2 mL/min in the 10 mL SSL reactor (home made reactor for the immersion into oil bath) 

heated at various temperature into the oil bath. 

 In addition, an experiment was carried out using the 10 mL SSL reactor at 

several flow rate and two temperatures. The reactor at 100 °C revealed a lower 

dispersion than the same reactor at room temperature. It confirm the explanation 

observed above that increase of temperature reduce the dispersion. Moreover, 

comparison of the dispersion profile from the room temperature reactor with the 

dispersion profile from the heated reactors revealed that the difference of 

dispersion increases at higher flow rate (Figure 2.16).  

 
Figure 2.16. Influence of the temperature on the dispersion profile – 1 mL plug of DMBP (5×10-4 M) 

injected at various flow rate in the 10 mL SSL reactor from Vapourtec heated at room temperature 

and 100 °C. 
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2.2.3.3 Influence of the reactor size on the dispersion 

 Part of the dispersion is caused by the contact at the interface between the 

tube and the solvent. Therefore, increasing the amount of this contact should 

increase the dispersion. Reactor sizes up to 40 mL where tested thanks to the 

addition of multiple 10 mL PFA reactors in series. There could be some concerns 

about mixing at the connexion point between two reactors as passing from a 1 

mm diameter tubing through a hole of 0.5 mm diameter will locally increase the 

speed of the flow during this through hole, for then coming back to the usual 

speed of flow in the next section of tubing with a 1 mm diameter (Figure 2.17). 

Nonetheless, the diameter of such connectors should avoid disturbing of the flow 

and therefore, avoid influencing the dispersion. 

 
Figure 2.17. Scheme of the connection between two tubes or reactors. 

 The tubing volume needed to connect from the exit of the reactor to the UV 

in-line cell was also added to the size of reactor. The 2 data points with a volume 

inferior to 3 mL were accomplished by addition of a determined length tubing. 

The overall trends resulting from this experiment confirmed that dispersion 

increased with more tubing (Figure 2.19). The dispersion tends to stabilise with 

long length of tubing. The dispersion of a 1 mL plug flowing at 2 mL/min has 

been plotted using the Taylor dispersion model (Equation 2.3, Figure 2.18). These 

calculations have been carried out using various length of tubing. The maximum 

of concentration was reach by the steady state experiment (plug of 10 mL – Figure 

2.18left, giving C
max

 = 1.265x106). Then, for each length of tubing used, the 

dispersion profile of the 1 mL plug flowing at 2 mL/min was characterised by it 

peaks of concentration and its value was normalised using C
max

. It confirmed an 
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increase of the dispersion with more tubing. However, the superposition of the 

theorical calculation and the experimental record on Figure 2.19 revealed that 

these two curves are matching quite well. 

2  !!
[!!!(!!!!)]!
!!(!!!!)

!  !!   !  !  (!! + !)
!   !"

!!!!!!!"

!!"

 

 

 
Equation 2.3. Taylor equation used for the dispersion calculation, and its various parameters 

 
Figure 2.18. Plotting the dispersion for a plug of reagent solution flowing at 2 mL/min into a length 

of 1 mm diameter tube of 12.73 m (corresponding to a 10 mL reactor). Left: Plug of 10 mL to reach 

steady state (Maximum Y axis value), right: Plug of 1 mL. 



 

 32 

 
Figure 2.19. Influence of the length of tube (reactor size) on the dispersion profile – injection of a 1 

mL plug of DMBP (5×10-4 M) at 2 mL/min into various length of reactor (PFA) maintained at room 

temperature. Calculated dispersion using Taylor dispersion has also been carried out applying a 10 

cm2/s diffusion coefficient. 

NB: During the flow experiment, prior to flowing through the reactor, the plug of 

reagent is flowing through the pump head, including few additional tubing and 

probably a mechanic dispersion. It results in a profile that is already quite 

dispersed as visible on Figure 2.20. This dispersion was not included into the 

Taylor’s calculation, but the correlation was still good as visible on Figure 2.19. 

 
Figure 2.20. Dispersion profile visible at the exit of the pump after flowing through the pumps head 

and a tubing of 50 cm to reach the analytical cell – injection of a 1 mL plug of DMBP (5×10-4 M) at 2 

mL/min. 

2.2.3.4 Influence of the reactor shape on the dispersion 

 As our equipment affords laminar flow condition, the dispersion profile of 

the fluids in the tube section is dependant on the reactor shape. PFA reactors 

supplied recently have a different shape than the older PFA reactor (see legend of 
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Figure 2.21 for a shape scheme and Figure 2.11). The dispersion profile of a 1 mL 

plug into these 10 mL PFA reactor was evaluated. Both reactors were at room 

temperature and the 5.10-4 M solution of reagent was injected at various flow 

rates. According to Figure 2.21, despite the same length of tubing and the same 

material (PFA), the design of the reactor influence the dispersion profile. Indeed, 

the new design of the reactor (Figure 2.14) produce a more chaotic dispersion 

than the old design (loop reactor of around 7.5 cm diameter). 

 
Figure 2.21. Comparison of the dispersion profile of the 10 mL PFA reactors old design and new 

design from Vapourtec® – injection of a 1 mL plug of DMBP (5×10-4 M) at various flow rates into 

reactors (PFA) maintained at room temperature. 

 The PFA commercial reactor (old design) is made of 12.6 m of tubing rolled 

in coil of several layers. However, each layer has a slightly different radius. In 

order to have consistent result with a reproducible shape all along the reactor, 

home made reactors were designed with 12.73 m of tubing, corresponding to a 

10 mL reactor volume. Several diameters loop reactor were built (16 cm, 7.5 cm 

and 1.2 cm) and also a “linear reactor”.c Following our previous protocol, each of 

these reactors was used to characterise the dispersion. Figure 2.22 illustrates that 

the diameter sizes of the reactor did not influence the profile of dispersion, with 

only minor differences being observed. The “linear” reactor had the most 

dispersion. It might suggests that some centripetal forces are mixing the layers 

                                            

c As we can’t get a real linear reactor, this reactor was made of 2 meters straight line with U-turn at each end (6 
U-turn). 
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and thus reducing dispersion in the coiled tubes. Figure 2.23 confirmed good 

reproducibility of the experiments. 

 
Figure 2.22. Influence of the reactor shape on the dispersion profile – injection of 1 mL plug of 

DMBP (5×10-4 M) at various flow rate using several looped PFA reactor maintained at room 

temperature. 

 
Figure 2.23. Reproducibility of the dispersion profile – injection of 1 mL plug of DMBP (5×10-4 M) at 

various flow rate using a 1.2 cm diameter loops reactor maintained at room temperature. 

2.2.3.5 Influence of the reactor material on the dispersion 

 The interface between the solvent and the surface of the reactor could 

influence the velocity of the first layer of the solvent. In order to study the 

influence of this interface on the dispersion, two Vapourtec’s reactors, which have 

a similar looped shape (old design – circular wrapping fixed into a metal gate) but 

a different material (PFA vs. SS) were used for the dispersion’s experiment. Figure 

2.24 revealed that both reactors provoke a rather similar dispersion profile. The 
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small differences might be correlated to the different entrance connection of each 

reactor that could influence the flow regime while passing through the connectors 

(Figure 2.25). 

 
Figure 2.24. Comparison of the dispersion profile for a 5.10-4 M solution flowing at various flow 

rates through a 10 mL Vapourtec reactor in PFA (Old design) and in SSL (from Vapourtec) which was 

maintained at room temperature. 

 
Figure 2.25. Left: connection used with the PFA reactor, right: connection used with the SSL reactor. 

2.2.3.6 Dispersion summary 

 This study demonstrated that the dispersion could be determined by 

experimental observation thanks to in-situ analysis. This achievement gives an 

opportunity for innovative reaction characterisation using the dispersion by 

means of a novel and promising methodology developed in chapter 8 (see section 

8.4). The dispersion is quite particular to each type of protocol. Nonetheless, this 

study was relevant and demonstrated: 

§ The lack of effect of molecular diffusion on disperse material 

§ The effect of the coil shape – Loop reactor produces the same dispersion 

profile whatever the diameter of the loop is. 
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§ The effect of the flow rate – Its influence is variable depending on the flow 

rate. The regime of the fluids and formation of secondary flow might be in 

cause of this dispersion effect. 

§ The effect of temperature – higher temperature reduces dispersion 

§ The effect of reactor length – The more length of tubing the solution needs 

to pass through, the more dispersion will occurred. It follows the Taylor 

dispersion. 

 These last two effects can probably be modelled to show that experimental 

observations match the predicted trends. Other parameters such as the type of 

solvent used, the type of tracer and the concentration can be options to pursue in 

another study with the solvent being a combination of 3 main factors (surface 

tension, viscosity and density), each of them being temperature dependent. 

 In addition, the parameter used to characterise the dispersion in this chapter 

can be subject to discussion. Indeed, as we are only extracting the maximum of 

concentration reach by the profile of a small plug of material, other information 

about this profile is lost in our data analyses. Another way to investigate this 

dispersion could be to characterise the dispersion by looking at the residence 

time distribution of the solution into the flow system. A low dispersion (close to 

plug flow behaviour) will give narrow residence time dispersion while when strong 

dispersion occurs, the residence time distribution will be wider, inducing a lower 

control on the residence time parameter of the reaction. This method will be 

investigated within the group to complement this study. 

2.3 Thermal Transfer through the Reactors 

2.3.1 Definition of residence time and reaction time 

 In a reaction run under batch condition the temperature of the reaction 

mixture can be measured directly (though may not be uniform, or attained 

quickly) as can the reaction time. The temperature is that of the bath in which the 

reactor is immersed. Furthermore the time taken for the reaction mixture to heat 

up to, and cool down from, the bath temperature is not fast and can contributes 

to dispersion in the effective reaction time as well as temperature. The 
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phenomenon is often highlighted during scale-up of processes when apparatus 

used are changed. In a flow reactor the average residence time can be calculated 

from the flow rate and reactor size (Equation 2.4), but this make the assumption 

that no reaction occurs outside of the reactor. The reaction time could be greater 

than the residence time if the cool down takes longer than the heat up of the 

solution. Indeed, if the solution exiting the reactor takes time to cool down, the 

reaction can still occurs, converting material outside the reactor. We assume that 

either the heat-up/cool down are instantaneous, or at least that they cancel-out. In 

order to confirm this assumption, thermal transfer was estimated for our flow 

system. 

!"#$%&'!  !"#$  ~  !"#$%"&'"  !"#$ =
!"#$%&  !"#$%&!

!"#$  !"#$
 

Equation 2.4. Definition of residence time and reaction time. 

2.3.2 Determination of the thermal transfer equation 

 Determination of heat transfer is complex (Equation 2.5). However, several 

assumptions can simplify the heat transfer equation of this model. 

 
Equation 2.5. Fourier 1st thermodynamic law. 

 The temperature of a fluid flowing inside a pipe that is being heated 

increases in the axial direction at a rate that is proportional to the heat transfer 

rate. The heat transfer from the reactor to the fluids need to be determined in 

order to confirm that the heating of the reaction mixture is fast and that the 

reaction time can be matched by the residence time. The model used needs to 

consider that the system is at steady state in terms of properties (fluids transfer, 

heating capacities), which is often the case during a flow experiment. Indeed, 

each reaction can be carried out by flowing first a solvent at a flow rate and a 

temperature, waiting for the stabilisation of the system prior to switching the 

system to the pumping of reagent. The reactor is a coiled tube reactor, which can 

! ! !!!!!!!!!
!

!

with,   q  =  local  heat  flux  density  (W/m2)	  
   k  =  material  conductivity  (W/m.K)	  
   nablaT  =  temperature  rotational  gradient  (K/m)	  
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be considered as an empty cylinder (Figure 2.26). The easiest workspace for this 

system is to use cylindrical coordinates: (r, θ, z). 

 
Figure 2.26. Section of the tube reactor – cylindrical coordinate (r, θ, z). 

 The heating fluid (air, oil, graphite bath) is heated at a temperature that is 

defined as T
wall

. The fluids constantly heat the reactor tube (thickness of the tube: 

r
e
-r

i
). If we assume that the tube is maintained at the temperature of the bath, the 

temperature of the fluids, the temperature of the internal-coil and the 

temperature of the external-coil are similar and constant at the value T
wall

. Thus, 

the system can be considered as only the internal coil of the tube: a cylinder of 

radius r
i
. Moreover, if we assume that the heat transfer is the same all along the 

pipe wall axis (z), the temperature difference between the pipe surface (T
wall

) and 

the temperature of a point in the fluid at the same distance z (T) will be a function 

only of the pipe radial coordinate r. Thus, the Fourier 1st thermic law can be 

described alternately by (Equation 2.6). The entrance of the reactor is defined by 

the coordinate (r, θ, z=0). Its temperature is the solvent temperature (room 

temperature). The centre of the tube is defined by the coordinate (r=0, θ, z). Its 

temperature requires to be determined. The equation enables the calculation of 

the length of tube when the centre of this tube will be at the set-up temperature. 

 

 

Internal	  radius	  (r	  =	  ri)	  	  
External	  radius	  (r	  =	  re)	  	  

Centre	  of	  the	  tube	  (r	  =	  0)	  	  

r	  (radius)	  

z	  (length	  of	  tubing)	  0	  

 

 

 

 
 

θ	  

T	  (ri,	  θ,	  z)	  =	  Twall	  	  
T	  (re,	  θ,	  z)	  =	  Twall	  	  

Entrance	  in	  the	  
reactor,	  (z	  =	  0)	  

Heating	  fluids:	  Tfluids	  =	  Twall	  
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Equation 2.6. Simplification of the 1st thermic law of Fourier and its solutions. 

Listed below are all the hypotheses that have been applied to simplify Equation 

2.5 by Equation 2.6. These hypotheses, despite granting the simplification of the 

thermal transfer equation, give a reasonable approximation of the thermal 

exchange occurring between the heating system and the flow reactor. 

§ The flow is laminar: The calculated Reynolds number may vary from 0.8 to 84 

(Table 2.1) for our flow equipment and is therefore far below the limit of the 

laminar-turbulent region (Re<2200). Therefore, this hypothesis is approved 

and allows the simplification of the Nusselt number; which is the 

dimensionless heat transfer rate. We can expect that an accurate analysis will 

show that the Nusselt number will be of the order of unity (Equation 2.7). 

 
Equation 2.7. Simplification of the Nusselt number thanks to laminar flow approximation. 

§ The flow is fully developed: A flow is fully developed when the outflow 

boundary condition assumes that all flow variables except pressure are 

constant. Usually, the flow is considered fully developed if the reactor tube is 

long enough. In the case of a flow non fully developed, the entrance effect 

have to be consider which result in a more complex Nusselt number (Equation 

2.8). Applying these corrections in the calculation for a 10 mL reactor, give a 

Nusselt value of 3.659 (instead of 3.657). The thermal transfer of the system 

will be modified by a measureless 0.07 %. Thus, the reactor is long enough to 

assume a fully developed flow and validate this hypothesis. The implication of 

this hypothesis allows the consideration of a constant velocity profile. Also, 

there is no entrance effect considered. It means that the transfer of heat from 

!! ! !!!!!! !!!! !! ! ! !!! !! !
!
! !!!! !!!" ! !!

! !! ! 

! ! !! ! !!!!
!!"##

! ! ! !!!"  

with,    Twall  =  temperature  of  the  wall  	  
   Nu  =  nusselt  number	  
                      D  =  diameter  (m)	  
                        Pr  =  Pranck  number	  
                 Re  =  reynolds	  

! ! !! ! ! !! ! !"
!!"## ! !
!!"## ! !!!!

!  
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the reactor wall to the fluids with a radial temperature distribution is 

unchanging in the flow direction. 

 
Equation 2.8. Nusselt number for non-developed flow. 

§ Temperature of the wall is treated as constant. It allows the simplification of 

the derivative and easier integration of the equation. The design of a tube 

reactor allows a high contact surface with the heating fluids. Also, considering 

that stainless steel has a high thermal conductivity; the SSL reactor should not 

be limiting the heat transfer. However, there is no evidence that the heating 

system is efficient enough to maintain the reactor coil at a constant 

temperature. Two heating system were available: the air-heated system from 

Vapourtec®R4 series (the reactor is heated by hot air which is blow at high 

flow rate over the reactor) and a Grant precision oil-heated bath (the reactor is 

immersed into the oil-heated bath with the oil being heavily mixed to insure a 

constant temperature). In respect to the air-heated system, the good thermal 

property of the oil can balance in favor of the validation of this hypothesis of 

constant temperature. More uncertainty remains for the PFA tubing reactor, 

which is less efficient in heat conduction than stainless steel (see section 

3.2.3). 

§ The thermic transfer occurred only via radial transfer. The axial transfer 

(along the cable) is negligible compare to the radial transfer. This is valid when 

the relation PrReD > 1 is verified. Our equipment parameters give a value of 

PrReD = 12-500 which confirmed this assumption. The axial transfer term can 

therefore be removed. 
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with,   NuD  =  Nusselt  number  for  developed  flow  (3.657)	  
   D  =  diameter	  
   L  =  length  of  tubing	  
   Re  =  Reynolds  number	  
     Pr  =  Planck  number	  
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§ The fluid frictions with the wall are neglected. This allows us not to take into 

account the critic’s thermal boundary layer where the fluid is not following the 

dynamic property of the rest of the fluid. This critic layer is a complex 

expression that will not be investigated. This hypotheses could not be easily 

verified. 

2.3.3 Application of thermal transfer to our system 

2.3.3.1 Influence of the solvent properties on the thermal transfer 

 Solvent properties such as surface tension, conductivity, viscosity and 

density change with temperature.58-61 Calculation using the derivated values of the 

solvents property at each point of the heat transfer graph affords more consistent 

results. In order to apply this correlation, calculations were run using a stepwise 

approach (Figure 2.27). For each temperature determined, a calculation of the 

solvent parameters (Cp, viscosity, density and conductivity) were carried out using 

this temperature and applied to the next temperature determination using the 

thermal equation (Equation 2.6). The step chosen for this calculation was 1 mm of 

tubing in order to get a good precision in the calculation. Figure 2.28 illustrate 

that the thermal transfer can be quite different using non-corrected solvent 

properties. 

 
Figure 2.27. Step-wise approach for the determination of the temperature along the reactor tube. 
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Figure 2.28. Comparison of the heat transfer considering 4 cases of solvent properties. Heating the 

reactor at 150 °C, with room temperature toluene flowing at 5 mL/min, considering SS reactor 

properties. 

2.3.3.2 Influence of the temperature on the heat transfer 

 Step-wise calculation was completed applying similar procedure for various 

temperatures (Figure 2.29). The flow rate was set at 5 mL/min. The solvent, 

toluene, was heated from room temperature to a set temperature. Table 2.3 show 

the length of reactor tube required to get the temperature difference between the 

temperature of the solvent at the centre of the tube section and the initial 

temperature (25 °C) to reach 99% of the temperature difference between the 

target temperature at the centre of the tube section (50-250 °C) and the initial 

temperature (25 °C). Comparing the length required to the total amount of our 

reactor, the length required look negligible. Indeed, the worst-case revealed that 

the centre of the tube would be at the required temperature 28 centimetres after 

the entrance in the reactor, corresponding to 2.2% of the total size of the reactor. 

Moreover, these calculations were considering the solvent at the centre of the 

tube. The solvent away from the centre of the tube is heated to the targeted 

temperature much earlier. Thus, considering the volume of solution heated will 

reveal an even smaller length of reactor needed to reach the temperature target. 
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Figure 2.29.Temperature profile of the solvent at the centre of the reactor’s tube for several target 

temperatures starting with room temperature toluene flowing at 5 mL/min, considering SS reactor 

properties. 

Temperature (°C) 
Length (m) required  

to reach 99% of T
set

-T
rt
 

Length (% of the total 
size of the reactor) 

50 0.10 0.82 

75 0.12 0.91 

100 0.13 1.03 

125 0.15 1.16 

150 0.17 1.33 

175 0.19 1.51 

200 0.22 1.72 

225 0.25 1.96 

250 0.28 2.23 

Table 2.3. Length of reactor tubing needed for the temperature difference between the solvent 

temperature and the initial temperature (25 °C) to reach 99% of the temperature difference between 

the target temperature (50-250 °C) and the initial temperature (25 °C) starting with room 

temperature toluene flowing at 5 mL/min, considering SS reactor properties. 

2.3.3.3 Influence of the flow rate on the heat transfer 

 The same calculation as above was conducted applying one temperature 

with a range of flow rate (Figure 2.30). Toluene was heated from room 

temperature to 150 °C. Table 2.4 shows the length of tube needed for the solvent 

to be heated in the centre of its section at the desired temperature. Comparing 

the length required with the total amount of our reactor, this length looks 
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negligible. For the worst cases – fast flow rate (10 mL/min), high temperature 

(150 °C) – the toluene need 2.5% of the reactor size to reach 99% of the difference 

between the target temperature (150 °C) and the starting temperature (25 °C). 

 
Figure 2.30. Temperature profile of the solvent at the centre of the reactor’s tube using room 

temperature toluene heated at 150 °C and flowing at several flow rate, considering SS reactor 

properties. 

Flow rate (mL/min) 
Length (m) required to reach  
99% of T

set
-T

r.t.
 (150 °C-25 °C) 

Length (% of the total 
size of the reactor)  

10 0.325 2.55 

8 0.27 2.12 

6 0.203 1.59 

4 0.135 1.06 

2 0.067 0.53 

1 0.033 0.26 

0.5 0.016 0.13 

0.25 0.008 0.06 

Table 2.4. Length of reactor tubing needed for the temperature difference between the solvent 

temperature and the initial temperature (25 °C) to reach 99% of the temperature difference between 

the target temperature (150 °C) and the initial temperature (25 °C) using room temperature solvent 

(toluene) flowing at various flow rate, considering SS reactor properties. 

 Therefore, given the reasonable approximations made, thermal equilibration 

occurs very quickly, producing a negligible (far less than 2.5%) error. In 

conclusion, the reaction time can be considered as the residence time. 
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2.4 Experimental Observation of Thermal Transfer 

Limitations 

2.4.1 Efficiency of the oil-heated versus the air-heated Reactors 

 Despite the fact that the previous calculations confirmed the high efficiency 

of thermal transfer in the flow equipment, it is also necessary to obtain 

experimental observations. The study of acyl ketene from thermal fragmentation 

of a dioxinone derivative is developed in chapter 6. During this study, an example 

of thermal transfer limitation was observed. Upon heating, dioxinone derivatives 

fragment to afford acyl ketene, loosing a ketone (Scheme 2.1). This acyl ketene 

generation was carried out using flow chemistry techniques by injecting a 0.02 M 

solution of dioxinone 2.1 in acetonitrile into a 10 mL SSL reactor (Figure 2.31). 

The reactor was heated with two systems: 

§ Air-heated system from Vapourtec® 

§ Oil-heated bath from Grant® 

 
Scheme 2.1. Acyl ketene 2.2 generation from fragmentation of dioxinone 2.1. 

 
Figure 2.31. Flow configuration used – Studied element: the heating system and the cooling loop. 

 Consumption of the dioxinone reagent was monitored by UV spectrometry, 

recording the UV absorbance (unit: UA) of the steady state at 272 nm. As 
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experiments where run with steady state condition and, as product (2.3) and 

reagent (EtOH) are not UV absorbing in the region of the starting material, the 

plateau of absorbance reached correspond to the concentration in dioxinone 2.3. 

Concentrations of solution were established to provide data in the non-saturation 

area of the UV spectrometer. In so doing, the concentration is proportional to the 

UV absorbance. 

The Vapourtec’s air-heated system was used. The first absorption peak visible on 

Figure 2.32 revealed a steady state for the injection of 15 mL plug of reagent at 2 

mL/min at 50 °C, where no conversion occurred. The second reaction involved 

heating the reactor to 130 °C while flowing solvent at 2 mL/min. When the 

temperature indicated by the thermocouple of the reactor was stabilised and the 

energy input required to heat the reactor was stable, the injection of the reagent 

was started. Using the air-heated system as the heating source for the reactors 

revealed accuracy problems for achieving steady state (Figure 2.32). Variation of 

the absorbance on the steady state below is considerable (0.408 UA -> 0.293 UA). 

It implies that for the same reactor conditions and despite achieving a steady 

state at the start of the reaction, the conversion increased from 49% to 64%, with 

a longer stabilisation time. Waiting extra-time to allow stabilisation of the system 

at 130 °C before injecting the reagent gave steady state operation with a 

conversion of 65% of the dioxinone (Figure 2.33). Reactions performed in the oil-

heated reactor did not revealed this issue. Steady state was achieve, even when 

running the reaction after a few seconds of stabilisation. A conversion of 65% was 

achieved for a solution of dioxinone heated at 130 °C for 5 min, which is in 

agreement with the conversion obtain with the air-heated system when 

stabilisation was reached. 

 Therefore, using the Vapourtec air-heated reactor requires a defined time to 

reach stable operation of the system at the set temperature despite the 

thermocouple indicating the correct temperature. When running an experiment 

using the Vapourtec® software, the reaction is run automatically after around 4 s 

of stabilisation at the required temperature. Moreover, it also induces a change in 

the flow rate, which might disturb the stabilisation. Therefore, we could anticipate 

some issue with this software in particular cases. 
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 However, there is some question about the downward slope visible in these 

experiments. Indeed, even for the stable experiment (Figure 2.33), a small 

downward slope is detected. This slope can be an effect of the Taylor dispersion, 

inducing dispersion of the residence time and therefore of the conversion before 

a complete stabilisation of the system. Indeed, the first part of the reagent plug to 

exit the reactor would have disperse in the tube and therefore exit the reactor 

sooner than the expected residence time. Thus, the material is less converted, 

resulting in a higher absorbance. Moreover, the system is brutally changed from 

50 °C to 130 °C. Therefore, some issue could be present using the Vapourtec Heat 

system, having the reaction occurring in non-isothermal condition at the 

beginning of the reaction. This non-isothermal regime disappeared as more time 

for stabilisation is allowed. Moreover, some of the error can be inputted to the 

spectrometers analysis error. Not quantified, this apparatus is mention to provide 

a 0.5% error on the absorbance detection and is influenced by the temperature of 

the media. 

 
Figure 2.32. UV absorption of the remaining dioxinone (0.02 M) after reaction upon heating in the 

10 mL SSL air-heated reactor. 

A:	  0.408	   A:	  0.293	  
 

130	  °C,	  2	  mL/min	  

50	  °C	  
2	  mL/min	  

0%	  conversion	  
49%	  conversion	   64%	  conversion	  
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Figure 2.33. UV absorption of the remaining dioxinone (0.02 M) after reaction upon heating in the 

10 mL SSL air-heated reactor. 

2.4.2 Influence of the cooling loop – Heating transfer 

 At the exit of the reactor is always attached a SS cooling loop of 1 mL. Its 

role is to quickly cool down the reaction mixture to ensure a precise control of the 

reaction time. This loop can be cooled by simple air-surface exchange or by 

immersing the loop into a water or ice bath. To avoid uncertainty, air-surface 

exchange, which obviously would give the worst cooling profile, was not used. 

Comparison of the cooling between water cooling and ice cooling was studied. 

Table 2.5 revealed that at low flow rate, the conversion of material is similar 

whether the 1 mL SS loop was cooled with a water-bath to room temperature or 

with a salted ice-bath (-19 °C). Therefore, the cooling achieved is efficient to 

ensure reliable reaction time measurements. At high flow rate, the difference in 

conversion between the cooling options is more visible (Figure 2.34). The 

decrease of the absorbance when using a water-bath (r.t.) is due to a limitation of 

the cooling loop efficiency. It implies that the solution at the exit of the reactor is 

still enough warm to continue reacting outside the reactor. A water bath at room 

temperature does not deliver sufficient cooling for a hot solution (130 °C) flowing 

at high flow rate (10 mL/min). Using an ice bath increasing the cooling efficiency. 

 However, figures from Table 2.5 did not correlate to the chemical 

explanation. Indeed, the extra time provided by the time for the solution to cool 

down (1-2 mL) to a reasonable temperature (when conversion did not occur) is far 

below the time spend in the heated reactor (10 mL) and could not induced such a 

A:	  0.274	   A:	  0.272	  

 

Extra	  time	  for	  
stabilisation	  at	  130	  °C	  

A:	  0.276	   A:	  0.270	  0%	  conversion	  
50	  °C,	  2	  mL/min	  

130	  °C	  
2	  mL/min	  

130	  °C	  
2	  mL/min	  

64%	  conversion	   65%	  conversion	  
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differences of conversion with a solution which is cooled immediately after the 

exit of the reactor. Therefore, the gap of absorption visible between these two 

experiments (0.992 vs. 0.961) could not only come from a reaction conversion. 

This measurement oddness could come from the temperature dependence of the 

UV measurement. Indeed, at fast flow rate and without enough cooling, the 

solution entering in the UV cell is not yet cool down to room temperature. True 

for all measurement, the volume of solution expanse with temperature, and 

therefore the absorbance spectrum will be affected. If the expansion coefficients 

of the solvent are known, a mathematical correction for this “dilution” effect can 

be applied. Moreover, the UV absorption of this warmer solution can be distorted, 

as the molar extinction coefficient might not be constant.62,63 The observation of 

this phenomenon increase the importance to carry reaction using a cooling loop 

after heated reactor in order to enhance the reliability of absorption 

measurement. 

Residence time 
(min) 

Flow rate 
(mL/min) 

Conversion of 2.1 

Water cooled loop Ice cooled loop 

5 min 2 mL/min 65% 64% 

1 min 10 mL/min 10% 7% 

Table 2.5. Influence of the cooling loop on the conversion for a reaction run at 130 °C. 

  
Figure 2.34. UV absorption profile of the remaining dioxinone after reaction 130 °C in the 10 mL SSL 

air-heated reactor flowing at 10 mL/min using a water cooled loop and a ice cooled loop. 

Water	  cooled	  loop	  
A:	  0.961	  
10%	  Conversion	  

Iced	  cooled	  loop	  
A:	  0.992	  
7%	  Conversion	  

 

130	  °C,	  10	  mL/min	  
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2.4.3 Conclusion about the thermal transfer 

 The theoretical determination of the heat transfer discussed in section 2.3 

revealed that the heat transfer from the heated system to the reactor’s tube 

should to be efficient enough to be neglected. However, uncertainties remained 

about the thermal transfer form the heating system to the tube. Chemical 

observations partially attest to this uncertainty, confirming possible limitations. It 

appeared that the air-heated system required a longer time to stabilise than 

compare to the oil-heated system. We also demonstrated the importance of the 

presence of a cooling loop at the exit of the reactor in order to ensure correct 

reaction time for the studied reaction. However, this observation is not be only 

induced by the thermal transfer phenomenon. Study of spectrometers ability to 

provide a stable absorbance with a variation of temperature and influence of the 

dispersion on the absorbance observed need to be carried out. 
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Chapter 3. Analysis of Ketene Formation 

under Flow Conditionsd 

3.1 Ketenes from Alkynyl Ethers – New Perspectives in 

Flow Chemistry 

3.1.1 Formation of ketenes – Quick historical overview 

 Ketenes are versatile building blocks in organic chemistry because of their 

high reactivity. The ketene functionality was first mentioned by Staudinger and 

Wilsmore in the early 20th century.64,65 Since; several synthetic paths for the 

production of ketene have been described. Some of the common paths are 

highlighted in Scheme 3.1.66 

 
Scheme 3.1. Overview of some selected common synthetic formation of the ketene. A: Et

3
N, 

benzene.67 B: Reduction, Zn.64 C: pyrolysis, 500-550 °C.68,69 D: Thermolysis 325 °C.70 E: Photolysis, 

MeOH.71,72 F: 85-115 °C, decalin.73 G: Wolf rearrangement.74,75 H: pyrolysis 550 °C.76,77 I: Base.78,79 J: 

pyrolysis, 740-760 °C80 or Catalyst bed of SiO
2
, dehydration at 700 K.81 

                                            

d Work described in this chapter was carried out with David Bolien, a fellow PhD student in Prof. Whitby’s lab. We 
thank Dr Bogdan Ibanescu for his help with data processing 
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3.1.2 Formation of ketenes from alkynyl ether precursors 

 An interesting synthetic path for the synthesis of ketenes is from an alkynyl 

ether precursors. It was first reported in 1954.82-88 Upon heating, alkynyl ethers 

react via a retro-ene rearrangement to form the ketene. Arens83,84 and Olsman73 

proposed a cyclic, concerted transition state, which was later confirmed by Valentí 

et al.89 via computational studies (Scheme 3.2). The decomposition of alkynyl 

ethers into ketenes was observed using spectroscopic (UV-vis, IR) and manometric 

techniques (pressure of the ethene gas released). 

 
Scheme 3.2. Retro-ene rearrangement of the alkynyl ether to form the ketene. 

 Reactivity of various ketene precursor has been investigated in several 

studies. Arens’ work identified that the reactivity was related to the alkyl 

substituent: tBuO > iPrO > EtO and measured rate constants of the alkoxy-1-

heptynes decomposition.81,82 Olsman, also reported kinetic studies and confirmed 

a first order rate constant for the decomposition.73 His results concerning the 

reactivity of alkynyl ethers were consistent with Arens’ observations. Table 3.1 

summarises some of their results, which are relevant to our work. Formation of 

the ketene was indirectly determined by monitoring the production of gases that 

accompanied the alkynyl ether consumption and by monitoring the formation of 

cycloadduct resulting from the [2+2] cycloaddition of the ketene with its alkynyl 

ether precursor (Scheme 3.3). 

 The various chemical applications of this ketene formation from alkynyl 

ethers are described in chapter 4. 

 
Scheme 3.3. Cycloadduct formation of the ketene with its alkynyl ether precursor. 
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Alkynyl Ether 
Activation Energy 

(kJ/mol ± 2.1 kJ/mol)73 
Rate constant 

(10-3 min)73 
Rate Constant 

(10-3 min-1)84 

 
110.9 

0.64 (104.8 °C) 
1.85 (114.5 °C) 
3.65 (118.5 °C) 

 

 
108.8 

4.2 (104.8 °C) 
13.5 (114.5 °C) 

 

 
96.2 

5.3 (84.4 °C) 
65.3 (114.5 °C) 

 

 
  9.3 (105 °C) 

 
121.3 

1.15 (108.8 °C) 
3.0 (118.5 °C) 

1.12 (105 °C) 
4.36 (120 °C) 

 
 3.55 (118.5 °C)  

 
 1.15 (108.8 °C)  

 
 3.6 (118.5 °C)  

Table 3.1. Alkynyl ether kinetic information – Olsman measured activation energy and rate constant 

by the production of gases that accompanied the alkynyl ether consumption and by UV monitoring 

in a 0.012 M solution in decalin heated at 85-120 °C.73 Arens measured first-order rate constants for 

selected heptynyl ethers.84 

 Silyl ketenes can be made from silyl alkynyl ethers90-95 and have been the 

subject of a comprehensive review.96 These species have the advantage that they 

are similar to alkynyl ethers but form a stable ketene, which can be isolated 

(Scheme 3.4). 

 
Scheme 3.4: Formation of silyl ketenes from silyl alkynyl ethers precursors. Silyl ketenes are stable 

and can be isolated in reasonable yield.91 

3.1.3 Synthesis of alkynyl ether precursors 

 Alkynyl ethers have not been widely used due to the relatively few methods 

currently available for their synthesis (Scheme 3.5, Scheme 3.6).82,84,85 Other 

synthetic routes have also been developed (Scheme 3.7, Scheme 3.8).89,97 Pericàs 

pointed out that tBuO-substituted alkynyl ethers are particularly heat sensitive and 
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decompose at temperature as low as 40 °C.98 Therefore, a low temperature 

synthesis starting from ethyl vinyl ether and using a bromination-elimination 

sequence to synthesise heat sensitive alkynyl ethers was developed (Scheme 

3.9).99-102 

 
Scheme 3.5. Ethynyl ether synthesis.82 

 
Scheme 3.6. Ethynyl ether synthesis.84 

 
Scheme 3.7. Ethynyl ether synthesis avoiding working with alkali amide in liquid ammonia.97 

 
Scheme 3.8. Ethynyl ether synthesis.89 

 
Scheme 3.9. Ethynyl ether synthesis avoid heating step using bromination-elimination sequence.99 

 More recently, a methodology using sulfonamide precursors have shown 

good potential for the synthesis of aryl-substituted alkynyl ethers (Scheme 

3.10).103 Another methodology for the synthesis of diverse alkynyl ethers was 

recently explored. Starting from alcohol coupling to α-diazoketones, α-

alkoxyketone was synthesised and subsequently converted into enol triflates or 

phosphates. Elimination of triflate with a strong base furnished various alkynyl 

ether in good yield (Scheme 3.11).104,105 The synthesis is versatile because a variety 

of substituents can be installed in a high yielding process. 
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Scheme 3.10. Synthesis of alkynyl ether using sulphonamide precursors.103 

 
Scheme 3.11. Synthesis of alkynyl ether via enol triflate or phosphate elimination starting from α-

diazoketones precursors.104 

3.1.4 In-situ spectroscopy of the ketenes 

 Ketene generation from ethoxy-, iso-propoxy-, and tert-butoxyalkynes is 

irreversible due to extrusion of ethylene, propene, or isobutene respectively. The 

reaction proceeds in quantitative yield. However, due to the rapid [2+2] 

cycloaddition of the ketene with the alkynyl ether starting material, the ketene 

cannot be isolated. Using super-heated solvent in flow, we propose that the 

reactive ketene intermediate can be generated and trapped with nucleophiles 

such as amines and alcohols to provide a facile route to amides and esters. This 

trapping prevents side reactions of the reactive ketene and indirectly provides 

evidence for its existence (Scheme 3.12) 

 
Scheme 3.12. Trapping of the ketene: amide formation for an IR monitoring of the ketene formation. 

 In order to optimise and explore the reactivity of alkynyl ethers, we 

proposed monitoring the reaction via IR analysis at the exit of the flow reactor. 

Ketenes, if traceable at all, have a distinct IR absorbance band around 2100-2200 

cm-1; thus, the possibility to observe these species exists by means of in-line IR 

setup. The transformation from an alkynyl ether into an amide provides distinct 

changes in functional groups, which are perfectly visible by IR (carbonyl formation 
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~1650-1750 cm-1 and alkynyl ether consumption at ~2200-2300 cm-1). Through 

kinetic studies we can indirectly prove the presence of a ketene intermediate. 

 Olsman73 showed the feasibility of kinetic measurements with IR analysis. 

However, he recognised limitations of alkyne detection when working with 

solutions below concentrations of 0.12 M. He also had to isolate and analyse 

individual samples from a reaction mixture. Modern FT-IR analysis allows rapid 

acquisition of the entire IR region (4000-400 cm-1) and in combination with an IR 

flow cell we can acquire kinetic data without the need to collect samples for off-

line analysis. We believe that this key advantage will allow us to produce kinetic 

results much faster and with far less input of alkynyl ether compared to kinetic 

studies done previously in batch. Moreover, reducing manipulation steps 

(isolation, sample preparation, analysis) should reduce potential experimental 

error. 

3.1.5 Spectroscopy analytical technique and OPA methodology 

 The monitoring of reaction progress in a process is a challenging area for 

analytical chemistry. Indeed, detecting and determining the composition of a 

mixture and its evolution without the need for sampling represents a great 

advantage. While in-situ analysis has been a long-established technique in 

analytical domain, real-time monitoring of reactions using in-situ analysis has only 

recently become a useful tool in flow chemistry with technique such as IR and UV 

spectroscopy. It is largely due to the recent availability of commercial equipment 

such as the ReactIR from Metler Toledo®.106 Such equipment allows the generation 

of a huge amount of data from each reaction. However, to reveal its full potential, 

the data collected needs to be further analysed using the appropriate software. 

Modern chemometric analysis107-109 has opened up new opportunities to analyse in 

near-real time the large amounts of recorded data. Such analysis allows the 

complex determination of the different components of a reaction mixture, even 

when individual component peaks are poorly resolved or overlapping. These 

analytical methodologies have recently grown with increasing computing capacity 

and better detection such as the application of diode array detectors in UV 
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detector.110,111 Customised algorithms for IR analysis have also been 

developed.112,113 

 We gratefully acknowledge the use of GSK’s BORIS® (Bristol Online Reaction 

Investigation Software) software, a result of a collaboration between Bristol 

Chemometrics Group and the PAT&C, Strategic Technologies and Chemical 

Development group at GSK. The software includes some essential multivariate 

analysis capabilities including orthogonal projection approach (OPA),114 multi 

linear regression (MLR), principal component analysis (PCA)111 and partial least-

square regression (PLS). These techniques are calibration-less approaches to 

break down complex reaction mixtures into their individual components and can 

be used to produce direct qualitative and quantitative concentration profiles from 

in-line sampled measurements. The main method used for our studies was the 

OPA methodology as it offers more reliability when spectra are very similar.115  

 OPA116 is a mathematical procedure that uses orthogonal transformations to 

convert a set of observations of possible correlated variables into a set of values 

of linearity-uncorrelated variables. It is a stepwise process based on an 

orthogonalisation algorithm (Figure 3.1) in order to solve Equation 3.1. 

 

 
Equation 3.1. OPA equation to solve. 

!!!!! ! !!! !!!!!!!!!!!!
!

!!!
 

with,   Ai,j  =  Absorption  at  j  (wavelength)  for  i  (spectrum  recorded)	  
   ci,k  =  concentration  of  the  k  species  for  the  spectrum  i	  
   ek,j  =  molar  absorptivity  of  the  species  k  at  the  wavelength  j  
   n  =  number  of  components	  
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Figure 3.1. Schematise view of the OPA methodology. 

 The number of components has to be estimated by the operator prior to 

starting the iteration sequence shown above. This is based on the assumption 

that the cleanest spectra in the data that were recorded during the process are 

the spectra most dissimilar to each other. Therefore, OPA determines the number 

of components present in the mixture by using this dissimilarity criteria. 

Therefore in order, one of the spectra is first chosen. Dissimilarity between this 

spectrum and all the other spectra is calculated as a vector of n dimensions with n 

being the number of wavelength points used to compare them. From this 

comparison, the spectrum with the highest dissimilarity is chosen as the spectrum 

of the 1st component. As with the previous one, it will be compared by 

dissimilarity to each of the (n-1) other spectra. The new spectrum with the highest 

dissimilarity will be referenced as the 2nd component. The 3rd component will be 

estimated by looking at dissimilarities with both of the two components already 

estimated. Iteration of this algorithm continues until the determination of all 

components have been conducted. Therefore by comparing all the spectra 

recorded, against each other at each wavelength, the number of components and 

their estimated spectra are determined. The second step requires the resolution 

of the mixture by separating the system into a product of two matrices (Equation 

3.2). Eventually, the concentration profile matrix and the pure component spectra 

matrix are solved by mathematical tools.114,117 
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Equation 3.2. OPA equation to solve – Matrices workspace. 

 The above techniques generally provide more reliable results, with 

increasing quantities of data. Flow chemistry can generate a lot of data using in-

situ analysis and so will be advantageous for this technique. We describe our 

progress towards implementation of this software during routine kinetic 

measurements. Results shown in this report resulted exclusively from the OPA 

method, which gave the most consistent results with our software capabilities. 

BORIS® is also equipped with standard functionality which allows pre-processing 

of the data (smoothing factor, baseline correction, peak picking, area 

measurement, variable selection), which have been used when needed. 

3.2 Ketenes from Alkynyl Ethers – Preliminary Study 

3.2.1 Synthesis of alkynyl ethers 

 Alkynyl ethers are readily prepared following literature procedures.94,100,104,118-

121 Commercial ethoxyacetylene is too volatile for workup on a rotary evaporator 

and would not be compatible with kinetic data obtain from off-line 1H-NMR 

analysis, which relies on the removal of the solvent. Therefore heavier, non-

volatile octyl- chain derivatives were synthesised. 

 The required alkynyl ethers were synthesised from vinyl ethers. The 

corresponding 1-ethoxydecyne 3.7a, made from alkylation of commercial 

ethoxyacetylene with 1-iodooctane did not work well and was rather expensive. 

Instead, 1-ethoxydecyne 3.7a and tert-butoxydecyne 3.7c were obtained from the 

available vinyl ethers 3.3a and 3.3b in a two-pot sequence (Scheme 3.13). 

Addition of bromine to ethyl vinyl ether 3.3a and tert-butyl vinyl ether 3.3b 

affords 3.4a and 3.4b, which, followed by in-situ elimination of HBr using 

triethylamine, gave (Z)-β-bromo-vinyl ethers 3.5a and 3.5b in reasonable yield. 

Treatment of 3.5a and 3.5b with LDA (2 eq.) gave the lithiated alkynyl ethers 3.6a 

!! ! ! !!! ! ! ! ! 
with,   [A]  =  Absorption  matrices  of  j  columns  (wavelength)  and  i  rows  (spectra)	  
       b   =  Constant  (cell  path  length)	  
   [C]  =  Concentration  matrices  of  i  columns  (spectra)  and  k  rows  (component)	  
   [E]  =  Absorptivity  matrices  of  k  columns  (component)  and  j  rows  (wavelength)	  
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and 3.6c, which were alkylated as before to afford the desired products 3.7a and 

3.7c. 3.7b was synthesised from available trichloroethylene 3.1 by isopropoxide 

substitution to give 3.2 followed by nBuLi induced elimination to afford the 

lithiated alkynyl ether 3.6b, which was alkylated with 1-iodooctane to give the 

required alkynyl ether 3.7b. These alkynyl ethers were revealed to be sensitive to 

silica gel. Attempts to purify them by flash column chromatography using silica 

gel resulted in their decomposition, neutral alumina was therefore chosen for 

column chromatography. 

 
Scheme 3.13. Synthesis of alkynyl ether. 

3.2.2 Flow apparatus configuration 

 Thermolysis experiments under flow conditions were carried out using a 

Vapourtec R4/R2+ system (Figure 3.2). The thermal and kinetic studies required a 

flexible setup of the flow system to allow for both IR and off-line NMR studies on 

the same sample. The Vapourtec system provides two pumped channels each of 

which could be switched between solvent and reagent, and which include a 6-port 

2-position rheodyne valve allowing an injection loop (2 mL capacity) to be 

switched into the flow. We decided to use sample loop injection to minimise the 

amount of starting material required per reaction and avoid the need for larger 

stocks solutions during the initial scoping studies. One pump was linked to the 

default high-temperature looped reactor (10 mL capacity, 1 mm i.d. tubing) made 

from stainless steel (SS). The reactor coil temperature was controlled using 

circulated heated air. Toluene was selected as the solvent because of its high 

OR1
OR1

Br

OR1
Br

OR1

Li

Cl

ClCl
OiPr

ClCl

2 eq. nBuLi

2 eq. LDA

3.3a R1 = Et
3.3b R1 = tBu

iPrONa

Br2 NEt3

3.1

3.5a R1 = Et:   81%
3.5b R1 = tBu: 89%

3.4a R1 = Et
3.4b R1 = tBu

OR1C8H17

C8H17I (1.2 eq.)

HMPA/DMPU (1.1 eq.)
3.7a R1 = Et:   81%
3.7b R1 = iPr:  51% 
3.7c R1 = tBu: 53%

3.2, 24%

3.6a R1 = Et
3.6b R1 = iPr
3.6c R1 = tBu

Br



 

 61 

boiling point and IR-transparency in the regions of all the monitored functional 

groups. A back pressure regulator (250 psi) was necessary to keep the reaction 

mixture in the liquid state under these superheating conditions. The flow cell and 

fraction collector (Gilson 203B) were connected at the end of the assembly to 

continuously record IR data and sample individual portions for off-line analysis. 

For certain experiments, stock reagent solution was used instead of the sample 

loop and an accurate heated oil-bath (Grant® oil bath, with high grade high 

temperature silicone oil) was used instead of the air-heated reactor (Figure 3.3). 

 
Figure 3.2. Flow apparatus configuration for sequential reactions in flow: Vapourtec R4/R2+. Set-up 

for single channel sample loop reaction with SSL reactor, coupled to flow cell and auto sampler. 

 

  
Figure 3.3. Left: Vapourtec® SSL air-heated reactor, Right: SSL oil-heated reactor immerged in Grant® 

Oil bath. 
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3.2.3 Solvent expansion factor 

 Solvent expands upon heating (Equation 3.3). The coefficient of cubic 

expansion (also called volumetric coefficient of thermal expansion) can be 

calculated from the London equation or determined experimentally. Tables of 

such coefficients can be found for common solvents.59,60,122 The flow rate is 

determined at room temperature so expansion in the coil significantly reduces 

residence time compared with that expected. To illustrate this, the solvent 

expansion was calculated for examples corresponding to our equipments range of 

parameters based on flow rates and temperatures. Toluene was used as the 

solvent as it corresponds to our reaction solvent for the kinetics study of this 

chapter. A flowing solution was heated in via a reactor of 10 mL at various flow 

rates and temperatures (Table 3.2, Table 3.3). It confirmed that the influence of 

such expansion is not negligible and needs to be taken into account for 

calculation to correct for the genuine flow rate. 

 

Equation 3.3. Flow calculation using the thermal expansion property of solvent. 

 

Pump flow 
rate (mL/min) 

Actual flow rate in 
the reactor (mL/min) 

Uncorrected 
residence time (min) 

Corrected 
residence time (min) 

1 1.14 10.00 8.77 

2 2.27 5.00 4.41 

5 5.69 2.00 1.76 

10 11.37 1.00 0.88 

Table 3.2. Determination of the actual flow rate for a solution at room temperature and pumped at 

various flow rate through a reactor heated at 150 °C. 

 

 

 

!"!"#!$#"%&' ! !"!!! !! !!!! !!! with    ∆T  =  Reactor's  temperature  −  r.t.	  
                          α  =  Coefficient  of  cubic  exansion	  
                      FR  =  Flow  rate  (mL/min)	  
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Pump flow 
Rate (mL/min) 

Actual flow rate in 
the reactor (mL/min) 

Reactor’s 
temperature (°C) 

Difference  (%) 

5.00 5.42 100 8.32 

5.00 5.52 120 10.48 

5.00 5.63 140 12.64 

5.00 5.74 160 14.80 

5.00 5.85 180 16.96 

5.00 5.96 200 19.12 

Table 3.3. Determination of the flow rate effective for a solution at room temperature and pumped 

at 5 mL/min into a reactor heated at various temperatures. 

 The above calculations revealed the potential solvent expansion. However, 

the material used for our reactor will also expand upon heating (Equation 3.4). 

Increases in the diameter and the length of the tube will increase the volume and 

therefore decrease the influence of the solvent expansion. Following the same 

procedure of calculation, the 10 mL SSL reactor (reactor mostly used in our 

experiment) was used as an example calculation. α = 9 x 10-6 m/m.K was used for 

the linear coefficient of stainless steel.123 Heating at 150 °C, the length increases 

by 14 mm and the diameters increases by 0.0035 mm, which increased the 

reactor volume from 10.00 mL to 10.08 mL. The reactor material expands by only 

0.81% whereas the solvent expands by 13.28% under identical conditions. 

Therefore, the material expansion can be essentially ignored. However, in the 

case of PFA tubing, the linear expansion coefficient is higher (α = 9 x 10-5 

m/m.K).123 Heating at 150 °C, the length of the reactor increases by 141 mm and 

the diameters increases by 0.035 mm, which increased the reactor volume from 

10.00 mL to 10.82 mL. The reactor material therefore expands by 8.26% whereas 

the solvent expands by 13.28% (Table 3.4). Moreover, at high temperature, PFA 

becomes more flexible. Therefore, the mechanical constraint such as the pressure 

in the system could create an additional expansion of the tube. Therefore, with 

PFA tubing the residence time is less modified due to the tubing expansion to 

compensate for the solvent expansion. However, this mentioned physical 

modification of the tube depends of several parameters such as the wall 

thickness, the solvent softening and the manufacturing process. Moreover, the 

tube can expand differently and in different directions. The PFA expansion is less 

predictable, and therefore less suitable for kinetic work. 
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Equation 3.4. Linear thermal expansion of the reactor’s material. 

Temperature 
(°C) 

Expansion of the 
10 mL PFA tube 

Expansion of the 
10 mL SS tube 

Expansion of 
solvent (toluene) 

50 1.51% 0.07% 2.48% 

100 4.86% 0.48% 7.88% 

150 8.26% 0.81% 13.28% 

200 -[a] 1.14% 18.68% 

250 -[a] 1.47% 24.18% 

[a] Properties of the PFA tubing do not allow to be heated more than 150 °C. 

Table 3.4. Comparison of the expansion of reactor size and solvent at various temperatures. 

3.2.4 Apparatus used for in-situ IR analysis 

 The most common analysis methods such as HPLC, GC, Mass spectroscopy, 
1H-NMR, Raman, UV and IR spectroscopy have all been coupled to flow chemistry 

equipment. Some of these spectrometers are very expensive (in-line HPLC, GC, 

Mass, 1H-NMR) and sometimes not as efficient as their off-line version. For 

example in-line 1H-NMR using permanent magnets and operating at 60 MHz is 

very insensitive and operates at low resolution, compared to common NMRs at 

300-800 MHz. More affordable techniques include IR and UV spectroscopy. 

ReactIR, from Metler Toledo® is widely used for in-situ IR spectroscopy but is very 

expensive. We decided to use an alpha transmission FT-IR from Bruker®. It can be 

integrated into a flow system thanks to a commercial flow cell from Harrick® with 

sodium chloride windows (Figure 3.4) to afford an in-situ IR spectroscopy of the 

finger print region as well as the functional groups area (600-4000 cm-1). An 

additional flow cell, crystal window and spacer can be used to correspond to 

individual experiment requirements. 

!" ! !!!! !!!!!!!!!!"#!!!!!! ! !"#$%&'!!!!"#$"%&!'%" ! !!! !!  

!" ! !"#$!!!!"#$%&'(% 

!! ! !"!#!$%!!"#$%&!
! ! !"#$$%&#'(!!"!!"#$!!!"#$%&'(% 
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Figure 3.4. Harrick’s DLC 2™ Demountable Liquid Flow Cell – Left: NaCl crystal windows (100 µm 

spacer, 8 µL volume). Right: ZnCl
2
 crystal windows fitted into the Bruker Alpha® FTIR. 

 It is essential to determine the concentration range at which saturation of 

the detection occurs at the IR absorption applied. Indeed, to be able to use the IR 

data to quantify the concentration of component in a solution, we need to work in 

conditions where the Beer-Lambert law is valid. Carbonyl groups, for example, are 

strongly absorbing IR species, whereas alkyne signals from i.e. alkynyl ether give 

only weak responses. Consequently saturation of the IR detector can easily 

become a problem for carbonyl compounds, whereas alkyne compounds might 

not absorb strongly enough to be detected. Concentration limits of the IR 

absorbance for prospective reactions were established thanks to the work of 

David Bolien who studied the sensitivity of the system with ethyl acetate to 

establish absorbance limits for carbonyl groups. Appropriate resolution for 

carbonyl and alkyne moieties was located between 0.04-0.20 M. 

 Similarly, a UV spectrometer DH-2000 BAL from Ocean Optics® (Figure 3.5) 

which when equipped with an in-line flow cell allowed efficient in-situ analysis at 

reasonable cost. UV spectrometers are extremely sensitive which allow working at 

much lower concentration (10-3-10-4 M). Also, it has a fast acquisition time (up to 1 

ms/scan). However it has a limited data range compare to the extensive data 

range of an IR spectrometer. In contrast to IR analysis, which provides a unique 

spectrum for every compound, UV absorption depends on the presence of a 

chromophore. Overall, when suitable, it is a good alternative to IR that requires 

larger concentrations (0.04- 0.20 M) and slow acquisitions (1-8 s/scan). 
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Figure 3.5. Left: Ocean Optics® flow cell, right: UV flow cell fitted into the Ocean Optics® DH-2000 

BAL spectrometers. 

3.2.5 Parameters of the analytical IR acquisition 

 The use of analytical tools can induce error, which is inherent to the 

acquisition and method. This was the case for the IR recorded data, as a 

compromise had to be made between the speed of acquisition and the resolution 

of the spectra. A simulation of a reaction was carried out using an IR tracer (0.05 

M solution of 1-hexyne in toluene). The 1-hexyne solution was pumped into the 

flow system directly from reagent bottle entering a non-heated reactor (10 mL, 1 

mm i.d. PFA tubing) at 2 mL/min. The maximum of IR absorbance of the alkyne 

peak, its wavelength and the time required for the acquisition of one spectrum 

were reported according to the parameters of the acquisition method (Figure 3.6, 

Table 3.5, Table 3.7). 

Exp. 
Nº 

Spectra 
name 

Resolution 
spectra (cm-1) 

Number of scan  
averaged 

Acquisition time 
(s/spectra) 

1 1scan_res8cm 8 1 3.7 

2 1scanB_res8cm 8 1 4.2 

3 1scanC_res8cm 8 1 3.7 

4 2scan_res8cm 8 2 4.0 

5 3scan_res8cm 8 3 4.9 

6 4scan_res8cm 8 4 5.6 

7 5scan_res8cm 8 5 6.4 

8 3scan_res16cm 16 3 4.5 

9 3scan_res4cm 4 3 7.5 

10 3scan_res2cm 2 3 10.8 

Table 3.5. Summary of the acquisition parameters of the IR data using a 1-hexyne solution (0.05 M 

in toluene) injected at 2mL/min in the 10 mL PFA reactor (r.t.). 
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Figure 3.6. Superposition of 1-hexyne in-situ IR spectra recorded for different acquisition 

parameters: exp. Nº 1-10. 

Exp. Nº 
Spectra 
name 

Absorbance max. 
(x10-2) 

Area under the curve 
(3350-3240 cm-1) 

Peak wavelength 
(cm-1) 

1 1scan_res8cm 3.25 1.195 3307 

2 1scanB_res8cm 3.37 1.248 3307 

3 1scanC_res8cm 3.38 1.252 3307 

4 2scan_res8cm 3.60 1.192 3307 

5 3scan_res8cm 3.47 1.192 3307 

6 4scan_res8cm 3.58 1.198 3307 

7 5scan_res8cm 3.50 1.189 3307 

8 3scan_res16cm 3.10 1.215 3304 

9 3scan_res4cm 3.82 1.246 3309 

10 3scan_res2cm 3.89 1.248 3309 

Table 3.6. Influence of the acquisition parameters on the IR data acquisition using a 1-hexyne 

solution (0.05 M in toluene) injected at 2mL/min in the 10 mL PFA reactor (r.t.). 

 As visible in Figure 3.6, spectra of the same species and runs at similar 

conditions are highly dependent on the IR acquisition parameters. Looking at the 

extreme cases (curve n°8 and curve n°10), a difference of 5 cm-1 in the peak 
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wavelength and a 20% error in the peak max absorbance value was observed. 

Therefore, the resolution is an important factor in recording a meaningful spectra. 

However, it has drawbacks as acquisition time increases with increasing 

resolution. Experiment n°10 required almost 11 seconds to acquire a single scan 

spectrum while experiment n°8 needed only 4.5 seconds. Experiments n°1-3 

confirmed good reproducibility of the acquisition with the peak absorption 

varying by an acceptable 0.13 absorbance units between repetitions. Experiments 

n°3-7 were used to compare the average number of scans needed to produce a 

good enough resolution spectra (from 1 scan to 5 scans). The wavelength did not 

change depending on the number of scans but the peak absorption varied by up 

to 0.22 absorbance units. The peak height did not track with the number of 

scans, which confirmed that this error is likely to be a systemic acquisition error. 

Therefore, setting the number of scans to 1 will greatly improve the acquisition 

time without introducing large errors. Depending on the time of acquisition 

required, the resolution would have to be reduced. Moreover, integration of the 

characteristic peak has been realised from 3350 cm-1 to 3240 cm-1 for each 

recorded spectra. The value extracted from this integration corresponds to the 

amount of material. Depending on the parameters, the value of integration can 

shift from 1.189 to 1.252. 

 A minimum of 8 cm-1 resolutions is recommended to avoid error, as a too 

low resolution will cut the head of peak. 

3.2.6 In-situ IR analysis – Preliminary scope studies 

 
Scheme 3.14. Reaction executed in this subsection: Generation of ketene 3.8 by thermolysis of 1-

ethoxydecyne 3.7a and trapping with benzylamine to afford amide 3.9. 

 Initial experiments were performed with a solution of 0.5 mmol of 1-

ethoxydecyne 3.7a and 0.5 mmol benzylamine in toluene (2 mL) at 100, 130 and 

180 °C. The reaction mixture was loaded into the 2 mL sample loop and following 

injection flowed into the heated reactor at 1 mL/min, corresponding to a 10 min 
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residence time. According to the literature,66 ketenes show an IR band, at around 

2100-2200 cm-1. However, it appeared that it was not possible to detect the 

ketene intermediate. Instead, we could monitor the consumption of starting 

material using the characteristic alkyne bond at 2271 cm-1 for 1-ethoxydecyne and 

the formation of the product using the amide band at 1683 cm-1 for 

benzyldecanamide. Our experiments revealed no conversion at 100 °C, partial 

conversion at 150 °C and full conversion into the product at 180 °C. Thus, the 

upper and lower temperature limits were found without the need for further 

analysis such as 1H-NMR analysis. In order to correlate the IR absorption of the 

stream of solution with the molar amount of material present in this solution, a 

calibration was realised (see. section 3.3.4.2) 

 
Figure 3.7. Thermolysis of 1-ethoxydecyne 3.7a and trapping with benzylamine monitored by IR. 

Residence time: 10 min. Temperatures: 100 °C (blue), 150 °C (red), 180 °C (green). 

3.2.7 Thermolysis of alkynyl ether – Ketene thermal analysis 

 The initial IR screening described above indicated that temperature regions 

ranging from more than 100°C up to 180 °C should provide all necessary 

intermediate conversion for 1-ethoxydecyne within a 10 min residence time. As 

the reaction is carried out with premixed material, the solution is perfectly 

homogeneous upon entering the heated reactor. Also, considering very efficient 
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180	  °C	  
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thermic transfer (one of the known attributes of this flow chemistry equipment – 

see section 2.3) for the heating and cooling of the reaction mixture, the reaction 

time closely corresponds to the residence time. 

 Following the same protocol as above, the study was expanded to various 

temperatures and alkynyl ethers (R = EtO, iPrO, tBuO). Analysis was rendered 

simple as the reaction solution was a clean mixture of starting material and amide 

product. The ratio of starting alkynyl ether to benzylamide product was 

conventionally determined by 1H-NMR. The reaction reached completion for 180, 

160 and 140 °C temperatures within the 10 min residence time for ethoxy-, iso-

propoxy- and tert-butoxydecyne respectively. The half-life was 10 min at 

approximately 155, 132 and 109 °C, for 1-ethoxydecyne, iso-propoxydecyne and 

tert-butoxydecyne respectively. This reflects substantially lower activation energy 

for the more substituted alkoxy groups as previously describe in the literature.73 

 
Scheme 3.15. Reactions explored in this subsection: Thermolysis of ethoxy-, iso-propoxy-, and tert-

butoxydecyne and trapping with benzylamine. 

 
Figure 3.8. Loss of 3.7a-3.7c as a function of temperature at 10 min reaction times – 1H-NMR 

analysis. 

NB: Off-line GC analysis was conducted but it was not suitable as the heat 

produced in the injector degraded a percentage of our reactive alkynyl ether into 

ketene which was then trapped by the amine present in the mixture. Reaction 
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occurred in the injection chamber of the GC, heated at 350 °C for a few 

milliseconds. Reducing the injector temperature of the GC reduced the amount of 

amide formed but did not stop the reaction completely. Therefore, GC analyses 

were not a reliable method for this study. The real proportion of product is over 

estimated by this method, which is clearly visible in the Figure 3.9. 

 
Figure 3.9. Comparison of GC and 1H-NMR analysis: decomposition at various temperatures for 10 

min residence time of a solution 1-ethoxydecyne 3.7a, trapped by benzylamine. 

3.3 Kinetics of Ketene Formation – Traditional Method 

3.3.1 Presentation of the traditional method 

 The traditional method of determining kinetics for a chemical reactions is to 

monitor the consumption of reagent or the formation of product over time. 

Kinetic plots are obtained for each temperature and rate constants are 

determined. The Arrhenius equation allows the determination of the activation 

energy. 

 Using our flow chemistry equipment, the kinetic has been carried above the 

boiling point of the solvent (pressurised system) with shorter reaction times. Both 

reaction time and temperature were varied in a series of easily programmed 

automated experiments potentially allowing the kinetics of reactions to be readily 

established without operator intervention. 
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3.3.2 Presentation of the kinetics of the ketene formation from alkynyl 

ethers 

 Proven by the precedent kinetics study,73,84 and the present one, the trapping 

of the ketene by the benzylamine nucleophile is fast compare to the formation of 

ketene, which is the rate-limiting step (Scheme 3.15) and is expected to obey a 

first order rate law. Moreover, as incomplete reactions yield only a mixture of 

alkynyl ether (starting material) and amide (product), the initial concentration of 

starting material corresponds to the concentration of starting material plus 

product at any time. This enables the use of the ratio – amount of product over 

amount of starting material – and facilitates analysis (Equation 3.5). 

 

 
Equation 3.5.	  Rate constant equation of the ketene formation – SM: Starting material (alkynyl ether), 

Pr.: Product (Benzylamide). 

In order to achieve a constant concentration, it would have been necessary to use 

more reagent in order to obtain longer plug of material to reach steady state 

(Figure 3.10). However, as we are studying a 1st order rate reaction, which should 

be concentration independent, the relative ratio of components is sufficient to 

extract kinetic data. 

 
Figure 3.10. Diffusion profile of a various plug sizes (0.05 M 1-hexyne in toluene) injected at 2 

mL/min into a 10 mL SSL reactor heated at 150 °C – results exported from Chapter 2 using IR 

absorption measurement. 
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Figure 3.11. Diffusion profile of a 1 mL plug (0.05 M 1-hexyne in toluene) injected at 2 mL/min into 

a 10 mL SSL reactor heated at various temperatures – results exported from Chapter 2 using IR 

absorption measurement. 

 The cited reaction (Scheme 3.15) was performed at various temperatures and 

various residence times to explore the kinetics of the reaction. The flow system 

configuration used the IR spectrometer to record live IR spectra of the reaction 

mixture at the exit of the reactor. Each of the experiments outputs were also 

collected, concentrated under vacuum and analysed via 1H-NMR analysis to get 

another set of data to validate the IR in-situ analysis. 1-ethoxydecyne, iso-

propoxydecyne and tert-butoxydecyne substrates were employed. The main study 

was carried out with 1-ethoxydecyne. 

3.3.3 Kinetics of ketenes – Off-line 1H-NMR analysis 

 The crude samples, from the kinetics determination, were analysed via 1H-

NMR and the conversions determined. The complete kinetics study was carried 

out for the 1-ethoxydecyne. Only one temperature was run for the tert-

butoxydecyne and iso-propoxydecyne. Each the three compounds followed a first 

order kinetics. The energy of activation was calculated as 108.9 kJ/mol for the 

ketene formation from 1-ethoxydecyne. 
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Figure 3.12. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.7a – 1H-

NMR data. E
act

 = 108.9 kJ/mol, k = k’× 10-3. 

3.3.4 Kinetics of ketenes – in-situ IR analysis 

 For each reaction run, the stream of solution was monitored at the exit of 

the reactor by in-line IR analysis. IR Spectra were analysed using two methods: 

§ Peak selection: A conventional method, using the selection of the 

characteristic peaks of the alkyne function of the 1-ethoxydecyne 3.7a (SM, 

2271 cm-1) and the carbonyl of the amide product (Pr., 1683 cm-1). 

§ Full spectra integration: Using a chemometric application, the full range of 

the spectra was used to determine the composition of the crude sample. 

3.3.4.1 In-situ IR analysis – Peak selection methodology 

 IR data was continuously recorded while the flow experiments were running. 

Integration of the functional group peak areas and the maximum absorbance of 

the specific peaks of each molecule (alkynyl ether: 2271 cm-1 – amide: 1683 cm-1) 

was carried out. All the peaks monitored are outside the saturated area of the 

solvent (Toluene: 3060-2800 cm-1, 1520-1420 cm-1, and 780-650 cm-1). Figure 3.13 

illustrates the characteristic peaks used and the trend of the reaction with the 

decrease of the starting material and the increase of the product over time. 

However, unlike 1H-NMR, which integrates protons proportionally to their 

concentration in solution, IR peaks cannot be used for a direct comparison of two 

peaks. Indeed, absorbance among functional groups differs. To overcome this 
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proportionality issue and correlate molar ratio and absorbance a calibration curve 

was conducted. 

 
Figure 3.13: Superposition of in-situ IR spectra recorded for a solution of 1-ethoxydecyne 3.7a 

injected into the flow reactor heated at 160 °C at different reaction time. 

3.3.4.2 In-situ IR analysis – Calibration 

 Stock solutions of 1-ethoxydecyne 3.7a (SM) and benzylamide 3.9 (PR) were 

prepared using concentration ranges (0.4 mg/mL, 0.08 mg/mL and 0.016 mg/mL) 

and ratios of solutions (SM:PR = 10:90, 25:75, 50:50, 90:10). Preliminary tests 

were carried out to create a calibration curve with absolute concentration of pure 

compound (injection of one pure sample at a known concentration) and were 

poorly reproducible. To prevent this quantitative error, solutions of ratios of the 

product and the reactant were injected. Spectra acquisitions were recorded for 

every combination, repeated three times. To get the most reproducible results, 

automatic injection was used. To minimize the dispersion and the volume of 

solution to use to reach a plateau of concentration, the minimum length of tubing 

was used. Tests confirmed that an injection of a 2 mL plug is enough to get the IR 

flow cell filled with 100% of solution. The several spectra of the plateau were 

recorded for reproducibility. Data extracted with this method was treated with the 

chemometric software BORIS® to determine the height of the characteristic peaks 
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(absorbance). At low concentration, the data from the area selected are not 

relevant because peaks from compounds are competing with peaks from artefact. 

This problem causes huge errors in the final results. Leading to more rigorous 

and reliable results, the absorbance of the peak was used to characterise the 

reaction. An IR calibration curve was generated by plotting the ratio of the 

absorbance of IR peak (A) ratio (A
alk

/[A
alk

+A
carb

]) as a function of the prepared 

solution (n
alk

/[n
alk

+n
carb

]). A good linear correlation between the IR signals and 

known ratios of components was obtained, and importantly, it was independent of 

concentration. 

 

Linear model: Conc. = A x (IR Abs) + B 

C (g/mL) A B R
2

 

0.04 2.123 −0.216 0.9995 

0.008 2.160 −0.016 0.9999 

0.0016 2.022 0.048 0.9992 

- 2.119 −0.078 0.9988 

Figure 3.14. Calibration curve – IR ratio (A
alk

/[A
alk

+A
carb

]) correlate to molar ratio at three 

concentrations. 

3.3.4.3 In-situ IR analysis – Peak selection and application of the calibration 

to determine the kinetics constant 

 The IR spectra recorded from the complete set of reactions was analysed 

using the BORIS® package to extract the absorbance of the characteristic IR peak 

of the starting material and product. The absorbance of the carbonyl functional 

group (PR) at 1683 cm-1 and of the alkyne functional group (SM) at 2271 cm-1 was 

extracted. The maximum of absorption of the reaction plug was selected to obtain 

the IR ratio at each temperature and reaction time. This ratio was then converted 

into a molar ratio using the calibration curve determined in the preceding section. 

 Plots of ln(proportion of alkynyl ether unreacted) against reaction time for 

each temperature (Figure 3.15) showed good linearity confirming the expected 1st 

order nature of the kinetics (k’ = 1000*k). There was also a good correlation 
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between the data from the in-line IR monitoring and 1H-NMR analysis of the crude 

products. This confirmed the validity of the in-line method for quantifying 

conversion. An Arrhenius plot of the 1st order rate constants against the reciprocal 

of the temperature (Figure 3.15) showed excellent linearity and allowed the 

activation energy of the reaction to be estimated as 105.4 kJ/mol (corresponding 

NMR data: 108.9 kJ/mol). The values are in reasonable agreement with the results 

published by Olsman (ethoxyheptyne: 121.3 ± 2.1 kJ/mol, ethoxyhexyne: 110.9 ± 

2.1 kJ/mol).73 Although the estimate is useful there are limitations to the flow 

equipment in controlling time and temperature in a precise fashion. In particular 

control of flow rate is less precise than measuring reaction times (although the 

value given by the instrument was confirmed by direct measurement of volumes 

delivered). For temperature, we relied on a thermocouple in direct contact with 

the stainless steel column. Also, an error could occur in the off-line analysis, 

which requires several additional manipulation steps to prepare the sample 

compared to in-situ analysis. 

 
Figure 3.15. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.7a – IR data 

– E
act

 = 105.4 kJ/mol, k = k’.10-3. 

3.3.4.4 In-situ IR analysis – Full integration spectra methodology 

 Another methodology to exploit the IR data is to use the whole spectral 

region. As described in section 3.2, the BORIS® software can be applied using 

methods such as OPA, MLR, PLS and PCA to extract information from the raw data. 

It allows determination of the composition of the mixture represented by each 

spectrum recorded. OPA gave the best-estimated results. The number of species 
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was selected as three: the starting 1-ethoxydecyne, the benzyldecanamide 

product and toluene. Benzylamine was first, defined as a fourth species but the 

calculation revealed that it couldn’t be correctly estimated due to its consumption 

at the same rate as the 1-ethoxydecyne. 

 The treatment of the data gave the estimated spectra of species present. 

Figure 3.16 revealed the spectra of the three species present with the amide 

product (intense peak at 1683 cm-1), toluene (absorption in the blind region) and a 

third species, a combination of alkynyl ether (alkyne stretching at 2271 cm-1) and 

benzylamine (amine N-H stretching). These spectra estimations match to the 

current IR acquisition of each spectrum recorded individually. Every spectrum 

recorded during the experiment will be a linear combination of these three 

spectra estimations. A sample of the estimated concentration over reaction time 

recorded during the kinetics experiment is represented on Figure 3.17. Each peak 

corresponds to one experiment, recorded by the in-situ IR cell at the exit of the 

reactor. The non-absorbing portion between each peak of concentration 

corresponds to solvent flowing through the IR cell between two experiments. 

These results follow the expected pattern: the alkynyl ether concentration 

decreased with longer residence time and higher temperature, and 

correspondingly the benzyldecanamide increased. 

 
Figure 3.16. Estimated spectra of 1-ethoxydecyne (blue), benzyldecanamide (red) and toluene 

(green) after OPA computational treatment of the kinetics data. 
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Figure 3.17. Estimated concentration of 1-ethoxydecyne and benzyldecanamide using OPA 

treatment. 

 These analyses provide the concentration of starting material and product 

for every kinetic run performed. The values of concentration are not quantitative 

but for 1st order reaction, only relative ratios are needed. Therefore, applying 

similar ratio and calibration techniques as previous allowed us to plot the kinetics 

curves and determined the activation energy as E
act

 = 102.9 kJ/mol (Figure 3.18). 

 
Figure 3.18. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.7a – OPA 

treatment of the IR data – E
act

 = 102.9 kJ/mol, k = k’.10-3. 

The OPA methodology was particularly efficient at determining the reaction 

mixture composition thanks to the dispersion of the reagent’s plug. Figure 3.19 

illustrate that the dispersion occurring allows access to 20 different data points 

that can be exploited in the chemometry resolution to allow effective 

identification of the solvent component. 
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Figure 3.19. Comparison of a theoretical profile without dispersion (blue curve) and a recorded 

dispersion profile (red dot) for a 2 mL plug of 1-hexyne solution (0.005 M) flowing at 2 mL/min in a 

10 mL SSL heated reactor at 150 °C (see section 2.2.1). 

3.3.5 Traditional method using in-situ IR – Conclusion 

 The coupling of in-situ analysis and automated equipment proved to be a 

very efficient tool allowing kinetics measurements to be determined much faster. 

Treatment of in-situ IR data with a chemometric approach allowed us to monitor 

in real-time the concentration of the different components of a solution. Our 

results achieved with IR monitoring were validated against 1H-NMR analysis, and 

proved that information about the reaction could be efficiently extracted without 

physically accessing the reaction mixture. These studies highlighted, on this 

ketene example, that small quantities of reagents (1 mL of a 0.04 M solution for 

each data point) were necessary for a kinetic study. The Vapourtec’s standard 

reactors and the ability to program such apparatus were efficiently used to 

accelerate this approach. 

3.4 Kinetics of Ketene Formation – the Push-out 

Methodology 

 The preceding work demonstrated the value of coupling flow reactors to in-

situ analysis for the kinetics analysis of a reaction. However, the overall procedure 

is still time-consuming with a repeat of 30 experiments to produce a kinetic 

curve. The methodology requires improvement, as it doesn’t make the most of 

the flow chemistry potential. 
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3.4.1 Push-out methodology – Fast acquisition in three steps 

 Recently a methodology to acquire kinetic data in flow systems called the 

‘push out’ method was reported.33 This methodology allows all the reaction time 

points between two extremes to be determined in a single experiment using in-

line analysis. Originally developed for a micro reactor and small scale flow 

process, our group demonstrated the use of this methodology for larger scale 

applications (meso-scale). The procedure involves the following three steps in 

Figure 3.20 and detailed below: 

 
Figure 3.20. Profile of concentration in reagent applying the Push-out methodology in three steps. 

Step I:  Stabilise the system at low flow rate – Steady state 1 

Step II:  Push the profile out of the reactor (τ
0
) at a high flow rate F

2
  (step 

  change) and analyse the stream rapidly until new steady state is  

  reached at τ
1
. 

 The first part of the solution to exit the reactor after the flow rate change 

corresponds to a conversion occurring at the temperature selected for 10 min 

reaction time. A drop of this solution that was present in the middle of the reactor 

will have spent 5 min. flowing through the reactor at 1 mL/min plus the 0.5 min 

exiting the reactor at 10 mL/min. This drop of solution will therefore be a mixture 

corresponding to a conversion occurring at the temperature selected for 5 min 

and 30 seconds residence time. Similarly, the first drop of solution to enter the 
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reactor at this change of flow rate flowed through the entire reactor at 10 mL/min 

so will have a 1 min residence time. In this way the data contains information on 

all reaction times between 1 and 10 min (Figure 3.21). The information from 

these reactions can be found by determination of τ
0
 and τ

1
, which are local 

inflection points of the starting time of step II (τ
0
) and the starting time of step III 

(τ
1
). In combination with selected flow rates F

1
 and F

2
 and the experimental time (τ) 

stamp with each spectrum record, the actual reaction time can be determined for 

any recorded data points (Equation 3.6). 

 

 
Equation 3.6. Reaction time determination via the Push-Out method. 

 

 
Figure 3.21. Profile of concentration in reagent applying the Push-out methodology in three steps – 

looking to three example points. 

 

!!! ! !!! ! !!!!
! ! !!!!

!! ! !! ,  with  tr  =  reaction  time	  
   F2  =  High  flow  rate	  
   F1  =  Low  flow  rate	  
 τ1=  end  of  step  II	  
 τ0  =  start  of  step  II	  
 τ  =  experimental  time	  

[R
ea

ge
nt

]

F1

steady
state 1

Experimental time

F2

steady
state 2

Step	  I	  

τ0	  

apply
 F2

τ1	  

Step	  III	  Step	  II	  

R3	  
 

R2	  
 

R1	  
 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

R1	  	  10	  min	  -‐	  end	  of	  the	  reactor	  
	  	  	  	  	  	  	  	  	  	  	  Stay	  10	  min	  at	  low	  flow	  rate	  F1	  (1	  mL/min)	  
R2	  	  1	  min	  -‐	  beginning	  of	  the	  reactor	  
	  	  	  	  	  	  	  	  	  	  	  Stay	  1	  min	  at	  high	  flow	  rate	  F2	  (10	  mL/min)	  
R3	  	  5	  min	  30	  seconds	  -‐middle	  of	  the	  reactor	  
	  	  	  	  	  	  	  	  	  	  	  Stay	  5	  min	  at	  flow	  rate	  F1,	  plus	  30	  s	  at	  
	  	  	  	  	  	  	  	  	  	  	  flow	  rate	  F2	  

10	  mL	  

 R1	  R2	  
 

5	  mL	  

 R
3	  



 

 83 

Step III:  Stabilising the system at the higher flow rate – Steady state 2 

 Once steady state 2 is reached, the experiment can be stopped. All the 

required data have been acquired during step II. If starting material is precious, 

the reaction mixture can be pushed out with the carrier solvent shortly after F
2
 is 

applied. 

 Therefore, in a single experiment, all the kinetics information for one 

temperature can be extracted. The number of data points available is dependant 

on the acquisition time of the in-situ analytical methods used. A complete kinetics 

study of a reaction can be achieved by repeating each of these steps at different 

temperatures to determine the activation energy. The power of such a 

methodology is demonstrated below using our ketene chemistry. 

3.4.2 Push-out methodology – Case study, the kinetics of 1-ethoxydecyne 

decomposition 

 The model reaction (Scheme 3.16) already explored by plug-flow analysis in 

this chapter was used to evaluate this push-out methodology. 

 
Scheme 3.16. Reaction executed in this subsection: Generation of ketene 3.8 by thermolysis of 1-

ethoxydecyne 3.7a and trapping with benzylamine to afford amide 3.9. 

3.4.2.1 Flow configuration for push-out experiments 

 Push-out method relies on the transition between the two steady states. The 

larger the transition, the more intermediate residence times can be acquired. A 

reasonable setup for our system change over 1-10 mL/min. The configuration of 

the flow equipment is similar to the plug flow experiment already described 

(Figure 3.22).e The default cooling loop (SSL, 100 cm) inserted at the exit of the 

                                            

e Preliminary test using UV spectrometers revealed the non-viability of this method for in-situ analysis of this 
reaction. The composition mixture could not be determined on the single basis of UV analysis. Therefore, IR in-
situ analysis was preferred despite slower acquisition capabilities and a sensitivity that required a higher working 
concentration. 
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reactor is not sufficient to cool the hot liquid to room temperature at high flow 

rate with just air exchange. Additional ice bath cooling was required to prevent 

damage to the PFA tubing and the flow cell and recorded more reliable reaction 

times. The reaction mixture was collected into a stock bottle from which leftover 

alkynyl ether was recovered by chromatography. 

 
Figure 3.22. Flow apparatus configuration used for the Push-out methodology. 

3.4.2.2 Thermolysis of 1-ethoxydecyne – Kinetics determination via Push-

out methodology 

 The reaction was performed on Vapourtec R4/R2+ in a stainless steel reactor 

(10 mL capacity). The low flow, rate F1, was set-up to 1 mL/min whereas the high 

flow rate was set-up to 10 mL/min. Therefore, the transition states contains all 

kinetic information ranging from 1-10 min residence time. The push-out method 

was applied for a temperature range of 150-180 °C. Repetitions were conducted 

for 160 °C. A stock solution of 1-ethoxydecyne 3.7a (0.04 M) with benzylamine (1 

eq.) in toluene was prepared.  The reaction was monitored by in-situ IR analysis 

following the consumption of starting material either by the OPA methodology or 

the absorption of the starting material characteristic peak (IR alkynyl ether: 2271 

cm-1). Unlike the previous studies when several separate experiments were 

conducted, all the kinetic data was obtained from a single experiment run so that 

the same prepared solution was used for the whole kinetics. Moreover, there is no 

notion of a plug; the reactor is entirely filled, meaning that concentration of 

chemical remains constant. Only the consumption of starting material was used in 
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the kinetics analysis, and therefore, the IR absorption of SM is directly 

proportional to concentration of SM, removing the need for calibration. 

 The entire set of reactions was run consecutively and analysed to observe 

the consumption of starting material (Figure 3.23). As temperature increases, the 

plateaux of the steady state I decrease as more reagent is being converted to 

product. The two repetitions at 160 °C indicate reliability of the method. As 

explained in the previous section, steady state II was only briefly reached as pump 

valve was switched to solvent to avoid waste of precious starting material. 

 
Figure 3.23.	  Push-out profile of the 1-ethoxydecyne thermolysis at 150-180 °C followed by in-situ IR 

spectrometry. 

 Figure 3.24 provides a detailed push-out profile for 170 °C. It highlights the 

three distinctive steps and the transitional part that is present on the theoretical 

Push-Out profile. From this graph,  τ
o
 and τ

1
 were determined as respectively the 

change of flow rate (boundary of step I and II) and the stabilisation of the system 

at the steady state 2 (boundary of step II and step III). The experimental time 

corresponded to the recorded time of each spectrum. It can be converted into 

reaction time by the equation already mentioned above (Equation 3.6). From this 

information, the concentration can be estimated as a function of reaction time 

and the kinetic constant k can be determined from the evolution of ln(C) as 

function of residence time (Figure 3.25). Application of this treatment to all the 

other temperature runs afforded a determination of k for each temperature. From 

the value of k for each temperature, the Arrhenius curve can be plotted and 

energy of activation extracted (Figure 3.26). The energy of activation was 
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estimated at 121.0 kJ/mol. This value was close to the literature estimation from 

Olsman for 1-ethoxyheptyne (121.3 kJ/mol).73 

 
Figure 3.24. Push-out profile for 1-ethoxydecyne heated at 170 °C – Highlight of the different step. 

 
Figure 3.25. Process of reaction time correlation to perform kinetics plot. 
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Figure 3.26. 1st order kinetic plots and Arrhenius obtained from in-situ IR analysis for 1-

ethoxydecyne via Push-Out methodology – E
act

 = 121.0 kJ/mol. 

Method used E
act

 (kJ/mol) (R2) 

Push-Out (IR Peak Height) 121.0 (0.994) 

Conventional (1H-NMR) 108.9 (0.998) 

Conventional (IR Peak Height) 105.4 (0.998) 

Conventional (IR, OPA) 102.8 (0.998) 

Table 3.7. Comparison of the energy of activation for 1-ethoxydecyne using air-heated system, 

determined by conventional method and Push-out method. 

3.4.2.3 Thermolysis of several alkynyl ether – Push-out experimental 

results 

 This method was applied to other systems for comparison. The reaction was 

repeated with the same reagent (1-ethoxydecyne) in order to compare the heating 

system. Vapourtec reactors are heated by circulating hot air. Air is known to have 

a relatively low heat capacity in comparison to other media, such as silicon oilf.61,124 

For this Push-out methodology using high flow rate, we needed to be certain that 

the air heating is sufficient to create an almost instantaneous thermal transfer. In 

order to determine thermal transfer, the experiment was optimised with the use 

of a 10 mL stainless steel home made reactor which was submerged into a high-

precision oil bath from Grant®. The Push-out result gave an energy of activation of 

                                            

f Water heat capacity: 0.125 kJ/kg.K at 20 °C and water thermal conductivity: 0.025 W/m.K at 20 °C – Silicon oil 
heat capacity: 1.370 kJ/kg.K at 20 °C and Silicon oil thermal conductivity: 0.100 W/m.K at 20 °C. 
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124.0 kJ/mol. Using the air-heated reactor, the activation energy was calculated at 

121.0 kJ/mol. Therefore, heating transfer was not thought to be a significant 

problem. Kinetics were also measured for tert-butoxydecyne and ethoxyacetylene 

using this Push-out methodology. Activation energies were determined in line with 

expectations (Table 3.7).66 

Molecule Heating system E
act

 (kJ/mol) 

1-ethoxydecyne oil-heated 124.0 

tert-butoxydecyne oil-heated 106.0 

Ethoxyacetylene oil-heated 112.3 

Table 3.8. Comparison of the energy of activation for various ketene precursors – method used: 

Push-out, Peak IR absorbance.  

3.4.2.4 Influence of the analysis methodology – Push-out experimental 

results 

 Previous protocol used the IR absorption of selected peaks. However, this 

ideal scenario with species that have non-overlapping peaks will not always be the 

case. If several compounds absorb at similar frequencies, the selection of the 

absorbance of one peak will not relate exactly to the amount of the species. In 

this case, the use of chemometry tools such as BORIS®, is essential. However, the 

results obtain by such technique could be dependant on the parameters used for 

the data treatment. Table 3.9 presents the energy of activation for the same 

reaction but analysed using different parameters such as the possibilities of 

smoothing the spectra before running the analysis, redefining the baseline of the 

spectra and changing the resolution of the spectra. Firstly, the smoothing factor 

did not have a major influence on the data treatment. Secondly, increasing the 

resolution of the spectra from 8 cm-1 to 4 cm-1 gave worse results due to the 

reduced number of spectra, which could be acquired in the ‘push-out’ time (Table 

3.9). Thirdly, applying a correction of the baseline modified the energy of 

activation and these modifications did not look consistent. OPA gave distinctly 

different results and was more affected by additional treatment. 

 The protocol used in the analytical treatment greatly influences the final 

results. For better consistency the minimum level of treatment was conducted on 
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the data and when possible direct measurement of the absorption was preferred 

to OPA Profile. 

Molecule used 
IR spectra 
resolution 

Heating 
system 

Additional 
treatment 

Analytical 
method 

E
act

 (kJ/mol) 

1-ethoxydecyne 8 cm-1 air-heated - Peak IR Abs. 121.0 

1-ethoxydecyne 8 cm-1 air-heated 
Baseline 

correction 
Peak IR Abs. 119.5 

1-ethoxydecyne 8 cm-1 air-heated - OPA 126.9 

1-ethoxydecyne 8 cm-1 air-heated 
Baseline 

correction 
OPA 138.1 

ethoxyacetylene 4 cm-1 oil-heated - Peak IR Abs. 127.3 

ethoxyacetylene 8 cm-1 oil-heated - Peak IR Abs. 112.3 

Table 3.9. Energy of activation determined for ketene formation from 1-ethoxydecyne or 

ethoxyacetylene with various analytical parameters via the Push-out protocol. 

3.4.3 Push-out kinetics – Conclusion 

 Coupled with flow chemistry technology, this Push-out methodology proved 

to be very efficient for the generation of kinetic data. Time and material 

consumption were greatly reduced compare to alternative methods evaluated. It 

also generates more data than conventional method, increasing the reliability of 

the results. 

 The activation energy found in the push-out method (121.0 kJ/mol) is in 

good correlation with the literature for ethoxy-1-heptyne (121.3 kJ/mol). However, 

it is significantly higher than the activation energy determined via the 

conventional method using plug flow approach (104-108 kJ/mol). Despite this 

discrepancy in the value for our two methodologies, we have demonstrated that 

the push-out method is valid without the need for calibration. Moreover, the heat 

transfer in the Vapourtec equipment is sufficient to avoid interferences in the 

results of this methodology.  

 However, refereeing to the observed discrepancy between methodologies, 

attention has to be paid to the determination of the residence time in the push 

out methodology. Indeed, the main point that could create error is that, despite 

the generation of a conversion curve, the calculated reaction times during the 
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various flow-rate step changes can deviate from the exact reaction time. Indeed, if 

we consider that the step change is not instantaneous, the reaction time is then 

different from the one determined according Equation 3.6. Several parameters 

could create a gap between the determined residence time and the real residence 

time such as a non immediate step-change of the pump flow rate, the distortion 

of PFA tubing with a sudden increase of pressure (when going from low flow rate 

to high flow rate), thus preventing an immediate change of flow rate. The group is 

currently carrying out this kinetic methodology on the dioxinone 2.1 system and 

its derivatives to investigate the robustness and reliability of this methodology 

using our meso-scale flow chemistry equipment. 

3.5 Conclusion 

 We have demonstrated that flow chemistry coupled to in-line IR monitoring, 

provides a powerful platform for optimising reactions and acquiring kinetic 

information. We have illustrated two methods for the acquisition of kinetic data: 

§ A traditional methodology, which using a plug flow approach, provides a 

reliable route to determine kinetic data. 

§ An innovative methodology, which dramatically reduces the time to acquire 

the kinetic data of a reaction and provides reliable results. 

 The next steps will be the validation of this push-out methodology applied to 

other chemical system. Moreover, the application of in-situ analysis to the 

characterisation of chemical reaction using flow chemistry needs to be developed 

to offer a panel of analysis methods in order to be applicable to the full range of 

chemical systems. In so doing, other analysis technique such as in-situ UV, HPLC 

and mass spectrometry125 will be investigated. 
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Chapter 4. Flow Synthetic Application of the 

Ketene Generated from Alkynyl Ethers  

4.1 Trapping of Ketenes from Alkynyl Ethers 

 Ketenes can be trapped with nucleophiles, such as amines and alcohols, for 

the synthesis of amides and esters. Weaker nucleophiles such as alcohols open up 

a convenient route for the synthesis of lactones when tethered to alkynyl ethers. 

Without the presence of a nucleophile, ketene undergoes [2+2] cycloaddition with 

its alkynyl ether precursor to afford cyclobutenone.98,121,126 Trapping of the ketene 

with either a imine, alkene and alkyne can afford the corresponding lactam, 

cyclobutanone and cyclobutenone respectively. A list of potential targets that will 

be developed in this chapter is supplied in Scheme 4.1. 

 
Scheme 4.1 Applications of alkynyl ethers to the synthesis of pharmaceutical relevant compounds. 

Thermolysis of alkynyl ethers leads to alkyl ketene. 

4.1.1 Application of ketenes to the synthesis of amides 

 The acylation of amines is the most frequently used reaction in 

pharmaceutical discovery,127 and is particularly relevant in the synthesis of drug 

candidates.128 Surveys show that 12% of 128 reactions, used commonly in the 

pharmaceutical industry (sample from GSK, Pfizer and AstraZeneca) were acylation 

with the majority (66%) being acylation of amides.129 However, it is still most often 
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carried out using acyl chlorides with the disadvantage of moisture sensitivity, and 

the formation of halide by-products. Acylation with ketenes generated from 

alkynyl ethers provides a ‘greener’ and more atom-economical route to amides 

because no additional reagents are required. The only by-product in this reaction 

is the corresponding volatile alkene gas; the solvent can be removed by rotary 

evaporation affording the product without constraining isolation steps. 

 Ficini82 and Arens83 first reported the trapping of ketenes generated from 

alkynyl ethers with amines to afford amides. Recently, Valentí used the trapping 

of ketenes generated from tert-butoxyalkynes by amines to synthesise a range of 

amides90 in an efficient and clean process. Recently revisited, the synthesis of 

amides from alkynyl ethers was carried out using supercritical CO
2
 (scCO

2
) claimed 

to give a greener process (Scheme 4.2).130,131 The acylation of amides was 

performed in an efficient way with primarily amines giving good to quantitative 

yields. However, limitations of this process were found for reactions of 

unhindered primary amines such as benzylamine where side reactions with the 

CO
2 
caused precipitation of a carbamate salt resulting in a lower isolated yield of 

the amide product (37-43%). 

 
Scheme 4.2. Selection of acylation of amines by in-situ generated ketenes from alkynyl ethers in CO

2
 

supercritical fluids (130 °C, 200 bar).131 

4.1.2 Application of generated ketenes to the synthesis of lactones 

 Lactones are of great interest due to their presence in many biological active 

natural compounds, and their useful synthetic reactivity.132 The formal [2+2] 

addition of an aldehyde or ketone to a ketene forms a β-lactone. The reaction can 

be catalysed using amines, metal complexes or Lewis acids (Scheme 4.3).133-135 A 

range of amines have been used;136 including quinidine derivatives which furnish 

products in high enantiomeric excesses.137 Activated aldehydes such as tri-
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chloroacetaldehyde136,138 or α-di-chlorinated aldehydes139 are preferentially used to 

facilitate this lactone formation. Interestingly, the resultant β-lactone was reported 

to be unstable, decomposing to an alkene via a stereospecific decarboxylation 

when over heated (Scheme 4.4).140 This decarboxylation can be facilitated by the 

use of an acid or Lewis acid catalyst. 

 
Scheme 4.3. Synthesis of β-lactone using the ammonium enolate molecule (blue circle)133,134 and the 

side reaction that can occur between this ammonium enolate molecule and the generated ketene 

(red circle).141 

 
Scheme 4.4. Decarboxylation of β-lactone.140 

 The synthesis of a β-lactone by intermolecular [2+2] addition to ketenes 

generated from alkynyl ether precursor has not previously been reported. 

However, the intramolecular addition of alcohols to ketenes generated from 

alkynyl ether derivatives to afford lactones has and was first reported by Vollema 

(Scheme 4.5).85 This strategy has been recently developed for the synthesis of 

various sized lactones in good yield.142-144 This intramolecular lactone formation is 

particularly interesting for use in a total synthesis as the reaction conditions are 

quite tolerant of a range of other functionalities.145-148 
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Scheme 4.5. Example of syntheses of β-lactone by intramolecular trapping of the ketene by an 

alcohol.85 

4.1.3  Application of ketenes to the synthesis of lactams 

 Similar to lactone formation, the intermolecular cycloaddition of a ketene to 

an imine  is a versatile one step synthesis of β-lactam.149 First shown by 

Staudinger,150 this synthetic path afford β-lactams through the nucleophile attack 

of the nitrogen on the ketene (Scheme 4.6) followed by cyclisation.151 

 
Scheme 4.6. Synthesis of β-lactam by intermolecular cycloaddition of a ketene with an imine – 

Staudinger reaction.150 

 The reaction of unsymmetrically substituted ketenes or imines may form cis- 

and trans-β-lactams. The stereoselectivity can be controlled via nucleophilic 

catalysts that initially forms the enolate complex by attack on the ketene and 

induce the stereoselectivity of the reaction (Scheme 4.7). The best catalysts for 

this reaction are either organic (phosphites, amines) or inorganic (cobalt 

complex).152,153 The substituent pattern and solvent can strongly influence the 

stereoselectivity.154-161 Moreover, if an α,β-unsaturated imine or a vinyl ketene are 

used, there will be a competition between β-lactam (formal [2+2] ring closure) and 

δ-lactam (formal [2+4] ring closure) formation.162-164 None of the reported reactions 

have made use of an alkynyl ether precursor. 

 
Scheme 4.7. Nucleophilic catalysed β-lactam formation.153 
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Scheme 4.8. Competition of the synthesis of β-lactam with δ-lactam by intermolecular cycloaddition 

of the ketene with an α,β-unsaturated imine via a two-step zwitterionic mechanism.164 The steric 

interaction within the zwitterions is leading the formation of product A and B in a conrotatory ring 

closure. In the case of δ-lactam formation (C and C’), compound C’ with Z stereochemistry undergo 

facile dehydrochloration to give compound D. 

 A second synthetic pathway has been reported, using alkynyl ether 

precursor, for the synthesis of lactams. Amino substituted ketenes generated 

from alkynyl ethers afford lactam via intramolecular attack.165 Such methodology 

is versatile, giving the product in good to excellent yields including with hindered 

or and poorly nucleophile amines. This strategy could be efficiently used to form 

different ring sizes (Scheme 4.9).166,167 

 
Scheme 4.9. Syntheses of β-lactam by intramolecular cyclisation with an in-situ generated ketene.166 
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4.1.4  Involvement of ketenes in [2+2] – Other cycloadditions 

 Alkynyl ethers can form cyclobutenones and cyclobutanones via [2+2] 

cycloaddition of the ketene with alkynes and alkenes, respectively. 

Cyclobutenones and cyclobutanones are valuable synthetic intermediates that 

participate in a variety of useful synthetic transformations.168,169 Despite many 

example of [2+2] cycloaddition between alkynes170-174 or alkenes175-187 and ketene, 

the [2+2] cycloaddition with ketenes generated from alkynyl ethers is rarely 

successful. The high reactivity of the alkynyl ether, which reacts with the ketene in 

a [2+2] cycloaddition, prevents other [2+2] cycloadditions occurring. 

Intramolecular [2+2] cycloaddition of alkenes with ketenes afford cyclobutanes. 

These intramolecular processes lead to a variety of fused cyclobutanone and 

heterocyclic ring systems in good to excellent yields (Scheme 4.10).188 A similar 

approach afforded substituted 2-indanones in good yields for a range of electron 

rich and deficient benzyl alcohols and aryl ketones (Scheme 4.11).104,105,189 

 
Scheme 4.10: [2+2] cycloaddition – Synthesis of cyclobutanone.188 

 
Scheme 4.11: Synthesis of substituted 2-indones via [3,3]-sigmatropic rearrangement and 5-exo-dig 

cyclisation of benzyl alkynyl ethers.104 
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4.2 Scope of Development using Flow Chemistry 

4.2.1 Ketenes from alkynyl ethers – dimerisation, a challenging 

competition 

 The high reactivity of ketenes makes them difficult to isolate. The use of a 

flow reactor is a good opportunity to handle them better. Also, flow reactors have 

particular advantages for the generation of reactive intermediates at high 

temperatures due to the safe handling of high pressures. 

 Heating freshly synthesised 1-ethoxydecyne 3.7a and tert-butoxydecyne 

3.7c, as 0.25 M solutions in toluene at 200 °C for 10 min using a flow reactor gave 

quantitative formation of cyclobutenones 4.1a and 4.1b, respectively (Scheme 

4.12). Contrary to literature precedent, the formation of this cyclobutenone 

proved to be irreversible.84,87,190 Indeed, heating a mixture of cyclobutenone and 

benzylamine at 180 °C for 10 min afforded only unreacted cyclobutenone with no 

formation of the benzyldecanamide 3.9. To supress this [2+2] cycloaddition, the 

ketene needs to be trapped before it reacts with the alkynyl ether. Various 

systems for achieving this trapping are described below. 

 
Scheme 4.12. Ketene formation by thermolysis of alkynyl ether 3.7a and 3.7c. 
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4.2.2 Ketenes from alkynyl ethers – A route to amides 

 The generation and trapping of ketenes as indicated in Scheme 4.13 offers 

the prospect of a clean synthesis of amides where the only by-product is a volatile 

alkene and so no work-up of the reaction should be needed apart from removal of 

solvent. It also makes the reaction suitable for incorporation into multi-step flow 

chemistry sequences. 

 
Scheme 4.13. Generation and trapping of the ketenes by amines. 

 Thermolysis experiments under flow conditions were carried out using a 

Vapourtec R2+/R4 system with in-line IR monitoring using a sodium chloride flow 

cell with 0.1 mm spacing in a Bruker alpha spectrometer. From the kinetic study 

of this alkynyl ether thermolysis, optimum conditions for the formation of the 

ketene intermediates were established and applied for the acylation of a wide 

range of amines (Scheme 4.14, Table 4.1). Both the ethoxy alkyne 3.7a and 4.2 

were used as the ketene precursors. For these experiments the alkynyl ether 

solution was delivered from a reagent bottle, and combined at a mixing T with a 

solution of the amine delivered from an injection loop, before passage through 

the reactor. Notably, no ketene dimer or products of [2+2] cycloaddition of the 

ketene with its alkynyl ether precursor were detected in the crude products of 

these reactions. In almost all cases the yields of the crude product was near 

quantitative and the material isolated in high purity according 1H-NMR (>95%), 

although often somewhat coloured. The exceptions were for the addition of 

dicyclohexylamine to the substituted ketene derived from 3.7a where a mixture of 

the required amide, starting amine, and ketene-alkyne adduct 4.1a was obtained, 

and for addition to 2-aminopyridine where unidentified by-products were present 

in the crude material. 

 
Scheme 4.14. Acylation of amine by trapping of the ketene with amine. 
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R
2
R

3
NH 

Product 
from 3.7a 

Yield 
Product 
from 4.2 

Yield[a] 

PhCH
2
NH

2
 3.9 92 4.4a 97 

tBuNH
2
 4.3b 96 4.4b 99 

iPr
2
NH 4.3c 80 4.4c 74 

piperidine 4.3d 87 4.4d 87 

pyrrolidine 4.3e 86 4.4e 88 

morpholine 4.3f 84 4.4f 93 

c-C
6
H

11
NH

2
 4.3g 85 4.4g 97 

(c-C
6
H

11
)(Me)NH 4.3h 93 4.4h 92 

(c-C
6
H

11
)

2
NH 4.3i ND[b] 4.4i 89 

 
4.3j - 4.4j 96 

PhNH
2
 4.3k 86 4.4k - 

(Ph)(CH
2
=CHCH

2
)NH 4.3l 92[a] 4.4l 94 

(CH
2
=CHCH

2
)

2
NH 4.3m 87 4.4m 89 

 
4.3n 72 4.4n 82 

[a] Isolated yield after chromatography on silica [b] Not Determined – mixture. 

Table 4.1. Acylation of amines by in-situ generated ketenes. 

 The use of flow chemistry was a high performing, easy and reproducible way 

of making various functionalised amides in high yield and high purity. The 

potential automation of such a synthesis could be a useful platform for the 

synthesis of multiple products in an array study. 

4.2.3 Ketenes from alkynyl ethers – A route to esters 

 Ketene can be trapped intramolecularly with an alcohol to give esters, often 

base catalysed.191-193 However, intermolecular trapping of a ketene generated from 

alkynyl ethers by an alcohol to give esters has not been reported. Thermolysis of 

3.7a in the presence of 1 eq. benzyl alcohol (180 °C, 10 min) in toluene gave only 

28% of the ester 4.5a, the major product (72%) being the ketene-alkynyl ether 

adduct 4.1a (Scheme 4.15). 

NH

N NH2
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Scheme 4.15. Trapping of the ketene by benzyl alcohol – [a] According 1H-NMR integration. 

 Given the efficient trapping of the ketene by amines we sought to catalyse 

the corresponding reaction with alcohols using tertiary amines. Several amines 

were tried. Thermolysis (10 min, 180 °C) of 1-ethoxydecyne 3.7a with 1 eq. of 

benzyl alcohol and 1 eq. of pyridine gave the desired ester 4.5a in 62%, although 

substantial amounts of 4.1a (38%) were also formed. Changing to 1 eq. of the 

more nucleophilic 4-dimethylaminopyridine (DMAP) reduced the amount of adduct 

4.1a to 2.5%, and with 2 eq. of DMAP, 4.1a was undetectable. Further 

investigation showed that 1 eq. of 1,4-diazabicyclo[2.2.2]octane (DABCO) gave 

only 0.5% of 4.1a. Moreover, catalytic quantities of DABCO could be used with 

acceptable results (1.5% and 7% of 4.1a formed when using 0.5 and 0.1 eq. of 

DABCO, respectively) indicating reasonably fast turnover of the amine (Table 4.2). 

The more nucleophilic the amine, the better the ketene will be trapped. 

Amine catalyst Eq. of amine used 
Ratio 4.5a : 4.1a 

(1H-NMR integration) 

Pyridine 1 62 : 38 

DMAP 1 97.5 : 2.5 

DMAP 2 100 : 0 

DABCO 1 99.5 : 0.5 

DABCO 0.5 98.5 : 1.5 

DABCO 0.1 93 : 7 

- 0 28 : 72 

- 0 85 : 15[a] 

[a] 40 eq. of 1-hexanol where used for in-situ trapping of the ketene 

Table 4.2. Tertiary amine reactants used with 1-ethoxydecyne 3.7a to form enolate complex 4.6 

trapped in-situ by benzylalcohol to afford ester 4.5a. 

 A reasonable catalytic cycle is shown in Scheme 4.16. It seemed possible 

that the intermediate 4.6 would be stable enough to allow trapping with the 

alcohol following the thermolysis step was complete. To that end, 1-ethoxydecyne 

3.7a and 1 or 2 eq. of DMAP were thermolysed (10 min, 180 °C, Figure 4.1) and 

EtO nC8H17

nC8H17
OHOEt

nC8H17
nC8H17

O

O Ph +

3.7a 4.5a, 28%[a] 4.1a, 72%[a]

PhCH2OH
R3N

180 °C
10 min
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the cooled flow immediately combined with a solution of benzyl alcohol resulting 

in the desired ester 4.5a, but adduct 4.1a was formed as well (Table 4.3). It 

confirms that this ammonium-enolate complex is preventing the ketene from 

undergoing [2+2] cycloaddition but is not totally inhibited. Since DMAP is a 

reasonably efficient trap for the ketene, the result demonstrates that in the 

absence of an alcohol to allow protonation of the intermediate 4.6, it may revert 

to the ketene, which is then trapped by unreacted alkynyl ether to give 4.1a. 

 
Scheme 4.16. A proposed mechanism for amine catalysed acylation. 

 
Figure 4.1. Flow configuration for the trapping of ketene by tertiary amine in a first reactor, followed 

by alcohol reaction in a second reactor. 

Amine catalyst Eq. used 
Ratio 4.5a : 4.1a 

(1H-NMR integration) 

DMAP 1 60 : 40 

DMAP 2 80 : 20 

Table 4.3: DMAP used with 1-ethoxydecyne 3.7a to form enolate complex 4.6 trapped in a second 

reactor by benzylalcohol to afford ester 4.5a. 
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 Choosing the use of 1 eq. of DABCO as our standard conditions we tested 

the acylation with a variety of alcohols, and were please to find good isolated 

yields (Table 4.4). When tert-butanol was used as the trapping alcohol an 

undetermined mixture was produced. None of the expected ester or cycloadduct 

were detected. 

 
Scheme 4.17. Ketene trapping with alcohol affords esters 4.5. 

R2OH Product Yield (%)[a] 

PhCH
2
OH 4.5a 71 

nC
6
H

13
OH 4.5b 68 

 
4.5c 77 

EtCH(Me) CH
2
OH 4.5d 75 

Me
2
CHOH 4.5e 66 

Me
3
COH - ND[b] 

[a] Isolated yield. [b] Not Determined – mixture. 

Table 4.4. Acylation of alcohols by in situ generated ketenes. 

4.2.4 Ketenes from alkynyl ethers – Synthesis of β -lactams and  β -lactones 

4.2.4.1 Ketenes from alkynyl ethers – Synthesis of β -lactams 

 The synthesis of lactams from alkynyl ethers has already been developed via 

intramolecular trapping166,167 but the formation of β-lactam from intermolecular 

reaction of a ketene with an imine is not referenced using a alkynyl ether 

precursor. Thermolysis of the ethoxyacetylene was carried out under flow 

conditions (180 °C, 10 min) in toluene with 1 eq. of imine. The 1-ethoxyacetylene 

undergoes thermal rearrangement to the ketene, which then reacts with the imine 

through a nucleophilic addition of the nitrogen on the ketene followed by ring 

closure to afford a β-lactam (Scheme 4.18). Isolated yields for a few imine 

reagents are present in Table 4.5. 

OEt

nC8H17
nC8H17

O

OR+ ROH

3.7a 4.5

180 °C
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DABCO (1 eq.)

OH
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Scheme 4.18. β-lactam synthesis using the reactivity of ketenes. 

Imine reagents 
Products 4.8 

Isolated yield (%) 

 

4.8a 

 

Traces, 1.5[a] 

 

4.8b 

 

18 

 
4.8c 

 

39 

 4.8d 

 

N.D.[b] 

 

4.8e 

 

N.D.[b] 

 
4.8f 

 

0 

[a] The percentage was determined by LCMS analysis of the crude solution. [b] Not 
Determined – mixture. 

Table 4.5. β-lactam synthesis using the reactivity of ketene with various imines. 

 It is possible to synthesise β-lactam can be synthesised via intermolecular 

processes from alkynyl ether ketene precursors. However, the results were not as 

encouraging as those from the previous amide and ester syntheses. This reaction 

was poor due to the high competition with the cycloadduct formation. The use of 

a tertiary amine in order to prevent this side reaction turned out to be inefficient 

(Scheme 4.19). 

 
Scheme 4.19. Synthesis of β-lactam using DABCO to trap the ketene. 
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4.2.4.2 Ketene from alkynyl ether – Attempted synthesis of β -lactone 

 The lactone synthesis was explored using alkynyl ether as precursors of the 

ketene via the intramolecular cyclisation with carbonyls (aldehyde, ketone). 

Thermolysis of the 1-ethoxydecyne was carried out under flow conditions (180 °C, 

10 min) in toluene with 1 eq. of a carbonyl compound. None of the trapping 

agents previously evaluated were efficient. Neither the lactone 4.10, nor the 

alkene 4.11 resulting from the lactone decarboxylation were detected (Scheme 

4.20, path B). Instead the cyclobutenone side product 4.1a was isolated in 

quantitative yields (Scheme 4.20, path C). DABCO was added to the reaction 

mixture prior to heating in order to act as a catalyst and prevent the cycloadduct 

formation (Scheme 4.20, path A). However, analysis of the crude reaction mixture 

revealed a complex mixture without evidence of the desired lactone. The 

cycloadduct 4.1a was still the main species of this crude reaction mixture. 

 
Scheme 4.20. Path A: β-lactone synthesis using a tertiary amine catalyst – Path B: β-lactone synthesis 

using the reactivity of ketenes – Path C: Side reaction, formation of the ketene cycloadduct. 
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4.2.5 Ketenes from alkynyl ethers – Attempted synthesis of cyclobutenone 

 The reaction of a ketene with an alkene or alkyne via a formal [2+2] 

cycloaddition can lead to cyclobutenones and cyclobutanones, respectively. 

Thermolysis of the 1-ethoxydecyne was carried out under flow conditions (180 °C, 

10 min) in toluene with 1 to 5 eq. of alkyne. Several alkynes were tested but each 

reaction only afforded the cycloadduct 4.1a (Scheme 4.21). This result confirmed 

what was previously reported: ketenes require electron-rich heterosubstituted 

alkynes for reaction to occur, meaning the alkynyl ether is too reactive.174,194-201 

Alkynes engage in efficient cycloadditions with highly electrophilic ketenes such 

as dichloroketene.202-204 

 
Scheme 4.21. Attempts to conduct cyclobutenone synthesis from trapping of the ketene by an 

alkyne. 

4.3 Conclusion 

 Despite an efficient acylation of amine, the trapping of ketene with other 

species turned out to be difficult, favouring formation of the cycloadduct 4.1a 

from the ketene via its alkynyl ether precursor. As depicted in the literature, the 

uses of highly activated alkynes and alkenes may prevent this cycloadduct side 

product formation. However, this was highly limiting to the scope of this 

chemistry. The addition of other substrates and species in order to favour and 

catalyse the process could be a future solution to resolve this competitive side 

reaction. Nonetheless, our main goal was to develop a synthetic methodology 

employing ketene generation from alkynyl ethers to provide a clean, reagent free 

synthesis was our goal. 
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Chapter 5. Ketenes Generated from Meldrum’s 

Acid using Flow Chemistry 

5.1 Meldrum’s Acid – An Alternative Ketene Generation 

 The reactivity of the precursor alkynyl ether with the formed ketene 

described in chapter 4 limited its uses in developing new chemistry. In order to 

circumvent this problem, ketene generated from Meldrum’s acid was investigated. 

5.1.1 Ketene generation from the thermal rearrangement of Meldrum’s 

acid 

 Upon heating, 2,2-dimethyl-1,3-dioxane-4,6-dione 5.1, also called Meldrum’s 

acid, is decarboxylated to generate a ketene molecule, with the release of acetone 

and carbon dioxide (Scheme 5.1).205,206 As it requires a high thermal activation, this 

reaction is mainly performed in high boiling solvents such as Ph
2
O, or using Flash 

Vacuum Pyrolysis. The possibility of overheating solvents of lower boiling points 

using flow chemistry could constitute an efficient platform for the generation of 

ketene from Meldrum’s acid precursors, and promote its use in organic synthesis. 

 
Scheme 5.1. Thermal rearrangement of Meldrum’s acid 5.1.205,206 
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5.1.2 Ketene generation from Meldrum’s acid under flow condition 

 The decarboxylation of Meldrum’s acid requires a high temperature to 

proceed. The first protocol was carried out using a solution of Meldrum’s acid (0.1 

M in dioxane), heated for 10 min at 250 °C in the flow reactor. Concentration of 

the crude product under vacuum resulted in a complete disappearance of 

material. It indirectly implies that the non-volatile Meldrum’s acid had reacted, 

generating a volatile species: ketene 4.7 or diketene 5.2 (Scheme 5.2), acetone 

and carbon dioxide, which were all removed under vacuum. The presence of plugs 

of gas in the stream of solution at the exit of the reactor also confirmed this 

observation. 

 
Scheme 5.2. Thermal rearrangement of Meldrum’s acid under flow conditions. 

 As with the alkynyl ether study, trapping of the ketene was considered. It 

appeared that direct mixing of the Meldrum’s acid 5.1 with the amine at room 

temperature provoked a sudden exothermic reaction forming 3-(amino)-3-

oxopropanoic acid 5.6 (Scheme 5.3). This is quite surprising as literature reports 

indicated this reaction occurred in boiling solvent over several hours.207-209 

Nonetheless, a customised protocol was applied (Figure 5.1). Injection of a 

trapping agent (benzylamine) at the exit of the reactor (to avoid contact of the 

amine with the Meldrum’s acid) affords the amide 5.5, proof of ketene generation 

and it’s trapping by the amine (Scheme 5.3). Absence of 3-(amino)-3-

oxopropanoic acid confirmed full consumption of the Meldrum’s acid. 
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Scheme 5.3. Generation of ketene 4.7 from Meldrum’s acid and its trapping by benzylamine to 

afford amide 5.5. 

 
Figure 5.1. Flow set-up for amide synthesis using Meldrum’s acid as the ketene source. 

5.1.3 5-substituted Meldrum’s acid – Decarboxylation under flow condition 

 To further explore this ketene generation, 5-substituted Meldrum’s acids 

were synthesised210,211 and further reacted with heating under flow conditions 

(Scheme 5.4). Heating a solution of the 5-benzyl substituted Meldrum’s acid 5.7a 

and 5-dibenzyl substituted Meldrum’s acids 5.7b in a flow reactor afforded 3-

phenylpropanoic 5.9a and 3-diphenylpropanoic acid 5.9b. The di-substituted 

Meldrum’s acid 5.7b needs stronger conditions to react than the mono-

substituted Meldrum’s acid 5.7a. This difference of reactivity could come from the 

possibility of the mono-substituted acid reacting via a more reactive enol form 

(Scheme 5.6). It is in agreement with the reported instability of the enol form of 

the Meldrum’s acid.212-214 The di-substituted Meldrum’s acid could not react 

through an enol form and requires more heating to overcome the higher energy 

barrier. Nonetheless, Meldrum’s acid reactivity upon heating affords the 

generation of ketene in our flow reactors. 
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Scheme 5.4. Reaction of mono and di-substituted Meldrum’s acid at high temperature. 

 

 
Scheme 5.5. Possible ketene formation from Meldrum’s acid 5.1 by the enol form. 

 

 
Scheme 5.6. Instability of the enolised form of Meldrum’s acid derivative.212,213 
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5.2 Methylene Ketenes Generated from Meldrum’s Acid – 

An Efficient Pathway for Biological Targets 

5.2.1 Amino-methylene ketenes – A pathway to biologically active species 

 Biological studies of a series of 4-quinolones as inhibitors of Escherichia coli 

revealed their potential as a substitute for existing antibacterial treatments.215 

This scaffold was also shown to have possible roles in antiviral, antitumor, 

antimalarial and cardio-vascular treatments, amongst others.216-225 Pharmaceutical 

products using this scaffold have existed for several decades (Scheme 5.7). 

 
Scheme 5.7. Antimicrobial 4-quinolinone – A: quinolone alkaloids from sponge Verongia 

aerophobia,226 B: Ciprofloxacin (1980, Ciprobay®), C: Norfloxacin (1980, Norfluxx®), D: 

Prodigiosin.227 

 Meldrum’s acid rearranges upon heating to form a ketene. Alkylidene 

substitution of the Meldrum’s acid can lead to alkylidene ketenes on thermolysis 

(Scheme 5.8).228-231 Alkylidene ketene generation can lead to further 

rearrangements, and is an interesting methodology to produce complex 

molecules in a single reaction step. Amino methylene substituted Meldrum’s acid 

derivative were investigated, and described in this section. The interest in amino-

methylene ketene was due to their potential rearrangement into 4-quinolinone 

(Scheme 5.9) and pyrrol-3(2H)-ones (Scheme 5.10). 

  
Scheme 5.8. Decarboxylation of methylene substituted Meldrum’s acid derivative.228 
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cyclisation and re-aromatisation following proton transfer (Scheme 5.9).232,233 The 

formation of pyrrol-3(2H)-ones can also occur through a 1,4-prototropic shift 

affording a dipolar intermediary 5.17 and followed by an electrocyclic ring closure 

(Scheme 5.10).234-236 

 
Scheme 5.9. [1,3] prototropic shift – Precursor mechanism of the short synthesis of 4-quinolinones 

via gas-phase pyrolysis of Meldrum's acid derivatives.237 

 
Scheme 5.10. [1,4] prototropic shift – Precursor mechanism of the pyrrol-3(2H)-ones synthesis.236 

Two synthetic approaches are reported: 

§ Flash Vacuum Pyrolysis: 
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contact time. As the reaction occurs in the gas state at reduced pressures, the 
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for intramolecular reactions, and usually for high-temperature transformations 

that could not be obtained by other methods. Short reaction time prevent 

decomposition upon long heating and provides enough energy to decarboxylate 

Meldrum’s acid derivatives, leading to the targeted products after rearrangement. 

A good range of substitution on Meldrum’s acid affords various 4-quinolinones 

(Scheme 5.9)237-240 and pyrrol-3(2H)-ones (Scheme 5.11).235,236,240,241 This synthetic 
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5.12).236,242-249 The substitution, as described in the literature is versatile. This 

methodology has the advantage of being solvent free and leading to the collection 

of pure product. However, it is seen mainly as a preparative technique to produce 

compounds in minor quantities. Also, it is reserved for compounds that can be 

vaporised and condensed. 

 
Scheme 5.11. Synthesis of pyrrol-3(2H)-ones by pyrolysis of amino methylene Meldrum's acid 

derivatives.236 

 
Scheme 5.12. Synthesis of Acetylated Bicyclic [n.3.0] Hydroxypyrroles via Flash-Vacuum Pyrolysis of 

Meldrum's Acid Derivatives.245 

§ Reflux in high boiling solvent: 

 The alternative protocol, using normal batch chemistry, consists of refluxing 

the reactant solution in a high boiling solvent. Diphenylether, refluxing at 248 °C, 

is often used to perform this quinolone synthesis (Scheme 5.13).215,250-260 

Pyrrolidinone has never been reported using this batch chemistry approach. In 

contrast to the FVP protocol, no mass restriction applies for this batch protocol 

leading to a wider range of possible product molecules possible (Scheme 5.14).261 

 
Scheme 5.13. Synthesis of novel halogenated 4(1H)-quinolones by thermolysis of 

arylaminomethylene-1,3-dioxane-4,6-diones.254 
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Scheme 5.14. Synthesis of aromatic diazatricycles from phenylenediamine-bis(methylene) Meldrum’s 

acid derivatives.261 

 The development of this synthetic path has allowed its use in the design of 

scaffolds for pharmaceutical application (Scheme 5.15).250,251,262,263 

 
Scheme 5.15. Synthesis of 3,3-dimethyl-1H-pyrrolo[3,2-g]quinolin-2(3H)-one derivatives as novel Raf-

kinase inhibitors.263 

 This synthesis has been recently improved, using microwave heating and 

ionic liquids to perform similar thermal rearrangements with a greener impact 

(Scheme 5.16).264 Ionic liquids, due to their high polarities, afford efficient 

reactivity towards microwave heating, and their high boiling point allows high 

temperatures to be reached under ambient pressure. This presents a good 

alternative to the phenyl ether solvents, and a better scale up process than FVP 

reactions. Also, a recycling step after each reaction insures reduction of the 

process cost by recover of the ionic liquids. Thus, this procedure seems 

advantageous over the other reported methods. 
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Scheme 5.16. Green synthesis of 4-quinolone using microwave and ionic liquids.264 

5.2.2 Generation of methylene ketene from Meldrum’s acid by thermolysis 

using flow chemistry 

5.2.2.1 Perspective using flow chemistry 

 Considering the protocol mentioned above, the reaction consists of heating 

Meldrum’s acid derivative. One advantage of flow chemistry is the possibility to 

work with solvents heated above their boiling point, thanks to pressurisation of 

the system potentially allowing work to be conducted with lower boiling solvents 

than diphenylether. Therefore, it enables a solvent to be chosen for properties 

other than its boiling point. Moreover using a more volatile solvent permits easier 

isolation by simply removing  the solvent under reduced pressure. Therefore, 

using flow equipment can provide an easier process than batch protocol and is 

also a good alternative to FVP as it is not restricted to volatile materials. The 

increase of flow-unit size or the multiplication of flow-units, applied in flow 

chemistry methodology, creates a readily scalable system. 

 Therefore, flow chemistry could be an efficient methodology to perform fast, 

efficient and easy syntheses of a large scaffold of quinolone and pyrrolidinone 

derivatives. 

5.2.2.2 Precursor synthesis 

 The reaction of Meldrum’s acid with trimethylorthoformate (TMOF) affords 

the methoxymethylene Meldrum’s acid, which on reaction with an amine gives the 

enamine substituted Meldrum’s acid (5.19 and 5.10) (Scheme 5.17). The 

methoxymethylene substituted precursor is easy to handle and the substitution 

can vary a lot, as it only requires a different amine to be used in the protocol. 
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Meldrum’s acid derivatives 5.19 and 5.10 were synthesised to study the potential 

of flow chemistry for the synthesis of quinolones and pyrrolidinones. 

 
Scheme 5.17. Synthesis of amino methylene substituted Meldrum’s acid. 

5.2.2.3 Thermolysis of 2,2-dimethyl-5-((phenylamino)methylene)-1,3-

dioxane-4,6-dione (5.10) – Quinolone synthesis 

 Using the aniline substituted Meldrum’s acid 5.10, reactions were performed 

in flow reactors using various solvents and conditions to afford the quinolone 

5.14 (Scheme 5.18). Reactions were carried out at different temperatures, reaction 

times and concentrations, in solvents, which have good solubility of the starting 

material (dioxane, toluene). Low-volatile solvents were also tried, in order to 

evaluate the efficiency of the reaction: DMF, diglyme, diphenylether, DMSO and 

ionic liquid (Table 5.1). 

 
Scheme 5.18. Ketene synthesis from amino methylene substituted Meldrum’s acid that reacts 

intramolecularly via proton transfer to form quinolinone derivative. 
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Solvent T (°C) 
Residence 
time (min) 

[C] 
Consumption 

of 5.10 
Yield of 5.14 

Dioxane 250 10 0.05 M 100% 7.5% 

Toluene 250 10 0.05 M 100% 30% 

DMF 250 20 0.05 M 100% 60% 

Diglyme 250 20 0.05 M 100% 16% 

DMSO 250 20 0.05 M 100% Not isolated 

Ph
2
O[a] 258 40 0.05 M 100% 45% 

Ionic Liquid[b] 250 20-4 h 1.6 M 0-100% 0% 

[a] Experiment in diphenyl ether was run in batch condition. [b] Experiment in Ionic liquid 
[Bmim]BF

4
 run in microwave, concentration following the literature procedure.264 

Table 5.1. Experimental conditions and result for the thermolysis of aniline substituted Meldrum’s 

acid 5.10 – Solvent influence. 

 At first, the reaction was attempted by heating a 0.05 M solution of 5.10 in 

high boiling point solvents like dioxane (5.14, 7.5%) and toluene (5.14, 30%). The 

quinolinone 5.14 formed was poorly soluble in these solvents and clogged the 

reactor. The isolated yield represents only a partial amount of the reacted 

solution, which implies that the actual yield could have been better. Due to this 

solubility issues and clogging of the reactor, the solvent was changed to DMF, 

which affords moderate yields (5.14, 60%) after purification on silica column. The 

use of DMSO significantly reduced the formation of product, which was similar to 

the reaction in diglyme that afforded a low yield (5.14, 16%). In order to compare 

with the literature, a batch reaction was run, heating the starting material to 

reflux for 40 min in diphenylether which afforded the product (5.14, 45%) after 

isolation by column chromatography. The use of ionic liquids, as described in the 

literature,260 turned out to be ineffective. 

 Therefore, despite a total consumption of the reagent, the desired 

quinolinone was not formed in high enough yield to justify the application of flow 

chemistry as a synthetic option to the previous batch synthesis. Solubility issues 

were the main obstacles. 
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5.2.2.4 Thermolysis of 5-((diisopropylamino)methylene)-2,2-dimethyl-1,3-

dioxane-4,6-dione (5.19) – Pyrrolidinone synthesis 

 Following the protocol describe in the above section, experiments were run 

under flow conditions with the substituted Meldrum’s acids 5.19 (Table 5.2). 

Solutions of 5.19 in dioxane, DMF and NMP were heated at 250 °C for 67 min 

(close to the operating limits of our equipment). According to LCMS analysis, 30% 

of the starting material remained in the crude sample after heating the reagent in 

dioxane. Moreover, issues with solubility were observed. Heating a solution of 

5.19 in NMP or DMF afforded full consumption of the starting material, however 

pyrrolidinone 5.21 was not observed. Instead, side products 5.22-5.24 were 

isolated. 5.22 probably comes about from the thermal decomposition of DMF. 

5.23 and 5.24 were isolated from the reaction in  NMP (Scheme 5.20). The starting 

material (5.19) was fully recovered when the reaction was carried out in diphenyl 

ether. 

 
Scheme 5.19. Reaction of the diisopropyl amine substituted Meldrum’s acid 5.18 into DMF solvent. 

 
Scheme 5.20. Reaction of the diisopropyl amine substituted Meldrum’s acid 5.18 into NMP solvent. 

 

 

 

 

O O

O O

N

O

N N

O

NDMF
250 °C
67 min

DMF (0.01 M)

5.19 5.20 5.22, 63%

O

N

5.21, 0%

O O

O O

N

O

N N

O

O250 °C
67 min

NMP (0.01 M) N

O

N

5.19 5.20 5.23, 17% 5.24, 8%



 

 119 

Solvent T (°C) 
Residence 
time (min) 

[C] 
Consumption 

of 5.19 
Yield 

Dioxane 250 67 0.01 M 70% - 

DMF 250 67 0.01 M 100% 63% (5.22) 

NMP 250 67 0.01 M 100% 17% (5.23), 8% (5.24) 

Ph
2
O[a] 258 29 h 0.01 M 0% - 

[a] Experiment in diphenyl ether was run in batch condition. 

Table 5.2. Experimental conditions and result for substituted Meldrum’s acid 5.18 reaction. 

 Despite no evidence for the formation of pyrrolidinone 5.21, the side 

products isolated could come from the methylene ketene intermediate, indicating 

therefore that formation of ketene via amino methylene substituted Meldrum’s 

acid had occurred. Nonetheless, there is no evidence that these side products 

could not be from the direct attack of the nucleophile on the Meldrum’s acid. 

Determining the kinetics order of this reaction could be a solution to confirm if 

the reaction is going via ketene formation (1st order) or direct attack (2nd order). 

However, the advantage of flow chemistry in terms of high throughput was not 

beneficial to this reaction because the formation of side products prevailed and 

the study was not pursue further. 

5.3 Conclusion 

 After some issues with the intramolecular [2+2] cycloaddition of ketenes 

generated from Meldrum’s acid, we focuses on the generation of methylene 

ketene. The attempted formation of pyrrolidinone did not occur and its Meldrum’s 

acid precursors require more energy to fully react. More interesting, methylene 

ketene rearrangement provides a clean synthesis for the formation of 

quinolinone. Nonetheless, in this case, the product was obtained in low yields due 

to isolation and solubility issues. Further screening of solvents and other starting 

materials could afford better results. However, during the same period, Cantillo 

published a similar synthetic strategy using flow chemistry (Scheme 5.21).265 They 

demonstrated the potential of flow chemistry as a substitute to the FVP 

methodologies. The key difference was the use of a higher performance flow 

reactor (up to 350 °C and 180 bar) capable of maintaining the reaction mixture in 

near and supercritical fluid state. This improved the mass transfer flow dynamic 
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properties of the system, as well as the solubility. Using their technique they 

named “flash flow pyrolysis” (FFP), they manage the thermolysis of Meldrum’s acid 

derivatives, pyrrole-2,3-diones, and pyrrole-2-carboxylic esters, producing 

heterocyclic product in high yields for short residence times (10 sec-10 min). 

 
Scheme 5.21. Thermolysis of Meldrum’s acid derivative using FFP equipment.265 
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Chapter 6. Acyl Ketenes and Vinyl Ketenes – 

Applications using Flow Chemistry 

6.1 Generation of the Acyl Ketene and its Application in 

Organic Chemistry 

6.1.1 Acyl ketene generation – A wide range of precursor 

 Discovered in 1908 by Wilsmore and Chick,266 the acyl ketene is widely used 

in synthetic chemistry. It can be prepared from several precursors, including 

thermolysis and photolysis of Meldrum’s acid derivatives (a), diazo dicarbonyl 

derivatives (b), dioxinone derivatives (c), thermolysis of β-ketoesters and acids 

chlorides derivatives (d), furandione derivatives (e), and eventually, from alkoxy 

alkyne derivatives (f) (Scheme 6.1).267 

 
Scheme 6.1. Common precursors for the generation of acyl ketene. a: Δ or hν.268-273 b: Δ or hν. 

c: Δ.76,274-276 d: base or Δ.277-281 e: Δ.232,282-284 f: Δ.274 

 This work focuses on the generation of acyl ketenes by fragmentation of 

dioxinone precursors. Depending of the C2 substituent,285 this fragmentation 

occurs at moderate temperatures using dioxinone (140 °C). The acyl ketene can 

either dimerise to form a dehydroacetic acid 6.2 or react with the acetone 

released via fragmentation of the dioxinone to form a pyrone 6.4 (Scheme 

6.2).76,274 
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Scheme 6.2. Side reactions of the acyl ketene – dimerisation forming dehydroacetic acid (top) and 

reaction with acetone (down). 

6.1.2 Applications of acyl ketene to organic chemistry 

 
Scheme 6.3. Common synthetic applications of acyl ketene. 

 Acyl ketene substrates offer several derivatisation possibilities. Its reactivity 

was first used in the acetylation of amine and the esterification of alcohols to 

form β-ketoesters and β-ketamides.65,76,286,287 These simple reactions have been 

developed over time with improvements such as the implementation of a 

microwave process286-288 or milder conditions289 creating a fast and elegant 

synthesis. Similarly, the reaction of the acyl ketene with urea can produce 

substituted uracil, quite relevant in the pharmacological area for its properties 
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and inhibitor effects.271,278,290 Moreover, like the ketene chemistry mentioned in the 

previous chapters, acyl ketene reacts with various reagents in [2+2] and [2+4] 

cycloadditions such as with oxime,291 nitrone,292 imine,271,274,293 isocyanate,274,278 

enamine,294 alkene,271,275,294,295 nitrile,296,297 aldehyde and ketone271,274,288,298 among 

others reagents (Scheme 6.3). 

 Intramolecular reactions can compete with the dimerisation of the acyl 

ketene. This strategy is particularly useful for the synthesis of lactones and 

lactams (Scheme 6.4).285,299-307 Using high dilution also decreases competition 

between the second order kinetics of the intermolecular dimerisation and the first 

order kinetics of the intramolecular reaction. FVP processes have particular 

advantage in avoiding dimer formation (Scheme 6.5).279,308 Using acid chloride 

precursors, [2+2] cycloaddition of the acyl ketene can be carried out but success 

is highly dependent on the structure of the targeted molecule, on the alkene 

substitution and the electronic character.187,309 

 
Scheme 6.4. Synthesis of lactone by intramolecular trapping of the acyl ketene by an alcohol.299 

 
Scheme 6.5. Intramolecular [2+2] cycloaddition of acyl ketene.279 
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6.2 Generation of the Vinyl Ketene and its Application in 

Organic Chemistry 

6.2.1 Generation of vinyl ketene from anhydride precursor 

 Upon heating certain cyclic molecules, a C-C bond breaking could result in 

vinyl ketene formation (Scheme 6.6). Cyclobutenone,130,194,200,310 cyclohexenone,311 

pyranone312 and pyradione313 derivatives can generate vinyl ketenes by thermal 

fragmentation. Vinyl ketene can also be generated by more usual ketene 

generation methods, such as acid chloride precursors, which with adapted 

substitution affords the vinyl ketene. Another strategy uses irradiation of an 

unsaturated diazo ketone to produce vinyl ketene via the Wolff rearrangement.130 

 
Scheme 6.6. Generation of vinyl ketene. a: xylene reflux 138 °C, 1 h.314 b: Δ.312 c: hν.311 d: xylene 

reflux 138 °C, 5 days.313 e: Δ.228 f: hν, Wolf rearrangement.130 

6.2.2 Application of vinyl ketenes in organic chemistry 

 Vinyl ketenes are interesting for the formation of multi-cyclic compounds. 

Focusing on the [2+2] cycloaddition, the vinyl ketene was usually trapped with 

acetylene to provide an efficient synthesis of substituted aromatic compounds. In 

this strategy, using the Moore rearrangement,314,315 the vinyl ketene generated is 

intercepted by the acetylene reagent in a [2+2] cycloaddition to form a 4-

vinylcyclobutenone derivative. 4π electron electrocyclic cleavage of this 

intermediary leads to a dienyl ketene, which undergoes a 6π electron electrocyclic 
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closure to give, after tautomerisation, the substituted phenol (Scheme 6.7).130 A 

similar strategy, using in-situ trapping with an alkyne, affords a good range of 

substituted quinines,316 bicyclic ketones,186 benzoquinones and annulated 

derivatives (Scheme 6.8).317 

 Trapping the vinyl ketene with substituted alkenes leads to the formation of 

substituted aromatics, anthraquinones and other biologically active cyclic 

compounds via Diels-Alder cycloaddition (Scheme 6.9).313 

 
Scheme 6.7. Vinyl ketene formation via two precursors and its reactivity towards acetylene to 

synthesise substituted phenols.130 

 
Scheme 6.8. Synthesis of benzoquinones annulated derivatives from intramolecular trapping of the 

vinyl ketene intermediaries.317 

 
Scheme 6.9. Synthesis of substituted anthracenedione using 6-alkoxy-2-pyrones precursors to vinyl 

ketene formation.313 

 The above systems mostly require heating to perform the [2+2] and [2+4] 

cycloaddition. Using a pressurised flow system can permit higher temperatures to 

be reached, and assist in the development of difficult reactions such as the 

generation of vinyl ketene from 6-alkoxy-2-pyone precursors. 
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6.3 Generation of Acyl Ketene in Flow Chemistry 

6.3.1 Thermolysis of the dioxinone 

 Commercial dioxinone derivatives (2.1, 6.5) fragment upon heating in a flow 

reactors via a retro Diels-Alder reaction forms an acyl ketene also called oxo-

ketene (2.2, 6.6), with the release of acetone. In the absence of an efficient trap, 

the acyl ketene dimerises. Both dimers (6.7, 6.8) were obtained in quantitative 

yield (Scheme 6.10). The substituents are of importance in the reactivity of the 

dioxinone (Table 6.1). The irreversibility of the dimer formation was confirmed by 

heating it in the presence of 1 eq. of benzyl amine and benzyl alcohol. No β-

ketamide or β-ketoester were formed. To avoid this dimer formation, the acyl 

ketene needs to be trapped. 

 
Scheme 6.10. Acyl ketene generation by fragmentation of the dioxinone and its irreversible 

dimerisation. 

Substitution Residence time Temperature Conversion Isolated yield 

R = H 10 min 210 °C 100% 6.8   100% 

R = Me 10 min 250 °C 100% 6.7     81%[a] 

[a] Isolation followed by chromatography purification 

Table 6.1. Fragmentation of the dioxinone into acyl ketene and its dimerisation. 
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6.3.2 Determination of the reaction rate and kinetics 

6.3.2.1 Generation of acyl ketene by dioxinone fragmentation and in-situ 

trapping with alcohol – A pseudo 1st order reaction rate 

 The kinetic determination of the dioxinone fragmentation was carried out 

using the methodology described in Chapter 3 (see section 3.3.1). To prevent the 

dimer formation, the acyl ketene 2.2 is efficiently trapped by 1 eq. of benzyl 

alcohol to form the β-ketoester 6.9 (Scheme 6.11). The kinetic equation of this 

reactions rate (Equation 6.1) can be simplified. Assuming that the trapping of the 

alcohol is much faster than the addition of the ketene to acetone to reform the 

dioxinone (k
2
[ROH] >> k

-1
[acetone]) the rate of the reaction should obey first order 

kinetic (Equation 6.2). 1H-NMR analysis was used to follow the consumption of 

dioxinone and the formation of the β-ketoester. Experimental determination 

confirmed a first order rate with a calculated activation energy of 130.3 kJ/mol 

(Figure 6.1). 

 

 
Scheme 6.11. Generation of acyl ketene 2.2 by fragmentation of the dioxinone 2.1 trapped in–situ by 

alcohol to afford ester 6.9. 

 

!"#$%&'(  !"#$ = −   
!(dioxinone)

!"
=

!!!!(dioxinone)(!"#)
!!!   !"#$%&# + !!(!"#)

 

Equation 6.1. Kinetics’ law of the dioxinone fragmentation. 

! dioxinone
!"

=   −!! !"#$"%#%&  

Equation 6.2. Simplified 1st order kinetics’ law of the dioxinone fragmentation. 

O

OOO O

O
OO

H H

O +
!,

Ph

2.1 2.2 6.9

PhCH2OH
(1 eq.)

k2

k1

k-1



 

 128 

 
Figure 6.1. 1st order kinetics and Arrhenius plot for decomposition of dioxinone 2.1 – 1H-NMR data. 

E
act

 = 130.3 kJ/mol, k = k’× 10-3. 

6.3.2.2 Verification of the reverse reaction – Acetone trapping 

 The acetone produced during the fragmentation of the dioxinone could be 

trapped again by the acyl ketene to reform the starting material. This problem is 

less relevant in batch chemistry, as the acetone released in the refluxing solvent 

can be removed by evaporation. In the closed environment of a flow reaction, the 

acetone cannot escape and could be re-trapped by the acyl ketene. Using acetone 

as the solvent instead of toluene in the absence of other nucleophilic traps 

decreases conversion (Table 6.2). Moreover, fragmentation of the dioxinone 2.1 in 

the presence of an excess of deuterated acetone affords the deuterated dioxinone 

6.11 (Scheme 6.12), confirming this retro-reaction. Therefore, the formation of 

the acyl ketene has to compete with the reverse reaction, consuming the ketene. 

This was also illustrated by refluxing dioxinone 2.1 with excess of ketones, which 

affords the corresponding dioxinone 6.12 and 6.13. 

Solvent used 
Nucleophile 
trap (1 eq.) 

T (°C) 
Residence 
time (min) 

SM 2.1 
(ratio) 

Dimer 6.8 
(ratio) 

Toluene none 140 20 0.72 0.28 

Acetone none 140 20 0.98 0.02 

Table 6.2. Comparison of acyl ketene reactivity in toluene and acetone ratio determined by 1H-NMR 

integration. 
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Scheme 6.12. Reverse reaction – ketene 2.2 reacts with acetone to form the dioxinone. 

 
Scheme 6.13. Trapping of the acyl ketene 2.2 by ketone. 

 Additional studies on these reaction kinetics were carried out within the 

group by the PhD student Thomas Durand. These studies revealed that the 

reaction kinetic is not dependent on the amount of the trapping alcohol (1-10 

eq.). The use of a minimum of 1 eq. of a nucleophilic trap prevents this acetone 

trapping. 

6.3.3 Synthetic application of the dioxinone fragmentation 

6.3.3.1 Synthesis of amides and esters 

 Nucleophilic reagents such as amines and alcohols can trap the acyl ketene 

2.2 to afford β-ketamides and β-ketoesters (Scheme 6.14). Below 100 °C the 

formation of acyl ketene did not occur. In addition, the yields decreased when the 

temperature was too high (Table 6.3). 

 
Scheme 6.14. β-ketamide, β-ketoester and  β-ketothioester synthesis using the dioxinone derivative 

2.1 as the ketene precursor. 
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Reagents 
Eq. of 

reagent 
Temperature 

(°C) 
Residence 
time (min) 

Product Yield (%)[a] 

PhCH
2
OH 1 150 5 6.9 83 

PhCH
2
OH 1 150 10 6.9 79 

PhCH
2
OH 1 150 30 6.9 92 

PhCH
2
NH

2
 1 250 10 6.10 15 

PhCH
2
NH

2
 1 150 10 6.10 64 

PhCH
2
NH

2
 1 120 10 6.10 15 

PhCH
2
NH

2
 1 100 10 6.10 0 

PhCH
2
NH

2
 3 150 10 6.10 89 

[a] Yields are based on the isolated product purified by column chromatography. 

Table 6.3. β-ketamide, β-ketoester and  β-ketothioester synthesis using the dioxinone derivative 2.1 

as the ketene precursor. 

 Trapping of the ketene 6.6 by benzyl alcohol affords the corresponding β-

ketoester 6.19 (Scheme 6.15). The fragmentation of the dioxinone 6.5 did not 

occurs at 150 °C, it requires a higher temperature. Optimisation of such reaction 

was not a priority but increasing strongly the temperature to 250 °C confirmed the 

good formation of the ester 6.19 with still traces of remaining starting material in 

the crude. 

 
Scheme 6.15. β-ketoester synthesis using acyl ketene 6.6 generated from 5-substituted dioxinone 

6.5. 

6.3.3.2 Synthesis of other compounds 

 The use of flow chemistry allows safer handling of hazardous chemicals such 

as hydrazine. Therefore, its use has been considered for the synthesis of pyrazole 

derivatives. The trapping of acyl ketene with phenyl hydrazine affords pyrazole 

6.20 (Scheme 6.16). The low isolated yields were the result of competition with a 

side reaction of amide formation. Applying the same strategy, the trapping of the 

acyl ketene with amidine affords the pyrimidinole derivative 6.25 in good yield 
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(Scheme 6.17). The dehydration step did not go to completion, and the 

intermediary 6.24 was also visible in the crude product. 

 
Scheme 6.16. Pyrazole derivative synthesis using dioxinone 2.1 as the acyl ketene precursor. 

 
Scheme 6.17. pyrimidinole derivative synthesis using dioxinone 2.1 as the acyl ketene precursor. 

6.3.3.3 Reaction with alkenes and alkynes 

 
Scheme 6.18. [2+2] and [2+4] cycloaddition of acyl ketene 2.2 to an alkene or alkyne. 

 We attempted the trapping of acyl ketene 2.2 by [2+2] and [2+4] 

cycloaddition to an alkene or alkyne (Scheme 6.18). The reaction was tried with 

several alkenes (Ph-maleimide, norbonene) and alkynes (hex-3-yne, dimethyl but-

2-ynedioate), which only resulted in the dimerisation of the acyl ketene, even 

when using 5 eq. excess of the trapping reagent. Some success was achieved with 

the electron rich ethyl vinyl ether to afford 6.27 and cyclopentene to afford 6.28 

(Scheme 6.19). The reaction of acyl ketene with cyclopentene also affords the 

ester side product 6.29 perhaps due to contamination with its oxidised form: the 

cyclopent-2-enol. Experimental conditions for the formation of 6.27 were quite 

sensitive as increasing the equivalent of vinyl ether resulted in a black crude 

mixture, which has not been identified but was certainly the result of a 

polymerisation process. 
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Scheme 6.19. [2+4] cycloaddition of alkene with acyl ketene. 

 Experiencing the high reactivity of alkynyl ether in chapter 4, the 1-

ethoxydecyne 3.7a was used as a trapping reagent for the synthesis of 

cyclobutenone. Heated at 150 °C for 5 min, the reaction mixture give 

cyclobutenone 6.30 in good yields (Scheme 6.20). Conditions are gentle so that 

the formation of the ketenes from 1-ethoxydecyne could not occur. This is 

characterised by a low dimer formation. Some of the starting dioxinone is 

remaining. Alternatively, increasing the temperature at 190°C for 5 min lead 

exclusively to the formation of dimer 4.1a confirming the strong competition of 

the [2+2] cycloaddition of ketene with alkoxyalkyne. 

 
Scheme 6.20. [2+2] cycloaddition of alkyne with acyl ketene. 

6.3.4 Intramolecular acyl ketene chemistry 

 As intermolecular cycloaddition was still limited by dimer formation, we 

functionalised the dioxinone molecule with tethered alkenes to allow 

intramolecular cycloadditions to be examined. Preparation of the functionalised 

2,2-dimethyl-4H-1,3-dioxin-4-one 6.35 was carried out using a two step synthesis  

(Scheme 6.21).318 
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Scheme 6.21. Two step reaction for the synthesis of substituted dioxinone 6.35. 

 The synthesised dioxinone 6.35 was heated under flow conditions in toluene 

(condition A: 0.25 M). Neither the [2+2] intramolecular cycloaddition product 

6.37, nor its potential degradation into 6.38 were observed. The dimer 6.39 was 

isolated in good yield (Scheme 6.22). The solution was diluted 10 fold (condition 

B: 0.025 M solution) to supress dimerisation, however, the dimer was still the only 

isolated species. 

 
Scheme 6.22. Formation of the dimer 6.39 via the generation of the acyl ketene 6.36 by thermolysis 

of dioxinone 6.35. 

 Heating dioxinone 6.35 using batch conditions was also carried out. The 

advantage of batch conditions is that very low concentrations of the acyl ketene 

may be maintained by dropping the reagent solution slowly into the boiling 

solvent. 20 mL of a solution of 6.35 in xylene (0.25 M) was added slowly (0.22 

mL/min using syringe pump) to 300 mL of refluxing xylene (138 ̊C). According to 

previous reactions, the conversion of the dioxinone in acyl ketene should be at 
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least around 85% in 10 min at 138 °C. These kinetics could be even faster as the 

acetone released does not remain in solution in this batch procedure. After the 

addition, xylene was carefully removed using a vacuum pump (Pressure set at 90 

mbar). 1H-NMR analysis of the crude reaction mixture did reveal neither products, 

nor starting material. Product must have decomposed under heating. 

6.3.5 Salicylic acid derivative – A precursors to the acyl ketene 

6.3.5.1 Uses of dioxinone from salicylic acid derivatives 

 The geometry of a molecule can act to prevent dimer formation. Upon 

irradiation, the dioxinone derivate from salicylic acid affords an acyl ketene also 

called quino ketene in this case, which could be used as a substrate for 

acetylation and esterification (Scheme 6.23).267,319-322 The literature does not report 

the generation of a quino ketene by thermal fragmentation of the dioxinone 

precursor. Thermal fragmentation of similar dioxinones is only reported when 

using more reactive dioxinones such as the carbonate substituted dioxinones 

6.40 (Scheme 6.24).323-326 

 
Scheme 6.23. Synthesis of salicylic ester via quino-ketene intermediary using UV excitement.320 

 
Scheme 6.24. Thermal reaction of salicylic carbonate substituted.323 

 Moreover, an interesting paper, using similar precursors to quino ketenes 

reported various isocoumarin molecules from the cycloaddition of salicylic acid 

ketals and alkynes using a nickel catalyst (Scheme 6.25).327 Performance of this 
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OO

O

R1 R2

R

O O

R

OH O

R

OR'
R'OHh! 300 nm

4 h
DCM (0.25 M)

R/R1/R2
H/H/Ph

CH2CHCH2/Ph/Ph
CH2CHCH2/Me/Me

76%
85%
< 5%

Yield

OO

O

O O130 °C
45 min

! CO2

O

NPh C4H5 NO

O

C4H5

98%

N

Ph

6.40 6.41 6.42



 

 135 

thermal production of quino ketene should be able to trap alkynes via a catalyst 

free [2+4] Diels Alder type reaction. 

 
Scheme 6.25. Nickel-Catalysed cycloaddition via oxo-nickel cycle intermediates. 

6.3.5.2 Generation of the ketene from salicylic acid derivative in flow 

chemistry 

 Ketenes produced from salicylic acid derived dioxinones might be less prone 

to dimerisation due to the aromatic ring constraining rotation of the molecule. 

Dioxinone 6.44 was synthesised328,329 and thermolysed. Upon heating, the 

dioxinone loses acetone and forms the acyl ketene 6.41, which was trapped in-

situ with benzyl alcohol (Scheme 6.26). As the aromaticity of the molecule is 

broken, this reaction required much more energy than usual. Indeed, runs at 

various temperatures revealed that even with a low flow rate and a high 

temperature in the reactor, the starting material was only converted in 24%, with 

product 6.45 isolated in 13% yield (Table 6.4). 

 
Scheme 6.26. Synthesis of salicylic acid acetal 6.45 and its reactivity upon heating to form quino-

ketene 6.42. 
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Residence time (min) Temperature (°C) Eq. of PhCH
2
OH Consumption of 6.45 

10 180 1 0% 

10 220 1 0% 

10 220 3 0% 

20 250 3 24% (6.45, 13%) 

Table 6.4. Reaction’s conversion for the trapping by benzyl alcohol of the acyl ketene generated 

from 6.45 under flow chemistry condition to afford ester 6.45. 

 The limit of the reactor’s heat capacity had been reached so molecules with 

a lower activation energy were needed. 2,2-Diphenyl substituted dioxinone 6.46 

should fragment with the release of diphenylketone. DFT calculations gave an 

activation of around 159 kJ/mol compared to 184 kJ/mol for 6.44. Therefore, 6.46 

was synthesised (Scheme 6.27)320,321,329 and fragmented by heating in the flow 

reactor under various conditions (Scheme 6.28). Experiments revealed a higher 

reactivity than the dimethyl-substituted dioxinone 6.44. Full consumption of the 

starting material was obtained for the diphenyl-substituted dioxinone 6.46 just 

within the limits of the apparatus. Dioxinone 6.47 was not reactive enough to 

achieve within the heating range of the flow apparatus. 

 
Scheme 6.27. Synthesis of substituted salicylic acid ketal 6.46 and 6.47. 

 
Scheme 6.28. Reaction’s conversion for the trapping by benzyl alcohol of the acyl ketene generated 

from 6.46 and 6.47 under flow chemistry condition to afford ester 6.45 and 6.48, respectively. 
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 As the above dioxinones still required too much energy to react, we 

prepared the cyclic carbonate derivative 6.40 which should eliminate CO
2
 at much 

lower temperature (DFT calculation predicts E
act

 137.5 kJ/mol). Substituting the 

phosgene with triphosgene from the literatures procedures afforded pure cyclic 

carbonate (Scheme 6.29).330 Dioxinone 6.40 was heated at various temperatures in 

the presence of benzyl alcohol as the trapping reagent. Depending on the 

conditions, 6.45 or 6.49 were isolated (Scheme 6.30). 

 
Scheme 6.29. Synthesis of the cyclic carbonate 6.40 and its decomposition into quino-ketene 6.41. 

 
Scheme 6.30. Results for the reaction of the cyclic carbonate 6.40 with benzyl alcohol as the in-situ 

trap. Ketene or nucleophile attacks of the alcohol are both possible mechanisms. 

 6.49 was formed at low temperatures. It corresponds to the nucleophilic 

attack of the alcohol on the starting material. 6.45 appeared with an increase in 
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the ketene. However, this product was also obtained by heating the compound 

6.49 and thus, can also come from the direct nucleophilic attack of the alcohol on 
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mechanism. The mechanism could be confirmed by kinetic studies. If the reaction 
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reaction goes by attack of benzyl alcohol it should be second order. However, 

additional equilibriums make analysis of the kinetics very complex. Discussion 

about the formation of the ketene from this cyclic carbonate has already been 

reported and confirmed the formation of the quino-ketene with the release of CO
2
 

thanks to in-situ IR measurement.323 

 Heating dioxinone 6.40 in the absence of a trap agent affords a complex 

reaction mixture comprising several compounds 6.50-6.56, representing 

polymerisation of the salicylic acid (Scheme 6.31). This reaction is the result of 

the nucleophilic attack of the carbonyl present in 6.41 on the ketene function. 

Therefore, this uncontrolled polymer formation confirmed the formation of ketene 

6.41. 

 

Scheme 6.31. Polymerisation of the cyclic carbonate 6.40 under heating. 

 If the dioxinone fragmentation goes via the ketene mechanism, then it 

should be possible to carry out intermolecular cycloaddition via [2+2] or [2+4] 

Diels Alder type mechanism with alkenes, alkynes and imines. However reaction 

using trapping alkenes (Ph-maleimide, ethyl vinyl ether), alkynes (hex-3-yne, 

dimethyl but-2-ynedioate) or imines (benzonitrile) resulted in the isolation of the 

polymers generated from 6.41 for the cited compounds. The reaction to form the 

polymers (O-nucleophilic reaction) is more reactive than the [2+2] or [2+4] 

reactions. 

6.4 Generation of Vinyl Ketene in Flow Chemistry 

6.4.1 Synthesis of vinyl ketene using cyclic anhydride precursor 

 Attempted synthesis of the vinyl ketene precursor 6.59 from 3-

oxopentanedioic acids 6.57 started with the formation of 6.58 which existed 

entirely in the enol form and formed in reasonable yields (Scheme 6.32).130 
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Unfortunately, methylation of 6.58 afforded only 6.64 (Scheme 6.33) instead of 

the desired 6.60 or the bis-methylated compound 6.62 (Scheme 6.34).331 

 
Scheme 6.32. Synthesis of the 4-hydroxy-2H-pyran-2,6(3H)-dione 6.58 and its possible CO

2
 

elimination upon heating to form the vinyl ketene 6.59. 

 
Scheme 6.33. Methylation of the anhydride 6.58. 

 
Scheme 6.34. Reactivity of the anhydride 6.58 and possible methylation. 

 The methyl-substituted anhydride 6.68 also seemed a viable precursor of the 

vinyl ketene. Several attempts were made to find a suitable synthetic pathway to 

6.68 (Scheme 6.35). However isolation by distillation was inefficient and resulted 

in a poor recovered yield. 

 
Scheme 6.35. Synthesis of the anhydride 6.68. 

6.4.2 Generation of the vinyl ketene from the anhydride precursor – 

Formation of the dimer 

 Heating compound 6.68 in the flow system, at various temperatures, led to 

the formation of compound 6.71, identified as the dimer of the vinyl ketene 6.69 

(Scheme 6.36). Full consumption of the starting material required a long 

residence time (100 min) and a high temperature (250 °C). 
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Scheme 6.36. Generation of the vinyl ketene 6.69 upon heating followed by dimerisation and proton 

migration to afford dimer 6.71. 

6.4.3 Application of the vinyl ketene generation to [2+4] synthesis 

 
Scheme 6.37. [2+4] cycloaddition with vinyl ketene 6.69. 

 As has been already demonstrated with other type of ketenes, nucleophilic 

trapping agents should efficiently trap this vinyl ketene. But the trapping with 

reagents to afford Diels-alder [2+4] type reactions is more interesting. According 

to DFT calculations, the key FMO interaction is between the HOMO of the vinyl 

ketene diene component and the LUMO of the 'dienophile'. For a ketene carbonyl 

the gap is 4.55 eV whereas the gap is about 6.6 eV for the hex-3-yne and 4.31 eV 

for the benzonitrile. The HOMO-LUMO energy gap is quite low for the 

dimerisation. Attempted trapping of the vinyl ketene (6.69) with benzonitrile or 

hex-3-yne resulted only in the formation of the dimer (6.71). Increasing the 

trapping agent up to 10 eq. still resulted in quantitative isolation of the dimer 

(6.71). The HOMO-LUMO gap prediction for the phenyl maleimide (3.13 eV) and 

the dimethyl but-2-ynedioate (2.9 eV) are much lower and successfully compete 

with the dimerisation to afford the Diels Alder adducts (Table 6.5). Nonetheless, 

such a small energy gap to create favourable conditions for the [2+4] to compete 

with dimerisation is very constraining. 
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Reagent 
HOMO-

LUMO Gap  
Product 

PhCN 6.6 (eV) 

 

hex-3-yne 4.3 (eV) 

 

 

3.1 (eV) 

 

 

2.9 (eV) 

 

Table 6.5. [2+4] cycloaddition between vinyl ketene and in-situ trapping reagents. 

6.5 Conclusion 

 Acyl ketene generated from dioxinone could perform selected reactions with 

nucleophiles to afford a range of organic compounds (Scheme 6.38). Several 

dioxinone derivatives have been investigated. Nonetheless, each of them had 

limited scope for the development of heterocyclic chemistry using [2+2] or [2+4] 

cycloaddition. The main obstacle to this chemistry is the strong competition of 

the ketene dimerisation. 
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Scheme 6.38. Summary of the chemistry scope achieved using acyl ketene trapping. 

 Investigating the reactivity of the vinyl ketene, the targeted [2+4] 

cycloaddition was achieved for two examples but in low yield. Like acyl ketenes 

generated from the dioxinone and ketenes generated from alkynyl ether, the 

problem was the strong competition of the dimerisation, which drastically 

reduced the scope of chemistry achievable by this strategy. 
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Chapter 7. Application of Flow Chemistry to 

Improve Photochemical reactions 

7.1 The benefits of Flow Chemistry for Photochemical 

reactions 

7.1.1 Photochemical reaction using batch chemistry 

 Photochemistry is a very powerful tool for synthetic chemist. It is a 

technique, which is often reagent-free (with the exception of the uses of 

sensitizer), using light as the source of energy to provides the activation energy 

for the reaction to occur. Photoreactions can provide complex chemical structures 

from simple molecules and in a single step.  [2+2] cycloaddition, formation of 

constrained cycles and C-C bond formation are common tasks performed 

photochemically. 

 Looking to the photochemistry literature a decade ago revealed that most 

reactions used high-pressure mercury lamps from 200 W to 800 W. However, 

despite such power, long irradiation times and a high dilution of the reacting 

solution were often needed to complete the reaction. Such reactions result in an 

extremely poor quantum yield. Several reasons contribute to this low efficiency. 

The light output of such lamps is rather small and usually does not exceed 30 W 

of light for a 400 W lamp. The majority of the power is carried away as heat and a 

complex and restrictive cooling jackets is needed. In addition, a shield to protect 

the operator from strong UV irradiation is needed. These non user-friendly 

protocols inhibit the use of photochemistry. 

 Moreover, in such reactions, the absorption of light is not efficient. 

According to the Beer-Lambert law, the intensity of the light will rapidly decrease 

with distance through a substance (Figure 7.1). This effect is responsible for the 

poor efficiency when irradiating a solution in a batch reactor. Only the first few 

millimetres receive a high intensity of light. In addition, mercury lamps are not 



 

 144 

wavelength-selective, which can lead to competing photochemical reactions. 

Filters are used to prevent such issue often resulting in a further loss of energy. 

 
Figure 7.1. Transmittance (I/I

0
) over the distance from the initiating source. Solution of 0.01 M with a 

coefficient of extinction: ε = 5000 M-1cm-1. 

 There has been considerable improvement in photo-batch equipment, for 

example the Rayonetta from Rayonet® (Figure 7.2). The design of this apparatus 

focuses on a better absorption by increasing the contact surface between the light 

and the solution and reducing the heat by the use of several low power light bulbs 

(6 x 35 W). Despite high cost, this type of equipment provides a good alternative 

to the conventional batch reactor. 

   
Figure 7.2. Left: standard batch photochemistry set-up with high power mercury lamp. Right: 

Rayonetta RPR-100 reactor. 

7.1.2 Flow chemistry – Promise of efficiency 

 Several limitations of photo-batch reactors can be overcome using flow. The 

main advantages will be the scalability and the robustness. In flow, the desired 

scale is reached by letting the solution run for a sufficient amount of time. If 

scale-up is required, multiplication of the reactor units are an option. Also, 
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continuous flow process operating at steady state are more reliable and robust. 

Another advantage concerns the penetration and absorption of the UV light. Flow 

chemistry is associated with tubing and small channels transporting a small 

amount of material. Irradiation of small quantities results in higher efficiency 

through increased focussing of light. For example, with the value used for 

concentration (C = 0.01 M) and coefficient of extinction (ε = 5000 M-1cm-1) 90% of 

the light is already absorbed within 1 mm distance from the lamp (Figure 7.1). 

This higher efficiency in terms of light absorption and transmittance is beneficial 

to the photoreaction; for the same efficiency as batch chemistry, the 

concentration could be increased and the amount of light reduced. Therefore, 

flow chemistry can lead to potential improvement in the design of photo-reactors. 

7.1.3 Flow chemistry alternative – Designing a coiled photo-reactor 

 Prof. Richard J. Whitby, Dr. Harrowven, Dr. Xunli Zhang and the PhD student 

David Bolien studied the design of a coiled photo-reactor.34 The design consists of 

wrapping UV-transparent perfluoralkoxypolymer (PFA) tubing around a quartz 

cylinder (quartz type 214 suitable across the entire UV-vis for maximum deep UV 

transmittance). If required, Pyrex could be used for filtering radiation out below 

300 nm. A UV lamp can be inserted in the centre of this quartz cylinder. An 

external layer of aluminium shielded the operator from UV irradiation. Condenser 

tubing was wrapped to the outside with tape as the cooling system (Figure 7.3). 

Many of these reactors have been built recently.17,332-334 Surprisingly, while the 

advantages of photo-flow chemistry are largely acknowledged and appreciated, 

most of the published designs in the last decade still use high-powered lamps 

(125-450 W).332-337 Nonetheless, more advantageous photo reactor such as the uses 

of LEDs are strongly emerging.338-344 
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Figure 7.3 Cross-section (left)17 and picture (right) of the self-designed prototype UV reactor. 

 We chose to use low power fluorescent bulbs as our light source, relying on 

the continuous production advantage of flow to overcome the expected low 

production rates. This portable reactor has several advantages. Its design permits 

a quick exchange of the light bulbs (2 pin PLS, commercial low pressure mercury 

lamp) allowing the selection of key narrow emission wavelengths in the UV-visible 

region. Lamps used are reported in Table 7.1. These lights are efficient with 1-2 

Watts of light emitted for 9 Watts of electricity consumption and cheap (£5-10 

unit). These low-pressure lamps do not heat up excessively and a standard water-

cooled tubing or fan provide sufficient cooling for the reactor. The cooling can be 

adjusted if necessary (fan spinning speed and water flow rate). These lamps are 

inserted into the quartz cylinder with a bottom-open or bottom-closed design to 

allow for immersion of the apparatus into a cooling bath or a sonicator. The 

reactor is double coiled for maximisation of the UV irradiation area and fitted with 

HPLC fittings for a universal connectivity. This reactor is extremely cheap and easy 

to build with UV light bulbs and material that are commercially available which 

make it economical and environmentally friendly. 
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UV BLB (9-11 W), υ

max
 nm: 361-380 

 
UVA (9-11 W), υ

max
 nm: 363-379 (minor 

peak at 405, 436, 546, 578, 610 nm) 

 
UVB (9 W), υ

max
 nm: 313 (minor peak at 

365, 405, 436, 546, 578 nm) 

 
UVC (9 W), υ

max
 nm: 254 (peak at 365, 405, 

436, 547, 578 nm) 

 
Visible light (9 W), υ

max
 nm: 365, 405, 436, 

546, 578 

 
Blue light (9 W), υ

max
 nm: 435-460 (peak at 

365, 405, 547, 578, 610 nm) 

Table 7.1. Commercially available low-pressure mercury lamp – Emission spectra recorded using the 

UV spectrometer. 

7.1.4 Preliminary test of the prototype reactor design 

7.1.4.1 Heat Dissipation in the prototype reactor 

 The temperature was monitored at several points using thermal probes 

(Figure 7.4). The temperature was first monitored without a cooling system. A UVB 

(11 W) light bulb was run for 20 min and then inserted into the reactor. The 

temperature was recorded from this point over 50 min until stabilisation of the 

temperature (Figure 7.4, Graph A). When the temperature stabilised, solvent was 

injected at 5 mL/min. The continuous injection of room temperature solvent did 

UVC

OSRAM_BLUE
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not influence the recorded temperature. Water-cooling was then applied and the 

cooling was recorded over 40 min until a temperature steady state was reached 

(Figure 7.4, Graph B). 

 

 
Figure 7.4. Temperature profile of the prototype reactor for UVA-11 W without cooling (Graph A) and 

with cooling (Graph B) – thermal probes were fixed at 5 different points in the reactor (left reactor 

scheme). 

 

 During this experiment the temperature of the lamp (green curve) went up to 

100 °C. This experiment shows that without cooling, the highest temperature in 

the reactor went up to 60 °C (dark blue curve). Water-cooling was sufficient to 

bring the temperatures below 40 °C. Therefore, it confirmed that the heat 

produced by the photo-reactor is intense but that a standard water cooling 

manifold managed to maintain a 40 °C temperature. In cases were the reaction 

required further cooling, we could use a bottom-closed reactor immersed in a 

cooling bath. 

7.1.4.2 Efficiency of the light transmission and absorbance 

The quartz cylinder dimensions are 3.8 cm x 30 cm. It allows positioning of the 

reaction as close as possible to the light source (≈1 cm). Air is non-UV absorbing 

(N
2
 absorbed under 100 nm, O

2
 absorbed under 245 nm). Moreover, the quartz 

used (type 214) is low absorbing in the UV area where the lamp emits (Figure 7.5, 

transmittance 90%) to maximised the solution irradiation. Nonesuch as the PFA 
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tubing used (Figure 7.5, transmittance 50-90%). Moreover, due to the absorption 

of PFA, the thinner the tube walls are, the better the UV-efficiency will be. A 

compromise between cost, absorption and strength of the tube leads to the use of 

PFA: 1 mm inner-diameter with 0.3 mm tube-wall.345 

 

 
Figure 7.5. Transmittance of Quartz (thickness 1 mm, Quartz 214 has been used for photo-reactor 

applications).346 

 
Figure 7.6. Transmittance of PFA tubing (0.25 mm thickness).347 
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7.2 Application of Flow Chemistry to [2+2] Cycloaddition 

of Substituted Dioxinone Reagents 

7.2.1 Precedent of [2+2] cycloaddition of substituted dioxinone reagent 

 [2+2] Photochemical cycloadditions are highly developed in the literature. 

Applications to flow chemistry are being developed intensively, driven by 

productivity and efficiency. Among these, intermolecular [2+2] photocycloaddition 

reactions of dioxinone derivatives with alkenes has been developed to access 

complex tricyclic compounds in an efficient single step process.212,277,302,348 Contrary 

to many intermolecular cycloaddition reaction that give poor facial selectivity, 

intramolecular reactions show high regio- and stereo-selectivity in photo addition 

reactions to alkenes.299,348-352 

 
Scheme 7.1. Intermolecular [2+2] photocycloaddition of dioxinone.351 

 
Scheme 7.2. Intramolecular [2+2] photocycloaddition of dioxinone.348 

 No precedent was found for the [2+2] cycloaddition of dioxinone with 

alkynes. However, similar reactions of [2+2] photo-cycloaddition with terminal 

acetylene353 and alkyne354 have been reported (Scheme 7.3). This tricyclic-enone 

proved to be highly labile, which making it particularly challenging to isolate. The 

success of this reaction is dependent on the uranium glass filter to avoid 

secondary photocatalysed decomposition of the resultant β,γ-unsaturated 

ketones.355,356 
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O
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Scheme 7.3. Intramolecular [2+2] photocycloaddition with an alkyne-alkene system.354 

7.2.2 Current work using flow chemistry for the [2+2] cycloaddition of 

substituted dioxinone reagent 

7.2.2.1 [2+2] cycloaddition in the photo flow reactor 

 Demonstrated in Chapter 6, the thermal reactivity of substituted dioxinone 

did not result in the targeted [2+2] cycloaddition, but in the acyl ketene 

dimerisation (see section 6.3.4). Functionalised 2,2-dimethyl-4H-1,3-dioxin-4-one 

6.35 was used to study the [2+2] photocycloaddition in flow chemistry (Scheme 

7.4). 

 
Scheme 7.4. [2+2] photocycloaddition of dioxinone 6.35. 

 

 In the absence of indications about the appropriate wavelength, several UV 

light bulbs were tested: UVA, UVB and UVC (Table 7.1). Reactions were carried out 

in acetonitrile or acetone. In photochemical reactions, oxygen is often not desired 

because it acts as a quencher and so solvents were always degassed by sonication 

under N
2
 or argon atmosphere prior to use. Concentrations were kept at 0.05 M. 

O
h! (Hanovia 450 W)
uranium glass filter

7 h
hexane (0.02 M)

O

64%

6.35

h!

0.05 M
O O

O

O O

O
7.1
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Figure 7.7. Flow configuration for the realisation of photochemistry. 

Irradiation time 
(min) 

UV lamp (9 W) Solvents 
Consumption of 6.35 

(% 1H-NMR integration) 

18-60 UVA 370 nm MeCN 0 

18-60 UVB 313 nm MeCN 0 

18-60 UVC 254 nm MeCN 0 

18-60 UVA 370 nm Acetone 0 

18 UVB 313 nm Acetone 80% 

50 UVB 313 nm Acetone 100% 

18 UVC 254 nm Acetone 0 

Table 7.2. Optimisation of the [2+2] cycloaddition of 6.35 in 0.05 M solution. 

 Optimisation of the irradiation time and wavelength revealed that no 

reaction took place in acetonitrile. Irradiation in acetone with UVC or UVA lamp 

gave no conversion. Good conversion was obtained with the UVB lamp. Irradiation 

of the solution for 18 min gave a clean mixture of starting material 6.35 and 

product 7.1. The reaction went to completion after 50 min. The starting material 

absorbed at around 248 nm, however, only the UVB 313 nm lamp was efficient. 

7.2.2.2 Scope of this [2+2] photo-cyclisation – alkene substitution 

 Applying the protocol for the synthesis of 6.35 to the synthesis of 5-

substituted dioxinone 7.6, 7.7 and 6-substitued dioxinone 7.9 gave the product in 

good yield (Scheme 7.5, Scheme 7.6). 
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Scheme 7.5. Synthesis of 2,2-dimethyl-6-(alkenyl)-4H-1,3-dioxin-4-one using a two steps reaction. 

 
Scheme 7.6. Synthesis of dioxinone 7.9 using a two steps reaction. 

 [2+2] photo-cyclisation of these dioxinone derivatives gave pure product in 

good yield (Table 7.3). 50 min irradiation of a 0.05 M solution in acetone under 

UVB 313 nm 9W light gave full conversion of the starting material into product. 

The product was recovered from the photo flow reaction by concentration of the 

collected solution under vacuum. Therefore, our flow UV reactor creates perfect 

conditions to achieved easy, fast and efficient photo-cyclisation to obtain complex 

tricyclic structures in excellent yield, with a predicted output of 1.5 mmol/h.  

Starting 
material 

Irradiation 
time (min) 

Solvent 
UV lamp 

(9 W) 
Conversion of SM 

(Isolated yield of PR) 
Product 

 

50 Acetone UVB 313 nm       100% (90%)    7.10 

 

 

50 Acetone UVB 313 nm 

n=1: 85% (0%)       7.11 

 

n=2: 100% (99%)   7.1 

n=3: 100% (100%) 7.12 

Table 7.3. [2+2] UV photocycloaddition performed with alkene substitution. 

 By contrast, when 2,2-dimethyl-(but-3-ene)-dioxinone (7.6) was irradiated 

under identical conditions, a side product (7.13) was isolated and mainly starting 

material recovered from the reaction mixture. A plausible mechanism is proposed 

in Scheme 7.7. 
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Scheme 7.7. [2+2] photocycloaddition with the 2,2-dimethyl-(but-3-ene)-dioxinone 7.6. 

7.2.3 Conclusion and perspective 

 Our photo-flow reactor proved to be competitive and efficient compared to 

related existing literature using conventional photo-UV. Indeed, irradiation with 

low power light (9 W) for a relatively short time allows the formation of certain 

tricyclic compounds in quantitative conversion. The literature reactions use 

medium (80 W) to high-pressure mercury lamps (600 W) and require irradiation 

between 1.5 to 72 h. Work could be further extended to larger size ring 

formation. 

 Nonetheless, the scope looks quite limited. Indeed, reactions carried out 

with alkyne tether-substituted dioxinone 7.16 (Scheme 7.8) and heteroatom-

substituted dioxinone 7.21 (Scheme 7.9) did not formed the desired cycloaddition 

product despite full consumption of the starting material upon irradiation. The 

problem encountered with substitution might come from secondary 

photoreaction. 

 
Scheme 7.8. Synthesis of dioxinone 7.16, its reactivity upon irradiation for [2+2] photocycloaddition 

and its possible further reactions.357 
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Scheme 7.9. Synthesis of dioxinone 7.21, its reactivity upon irradiation for [2+2] photocycloaddition 

and its possible further reactions.357 

7.3 Application of Flow Chemistry to the Arylation of 

Alkenes 

7.3.1 Reported arylation of alkene 

 The most common method for the arylation of alkenes is the use of metal 

catalysed coupling reactions such as the Heck reaction (Scheme 7.10). Despite 

good versatility, the use of a metal catalyst can be a problem in pharmaceutical 

production. Photochemistry offers a convenient alternative for the coupling 

reaction without the requirement for a metal catalyst. Most of the work in this 

area concerns the generation of a phenyl cation under UV irradiation, which is 

used in the arylation of alkenes and alkynes,358,359 and the intramolecular arylation 

of substituted aromatic systems.360-362 

 
Scheme 7.10. Arylation of alkene – Heck coupling.363 

 UV excitement of such compound involve a heterolytic cleavage (Scheme 

7.11).364 It could potentially be an interesting reagent free C-C bond formation. 

Aware of he difficulties of selectivity of such reaction observed in previous 

work,364,365 it was decided to focus on the arylation of alkenes using a halo aniline 

in order to compete with actual literature and improve the selectivities.  
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Scheme 7.11. Photo-arylation of alkene using substituted aniline.364 

 

7.3.1.1 Arylation of alkene in photo-flow reactor 

 4-chloroaniline was used as the phenyl cation precursor. 1-hexene was used 

as a standard alkene for arylation. Irradiation of a 0.05 M solution of 4-

chloroaniline with 20 eq. of 1-hexene in MeCN with UVB light afforded a complex 

mixture of regio-isomers 7.26-7.27 and in MeOH as the solvent the methoxylated 

side product 7.28 was also formed (Table 7.4, Scheme 7.12, Scheme 7.13). 

 

 
Scheme 7.12. UVB Irradiation of 0.05 M solution of 7.25 with 1-hexene in MeCN. 

 

 
Scheme 7.13. UVB Irradiation of 0.05 M solution of 7.25 with 1-hexene in MeOH. 
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Reagent 
Irradiation 
time (min) 

Solvent 
[C] 

mol/L 
Consumption 
of 7.25 (Yield) 

Comment - Ratio 

20 eq. 80 MeCN 0.05 M 100% (22%) 
Regio-isomers 
7.26:7.27 (42:58). 

20 eq. 80 MeOH 0.05 M 100% (33%) 
Regio-isomers 
7.26:7.27 (27:73) 
SP 7.28: 26%. 

20 eq. 80 MeOH 0.005 M 
50% 

(not isolated) 
Main product: 7.28 
7.26 and 7.27 as traces. 

20 eq. 80 Acetone 0.05 M 100% (17%) 

Regio-isomers 
7.26:7.27 (1:1) 
Undetermined SP also 
present. 

Table 7.4. Reaction of 7.25 with 1-hexene and 1eq. of pyridine using UVB 313 nm lamp. 

 Isolation required careful preparative HPLC purification and yields were low 

due to the non-collection of mixed fractions. Moreover, the more product that 

formed, the more insoluble particles were formed in the flow system and resulting 

in blockage of the reactor. Addition of 1 eq. of pyridine efficiently removed the 

observed particles.g Reducing the concentration of the solution to 0.005 M in 

MeOH greatly reduced the conversion. As expected, the main product synthesised 

was the methoxylated product 7.28. Chloro-substituted regio-isomers (7.26, 7.27) 

were only visible in small amounts. Replacing the solvent by acetone revealed a 

full consumption of the starting material but the crude product was a complex 

mixture. Isolation gave a mixture of chlorinated isomers (7.26, 7.27) in 17% yield 

(ratio 1:1). 

 Replacement of the starting material by 4-bromoanline, 4-iodoaniline as 

radical precursors did not give any conversion. Moreover, changing the 

substituent position to the ortho-position using 2-chloroaniline completely 

supressed its reactivity. 

 

                                            

g The particles which has been observed might come from the formation of salt due to the release of chlorite 
resulting from the C-Cl cleavage. The chlorite released are not all trapped by the poduct as solvent is also 
trapped. 
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7.3.2 Conclusion and perspectives 

 This arylation of alkene is only at its early stage of development. The 

reaction can be optimised using the addition of a sensitiser and the optimisation 

of the other parameters (solvent, UV light, concentration). The use of a second 

trap to react with the cation species could result in substitution of the arylated 

alkene. Furthermore we showed that this chemistry did not require powerful 

mercury lamps. Nonetheless, the competing reactions giving a mixture of regio-

isomers and side products, both from low to medium yield, and the specificity of 

the aryl used reduce the scope. By contrast, for a reasonable range of substrate, 

batch photochemistry affords reaction with arylated product isolated from decent 

to good yields. Therefore, the transposition of this catalyst free strategy into flow 

equipment was not competing to current batch reaction. At the moment, it is not 

appropriate to further develop this approach. 

7.4 Application of Flow Chemistry Photochemistry to the 

Synthesis of Biological Active Compound 

7.4.1 Carbazole synthesis – Application of flow chemistry 

7.4.1.1 Precedent of S
RN

1 photo-initiated reaction 

 The synthesis of carbazole ring systems is relevant because of the growing 

interest in these compounds. Indeed, carbazole derivatives have useful biological 

activities such as antibacterial, anti-inflammatory or antitumor.366-368 They also have 

applications in other areas through the use of their conductive properties.369-371 

Carbazole-type molecules are synthesised using the Fischer-Borsche 

synthesis,372,373 or metal catalysis,374-379 whose scope is highly depending on the 

catalyst, its ligand and the starting material used. 

 We focuses on an efficient alternative to metal catalysed process using 

photo-initiated S
RN

1 mechanism (Scheme 7.14, Scheme 7.15).380 Nonetheless, the 

synthesis of the precursors still requires metal coupling. 
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Scheme 7.14. Carbazole derivatives synthesised via S

RN
1 photo-reaction.380 

 
Scheme 7.15. Proposed S

RN
1 mechanism for carbazole synthesis using electron transfer (ET).380 

7.4.1.2 Carbazole synthesis in photo-flow reactor 

 Inspired by M. Buden et al., the synthesis of carbazole was attempted.380 

Precursors 2-bromo-N-phenylaniline 7.38 was synthesised in excellent yield and 

irradiated with BLB light for 21 min in our flow photo-reactor to afford the 

carbazole product 7.35 in good yield (75%) after chromatographic purification 

(Scheme 7.16). Despite not reaching full conversion (83%), the crude was a clean 

mixture of starting material and product. 

 
Scheme 7.16. S

RN
1 UV reaction: synthesis of carbazole by irradiation of 2-bromo-N-phenylaniline. 

 Increasing the tBuOK reagent allows the complete consumption of starting 

material, even for short residence time (13 min). A small impurity however was 

observed in the crude product. The side product was identified as 7.39 obtained 

by C-Br cleavage under UV excitation. Both the absence of UV irradiation and 
tBuOK prevented the reaction from occurring. The small conversion (3-4%) of the 

starting material observed in both case was also visible when analysing the stock 

solution. The reaction was also performed in a heated reactor instead of a photo-
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reactor. Instead of irradiation, the solution was excited by heating the solution at 

60 °C and to 150 °C. The absence of reaction at 60 °C  confirmed that the working-

temperature of our photo-reactor (up to 60 °C) will not promote this reaction. On 

the contrary, excess of heating such as 150 °C led to decomposition of the 

reagent. 

exp. 
tBuOK 

eq. 
UV light T (°C) 

Residence 
time (min) 

SM 7.38 
(%

mol
) 

Product 
7.35 (%

mol
) 

SP 7.39 
(%

mol
) 

1 1.7 BLB 9W 60 54 17 83 0 

2 3.4 BLB 9W 60 54 0 100 0 

3 4 BLB 9W 60 13 0 80-90 10-20 

4 0 - 30 54 97 3 0 

5 4 - 30 54 96 4 0 

6 4 - 150 54 N.D. N.D. N.D. 

Table 7.5. Formation of carbazole via S
RN

1 process using various parameters – Results according to 
1H-NMR integration of the crude reaction mixture after concentration under vacuum. 

 This carbazole synthesis is a good example, to illustrate the efficiency of our 

photo-reactor. The literature reports this substrate requires irradiation for several 

hours with a high-pressure mercury lamp (400 W).380 In contrast, we achieved 

complete conversion in 13 min with only a 9 W lamp without a strong 

optimisation study of the parameters. 

7.4.2 Phenanthridines synthesis – Application of flow chemistry 

7.4.2.1 Precedent of S
RN

1 photo-initiated reaction 

 Phenanthridines are important biologically active compounds. Their core 

structures can be found in a number of antibacterial and antitumor agents.381 

Similar to the previous carbazole synthesis, M. Buden et al. described a photo-

initiated reaction to produce phenanthridine in medium to high yield (Scheme 

7.17, Scheme 7.18).382-384 
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Scheme 7.17. Example of substituted phenanthridine synthesis via S

RN
1 mechanism.382 

 
Scheme 7.18. Proposed S

RN
1 mechanism for the phenanthridine synthesis.382 

7.4.2.2 Phenanthridine synthesis in photo-flow reactor 

 N-(2-iodobenzyl)aniline (7.40) was synthesised in good yield by the coupling 

of aniline with a benzyl chloride. Irradiation of 7.40 in a solution of DMSO (0.05 

M) with tBuOK (2 eq.) under BLB light (360 nm, 9 W) for 54 min afforded the full 

conversion of the starting material leading to the isolation of the phenanthridine 

7.48 (62%). Side products 7.51 was visible in the crude of the reaction mixture but 

was not isolated (Scheme 7.19). 

 
Scheme 7.19. S

RN
1 UV reaction: synthesis of phenanthridine by irradiation of N-(2-iodobenzyl)aniline. 

 Optimisation needs to be carried out to reduce the side product formation 

and to increase the yield. Nonetheless, this synthesis demonstrates the potential 

of using our photo-reactor Such processes could in theory be used to syntheses 

benzochromene and thiochromene. Interestingly, similar S
RN

1 mechanisms using 

thermal activation instead of UV activation has been reported.385 

I

H
N NtBuOK (2.5 eq.)

h! (2 x HPI: 400W)

0.0017 M
2 hR

R

H
o-Me
p-Me
o-OMe
p-OMe
o-Ph

o-pyrrole

R

NH3

Yield (GC)

88%
79%
84%
82%
95%
87%
83%

7.40

h!
N

HN

H

N
oxidation

t-BuOK

ET

N IN IHN I

I-

N

N

H

N
-H++H+

ET

7.477.48

7.41 7.42 7.43 7.44

7.457.46

7.40, 84% 7.48, 62% 7.51

I

H
N

INH2

NaHCO3
(1.2 eq.)

2 h, reflux
water

Cl N
tBuOK (2 eq.)

h! (BLB 370 nm, 9 W)
54 min

0.05 M
DMSO

H
N

7.507.49



 

 162 

7.4.3 Fused indole synthesis – Application of flow chemistry 

7.4.3.1 Fused indole via S
RN

1 reaction 

 
Scheme 7.20. Synthesis of substituted fused indoles.386 

 The high importance of indoles due to their pharmacological activities and 

their uses as precursor to complex molecules makes their synthesis particularly 

interesting (Scheme 7.20).386,387 A catalyst free S
RN

1 pathway would be particularly 

attractive. The main drawback of this reaction is the formation of the reduced 

aniline by-product by C-Halogen cleavage due to extensive irradiation.388 It limits 

such reactions to medium yields (31-61%). Using a photo-reactor could reduce 

such by-products by using a selective range of irradiation at low power. 

7.4.3.2 Fused indole synthesis in photo-flow reactor 

 The reaction depicted in Scheme 7.21 was carried out in flow chemistry 

according to the protocol depicted in Figure 7.8. UVB irradiation for 80 min 

afforded the product 7.54 in 17% isolated yield. The aniline radical was not totally 

formed after 80 min of irradiation, 10% of unreacted 2-iodoaniline was recovered. 

The flow configuration of the reaction is quite complex and can partially 

explained the low yield obtained. Despite careful configuration, errors in the 

accuracy of the pump can lead to non-mixing of the reacting plug. 

 
Scheme 7.21. Synthesis of fused indoles using the photo-initiated reaction of 2-iodoaniline with 

carbanion by S
RN

1 mechanism.	  
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Figure 7.8. Reaction set-up for the synthesis of fused indole by S

RN
1 reaction – tBuOK solution mixes 

with 7.53 in a 5 mL coil reactor for 25 min to form the carbanion, which further mixes with the 

radical precursor 7.52. prior to irradiation under UVB for 80 min to afford fused indole 7.54. 

 Replacing the starting substrate by 2-chloroaniline or 2-bromoaniline gave 

no indole formation. These starting material did not react under UVB irradiation. 

7.5 Conclusion 

 This photo-reactor enables continuous photo-flow synthesis cleanly and 

efficiently. Moreover, as described earlier, its mobile design, its easy integration 

with other equipment and the fact that it is cheap and easy to build are major 

benefits. We have demonstrated that, even using low power light sources, 

efficient reaction could in principle be achieved, such as the synthesis of [2+2] 

cycloaddition of dioxinone derivatives, the arylation of alkenes, and some photo-

initiated S
RN

1 for the synthesis of fused indoles, phenanthridines and carbazoles 

molecules. The next chapter will develop another type of S
RN

1 photo-initiated 

reaction: the benzoxazole synthesis. In parallel, David Bolien, achieved efficient 

[2+2] photocycloaddition with maleimide, the Paterno-Buchi reaction and the 

DMBP sensitised reaction of IPA to furanone.57 





 

 165 

Chapter 8. S
RN

1 Reaction by Photo-Activation – 

A Case Study of Benzoxazole Synthesis 

8.1 Benzoxazole Synthesis via a Photochemical Strategy 

8.1.1 Literature precedent 

 Benzoxazole molecules are important building blocks with strong biological 

activity. Amongst other drugs, benzoxazoles have found applications as 

antitumor,389 antitubercular390 and antibacterial agents.391 Established routes to 

access these compounds include: 

§ Condensation upon heating of 2-aminophenol with carboxylic acids or acid 

chlorides.392-394 

§ Condensation of 2-aminophenol with aldehydes followed by oxidative 

cyclisation.395,396 

§ Condensation of S-methylisothioamides.397 

§ Iron, palladium or copper catalysed benzyne intramolecular-cyclisation.398-402 

§ Base mediated benzyne intramolecular-cyclisation.403 

§ [4+1] annulation of the benzoxazole via amine catalysis.404 

§ Iodine mediated cyclisation of 2-alkoxythiobenzamide.405 

 Some recent and more valuable synthetic strategies were employed for the 

synthesis of benzoxazole molecules such as a direct base-mediated transition 

metal free intramolecular cyclisation of carboxamide by C-O bond formation.406,407 

8.1.2 The photochemical route 

 Among the previous cited routes, the photochemical route provides an 

interesting alternative, as toxic reagents and metal mediated syntheses are 

avoided. In addition, precursors are simple and readily available. The major 

contributors to this photochemical pathway are Park (Korea),408-410 and Rossi 

(Argentina).411-413 The procedures adopted vary between the groups (Scheme 8.1). 
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Moreover, discussions about the possible mechanism of this reaction are intense 

and not yet resolved. 

Entry Reaction scheme Yield 

1 

 

35-100% (GC) 

2 

 

25-60% 

3 

 

10-32% 

4 

 

10-33% 

5 

 

40-52% 

Scheme 8.1. Overview of the current benzoxazole formation using photochemical processes – entry 

1.412,414 entry 2.415 entry 3.410 entry 4.408 entry 5.416,417 

8.1.3 Discussion of the mechanism 

 Mayouf and Park investigated the mechanism of the benzoxazole 

formation.409 They affirmed that this photo-substitution reaction is following an 

S
N
(ET)Ar* mechanism (Scheme 8.2). Under basic conditions, the imidolate anion is 

formed, which, upon excitation, generates a singlet charge transfer species (CT). 

The cyclisation proceeds by electrophilic addition of the imidolate radical to the 

halo phenyl anion radical. A cyclohexadienyl anion radical (CHAR) is formed. 

Elimination of halide anion provides the cyclised benzoxazole. The side product, 
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obtained by photo-reduction, proceeds via a triplet state. Nonetheless, supported 

by this group,410,418 this above mechanism is not correct. The group of Senthivelan 

reported the correct mechanism (Scheme 8.3).416,417 Scheme 8.4 present another 

way to draw this mechanism. 

 
Scheme 8.2. top, photo-substitution: S

N
(ET)Ar* proposed mechanism – bottom, photo-reduction: side 

product formation.409 

 
Scheme 8.3. Proposed mechanism for the formation of oxazole.416,417 

 
Scheme 8.4. Photo initiated S

RN
1 mechanism for the oxazole formation. 

 However, this is not the only mechanism discussed. Similarly to the 

formation of phenanthridine and carbazole illustrated in chapter 7 (see section 

7.4), this benzoxazole synthesis was described as following a S
RN

1, photo initiated 

mechanism. Rossi confirmed this S
RN

1 mechanism (Scheme 8.5).412 Deprotonation 

by base (i) is followed by irradiation and electron transfer (ET) to the molecule. 

The halogen bond is cleaved (ii) and the anion couples to the aryl radical (iii). 

Subsequent proton transfer (PT) and electron transfer form the benzoxazole (iv). 
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Scheme 8.5. S

RN
1 mechanism for the formation of benzoxazole proposed by Rossi.412 

 The Rossi group have pursued careful studies of the mechanism involved in 

this reaction.419 DFT calculations as well as experimental observations indicate 

that their proposed S
RN

1 mechanism is not likely. This suggests that the reaction 

can either proceed via the S
N
(ET)Ar* mechanism proposed by Park, or through a 

bi-radical collapse. Eventually, they were in favour of a bi-radical mechanism 

(Scheme 8.6). 

 
Scheme 8.6. Bi-radical mechanisms for the benzoxazole formation.419 

8.1.4 Summary of the literature 

 As depicted above, several conditions are reported with different substrates, 

solvents (MeCN, MeOH, H
2
O, DMSO, NH

3aq
) and bases (tBuOK, NaOH). The reaction 

is usually performed with irradiation over several hours using a high-pressure 
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mechanism is considered as an S
RN

1-type reaction involving an electron transfer 

step,408-410,412,418,420 but could also be assigned to a bi-radical type mechanism.419 

Similar mechanism has been described for the synthesis of benzothiazole.417,421-423 

 Literature precedent revealed an efficient synthesis using photochemistry 

but which was limited by the high power of light used, the small output of 

product and the time required. The application of photo-flow chemistry could 

overcome these issues providing better economical, environmental and safety 

benefits from the uses of low power light bulbs. 

8.2 Application of Flow Chemistry to Benzoxazole 

Synthesis – A Pyrrole Derivative Precursor 

 The aim was to develop a high performing, improved and versatile oxazole 

synthesis methodology using flow technology. Taking advantage of our in-house 

designed photo-reactor, such a synthesis could improve on current batch 

photochemistry. A first study was carried-out with a pyrrole carboxamide 

derivative to characterise this photoreaction. 

8.2.1 Transfer of the benzoxazole synthesis into flow technology 

 In order to avoid the influence of parameters inherent to the flow instrument 

such as mixing and pump reliability, sample loops were used and reagents were 

premixed and filtered prior to the experiment. Such a setup will avoid the 

influence of the mixing time and of the time for the anion to proceed after the 

reagent has been mixed. 

 The synthesis of benzoxazole was attempted following the procedure of M. 

Buden et al. using N-(2-iodophenyl)-1H-pyrrole-2-carboxamide 8.3 (Scheme 8.7).382 

Irradiation of 8.3 using our photo-flow platform (Figure 8.1, Scheme 8.8) resulted 

in full consumption of the starting material despite only a short 54 min irradiation 

time and a 9 W BLB light. The benzoxazole product 8.4 (65%) was contaminated 

with a side product 8.5 (34%). The benzoxazole product 8.4. was confirmed to be 

stable at room temperature, to air and to visible light. It was also confirmed that 

benzoxazole product is stable upon irradiation (Scheme 8.8). Therefore, 



 

 170 

formation of side product can only occur from the C-I bond cleavage, competing 

with the benzoxazole formation. 

 
Scheme 8.7. Synthesis of the precursor N-(2-halogenated phenyl)-1H-pyrrole-2-carboxamide. 

 
Scheme 8.8. Synthesis of benzoxazole by irradiation of 8.3. 

 
Figure 8.1. Vapourtec flow chemistry set-up for the synthesis of benzoxazole via S

RN
1 reaction 

initiated by UV irradiation. 

 This preliminary reaction proved that our apparatus works in a suitable 

range of conditions to perform the synthesis of oxazole. Moreover, this side 

product formation might be solvable via our range of available conditions 

(irradiation, residence time, temperature, equivalents of reagent and 

concentration). 
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8.2.2 S
RN

1 benzoxazole synthesis – Influence of the tBuOK reagent 

 Literature examples used a standard protocol of 2 eq. of tBuOK.412,413 To study 

the importance of the base stoechiometry; experiments were carried out varying 

the amount of base (Table 8.1). In the absence of tBuOK, the reaction affords the 

side product 8.5 resulting from the C-I bond cleavage of the starting material in 

small amounts (7%). Starting material 8.3 was recovered in high quantities (93%). 

This proved that the anion formation is a key step in the benzoxazole synthesis. 

Strikingly, 0.5 eq. of tBuOK did not show any product formation, while 2 eq. 

revealed a good conversion of starting material into product. Increasing the 

amount of base to 4 eq. gave almost complete consumption of starting material 

and also decreased the amount of side product (Table 8.1). 

Parameters: 
tBuOK (eq.) 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

0 0 93 7 

0.5 0 81 19 

2 75 18 7 

4 96 1 3 

Table 8.1. Influence of the amount of reagent for reactions conducted with a 0.01 M solution of 

starting material in distilled DMSO with 15 min of stirring with tBuOK before irradiation for 21 min 

(flow rate: 1.5 mL/min) under BLB light (370 nm, 9 W). 

8.2.3 S
RN

1 benzoxazole synthesis – Influence of the concentration 

 Concentration is an important factor in photochemistry. The solution needs 

to be concentrated enough to use all the light emitted by the lamp and to avoid a 

loss of efficiency by being over irradiated. However, if the solution is too 

concentrated, not enough light energy will be present to convert the whole 

solution. Increasing the concentration from 0.01 M to 0.2 M reduced the 

conversion of starting material into product by 20% (Table 8.2). Side product 

formation remained low at 3-5 %. Therefore, we are able produce oxazole at 2.5 

g/h starting with a 0.2 M solution and using 21 min of residence time. If required, 

we could have reduced the flow rate in order to increase the conversion of this 
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experiment from 76% to 100%. The reagent solubility in DMSO prevented us from 

testing even more concentrated reaction mixtures.h 

Parameters: 
Concentration (M) 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

0.2 76 20 4 

0.05 90 5 5 

0.01 96 1 3 

Table 8.2. Influence of the concentration for reactions conducted with a solution of starting material 

in distilled DMSO with 15 min of stirring with tBuOK (4 eq.) before irradiation for 21 min (flow rate: 

1.5 mL/min) under BLB light (360 nm, 9 W). 

8.2.4 S
RN

1 benzoxazole synthesis – Influence of the solvent 

 DMSO gave good conversion and purity. Nonetheless, its high boiling point 

complicates the isolation of the product. The use of phase separation and 

extraction in continuous flow does exist, but switching to another solvent would 

be a cheaper and more convenient option. Therefore, more suitable solvents were 

tested (Table 8.3). THF and MeCN were not found to be as efficient as DMSO. 

Diethyl and dimethyl carbonate, greener solvents, did not work at all, potentially 

due to the poor solubility of the tBuOK into these solvents. Surprisingly, non-

distilled DMSO (open for months – not degassed) did not influence the reaction 

efficiency. We can conclude that water and oxygen are not a big issue in this 

reaction. This is a good opportunity to use common grade solvent instead of 

distilled one (commercial availability, cheaper) as long as tBuOK is used in excess. 

Additional solvent systems were studied within the group.57 It appeared that 

mixture of MeOH : DMSO using NaOH as the base performed as well as the tBuOK 

reagent in DMSO for a few selected amides, thioamides and thiourea (Scheme 

8.9). However, it did not remove the use of DMSO. 

 

                                            

h Concentration of 0.2 M is around the limit of what can be obtained with this flow configuration, due to the 
solubility of tBuOK into DMSO. Also, some problems of pumping might occur using this system. Other pumping 
systems such as syringe pumps are needed to pump thick and viscous solvents, such as this solution of tBuOK in 
DMSO. 
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Parameters: 
Solvent 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

THF 48 38 14 

MeCN 17 68 14 

Diethyl/dimethyl carbonate 0 100 0 

‘wet’ DMSO 97 3 0 

DMSO 96.5 0 3.5 

Table 8.3. Influence of the solvent used for reactions conducted with a 0.01 M solution of starting 

material with 15 min of stirring with tBuOK (4 eq.) before irradiation for 13 min (flow rate: 2.5 

mL/min) under BLB light (360 nm). 

 

 
Scheme 8.9. Synthesis of benzoxazole and thioazole for a few selected amides, thioamides and 

thiourea.57 

 

8.2.5 S
RN

1 benzoxazole synthesis – Influence of the irradiation 

wavelengths 

 Literature procedures made use of powerful lamps, irradiating the reaction 

mixtures for a long time (2-3 h).413 Our demonstration of efficiency using a single 

9 W light proved that no matter what the power of the light, the most important 

factor is the careful selection of the irradiation area and a high light penetration 

coefficient. Taking advantage of our reactor, in which the light source can be 

easily changed, several different lights were tested (Table 8.4). 
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Parameters: 
Lamp 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

UVA (360 nm, 9 W) 97 0 3 

BLB (360 nm, 9 W) 96.5 0 3.5 

UVB (313 nm, 9 W) 85 1 14 

Visible (9 W) 59 41 0 

Visible (9 W)[a] 73.5 19 7.5 

Blue (460 nm) 84.5 6 9.5 

No light (30 °C) 0 100 0 

No light (60 °C) 0 100 0 

[a] Visible light irradiation for extended time: 32 min. 

Table 8.4. Influence of the irradiation wavelength for reactions conducted with a 0.01 M solution of 

starting material into DMSO with 15 min of stirring with tBuOK (4 eq.) before irradiation for 13 min 

(2.5 mL/min). 

 UVA (360 nm, 9 W) and UV BLB (360 nm, 9 W) irradiation both gave complete 

conversion into the product with only traces of side product. This was expected as 

both lights have quite similar emission spectra with a main peak at around 360 

nm. The UVB light (313 nm, 9 W), despite giving almost full conversion, increased 

the side product formation. Similarly, the blue light formed a good amount of 

product but the side product was present in higher quantities than for the UVA 

and the BLB lights. Visible light did not give full conversion, but this result was 

looking promising for two reasons. Firstly, no side product was formed and 

secondly, no UV light was required. A second experiment was run using the 

visible light. The irradiation time was increased to 32 min in order to increase the 

conversion of the starting material. Conversion increased from 59% to 81%. 

However, more side product was observed (7.5%). The green advantage of using 

visible light did not overwhelm the drawback of having the side product formed. 

Looking to the UV absorption spectra of this visible light (see section 7.1.3), some 

light is emitted in the UV region. This could probably explain how the side 

product was still formed with a longer irradiation time. This reaction was also run 

without  light at 30 °C and at 60 °C. No conversion occurred. It demonstrated that 

UV light is essential for the reaction. Also, the range of temperatures that could 

be encountered during these reactions (30-60 °C) did not promote the 

transformation. 
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8.2.6 S
RN

1 benzoxazole synthesis – Influence of the irradiation time 

 Our previous sets of reactions, despite a high input flow rate (1.5 mL/min) 

gave complete consumption of the starting material. Therefore, in order to 

improve the production rate and approach the limit of conversion, the irradiation 

time was shortened. Table 8.5 shows the remarkable efficiency of the reaction 

because we were able to complete the reaction within 5 min. 

Parameters: 
Residence time (flow rate) 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

4.9 min (6.6 mL/min[a]) 96 4 0 

12.8 min (2.5 mL/min) 96 1 3 

21.0 min (1.5 mL/min) 96.5 0 3.5 

[a] Due to the viscosity of DMSO, a flow rate of 9.9 mL/min (limit of the system) was not 
really delivered. Indeed, despite the instrument indicating a flow rate of 9.9 mL/min, the 
measured volume collected during the experiment correspond to a flow rate of 6.6 
mL/min. 

Table 8.5. Influence of the irradiation time for reactions conducted with a 0.01 M solution of starting 

material with 15 min of stirring with tBuOK (4 eq.) before irradiation under UV BLB. 

8.2.7 S
RN

1 benzoxazole synthesis – Influence of the halogen substitution 

 The corresponding analogues of 8.3, the bromo-substituted 8.6 and chloro-

substituted 8.7 were synthesised (Scheme 8.7). Under the same reaction 

conditions, the starting material bromo-substituted compound 8.6 revealed 

similar efficiency as the iodo-substitution whereas the chloro-substituted 

derivative 8.7 gave a lower conversion. 

Parameters: 
Halogen substitution 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

Iodo 96 (8.4) 1 (8.3) 3 (8.5) 

Bromo 96 (8.4) 2 (8.6) 2 (8.5) 

Chloro 88 (8.4) 12 (8.7) 0 (8.5) 

Table 8.6. Influence of the halogen on the reaction rate for reactions conducted with a 0.01 M 

solution of starting material with 15 min of stirring with tBuOK (4 eq.) before 13 min irradiation 

under UV BLB (9 W). 
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8.2.8 S
RN

1 benzoxazole synthesis – Preparative run 

 The above study evaluating the different factors participating in the reaction 

leads to the determination of some optimal parameters. A long reaction run was 

next investigated to simulate a continuous flow process with 200 mL of solution. 

Pump reliability was an issue for long runs as the tBuOK solution tended to block 

the head pump after a while. Unnoticed with 10 mL plug flow, the pumping issues 

appeared after 40 mL of continuous pumping. We were enable to overcome this 

problem with our current system. Therefore, two Knohel syringe pump modules 

were used to deliver a continuous and reliable flow rate. Stability of the flow was 

smooth and accurate during the whole experiment.  

8.2.8.1 Preparative run – 1st reaction 

 Photoreaction was carried out with a 0.05 M solution of starting material, 

irradiated for 16 min (2 mL/min) with a UVA 11W lamp (Figure 8.2). According 

previous experiment, 4 eq. of tBuOK will increase the conversion while minimising 

the formation of side product. In order to get an experimental observation of the 

influence of the double-coiled reactor on the reaction parameters, the conversion 

of the reaction was deliberately reduced by increasing the flow rate and thus 

reducing the irradiation time of the solution from 21 min to 16 min. The reaction 

mixture was partitioned into three fractions. The first fraction was collected from 

the appropriate portion during reactor filling. The second portion was collected 

whilst the system was at steady state (the double coiled reactor is totally filled 

with reacting solution) and the third fraction was collected as the reactor was 

emptied. Each fraction was worked-up and analysed individually. As seen in Table 

1.7 irradiation efficiency was maximised during the filling (Fraction 1) and the 

emptying (Fraction 3) of the reactor. This is due to the double-coiled design of the 

reactor where one layer is partially shielded by the second layer. Figure 8.3 

illustrates the light efficiency of this reaction. Fraction 2 presents less conversion 

as expected, but revealed a surprisingly poor selectivity over side product (ratio 

3.6:1). Previous experiments realised on a smaller plug of reagent solution 

presented a ratio of product to side product of around 30:1. 
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Figure 8.2. Flow apparatus configuration for a continuous process – synthesis of benzoxazole. 

Fractions 
Mass 

isolated (g) 

Result: 1H-NMR integration after aqueous work up 

Product (%) Starting Material (%) Side Product (%) 

1st fraction 0.295 83.6 5 11.4 

2nd fraction 0.566 61 22 17 

3rd fraction 0.299 86 7.4 6.6 

Table 8.7. Reaction mixture of the preparative run collected into three fractions (16 min irradiation, 

UVA 11 W, 0.05 M in DMSO, 4 eq. of tBuOK). 

 
Figure 8.3. Tendency of the evolution of the UV out-put as a function of the amount of solution 

filling the photo-reactor. 
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8.2.8.2 Preparative run – 2nd reaction 

 This second preparative run was carried out to get a value of the oxazole 

production possible with our flow equipment.  In order to reach full conversion, a 

longer irradiation time (1 mL/min, 32 min) was applied. A 95% conversion was 

afforded with a pollution by the side product (9% according 1H-NMR integration). 

Isolation by silica column chromatography afforded the product in 85% yield, 

representing a production scale of 0.5 g/h. Considering our 9 W light photo-

reactor coupled to meso-scale flow technology, the efficiency is higher than the 

batch reaction reported in the literature, that produced 0.008 g/h with 800 W 

light (300 mL solvent flask irradiated for 2-3 h to get 25 mg of material out).412 It 

is common for photoreaction to compare the efficiency in mol.W-1.h-1 unit. The 

reaction in our equipment afforded 0.25 mmol.W-1.h-1 of pure benzoxazole. 

Literature reported 10-7 mmol.W-1.h-1 of product.382 

 
Scheme 8.10. Synthesis of benzoxazole – preparative run (200 mL solution). 

8.3 S
RN

1 Benzoxazole Synthesis – Anionisation Study 

8.3.1 Application of in-situ analysis to characterise the anionisation 

 The formation of the anion in the S
RN

1 mechanism is the initiating step of the 

chain. The influence of the tBuOK on the starting material was explored. 

Preliminary tests were carried out to determine if UV in-situ analysis could be used 

to observe starting material and the anion. Injection of solutions of starting 

material 8.3 and tBuOK into the UV cell revealed two different UV absorption 

spectra, indicating the presence of two species. It might correspond to the anion 

and the di-anion of the starting material (Figure 8.4). A solution of tBuOK in DMSO 

revealed a blank spectrum, confirming that the amount of tBuOK will not interfere 

in the UV spectra for the in-situ analysis. Therefore, the use of in-line UV analysis 

could be a relevant tool to analyse the stream of the solution and determine the 

composition of the reaction mixture. Several parameters were determined:  
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§ The kinetics for the formation of the anions – profile of reaction over time 

§ The reaction profile of the mixture depending on the equivalents of the 
tBuOK reagent. 

 
Figure 8.4. Estimated spectra of the starting material and its two anions via OPA data treatment – 

Reliable correlation to experimental observation. 

8.3.2 Kinetics of the anionisation – In-situ analysis 

 The setup consists of a stream of a solution of tBuOK in DMSO that will mix 

with a stream of starting material. In order to avoid UV absorbance saturation the 

solution used has been diluted to 0.001 M in starting material. The mixed stream 

will flow through a reactor to allow time for the anion to form before flowing 

through the UV flow cell where the UV spectra of the stream will be recorded and 

analysed (Figure 8.5). The set-up used allows various mixing times to be used by 

switching the PFA reactor present between the mixer and the analytical cell 

(Figure 8.5). The flow rate of the starting material solution and the flow rate of the 
tBuOK solution were always adjusted in order to get 5 eq. of tBuOK at the mixing 

of the solution’s streams. After a few reactions, it appeared that the starting 

material is totally converted into the anion. Formation of the anion is very fast as 

full conversion occurred within 1 min. This is in agreement with visual observation 

as the solution always coloured quickly when the reagents were mixed. 
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Figure 8.5. Flow set-up for the study of the anionisation kinetics. 

 In order to analysed reaction time of less than 1 min, the PFA reactor was 

removed. It means that only the UV cell tubing (150 cm, 1mm diameter) is present 

to link the mixer and the analytical cell. 150 cm of tubing with a 1 mm diameter 

cross-section represents a volume of around 1.2 mL. Several points were recorded 

using various flow rates, which gave a range of residence times from 4.7 s to 

141.3 s The in-situ UV analysis confirmed a very fast conversion of the starting 

material into the anion. Starting material is fully converted into anion in 14 s 

(Figure 8.6). The reaction should obey second order kinetics. Nonetheless, the 

data revealed a first order reaction rate (Figure 8.7). 

 
Figure 8.6. Evolution of the reaction mixture after mixing. 

0.00	  

0.20	  

0.40	  

0.60	  

0.80	  

1.00	  

0	   10	   20	   30	   40	   50	   60	   70	   80	  

Ab
so
lu
te
	  

co
nc
en

tr
aY

on
	  

residence	  Yme	  (sec.)	  

Starang	  material	  

Anion	  

Di-‐anion	  



 

 181 

 
Figure 8.7.1st and 2nd order kinetics of the anionisation of the pyrrole system. 

8.3.3 Influence of tBuOK on the anionisation – In-situ analysis 

 The second protocol was varying the tBuOK excess for a fixed residence 

time. Figure 8.8 and Figure 8.9 show the anion formation after addition of base 

and consumption of the starting material, using in-situ mixing in the flow 

apparatus via a static T mixer to combine the flow of the base solution with the 

flow of the amide solution. Further addition of base (up to 8 eq.) led to the 

formation of the di-anion and the complete consumption of the starting material. 

 Surprisingly, formation of the di-anion was observed for this series of 

experiments where as this di-anion was not observed in the experiments above 

using 5 eq. of tBuOK for various residence time condition. Particularly, the 

previous study revealed that for a 5 eq. ratio and a 20 s residence time, there is 

full conversion of the SM 8.3 into anion. In the present study, at 19 s residence 

time and 5 eq., full conversion is obtained but the main species present is the di-

anion with 82%. The anion is present in only 18%. Investigations revealed that 

both experiment can be repeated with similar results, therefore, the main 

differences observed might come from a parameters which has not been 

investigated: the mixing. Assumed to be good, the mixing might influence these 

results. Indeed, the variation of the flow rate and of the ratio of flow rate during 
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these two studies will, in addition of changing the residence time and the amount 

of tBuOK eq., change the fluids dynamic of the system and be able to change the 

mixing property of the reaction run. A local difference of equivalent into the 

system could result in a different profile of the reaction mixtures and explain the 

differences visible in these two studies. The influence of the mixing will be 

removed in the next study. 

 
Figure 8.8. Recorded UV spectra in function of the amount of tBuOK. 

 
Figure 8.9. Influence of the tBuOK eq. on the anion formation from amide 8.3. Concentration was 

measured using in-situ UV analysis of the stream of solution passing in the UV cell after the mixing 

of the amide 8.3 with tBuOK for a residence time of 19 s. 

 Taking into account this new observation, benzoxazole 8.4 was synthesised 

using the conditions to get the mono-anion (2 eq. of tBuOK) and the di-anion (8 

eq. of tBuOK) as the main species (Table 8.8). Reaction was carried out using the 

R-serie to pump a 20 mL solution of SM 8.3 at 0.01 M mixed with tBuOK in the 

photo-reactor. In order to be less converted than previous experiment (Table 8.1) 
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and therefore obtained a better visibility on the influence of this parameter, the 

irradiation time was reduced to 8 min (4 mL/min). With this conditions, reactions 

using 2 eq. of tBuOK result in only 62% conversion, including a high ratio (1:5) of 

side product. By contrast, a reaction using 8 eq. of tBuOK revealed to be much 

more effective with full conversion of the starting material, and only trace 

amounts of side product (less than 1%
mol

 according 1H-NMR integration). The 

absence of side product when the di-anion was present is probably due to a much 

faster rate of reaction, preventing the carbon-halogen bond cleavage. 

Parameters: Result: 1H-NMR integration after aqueous work up 

Anion species tBuOK eq. Product (%) Starting Material (%) Side Product (%) 

Mono-anion 2 50 38 12 

Di-anion 8 >99 0 <1 

Table 8.8. Influence of the anion species on reactivity for reaction conducted with a 0.01 M solution 

of starting material in distilled DMSO, irradiated for 8 min (flow rate: 4 mL/min) under BLB light (360 

nm, 9 W) using in-situ mixing via a static T mixer. 

8.4 Anionisation Study – A novel Methodology using the 

Dispersion 

8.4.1 Principle of this methodology 

 A novel protocol was applied to study the anionisation of this species. This 

protocol takes advantage of the dispersion that occurs in the flow reactor. The 

plug of solution spreads and a dispersion profile can be recorded at the exit of 

the reactor. For example, a 10 mL plug will spread to a total volume of 13 mL 

when pumped at 2 mL/min in a 10 mL reactor (Figure 8.10). 
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Figure 8.10. Left: observation of a 10 mL plug at the pump head. Right: observation of a 10 mL plug 

at the UV cell – Experiment carried out for a solution of DMBP (5.10-5 M) in acetonitrile injected in a 

10 mL PFA reactor at 2 mL/min. 

 This dispersion means that instead of collecting a solution over 10 mL, the 

plug dispersed and is collected over 13 mL. At its plateau, the dispersed plug 

reaches a concentration of C
0
, which is equal to the concentration of the stock 

solution. However, along the transition state to reach its plateau, the 

concentration is continuously varying from 0 to C
0
 (Figure 8.11). Considering a 

system where a plug of reagent is inserted into a continuous flow of starting 

material, each data point corresponds to a different amount of reagent embedded 

into the flow of starting material. In a single experiment, several data points for a 

varying amount of reagent can be collected. The amount of available data points 

depends on the spectrometers acquisition. 

 
Figure 8.11. Zoom-in of the spread diffusion profile – profile of concentration from 0 to C

0
. 
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8.4.2 Application of this principle to our anionisation system 

 
Figure 8.12. Flow apparatus configuration for the new methodology of in-situ anionisation study. 

 Two solutions were prepared in DMSO solvent. A 0.001 M solution of 

starting material 8.3 and a 0.01 M solution of tBuOK in order to create locally at 

the mixing point a 10 eq. of tBuOK when flow rate of each streams are equal. 

Reactions were first carried out in the Vapourtec system but the reliability of the 

pump with the tBuOK/DMSO system was not encouraging. Two syringe pumps 

(Kloehn®) were therefore used. A third pump was used to pump the DMSO system 

solvent (Figure 8.12). The pumping protocol is described below, and uses a 4 way 

mixer (Figure 8.13): 

§ 1st step: a solution of pure solvent was pumped at 2 mL/min. Blank spectra 

were recorded on the spectrometer and the data collection was started. 

§ 2nd step: a solution of starting material in DMSO was pumped at 1 mL/min. 

The pump of pure solvent was switched to 1 mL/min. This is initiating t = 

0. 

§ 3rd step: the solution of tBuOK reagent was started after 150 s at 1 mL/min. 

The pumping of pure solvent was stopped. 
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§ 4th step: the solution of reagent was stopped after 300 s. The solvent pump 

was started at 1 mL/min. 

§ 5th step: the pump of starting material was stopped after 500 s. The solvent 

pump was set to 2 mL/min. 

§ 6th step: the reaction was stopped when no more absorption was visible in 

the UV data. 

 
Figure 8.13. Profile of the pumping flow rate for the protocol described above. 

 The streams are combined in the mixer. Therefore the concentration of the 

solution at the mixing point is half of the original component concentrations. The 

third pump is always complimentary to the other two pumps; so that reagent 

concentration remains constant (C = ½ C
0
) (Figure 8.13). Concentration is 

proportional to the absorbance in the UV spectra. The reaction was run according 

to the protocol of Figure 8.12 and the pump set in Figure 8.13. Spectra were 

recorded by in-situ analysis. Treatment of the data with the OPA methodology 

gave the ratio of compounds in the reaction mixture for each spectrum recorded 

(Figure 8.14). 
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Figure 8.14. Absorbance profile of the anionisation species (SM, anion, di-anion) over experimental 

time. 

 Figure 8.14 shows the presence of only starting material (SM) at 180-300 

seconds and the presence of only the di-anion (A2-) at 350-600 seconds 

respectively. Therefore, when these two portions of the curve are at steady state 

(ss.), they correspond to 100% of starting material and 100% of di-anion, 

respectively. It allows the correlation of the absorbance to the initial concentration 

of the solution and its normalisation (Equation 8.1). Thus, Figure 8.14 can be 

rescaled, as shown to Figure 8.15. 

 
Equation 8.1. Correlation Concentration – absorbance with R = SM, A2-. 

 
Figure 8.15. Absorbance profile of the anionisation species (SM, anion, di-anion) over experimental 

time after normalisation. 

 From Figure 8.15, at each point of the reaction we can determine the 

concentration of the starting material and the di-anion as a function of the initial 

concentration of the starting material (C
0
) because the pure spectra of these two 
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species have been recorded. However, we cannot access the concentration of the 

mono-anion (A-) using this strategy. But, the preservation of the material allows us 

to determine the concentration of the mono-anion from Equation 8.2, and the 

earlier determination of the concentration of starting material and di-anion. 

 
Equation 8.2. Conservation of the material. 

 Figure 8.15 can be rescaled to Figure 8.16. The figure reveals the evolution 

of the concentration of the three species, in agreement with the previous 

characterisation study of section 8.3.3. 

 
Figure 8.16. Zoom-in of the transition profile for the anionisation reaction. 

 The profile of concentration obtained is given as a function of the 

experimental time. It would be more relevant to convert this profile in function of 

the equivalent of tBuOK reagent used. To extract this information, a calibration 

was used, requiring two pieces of information: 

1. The profile of the composition of the crude material at the interface of the 

solution (DMSO-Starting material) – visible at 180-300 s (Figure 8.13). 

2. The profile of the composition of the crude material at the interface 

(tBuOK-Starting material) visible at 300 seconds (Figure 8.13). 

 The first acquisition corresponds to the dispersion profile of the starting 

material. This profile is due to the dispersion of the flow stream along the 

“reactor” (150 cm of tubing, i.d. 1 mm). As the flow stream is identical for the 

solution of tBuOK than for the solution of starting material, the dispersion profile 

is similar. It means that the profile of starting material going from 0 to 1 along 

!"!!"#!!! !" ! !! ! !!! ! !!!!!!"!! 
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the experimental time (18-300 s, Figure 8.14), could be used as the curve of 

profile for the concentration of tBuOK, which goes from 0 to 5 (as the initial 

solution of tBuOK reagent was 5 times more concentrated than the starting 

material solution). This curve needs to be delayed from 200 s (according protocol, 

Figure 8.13). This curve is used as a calibration plot, which allows correlating each 

point of the experimental time to the amount of tBuOK (Figure 8.18). 

 
Figure 8.17. Profile of the starting material – normalisation converted to the amount of tBuOK. 

 
Figure 8.18. Profile of anionisation species (SM, anion, di-anion) over tBuOK equivalent. 

8.4.3 Conclusion and perspective of this methodology 

 We have demonstrated the use of the dispersion effect. By means of in-situ 

analysis, our methodology allowed the extraction of the reaction profile in a 

single experiment. All the information of reactivity as a function of the amount of 

reagent was determined. Any conventional methodology will require running one 

reaction for each desired data point. With this methodology, the entire profile can 

be extracted within only one experiment and a minimum of time (reaction 

required 600 s). 
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 The challenge of such methodology will be to correlate the reaction mixture 

visible by in-situ analysis to the dispersion that was present when the reaction was 

occurring. Application to thermal reaction such as in-situ generation of the ketene 

could be relevant to determine the ratio of trapping reagent needed to trap 

efficiently the ketene toward to the side reactions. 

 

8.5 S
RN

1 Benzoxazole – Synthesis Scope 

8.5.1 Precursor synthesis for benzoxazole synthesis 

 The scope of this benzoxazole synthesis was expanded to other targets: 

amide, pyrrole, indole and pyridine-substituted carboxamide derivatives were 

tested (Table 8.9). Precursors were synthesised by the acylation of amines with 

acid chlorides. If not commercially available, acid chloride was synthesised in-situ 

by refluxing the corresponding carboxylic acid in thionyl chloride. According to 

Rossi’s work,412,414 the electron rich pyrrole moiety is important and gives high 

yields of the corresponding benzoxazole during the photochemical reaction. By 

contrast, pyridine substituents, as studied by Park,408,410 which are electron poor 

compounds, showed poor conversion. 
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Entry Reagent 1 + Reagent 2           è  Amide Yield[a] 

1 
2 
3  

8.8   X = Br, R = Me:       97% 
8.9   X = I,   R = Me:       85% 
8.10 X = I,   R = Ph:        90% 

4 
 

8.11 X = I,   R = pNO
2
-Ph:97% 

5 

 

8.12  97% 

6 

 

8.13  27% 

7 
8 

 

8.14  X = NMe: 72% 
8.15  X = S:      57% 

9 

 

8.16  39% 

10 

 

8.17  93% 

11 
 

8.18  58% 

a) Halogenated aniline (1 eq.), acetyl chloride (1.1 eq.), Et
3
N (1.1 eq.), Et

2
O, r.t., overnight. 

b) Carboxylic acid (1 eq.), SOCl
2
, reflux, 1 h, concentrated in vacuo, followed by Et

3
N (1.2 

eq.), Et
2
O, r.t., 2h. c) Toluene, 170 °C, 10 min under flow. d) Toluene, reflux with removal 

of EtOH by distillation, 6 h. 
[a] Isolated by column chromatography. 

Table 8.9. Synthesis of amides from readily available reagents. 

8.5.1.1 S
RN

1 benzoxazole synthesis – Study of methyl substituted amides 

 
Scheme 8.11. Synthesis of benzoxazole by irradiation of 8.8 and 8.9. 
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 Compound 8.9 was irradiated under flow conditions. When working with 

acetamides, consumption of the starting material was low (30%); the 

corresponding oxazole 8.19 was not isolated. Only the side product 8.20 from the 

cleavage of the carbon-halogen bond was isolated. Variation of the anionisation 

conditions resulted in a similar mixture of side product and starting material 

(Table 8.10). Reaction using the bromo-substituted starting material 8.8 gave 

similar mixtures containing side products (Table 8.11). Reaction using the N-(2-

bromophenyl)acetamide (8.8) was repeated using large excess of tBuOK (tBuOK: 8 

eq., 0.0008 M in DMSO, 8 min, UVA 370 nm 11W). The results showed a clean 

mixture of the starting material (63%) and the side product (37%). Changing the 

irradiation wavelength did not improve the reaction (Table 8.12). The lower the 

wavelength the higher was the consumption of starting material. However, no 

benzoxazole was recovered. 

Parameters: Result: 1H-NMR integration after aqueous work up 

Anionisation 
reagent 

UV light SM % Product % Side product % 

tBuOK (4 eq.) BLB 9W 70 0 30 

NaH (4 eq.) UVA 11 W 78 0 22 

Amide anion 
salt 

UVA 11 W 78 0 22 

Dimsyl anion UVA 11 W traces 0 99% (67% isolated) 

Table 8.10. Influence of the anionisation on the reaction mixture for reactions conducted with N-(2-

iodophenyl)acetamide for 13 min of irradiation of a 0.01 M solution in DMSO. 

Parameters: 
Result: 1H-NMR integration after 

aqueous work up 
tBuOK (eq.) Irradiation time UV light SM % Product % Side product % 

4 32 min UVA 11 W 81 0 19 

4 32 min UVB 9 W 28 0 72 

8 8 min UVA 11 W 63 0 37 

Table 8.11. Reactivity of the N-(2-bromophenyl)acetamide for reactions conducted with a 0.01 M 

solution in DMSO with 4 eq. of tBuOK. 
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Parameters: Result: 1H-NMR integration after aqueous work up 

UV light SM % Product % Side product % 

BLB 360 nm 9 W 70 0 30 

UVB 313 nm 9 W 28 0 72 

UVA 360 nm 11 W 64 - 36 

UVC 254 nm 9 W 7 0 65 

Table 8.12. Influence of the wavelength irradiation on the reactivity of N-(2-bromophenyl)acetamide 

for reactions conducted with a 0.01 M solution in DMSO using 4 eq. of tBuOK irradiating for 13 min. 

 Following the procedure for anionisation study (section 8.3), a mixture of N-

(2-iodophenyl)acetamide mixed with various equivalent of tBuOK was carried out. 

It was confirmed that the anion has different absorption spectra than the starting 

material (Figure 8.19). The starting material required a minimum of 2 eq. excess 

of tBuOK to be fully converted into the anion (Figure 8.20). Therefore, the anion 

was definitely formed. 

 
Figure 8.19. Estimated spectra of the starting material 8.9 and its anion via OPA data treatment – 

Reliable correlation to experimental observation. 

 
Figure 8.20. Evolution of the concentration of starting material 8.9 and its anion with various 

amount of tBuOK after 20 s of mixing. 
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8.5.2 S
RN

1 benzoxazole synthesis – Pyrrole derivative substitution 

 The pyrrole system was the most reactive species. Therefore, substituted 

pyrroles were synthesised (Table 8.9, entry 6-9). The indole substitution (entry 9) 

revealed an effective transformation with total conversion of the starting material 

8.16 into benzoxazole 8.21 (90%, isolated yield) (Scheme 8.12). A more 

concentrated solutions (0.01 M) caused blockages of the reactor. 

 
Scheme 8.12. Synthesis of benzoxazole 8.21 by irradiation of precursor 8.16. 

 
Figure 8.21. Recorded UV spectra and profile of anionisation of 8.16 vs. tBuOK equivalent. 

 Irradiation of 8.12 (Entry 6, Table 8.9) gave complete consumption of the 

starting material (Scheme 8.13). The main isolated species was the benzoxazole 

product 8.23 (80% according 1H-NMR integration, 54% isolated yield). A small 

amount of the azaheterocycle 8.24 resulting form the C-C bond formation was 

also isolated. 

 

 
Scheme 8.13. Synthesis of benzoxazole 8.23 by irradiation of 8.12. 
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 Pyrrole substitution resulted in a high isolated yield of benzoxazole. As the 

reaction occurred via the anion formation, it is interesting to determine which of 

the available protons is currently responsible for the efficient reaction. Thus, the 

nitrogen of the pyrrole group was methylated (8.14, Table 8.9, entry 7) and 

substituted by a sulphur (8.15, Table 8.9, entry 8). The sulphur substituted 

precursor 8.15 revealed a poor reactivity towards irradiation with only 13% 

conversion. 10% was identified as the side product. The remaining 3% was not 

identified. Changing to UVB 313 nm 9W light increased the conversion to 26% 

with 19% of side product and 7% of a non-identified second product. Isolation has 

not been carried out on 8.29. On the contrary, the methylated substituted 

precursor 8.14 was highly reactive towards irradiation, but being fully converted 

into side product 8.28, which was isolated in good yield (96%). Therefore, the 

pyrrole group and the protonated nitrogen are essential for the high reactivity of 

the starting materials in the desired reaction. Available literature412 confirmed the 

narrow scope of such reaction with mainly pyrroles and indoles derivatives being 

used. 

 
Scheme 8.14. Synthesis of benzoxazole by irradiation of 8.14 and 8.15. 

 
Figure 8.22. Recorded UV spectra and profile of anionisation of 8.14 over tBuOK equivalent. 
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8.5.3 S
RN

1 benzoxazole synthesis – Phenyl substitution and β -ketoester 

substitution 

S
RN

1 benzoxazole synthesis was carried out for the remaining starting materials 

of the Table 8.9: phenyl substitution and β-ketoester substitution. However, 

conversion was poor and none of them result in good benzoxazole formation. 

Despite in-situ analysis, which confirmed that anion was formed, the main isolated 

species was the reduced side product (Table 8.13). 

 
Scheme 8.15. Benzoxazole synthesis via S

RN
1 photo initiated reaction. 

Starting material hν/r.t. Side product Benzoxazole 
Conversion 

(Isolated yield) 

 
8.10 

32 min  
UVA 11 W 

 
8.30 

 
8.31 

29% (8.30: 18%) 

80 min  
UVB 9 W 

70% (8.30: 36%) 

 
8.8 

54 min 
BLB 9 W   

8.32 
 

8.33 
100% (8.32: 94%) 

 
8.9 

13 min 
UVA 11 W 

 
8.34 

8.35 
100% (8.34: 81%) 

 
8.15 

32 min 
UVA 11 W  

8.36  
8.37 

100% (8.37: 37%) 

 
8.16 

32 min 
UVA 11 W  

8.38  
8.39 

0% 

Table 8.13. Synthesis of benzoxazole by irradiation of 0.01 M solution of substituted amide mixed 

with 4 eq. tBuOK in DMSO.	  
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8.6 Conclusion and Perspective 

 Despite interesting reactivity of the pyrrole system, the benzoxazole 

synthesis by photoreaction is too limited in terms of scope. The necessity of 

having the specific pyrrole profile and a di-anion to perform efficient synthesis is 

hardly compatible with the aim of a versatile synthesis strategy to generate fast 

libraries of compounds by the application of flow chemistry. 

 This photochemistry was also the opportunity to successfully apply a novel 

methodology for the characterisation of reaction using a dispersion profile to 

investigate concentration effects in a way similar to the Push-Out method 

described in chapter 3. 
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CONCLUSION AND FUTURE WORK 

 

 This PhD project has illustrated the uses of flow chemistry in small-scale 

chemical synthesis. Focusing on the generation and applications of ketenes, a 

range of molecules have been synthesised using the thermal potential of the 

flow chemistry. Similarly, the design and application of a photo-flow reactor 

enables synthesis, which overcome many limitations associated with 

conventional batch reactors. 

 Key features of flow chemistry were exploited by means of in-line 

spectroscopy to monitor in real time the composition of a reaction mixture. An 

efficient and innovative methodology enables the generation of kinetics and 

activation energy rapidly. Similarly, a novel methodology was developed for the 

determination of a composition mixture with a range of reagent equivalent and 

concentration. Such methodology was possible thanks to the understanding of 

flow properties such as thermal transfer, dispersion and mixing. The study of 

these two methodologies will be pursued in order to be confronted and 

validated with other models of chemical reaction. In addition, the development 

of the in-situ spectroscopy analysis will be extended to other analysis 

technique such as the implementation of in-line mass spectrometry in our flow 

equipment. 
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Chapter 9. Experimental 

9.1. General Experimental Techniques 

Melting points: 

Melting points were recorded on a Reichert 349 360 melting point apparatus 

or on a GallenKamp melting point apparatus and are uncorrected. 

IR Spectra: 

Infrared spectra were run as neat films on a Thermo Nicolet 380 FT-IR 

spectrometer with a Smart Orbit Goldengate ATR attachment.  Absorptions 

maxima (υ
max

) are given in wavenumbers (cm－1). Peaks are recorded as s 

(strong), m (medium), w (weak), sh (shoulder) or br (broad). 

In situ IR: All in-situ IR measurements were recorded on Bruker ALPHA FT-IR 

Universal Sampling Module at room temperature using OPUS’s atmospheric 

compensation mode. Harrick’s DLC 2™ Demountable Liquid Flow Cell with 

sodium chloride windows and 100 µm spacers was connected to the flow 

system at the indicated positions. Absorptions are given in wavenumbers (cm-

1). Peaks are recorded as s (strong), m (medium), w (weak), sh (shoulder) and 

br (broad). 

UV spectra: 

UV measurements were recorded on an Ocean Optics DH-2000-BAL at room 

temperature using Spectral suits. Measurement can be realized via a quartz 

cuvette, or they can be measure in-situ using a Starna Scientifics fluorimeter 

flow cell type 583.1-F in Quartz Suprasill 300 with a 1 mm path length. 

Absorbances are given in wavenumbers (nm). Peaks are recorded as s (strong), 

m (medium), w (weak), sh (shoulder) and br (broad). The absorptivity of the 

compound for each peak of absorbance (ελ) was calculated according the Beer’s 

law that state: A = εlC (A: absorbance - ε:  absorptivity, L mol-1 cm-1- l: path 

length of the cell, cm C: concentration of the solution, mol/L). The absorptivity 

for the stronger absorbance wavelength has been noted ε
max

. 

When no UV spectrometers were available, UV spectra have been recorded 

using the UV detector of an HPLC Agilent 1100 platform and injecting a pure 
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sample of the compound. Without the known concentration, the absorptivity 

could not be calculated. 

NMR Spectra: 

NMR Proton (1H) and carbon (13C) spectra were recorded on Bruker AV300 

(300/75 MHz), AM300 (300/75 MHz) or DPX400 (400/100 MHz) spectrometers 

at 298 K. Experiments were carried out in deuterated chloroform (CDCl
3
) 

unless otherwise stated, which was supplied by Goss Scientific and stored over 

dried K
2
CO

3
 to neutralise trace acidity. Chemical shifts for proton and carbon 

NMR spectra are reported on the δ scale in parts per million (ppm) and were 

referenced to residual chloroform peaks at 7.27 ppm for 1H spectra and 77.00 

ppm (centre peak of triplet) for 13C spectra. The coupling constants (J) are 

measured in Hz (Hertz) and rounded to 0.1 Hz.  Splitting patterns are 

abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), quintet 

(quin), sextet (sxt), multiplet (m), broad (br), or a combination of these.  13C 

NMR spectra were proton decoupled. Assignments were made on the basis of 

chemical shifts, coupling constants, DEPT-135, COSY, HMQC, HMBC and 

comparison with the literature values where available. The numbered 

assignment for proton and carbon signals is for identification purposes only 

and does not represent the systematic IUPAC numbering. 

Mass spectra:  

Electron impact ionisation (EI) and chemical ionisation (CI) mass spectra were 

recorded on a ThermoQuest TraceMS GCMS. Electrospray mass spectra (ESI) 

were recorded using a VG platform quadrupole spectrometer using ES+ or ES- 

ionisation with acetonitrile as solvent. m/z values are reported with their 

respective abundance and the fragment ion. Accurate mass spectra were 

recorded on a VG analytical 70-250-SE double focusing mass spectrometer 

using EI at 70 eV or on a Bruker Apex III using ESI. 

Liquid chromatography-mass spectrometry (LCMS): 

The analysis was conducted on Waters ZQ machine, using an Acquity UPLC BEH 

C18 column (50mm x 2.1mm i.d. 1.7µm packing diameter) at 40 °C. The UV 

detection was a summed signal from wavelength of 210 nm to 350 nm. 

Ionization mode: Alternate-scan Positive and Negative Electrospray. Scan range: 

100 to 1000 AMU. Scan time: 0.27 s. Inter Scan Delay: 0.10 s 



 

 203 

The solvents employed for high pH were, A = 10 mM Ammonium Bicarbonate 

in water adjusted to pH 10 with ammonia solution and B = Acetonitrile, 

employing a gradient from 0-100% over 2 min. 

The solvents employed for low pH were, A = 0.1% v/v solution of Formic Acid 

in Water and B = 0.1% v/v solution of Formic Acid in Acetonitrile, employing a 

gradient from 0-100% over 2 min. 

Gas Chromatography: 

GC was performed on a Hewlett Packard HP 6890 series GC system, using a 

HP-5 (cross-linked 5% Ph Me siloxane) 30 m column, with a film thickness of 

0.25 µm and 0.32 mm internal diameter. The carrier gas was helium and the 

flow rate was 275 µL/min. The injector is maintaining at 300 °C with 1 µL 

injection (100:1 split ratio). The run start at 80 °C with a gradient of 25 °C/min 

until 250 °C which is hold during 4 min.  

HPLC: 

HPLC experiments were run on HP Agilent 1100 platform using a Zorbax SB-

C18 column (1.8 micron, 3.0 x 50 mm rapid resolution). The column was kept 

at 60 °C. The UV detection was a summed signal from wavelength of 190 nm to 

400 nm. Analytical method: Fast15M; 15 minutes reverse phase from 20% 

MeCN-Water to 95% MeCN-Water over 10 min, hold for 2 min at 95% MeCN-

Water. Solvent eluted at 1.5 mL/min. 

Chromatography Technique: 

Thin layer chromatography was carried out on Merck Silica Gel 60 Å F 254 0.2 

mm plates, which were visualised under fluorescence UV (254 nm) followed by 

staining with aqueous 1% KMnO
4
, methanolic H

2
SO

4
, methanolic vanillin and/or 

iodine. Fisher Scientific silica gel 60A (particle size 35-70 microns) or Merck 

silica gel 60 (0.040-0.063 mm) was used for flash chromatography columns. 

When mention, basic alumina Brockman I deactivated with 6% of H
2
O was used 

for purification of acid sensitive products. Columns were packed and run under 

light pressure. Solvent compositions are described as ratios prior to mixing. 

Some purifications were accomplished on automatic system using pre-packed 

silica cartridges from Biotage (Isolute Flash Si). 
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Solvents and Reagents: 

DCM, DMSO and MeCN were freshly distilled from CaH
2
. DMF was freshly 

distilled from MgSO
4
. Et

2
O, THF and toluene were freshly distilled from 

sodium/benzophenone. n-BuLi was used as a 2.5 M solution in hexane and was 

stored at 4 °C. LDA was used as a 1.8 M solution in THF and was stored at 4 °C. 

All other solvents and commercially obtained reagents were used as received 

or purified using standard procedures. 

Inert atmosphere: 

When reaction under inert atmosphere was mentioned, all reactions were 

carried out under an argon atmosphere using standard Schlenk equipment and 

syringe techniques. All glassware was dried in a hot oven (160 °C, for at least 

12 h) and cooled in a sealed desiccator over silica gel or assembled while hot 

and cooled under vacuum. 

DFT Calculation: 

DFT calculations were carried out by Prof. Richard J. Whitby. 

Flow chemistry: 

The main platform used for flow experiments was the Vapourtec R4/R2+ series 

describe in section 1.1.5 with its various configuration possible (samples 

loops, SSL and PFA reactor of various size, auto sampler, etc.). Customisation 

of this platform was carried out with the addition of two syringe pump Kloehn 

V3 R6 with various syringe capacity (100 µL, 250 µL, 1 mL, 10 mL and 50 mL), 

a photo-reactor described in section 7.1.3, an accurate Grant® heating bath 

filled of high grade silicon oil and a manifold for argon delivery when needed 

to maintain an inert atmosphere. These sets of elementary-units were used in 

different configurations, as described for the reaction concerned. 

General Procedure for a Photochemical Reaction in Flow 

The flow machine (Vapourtec R4/R2+) was set up either for bottle-feed or 

sample loop (2, 10 mL capacity) experiments. The reagent solutions and 

solvent were degassed by sonication whilst being saturated with nitrogen gas. 

Prior to starting the reaction the indicated UV lamp was switched on and left to 

warm up for 15 minutes. The stock solution was transferred to the flow 

machine or injected into the sample loop and pumped through the photo-

reactor at the indicated flow rate, which corresponds to the indicated residence 
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time. The reaction mixture was collected either by sample collector or into a 

round bottom flask and then treated as described. 

General Procedure for a Thermal Reaction in Flow 

The flow machine (Vapourtec R4/R2+) was set up either for bottle-feed or 

sample loop (2, 10 mL capacity) experiments. The reaction was carried out in 

either the stainless steel reactor (SS, 10 mL capacity), the PFA reactor (5-10 mL 

capacity) or a combination of reactors. The SS reactor was connected to a 100 

cm cooling loop (1 mm i.d. diameter). To prevent boiling of the solvent an 

appropriate Back Pressure Regulator (BPR) was connected to the exit of the 

reactor (40, 100 or 250 PSI). The stock solution was then transferred to the 

flow machine or injected into the sample loop and pumped at the indicated 

flow rate, which corresponds to the indicated residence time at the indicated 

temperature. The reaction mixture was collected either by sample collector or 

into a round bottom flask and then treated as described. 

9.2. Experimental Procedures for Chapter 2 

9.1.1 Comparison of the Software prediction with the experimental 

observation 

A 0.174 M 1-hexyne (1 mL, 8.7 mmol) solution was prepared in toluene (50 

mL). This solution was used as the bottle reagent. Solution was pumped 

through a 10 mL reactor at various flow rate and various size of plug. In-situ IR 

acquisition was carried out on each run with the following acquisition 

parameters: 4 cm-1 resolution and 1 scan average from 600 cm-1 to 4000 cm-1. 

BORIS software was used to extract the maximum of absorbance at 3309 cm-1 

(peak of absorption of the 1-hexyne) for each spectra that has recorded the 

solution passing through the flow cell (Figure 9.1). Reprocess of the data 

include a baseline correction. The baseline was determined by selecting two 

point without absorbance (3500 cm-1 and 3200 cm-1) setting them to value 0. 

The following reaction has been run. 

Reaction 1: 1 mL of reagent solution (0.174 M) - 1 mL/min  

Reaction 2: 2 mL of reagent solution (0.174 M) - 1 mL/min  

Reaction 3: 5 mL of reagent solution (0.174 M) - 1 mL/min 
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Reaction 4: Set up automatically a serie of reactions via flow commander, 

gathered in a single IR data acquisition: 

1. 1 mL of reagent solution (0.174 M) - 5 mL/min 

2. 2 mL of reagent solution (0.174 M) - 5 mL/min 

3. 5 mL of reagent solution (0.174 M) - 5 mL/min 

4. 1 mL of reagent solution (0.174 M) - 2 mL/min 

5. 2 mL of reagent solution (0.174 M) - 2 mL/min 

6. 5 mL of reagent solution (0.174 M) - 2 mL/min 

Reaction 5: 15 mL of reagent solution (0.174 M) - 1 mL/min (to get a value of 

the steady state) 

Reaction 6: 15 mL of reagent solution (0.087 M) - 5 mL/min (to get a value of 

the steady state for a concentration of 0.087 M) 

Reaction 7: 15 mL of reagent solution (0.0396 M) - 5 mL/min (to get a value of 

the steady state for a concentration of 0.0396 M) 

Reaction 8: 15 mL of reagent solution (0.0218 M) - 5 mL/min (to get a value of 

the steady state for a concentration of 0.0218 M) 

 

Figure 9.1. IR absorbance at 3309 cm-1 for the IR spectra recorded while running the eight 

experiments. 

Using reaction 5 to 8, a calibration curve was plotted (Table 9.1, Figure 9.2), 

confirming a linear correlation between the IR absorbance of the 1-hexyne 

solution and its concentration. Applying this calibration allows to work on the 

same scale (concentration of 1-hexyne) for both method (Vapourtec prediction 
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and IR observation) by firstly, converting IR absorbance into concentration 

using the calibration curve and secondly, converting the concentration into the 

concentration normalised with the division of the concentration by the initial 

concentration of 0.174 M (Figure 9.4). Reaction can now be compared to the 

Vapourtec prediction (Figure 9.5) given by the software flow commander for 

the reaction set-up (Figure 9.3). 

Reaction n° 
Concentration 

(M) 
IR Absorbance  
(at 3309 cm-1) 

5 0.1740 0.1392 

6 0.0870 0.0689 

7 0.0396 0.0317 

8 0.0218 0.0152 

Table 9.1. Maximum of absorbance at 3309 cm-1 recorded for the reaction 5 to 8. 

 

Figure 9.2. Calibration curve of the concentration of 1-hexyne with IR absorbance. 
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Figure 9.3. Vapourtec R-serie configuration and the dispersion model associated with the 

reaction n°1, run at 1 mL/min for a plug of 1 mL. 
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Figure 9.4. Conversion of the IR absorbance unit of Figure 9.1 into concentration compared to 

the concentration C
0
 at 0.174 M, for the IR spectra recorded while running the eight 

experiments. 

 
Figure 9.5. Profile of dispersion (unit: percentage of the initial concentration C

0
) of the reagent 

solution at the exit of the reactor. Orange curve: Flow commander dispersion prediction – Blue 

curve: Experimentally recorded dispersion. 

9.2.1. Comparison the dispersion using the temperature effect 

A 0.174 M 1-hexyne (0.4 mL, 3.48 mmol) solution was prepared in toluene (20 

mL). This solution was used as the bottle reagent. Solution was pumped 

through a 10 mL SSL reactor at 2 mL/min and at various temperature (150 °C 

and 200 °C). In-situ IR acquisition was carried out on each run with the 

following acquisition parameters: 4 cm-1 resolution and 1 scan average from 

600 cm-1 to 4000 cm-1. BORIS software was used to extract the maximum of 

absorbance at 3309 cm-1 (peak of absorption of the 1-hexyne) for each spectra 

that has recorded the solution passing through the flow cell (Figure 9.1). 

Reprocess of the data include a baseline correction. The baseline was 

determined by selecting two point without absorbance (3500 cm-1 and 3200 

cm-1) setting them to value 0. The following reaction has been run. 
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Reaction 9: Set up automatically a serie of reactions via flow commander. The 

reactor was set-up to 150 °C. 

1. 5 mL of reagent solution (0.174 M) - 2 mL/min 

2. 2 mL of reagent solution (0.174 M) - 2 mL/min 

3. 1 mL of reagent solution (0.174 M) - 2 mL/min 

Reaction 10: Set up automatically a serie of reactions via flow commander. The 

reactor was set-up to 200 °C. 

1. 5 mL of reagent solution (0.174 M) - 2 mL/min 

2. 2 mL of reagent solution (0.174 M) - 2 mL/min 

3. 1 mL of reagent solution (0.174 M) - 2 mL/min 

Temperature	  
(°C)	  

Plug	  size	  
(mL)	  

flow	  rate	  
(mL/min)	  

Maximum	  of	  C/C0	  
(%)	  

23	   1	   2	   23.2	  
23	   2	   2	   69.4	  
23	   5	   2	   98.9	  
150	   1	   2	   35.8	  
150	   2	   2	   89.4	  
150	   5	   2	   99.9	  
200	   1	   2	   78.7	  
200	   2	   2	   91.1	  
200	   5	   2	   100	  
23	   1	   1	   56.4	  
23	   2	   1	   87.1	  
23	   5	   1	   99	  
23	   1	   5	   54	  
23	   2	   5	   71	  
23	   5	   5	   98.7	  
23	   1	   2	   23.3	  
23	   2	   2	   69.2	  
23	   5	   2	   98.5	  

Table 9.2. Summary of the result for this study: Maximum of absorbance at 3309 cm-1 recorded 

using the in-situ IR analysis for various parameters of plug’ size, temperature of reactor and flow 

rate. 
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9.2.1. Experiment for the static molecular dispersion observation 

A 5.00 x 10-4 M solution of bis(3-methoxyphenyl)methanone (0.02497 g, 0.1 

mmol) was prepared in acetonitrile (200 mL). This solution was used as the 

stock bottle reagent. Solution was pumped through a 5 mL PFA reactors. In-situ 

UV acquisition was carried out at the exit of the reactor. A run with 15 mL of 

reagent solution was injected in the system at 2 mL/min to record the 

maximum of absorbance, corresponding to the initial concentration of the 

solution. Reactions were run by injecting 1 mL of the reagent solution into the 

reactor. After 1 min 15 s the pumps was stop (corresponding to having the 1 

mL plug in the middle of the reactor). After various amount of time: [0, 0.5, 1, 

2, 3, 5, 10, 40] min, the pump were started again. The absorption profile was 

recorded using Spectra Suits and data were analysed using BORIS. UV 

absorption at 291 nm was extracted (Figure 2.9). Using a long plug (15 mL) 

flow at 2 mL/min in the reactor, allows to reach the steady state and determine 

the UV absorption value of the 5x10-4 M solution of DMBP: 1.245 U.A. 

The reaction was repeated with a 0.05 M solution, monitoring the dispersion 

using IR acquisition. The absorption profile was recorded using OPUS and data 

were analysed using BORIS. The IR absorption at 1603 cm-1 was extracted 

(Figure 9.7). Using a long plug (15 mL) flow at 2 mL/min in the reactor, allows 

to reach the steady state and determine the UV absorption value of the 5x10-4 

M solution of DMBP: 0.459 U.A. 

 
Figure 9.6. Superposition of the dispersion profile for different amount of static dispersion – UV 

analysis-5 x 10-4 M solution. 
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Figure 9.7. Superposition of the dispersion profile for different amount of static dispersion – IR 

analysis-5 x 10-2 M solution. 

9.2.2. Experiment for the dynamic molecular dispersion observation 

A 5.00 x 10-4 M solution of bis(3-methoxyphenyl)methanone (0.02497 g, 0.1 

mmol) was prepared in acetonitrile (200 mL). This solution was used as the 

stock bottle reagent. Solution was pumped through various flow reactors. In-

situ UV acquisition was carried out at the exit of the reactor. The lambda max 

of DMBP is 291 nm. Reactions were run at several temperature, flow rate and 

reactor type, injecting 1 mL of the reagent solution. 15 mL plug of solution 

were injected every three reactions to confirm the maximum of absorbance, 

corresponding to the initial concentration in reagent. The absorption profile 

was recorded using Spectra Suits and data were analysed using BORIS. Peak 

Height at 291 nm was extracted. 

Reactions run: 

§ 10 mL SSL reactor (home made) – Air Heated – 2 mL/min – variation of 

temperature: r.t., 60 °C, 80 °C, 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 

°C. 

§ 10 mL SSL reactor (home made) – Air Heated – 1 mL size plug – variation of 

temperature: r.t., 60 °C, 80 °C, 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 

°C. Correction of the 2 mL/min flow rate as a function of solvent expansion. 

§ 10 mL PFA reactor (new loop design – room temperature – variation of flow 

rate: [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 9.99] mL/min. 
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§ Room temperature – 2 mL/min – variation of the size of reactor: [0, 1.5, 5, 

10, 15, 20, 25, 30, 40] mL (using old design looped PFA reactor of 5 mL 

and 10 mL in series). 

§ 10 mL Linear* home – designed reactor – room temperature – variation of 

the flow rate [0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 9, 9.99] mL. 

§ 10 mL PFA reactor (old loop design) – room temperature – variation of the 

flow rate [0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 4.5, 5, 5.5, 6, 7, 9, 9.99] mL. 

§ 10 mL PFA reactor (old loop design) – 150 °C – variation of the flow rate 

[0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 4.5, 5, 5.5, 6, 7, 9, 9.99] mL. 

§ 10 mL SSL reactor (old loop design) – room temperature – variation of the 

flow rate [0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 9.99] mL. 

§ 10 mL SSL reactor (old loop design – 100 °C – variation of the flow rate 

[0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 9.99] mL. 

§ 10 mL PFA 7.5 cm loop-diameter Home-designed reactor – room 

temperature – variation of the flow rate [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 

7, 8, 9, 9.99] mL. 

§ 10 mL PFA 16 cm loop-diameter Home-designed reactor – room 

temperature – variation of the flow rate [0.25, 0.5, 1, 3, 4, 5, 6, 7, 8, 9, 

9.99] mL. 

§ 10 mL PFA 1.2 cm loop-diameter Home-designed reactor – room 

temperature – variation of the flow rate [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 

7, 8, 9, 9.99] mL. 

§ 10 mL PFA 16 cm loop-diameter Home-designed reactor – 1st repetition – 

room temperature – variation of the flow rate [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 

5, 6, 7, 8, 9, 9.99] mL. 

§ 10 mL PFA 1.2 cm loop – diameter Home-designed reactor – 1st repetition – 

room temperature – variation of the flow rate [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 

5, 6, 7, 8, 9, 9.99] mL. 
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§ 10 mL PFA 1.2 cm loop-diameter Home-designed reactor – 2nd repetition – 

room temperature – variation of the flow rate [0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 

5, 6, 7, 8, 9, 9.99] mL. 

§ Influence of the speed of the flow rate on the absorption of the UV 

acquisition. No reactor in used – Injection of 15 ml plug at various flow 

rates: [0.5, 1, 5, 8] mL/min. 

* Linear reactor: 10 mL reactor made of 6 straight lines of 2 m with U-turn. 

9.2.3. Experiment for the thermal exchange observation 

A stock solution of dioxinone 2.1 (0.002 mol, 28 µL) in MeCN (100 mL) was 

mixed with 5 eq. (58 µL) of EtOH. For all the reaction, the cooling sample loop 

was submerged in cooling bath (salted water-ice, -16 °C), unless described 

otherwise. Experiment were run by injecting a long plug of reagent solution in 

the 10 mL SSL heated reactor and analysing the stream of material at the exit 

of the reactor by UV monitoring. The product and EtOH did not absorbed in the 

recorded UV region. The absorption profile was recorded using Spectra Suits 

and data were analysed using BORIS. Peak Height at 272 nm was extracted. 

Reactions run: 

§ A 15 mL plug was injected in the air-heated SSL reactor at 50 °C – 2 

mL/min. Then, the feed line was switched to solvent and reactor was 

heated to 130 °C. When the temperature was stable, the feeding valve was 

switched to reagent. A long plug was injected in the air-heated SSL reactor 

at 130 °C – 2 mL/min. When stabilisation of the steady state was visible, the 

feeding valve was switched to solvent and the reactor cooled to 50 °C 

§ A 10 mL plug was injected in the air-heated SSL reactor at 50 °C – 2 

mL/min. Then, the feed line was switched to solvent and reactor was 

heated to 130 °C. When the desired temperature was reached, the system 

was stabilising for an additional 10 min before the feeding valve was 

switched to reagent. A long plug was injected in the air-heated SSL reactor 

at 130 °C – 2 mL/min. Then, the feeding valve was switched to solvent, the 

cooling loop was immerged in a room temperature water bath and the 

reaction was repeated: Long plug-130 °C – 2 mL/min. 
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§ A 10 mL plug injected in the oil-heated SSL reactor at 50 °C – 1 mL/min. 

Then, the feed line was switched to solvent and reactor was heated to 130 

°C. When the desired temperature was reached, the feeding valve was 

switched to reagent. A long plug injected in the oil-heated SSL reactor at 

130 °C – 10 mL/min. When stabilisation of the reactor at steady state was 

seen, the cooling loop was immerged in a water bath and the reaction was 

run until a second steady state was reached. 

9.3. Experimental Procedures for Chapter 3 

9.3.1. Synthesis of Alkynyl Ether 

1,2-Dichloro-2-isopropoxyethene (3.2) 

 

1,1,2-trichloroethene was freshly distilled prior to usage to remove any 

stabilisers. Sodium (4.35 g, 189 mmol) was added to IPA (120 mL) and the 

solution was stirred under reflux until all the sodium had dissolved (3 h). The 

solution was cooled just to the point when a slushy mixture formed, then, 

1,1,2-trichloroethene (11.3 mL, 126 mmol) was added dropwise. The solution 

was refluxed for 1 h. After cooling, the resulting mixture was quenched with 

water (200 mL), the organic phase separated and the aqueous phase extracted 

with pentane (3 x 30 mL). The combined organic phase was dried over MgSO
4
, 

filtered and solvent removed by rotatory evaporation to afforded a yellow oil. 

The rest of the IPA was removed by heating under vacuum (120 mbar, 40 °C); 

leaving the title compound as a yellow oil (4.64 g, 24%). 

IR: ν
max

 (neat)/cm-1 1647 (w), 1653 (m), 669 (m). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.55 (1H, s, H-2), 4.54 (1H, spt, J = 6.2 Hz, H-3), 

1.34 (6H, d, J = 6.2 Hz, H-4).  

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 142.70 (C, C-1), 98.65 (CH, C-2), 75.35 (CH, C-3), 

21.54 (CH3, C-4).  

LRMS (GC-EI+): m/z 157.8, 1% (M[37Cl, 37Cl])+.; 155.9, 6% (M[37Cl, 35Cl]) +.; 153.9 

(M[35Cl, 35Cl])+.; 113.9, 17%; 111.8, 26%; 77.9, 9%; 75.9, 26% (M-C
3
H

7

35Cl)+; 43.1, 

100% (M-C
2
HO35Cl

2
)+; 41.1, 47% (M-C

2
H

3
O35Cl37Cl)+. 

O

Cl

Cl

1
2

3
4

4
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The NMR spectral data was consistent with the previous literature.100 

1-Bromo-2-ethoxyethene (3.5a) 

 

Based on the procedure of Stalick,101,424,425 ethyl vinyl ether (28.7 mL, 0.3 mol) 

was added to dichloromethane (75 mL) at −70 °C under argon. Bromine (15.4 

mL, 0.3 mol) in dichloromethane (75 mL) was added slowly. After addition, 

triethylamine (62.7 mL) was added dropwise. The solution was allowed to 

warm to room temperature and stirred over night. The solution was washed 

with hydrochloric acid solution (2 x 100 mL, 0.1 M). The organic phase was 

treated with saturated aqueous NaHCO
3
 (20 mL) and dried over MgSO

4
. After 

filtration, the remaining solvent was removed by vacuum transfer (1 mbar). A 

dark oil (37.3 g) was obtained and purified by distillation on Kugelrohr (80 °C, 

1 mbar) to afford a colourless oil (36.52 g, 81%). 1H-NMR analysis revealed E:Z 

= 3:97. 

IR: ν
max 

(neat)/cm-1 1641 (s), 1098 (s), 689 (s). 

1H-NMR: isomer Z, δ
H
 (300 MHz, CDCl

3
) 6.51 (1H, d, J = 4.2 Hz, H-2), 4.96 (1H, 

d, J = 4.2 Hz, H-1), 3.84 (2H, q, J = 7.1 Hz, H-3), 1.18 (3H, t, J = 7.1 Hz, H-4). 

13C-NMR: isomer Z, δ
C
 (75 MHz, CDCl

3
) 146.95 (CH, C-2), 81.25 (CH, C-1), 68.33 

(CH
2
, C-3), 14.75 (CH

3
, C-4). 

The NMR spectral data was consistent with the previous literature.424 

1-Bromo-2-tert-butoxyethene (3.5b) 

 

Applying the procedure of 3.5a, to tert-butoxy vinyl ether (3.93 mL, 0.03 mol) 

in THF (7.5 mL) at −70 °C under argon, bromine (1.53 mL, 0.03 mol) in DCM 

(7.5 mL) was added slowly, followed by addition of triethylamine (6.3 mL, 

0.045 mol). The solution was allowed to warm to room temperature and stirred 

overnight. The solution was washed with hydrochloric acid solution (2 x 100 

mL, 0.1 M). The organic phase was washed with saturated NaHCO
3
 (20 mL) and 

Br

O

1
2

3

4

Br

1

2

3

4

O 4

4
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dried over MgSO
4
. After filtration, solvent was removed by vacuum transfer (1 

mbar) and the resulting oil was distilled under reduced pressure (0.2 mbar, 

Kugelrohr, 70 °C) to afford the title compound as a colourless oil (4.76 g, 89%). 
1H-NMR analysis revealed the Z isomer only. 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 6.72 (1H, d, J = 4.2 Hz, H-2), 5.01 (1H, d, J = 4.2 

Hz, H-1), 1.24 (9H, s, H-4). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 141.62 (CH, C-2), 82.26 (CH, C-1), 77.20 (C, C-3), 

27.55 (CH
3
, C-4). 

The NMR spectral data was consistent with the previous literature.99 

1-ethoxydec-1-yne (3.7a) 

 

Under argon at 0 °C, n-BuLi (42 mL of a 2.5 M solution in hexane, 0.105 mol) 

was added to a solution of diisopropylamine (14.8 mL, 0.100 mol) in THF (8 

mL). (Z)-1-bromo-2-ethoxyethene (7.55 g, 0.050 mol) in THF (58 mL) was 

added dropwise at −70 °C before the mixture was warmed to room 

temperature and stirred for 2 h. The solution was re-cooled to −70 °C and 

HMPA (18.3 mL, 0.105 mol) was added dropwise. After stirring the solution for 

30 min, iodooctane (6.64 mL, 0.045 mol) was added and the solution allowed 

to warm to room temperature and stirred for 30 h. The reaction was quenched 

with water (200 mL), diethyl ether (100 mL) was added and the organic phase 

separated and dried over MgSO
4
. Concentration under reduced pressure 

afforded a black oil (12.59 g), which was purified on basic alumina (grade III) 

with hexane elution to afford the title compound as a colourless oil (7.38 g, 

81%), not previously reported. 

IR: ν
max 

(neat)/cm-1 2925 (m), 2271 (s), 1222 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 4.00 (2H, q, J = 7.1 Hz, H-11), 2.10 (2H, t, J = 6.8 

Hz, H-3), 1.44 (2H, quin, J = 6.8 Hz, H-4), 1.33 (3H, t, J = 7.1 Hz, H-12), 1.24-

1.29 (10H, m, H-5, 6, 7, 8, 9), 0.88 (3H, t, J = 6.5 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 89.26 (C, C-1), 73.72 (CH

2
, C-11), 37.32 (C, C-2), 

31.84 (CH
2
, C-8), 29.24 (CH

2
, C-4), 29.13 (CH

2
, C-5), 28.81 (CH

2
, C-6), 22.63 

O1

2

3

4
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(CH
2
, C-7), 17.18 (CH

2
, C-9), 14.29 (CH

2
, C-3), 14.07 (CH

3
, C-10), 14.03 (CH

3
, C-

12). 

GC-MS (EI, CI) and LC-MS (ESI) have been tested. Product decomposes in the 

mass detector. Mass analyses are not conclusive. 

1-isopropoxydec-1-yne (3.7b) 

 

Under argon, n-BuLi (10.25 mL of a 1.6 M solution in hexanes, 16.14 mmol) 

was cooled to −30 °C and THF (20 mL) added. After further cooling to −70 °C a 

solution of 1,2-dichloro-2-isopropoxyethene (1.251 g, 8.07 mmol) in THF (40 

mL) was added dropwise. After stirring for 15 min at −70 °C, DMPU (1.946 ml, 

16.14 mmol) in THF (10 mL) was added, the solution stirred for another 15 

min and then warmed to −10 °C and stirred for 10 min before re-cooling to −70 

°C. A solution of 1-iodooctane (1.457 ml, 8.07 mmol) in THF (20 mL) was 

added dropwise. The solution was stirred at room temperature for 3 days and 

a colour change to light brown was observed. The mixture was quenched with 

brine (20 mL), the layers separated and the organic phase washed with brine 

(20 mL). The aqueous layer was extracted with ether (3 x 30 mL) and the 

combined organic extracts were dried over MgSO
4
 and solvent removed to 

afford a brown oil (3.068 g). The compound was split in two batches and each 

was purified using flash-column chromatography (RediSep Alumina, Basic, 240 

g, 100% cyclohexane) on Flash Master Personal purification platform. The 

appropriate fractions, determined via TLC and KMnO
4
 stain were collected, 

combined and evaporation of the solvent afforded the title compound (0.809 

g, 51%) as colourless oil. 

IR: ν
max 

(neat)/cm-1 2979 (s), 2268 (m), 1231 (s), 1143 (s), 1101 (m), 925 (m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 4.20 (1H, spt, J = 6.2 Hz, H-11), 2.13 (2H, t, J = 

6.9 Hz, H-3), 1.52-1.23 (16H, m, H-4, 5, 6, 7, 8, 9, 12), 0.89 (3H, t, J = 6.5 Hz, 

H-10).  

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 87.93 (C, C-1), 80.51 (CH, C-11), 38.58 (C, C-2), 

31.87, 29.86, 29.26, 29.16, 28.85, 22.66, 17.34 (CH
2
, C-3, 4, 5, 6, 7, 8, 9), 

21.25 (CH
3
, C-12), 14.07 (CH

3
, C-10). 
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GC-MS (EI, CI) and LC-MS (ESI) have been tested. Product decomposes in the 

mass detector. Mass analyses are not conclusive. 

1-tert-Butoxydec-1-yne (3.7c) 

 

Under argon, n-BuLi (39.3 mL, 0.098 mol) was added to THF (7.2 mL) and 

diisopropylamine (13.85 mL, 0.098 mL) at 0 °C. 1-bromo-2-tert-butoxyethene 

(8.32 g, 0.047 mol) in THF (45 mL) was added dropwise to the solution at −70 

°C. The mixture was warmed to r.t. and stirred for 2 h. The solution was re-

cooled to −70 °C. HMPA (17.08 mL, 0.098 mol) was added and the solution was 

stirred for 30 min. Iodooctane (6.21 mL, 0.042 mol) was added and the 

solution was stirred at room temperature for 30 h. The reaction was quenched 

with water (200 mL), the organic phase extract with diethyl ether (100 mL) and 

dried over MgSO
4
. Concentration under reduced pressure afforded a black oil 

(10.04 g), which was purified on basic alumina (grade III) with hexane elution 

to afford a colourless oil (5.20 g, 53%). 

IR: ν
max

 (neat)/cm-1 2925 (m), 2262 (m), 1159 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 2.12 (2H, t, J = 6.6 Hz, H-3), 1.52-1.23 (12H, m, 

H-4, 5, 6, 7, 8, 9), 1.35 (9H, s, H-12), 0.88 (3H, t, J = 6.6 Hz, H-10).  

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 85.60 (C, C-11), 83.62 (C, C-1), 40.00 (C, C-2), 

31.91, 29.98, 29.33, 29.20, 28.88, 26.83, 26.83 (7 CH
2
, C-3, 4, 5, 6, 7, 8, 9), 

22.67 (CH
3
, C-12), 17.45 (CH

2
, C-3), 13.98 (CH

3
, C-10). 

GC-MS (EI, CI) and LC-MS (ESI) have been tested. Product decomposes in the 

mass detector. Mass analyses are not conclusive. 
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9.3.2. Protocol A: the generation of ketene from alkynyl ether 

precursor 

 
Figure 9.8. Vapourtec R4/R2+ series, Sample loop set-up. 

The reactions were carried out on Vapourtec R4/R2+ series with a stainless 

steel reactor (10 mL). Alkynyl ether was premixed with the trapping reagent in 

the carrier solvent (toluene) and injected into the sample loop (2 mL). The 

reaction mixture was pumped through the reactor at the specific reaction 

conditions (time/temperature). The reactor was pressurised by a 250 PSI BPR 

and the material was collected using a fraction collector from Gilson (Figure 

9.8). Removal of the solvent under reduced pressure afforded the product that 

was purified by silica column chromatography, if required. For larger scale 

synthesis, the reagent was introduced by pumping the mixture from a stock 

reagent bottle (Figure 9.9). 

Reactions were monitored by using in-situ IR analysis. The in-situ IR cell is plug 

in line at the exit of the reactor. Prior to running reactions, the solvent of the 

reaction is pumped into the flow system. When solvent is exiting at the 

collection point, the system is stabilised and a background of the solvent is 

carried on the IR spectrometers. A sets of reaction is then run while monitoring 

the solution flowing through the IR cell. 

Spectrometer acquisition parameters:  

• Number of scan to be averaged: 1 

• Scan area: 600 – 4000 cm-1 

• Spectra resolution: 8 cm-1 

• Number of spectra registered: 10 000* 
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* The whole 10 000 spectra are not recorded. This value is set high in order to  

ensure that the complete reaction will be recorded on the spectrometer. When 

the reaction is over, the acquisition is manually stopped to avoid the records of 

additional spectra. 

 
Figure 9.9. Vapourtec R4/R2+ series, Stock solution set-up. 

N-benzyldecanamide (3.9) 

 

A solution of 1-ethoxydecyne 3.7a (0.5 mmol, 0.091 g) and benzylamine (0.5 

mmol, 0.055 mL) in toluene (2 mL) was used. Residence time: 10 min, 

temperature: 180 °C. Evaporation of the solvent afforded the title compound as 

a white solid (0.480 g, 92%). 

mp: 74-75 °C from toluene (Lit. 60-62 °C from pentane,426 75-76 °C from 

Et
2
O).427  

IR: ν
max 

(neat)/cm-1 3291 (m), 2916 (m), 1631 (s), 1554 (m), 694 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.39-7.26 (5H, m, H-13, 14, 15), 5.77 (1H, br.s, 

NH), 4.44 (2H, d, J = 5.6 Hz, H-11), 2.21 (2H, t, J = 7.5 Hz, H-2), 1.66 (2H, 

quin, J = 7.5 Hz, H-3), 1.41-1.23 (12H, m, H-4, 5, 6, 7, 8, 9), 0.89 (3H, t, J = 6.8 

Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 172.95 (C, C-1), 138.42 (C, C-12), 128.67 (CH, C-

13), 127.79 (CH, C-14), 127.45 (CH, C-15), 43.56 (CH
2
, C-11), 36.63 (CH

2
, C-2), 

1
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31.84, 29.43, 29.32, 29.30, 29.23 (CH
2
, C-4, 5, 6, 7, 8), 25.76 (CH

2
, C-3) 22.64 

(CH
2
, C-9), 14.08 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 262.1, 100% (M+H)+; 523.3, 20% (2M+H)+. 

HRMS (ES+): Found 262.2161 Da (M+H)+, calculated 262.2165 Da. 

NMR spectra were consistent with the literature.426 

9.3.3. IR Calibration 

Stock Solutions of a mixture of 1-ethoxydecyne and benzyldecanamide were 

prepared using concentration ranges (0.4 mg/mL, 0.08 mg/mL and 0.016 

mg/mL) and ratios of solutions (SM:PR = 10:90, 25:75, 50:50, 90:10). Spectra 

acquisitions were carried out for every concentration at every ratio. Each 

experiment was repeated three times. Each experiment consisted of injecting 2 

mL of solution at 1 mL/min through the in-situ IR cell via 83 cm of 1 mm inner 

diameter PFA tubing. The absorption profiles recorded reach a steady state of 

absorption. The spectra at this steady state were used to make an average of 

the IR absorption value. Treatment of the data using the height of the IR 

carbonyl and IR acetylene functional group allow determination of a calibration 

for the IR absorbance’s ratio for a given molar ratio. 
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Concentration 
of material 

(g/mL) 

Average 
IR ratio 

(Abs/Abs) 

Solution 
ratio 

mol/mol 

Number 
of point 

averaged 

0.04 0.106 0.154 4 

0.04 0.108 0.154 6 

0.04 0.110 0.154 5 

0.04 0.788 1.334 5 

0.04 0.776 1.334 5 

0.04 0.773 1.334 4 

0.04 2.021 4.021 6 

0.04 2.031 4.021 7 

0.04 2.040 4.021 8 

0.04 5.661 11.869 5 

0.04 5.706 11.869 4 

0.04 5.651 11.869 6 

0.008 0.048 0.139 8 

0.008 0.066 0.139 6 

0.008 0.065 0.139 8 

0.008 0.643 1.334 7 

0.008 0.651 1.334 7 

0.008 1.837 4.021 8 

0.008 1.886 4.021 9 

0.008 1.880 4.021 8 

0.008 5.524 11.869 4 

0.008 5.478 11.869 5 

0.0016 0.064 0.139 11 

0.0016 0.068 0.139 10 

0.0016 0.615 1.334 4 

0.0016 0.623 1.334 5 

0.0016 0.658 1.334 5 

0.0016 1.930 4.021 8 

0.0016 5.726 11.869 6 

0.0016 5.974 11.869 5 

Table 9.3. IR ratio-mole ratio – calibration data. 
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Linear model: Conc. = A x (IR Abs) + B 

C (g/mL) A B R
2

 

0.04 2.123 −0.216 0.9995 

0.008 2.160 −0.016 0.9999 

0.0016 2.022 0.048 0.9992 

- 2.119 −0.078 0.9988 

Figure 9.10. Calibration curve – IR ratio (A
alk

/[A
alk

+A
carb

]) correlate to molar ratio at three 

concentrations. 

9.3.4. Kinetics 

Kinetics of alkynyl ether thermolysis was performed using the Vapourtec 

R4/R2+ coupled to an IR Bruker spectrometers. The reaction was set-up using 

procedure A (section 0) for reagent bottles. A stock solution was prepared by 

premixing the alkynyl ether with benzylamine (1 eq.) in toluene. Reactions 

were run at various flow rates and temperatures. Thermolysis of 1-

ethoxydecyne was monitored by following the decrease of alkynyl ether. 

Benzyldecanamide was the only product of the reaction. The crude samples of 

each run were analysed via 1H-NMR and conversion was determined by 

integration of the appropriate protons from the starting material and the 

product. Each reaction completed was also analysed by in-line IR spectra, which 

was recorded by the insertion in-situ of an IR flow cell at the exit of the reactor. 

IR Spectra were analysed using: 

§ Peak height integration of acetylene (2100-2300 cm-1) and carbonyl (1683 

cm-1) vibration bond against a calibration curve to account for non-linearity. 

§ OPA treatment of the data. 
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Kinetics via 1H-NMR: 

Temperature 
(°C) 

Residence 
time (sec) 

Residence time 
corrected (sec)  

NMR ratio ([SM]/[Pr+SM]) 

150 300 265 0.87 

150 450 397 0.74 

150 600 530 0.62 

150 900 794 0.51 

150 300 265 0.80 

150 450 397 0.74 

150 1200 1059 0.39 

150 1200 1059 0.40 

160 150 131 0.85 

160 300 262 0.55 

160 600 525 0.35 

160 600 525 0.32 

160 900 787 0.22 

165 150 131 0.74 

165 300 261 0.56 

165 420 366 0.44 

165 600 522 0.25 

165 900 783 0.16 

170 180 156 0.67 

170 240 208 0.56 

170 300 260 0.48 

170 450 390 0.27 

170 600 520 0.16 

170 600 520 0.15 

180 60 51 0.63 

180 180 154 0.43 

180 240 206 0.25 

180 300 257 0.22 

180 450 386 0.08 

180 600 515 0.02 

Table 9.4. Kinetic data – 1H-NMR. 

 
Figure 9.11. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.9a – 1H-

NMR data – E
act

 = 108.9 kJ/mol, k = k’× 10-3. 
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Kinetics via Peak Absorbance: 

Temperature 
(°C) 

Residence 
time (sec) 

Residence time 
corrected (sec) 

IR ratio ([SM]/[Pr+SM]) 

150 300 265 0.88 

150 450 397 0.80 

150 450 397 0.78 

150 600 530 0.72 

150 600 530 0.75 

150 900 794 0.61 

150 1200 1059 0.43 

150 1200 1059 0.46 

160 150 131 0.86 

160 300 262 0.73 

160 450 393 0.63 

160 600 525 0.48 

160 600 525 0.54 

160 600 525 0.48 

160 900 787 0.35 

160 1200 1049 0.21 

170 180 156 0.72 

170 240 208 0.65 

170 300 260 0.58 

170 450 390 0.40 

170 600 520 0.25 

180 120 103 0.70 

180 180 154 0.55 

180 240 206 0.51 

180 300 257 0.34 

180 450 386 0.15 

180 600 515 0.06 

Table 9.5. IR kinetic data – Peak Height 

 
Figure 9.12. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.9a – IR 

data – E
act

 = 105.4 kJ/mol, k = k’.10-3. 
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Kinetics via OPA: 

Temperature 
(°C) 

Residence 
time (sec) 

Residence time 
corrected (sec) 

OPA ratio Molar ratio 

150 300 265 0.88 0.65 

150 450 397 0.72 0.60 

150 450 397 0.70 0.59 

150 600 530 0.59 0.55 

150 600 530 0.64 0.57 

150 900 794 0.44 0.48 

150 1200 1059 0.25 0.34 

150 1200 1059 0.28 0.36 

160 150 131 0.85 0.64 

160 300 262 0.61 0.56 

160 450 393 0.47 0.50 

160 600 525 0.30 0.38 

160 600 525 0.30 0.38 

160 900 787 0.18 0.26 

160 1200 1049 0.09 0.14 

170 180 156 0.61 0.56 

170 240 208 0.49 0.50 

170 300 260 0.39 0.45 

170 450 390 0.20 0.29 

170 600 520 0.13 0.21 

180 120 103 0.53 0.53 

180 180 154 0.37 0.44 

180 240 206 0.32 0.40 

180 300 257 0.18 0.26 

180 450 386 0.07 0.11 

180 600 515 0.02 0.03 

Table 9.6. IR kinetic data – OPA. 
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Figure 9.13. 1st order kinetics and Arrhenius plot for decomposition of 1-ethoxydecyne 3.9a – 

OPA treatment of the IR data – E
act

 = 102.9 kJ/mol, k = k’.10-3. 

9.3.5. Kinetics using the push-out methodology 

150 mL solution of 0.4 M of alkynyl ether (6 mmol) with benzylamine (1.1 eq., 

6.6 mmol) in toluene was prepared. Experiments were run according the push 

out method protocol: solvent was pumped at 1 mL/min in the system and the 

reactor was set to a temperature for the reaction. When the temperature was 

stable, the feeding valve was switched to reagent and the reagent pumped at 1 

mL/min in the system. The reaction mixture exiting the reactor was monitored 

by in-situ analysis, the flow rate was switched to 9.99 mL/min when the IR 

analysis revealed steady state. The feeding valve was switch immediately to 

solvent. When the IR spectra revealed no more absorption, flow input was slow 

down to a low flow rate and a second reaction was carried out. 

All the IR data was recorded using OPUS and analysed with BORIS. The time 

spacing between each IR spectra was determined by the acquisition 

parameters. Surprisingly, they are not stable form one acquisition to next. In 

order to be as reliable as possible, the time of acquisition of the experiment 

was divided by the number of spectra recorded to give the average of 

acquisition time per spectra. 

Experiment run at the indicated temperatures: 

§ 1-ethoxydecyne-air heated reactor, with the following reaction run in series: 

40 °C, 150 °C, 160 °C, 170 °C, 180 °C, 165 °C, 160 °C, 160 °C, 160 °C. 

§ 1-ethoxydecyne-oil heated reactor, with the following reaction run in series: 

40 °C, 150 °C, 160 °C, 170 °C, 180 °C, 165 °C, 160 °C, 160 °C. 
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§ tert-butoxydecyne-air heated reactor, with the following reaction run in 

series: 40 °C, 120 °C, 115 °C, 120 °C, 125 °C, 120 °C, 130 °C, 135 °C. 

§ ethoxyacetylene-8 cm-1 IR resolution-air heated reactor, with the following 

reaction run in series: 40 °C, 145 °C, 130 °C, 140 °C, 145 °C, 145 °C, 150 °C, 

150 °C, 160 °C. 

§ ethoxyacetylene-4 cm-1 IR resolution-air heated reactor, with the following 

reaction run in series: 40 °C, 145 °C, 130 °C, 140 °C, 145 °C, 145 °C, 150 °C, 

150 °C, 160 °C. 

Step by Step analysis of the data obtain from the push-out for the kinetics 

constant determination: 

The treatment of the data from the push-out methodology have been partially 

automatised by using an excel spread sheet. This excel file is composed of 

several tab (Figure 9.14): 

• 1st tab: Overview – contain the summary of the kinetic study with the 

plot of the Arrhenius equation and the value of the activation energy 

• 2nd tab: OPA Conc – Contain the extracted data from the BORIS software 

treatment. 

• 3rd tab and more: Contain the treatment of the data using the push-out 

equation for one temperature in order to extract the kinetic curve and 

the value of the kinetic constant at this temperature. 

 

 
• Figure 9.14. Excel-Tabs used with the excel file for the push-out methodology 

Step 1: Treating the raw spectrometric data 

When running in-situ acquisition, the data recorded are treated using the BORIS 

software. From each spectra recorded can be extracted the composition of the 

reaction mixture using tools such as peak Height to extract the absorbance 

value at specifics wavelengths, or tools such as OPA to determine the mixture 

of compound that are composing the spectra. The treatment of this data is 

collected in the excel file in the tab called OPA Conc (Figure 9.15). 
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Figure 9.15. OPA Conc tab – Pasting of the processed data 

From this tab,  τ
0
 and τ

1
 (from the push-out Equation 3.6) can be extracted for 

each temperature run. They will be used in the next step. 
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Step 2: Treatment of the data for one temperature – determination of the 

kinetic constant for one temperature 

 
Figure 9.16. Tab of the temperature – used for the determination of the rate constant 
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Column Title - comment Formula 

A Counter - starting at A5 with 0 A5+1 

B 
experimental time 
(s) - Recall of the value from 
“OPA Conc” 

INDIRECT(CONCATENATE("OPA_ConC!A",M
ATCH($O$1,OPA_Conc!$A:$A)+A6),TRUE)*
60 

C 
reaction time 
(s) - Calcul of reaction time 

(-((10-1)/1)*$B5+(10/1)*$O$2*60-
$O$1*60)/(1+Overview!$B$4*(INDIRECT(C
ONCATENATE("Overview!F",MATCH($C$2,
Overview!$E$3:INDIRECT(CONCATENATE("
Overview!$E$",Overview!$B$6+2),TRUE),0)
+2),TRUE)-Overview!$B$5)) 

D 
Concentration- Recall of the 
value from “OPA Conc” 

INDIRECT(CONCATENATE("OPA_ConC!B",M
ATCH($O$1,OPA_Conc!$A:$A)+A6),TRUE) 

G Counter - starting at G5 with 0 G5+1 

H 
reaction time (s) increasing 
order - Recall of the value from 
column B in increasing order 

INDIRECT(CONCATENATE("C",MATCH(0,$C
$5:$C$160,-1)+4-G5),TRUE) 

I 
concentration increasing order 
- Recall of the value from 
column D in increasing order 

INDIRECT(CONCATENATE("D",MATCH(0,$C
$5:$C$160,-1)+4-G5),TRUE) 

K ln (Concentration) ln(column I) 

Overview!$B$4 => coefficient of expansion of the solvent 
$O$2 => τ

1 

$O$1 => τ
0 

Overview!$B$6 => experiment number 
Overview!$B$5 => room temperature 

Table 9.7. Detail of the excel function used for the filling of the various parameters of this 

temperature tabulation from the excel file used. 

This tab only required to manually enter the value of τ
1
 and τ

0
 and to select the 

data point valid for the rate constant of the graph ln(C)=f(t
r
) in order to 

determine the plot of this curve. The rest of the tab is automatically filled 

according the formula presented into Figure 9.16 and Table 9.7. 

Applying this process for the other temperature allows the determination of 

the rate constant of all the temperature runs. This rate constant is used for the 

activation energy calculation in the tab Overview. 

Step : Reading of the E
act

 value 

The tab Overview is now completed. The activation energy appeared, already 

calculated and the Arrhenius equation is plot (Figure 9.17). 
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Figure 9.17. Tab Overview – calcul of the activation energy and summary of the parameters. 

NB: In the table “Constant”, the expansion coefficient of the solvent is 

included. It is used in the calculation of other tab to take into account the 

expansion of the solvent, which correct the residence time as described in 

section 3.2.3. 

9.3.6. Thermal Studies of the alkoxydecyne thermolysis 

Thermal studies were carried out by measuring the formation of 

benzyldecanamide with different alkynyl ethers. The reaction was set up and 

executed following protocol A for reagent bottles. A stock solution was 

prepared by premixing the alkynyl ether with 1 eq. of benzylamine in toluene. 

The reactions were run at a flow rate of 1 mL/min (residence time: 10 min) 

with various temperatures, using 1-ethoxydecyne, iso-propoxydecyne and tert-

butoxydecyne. The crude product of each reaction was analysed via 1H-NMR 

and its conversion determined by integration of the appropriate protons from 

the starting material and the product. 
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tert-Butoxydecyne 
3.7c  

iso-propoxydecyne 
3.7b  

1-ethoxydecyne 3.7a 

T (°C) 
Ratio 

(mol%)  
T (°C) 

Ratio 
(mol%)  

T (°C) 
Ratio 

(mol%) 

100 77 
 

35 100 
 

35 100 

105 59 
 

100 96 
 

100 100 

110 45 
 

120 75 
 

130 94 

115 28 
 

130 61 
 

140 82 

120 15 
 

140 30 
 

150 65 

140 4 
 

150 2 
 

160 36 

160 0 
 

160 0 
 

170 16 

180 0 
    

180 1 

      
200 1 

Table 9.8. Thermal study – 1H-NMR data. 

 
Figure 9.18. Loss of 3.7a-3.7c with temperature at 10 min reaction time. 

9.4. Experimental Procedures for Chapter 4 

Protocol B: Synthesis of Decanamides (3.9, 4.3b →  4.3n) 

 
Figure 9.19. Vapourtec R4/R2+ series – Sample loop set-up. 
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The reactions were carried out on a Vapourtec R4/R2+ series system with a 

stainless steel reactor (10 mL). Starting material (alkynyl ether) was premixed 

with the trapping reagent (amine) in the carrier solvent (toluene) and injected 

into a sample loop (2 mL). The reaction mixture was pumped through the 

reactor at the specific reaction conditions (time/temperature) mentioned 

below. The reactor was pressurised using a 250 PSI BPR and the material was 

automatically collected via fraction collector from Gilson (Figure 9.19). 

Removal of the solvent under reduced pressure afforded the product that was 

purified by silica column chromatography, if mentioned. For large-scale 

synthesis (>2 mL), the reagent was introduced by pumping the mixture from a 

stock bottle (Figure 9.20). 

 
Figure 9.20. Vapourtec R4/R2+ series – Stock solution set-up. 

Protocol C: Synthesis of Acetamides (4.4a →  4.4n) 

The reactions were carried out on Vapourtec R4/R2+ series system with a 

stainless steel reactor (10 mL). A stock solution of ethoxyacetylene (27.4 

mmol) in toluene (34.2 mL) was prepared and was used for each reaction 

involving ethoxyacetylene with an amine. Amine trapping reagent (2.0 mmol) 

in solution in the carrier solvent (toluene) was injected into the sample loop (2 

mL). A 0.5 mL/min flow rate was  set-up for each pump, resulting in a 10 min 

residence time in the reactor. Alkoxyalkyne and amine were then mixed on the 

flow system using a T-mixer. Conditions (temperature of the reactor/residence 

time) are mentioned below. The reaction mixture was pumped through the 

reactor under 250 PSI back-pressure and collected using a sample collector 

(Figure 9.21). Removal of the solvent by reduced pressure afforded the specific 

product that was purified by silica column chromatography, if mentioned. 
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Figure 9.21. Vapourtec R4/R2+ series, mixed set-up: Stock solution and sample loop. 

Protocol D: Synthesis of Esters (4.5a →  4.5e) 

Following protocol A, reactions were carried out using a Vapourtec R4/R2+ 

series system with a stainless steel reactor (10 mL). Starting material (alkynyl 

ether) was premixed with the alcohol trapping reagent and 1 eq. of DABCO in 

the carrier solvent (toluene) and injected into the sample loop (2 mL). 

Conditions (temperature of the reactor/residence time) are mentioned below. 

The reaction mixture was pumped through the reactor under 250 PSI back-

pressure and was collected using a sample collector (Figure 9.19). The reaction 

mixture washed with brine (20 mL). The aqueous layer was extracted with 

ether (2 x 30 mL) and the combined organic extracts were dried over MgSO
4
 

and solvent removed to afford the crude product that was purified by silica 

column chromatography if required. 

3-ethoxy-2,4-dioctylcyclobut-2-enone (4.1a) 

 

Following protocol B, a solution of 1-ethoxydecyne (2.0 mmol, 0.364 g) in 

toluene (8 mL) was used. Residence time: 10 min, temperature: 180 °C. 

Purification of the crude by chromatography on basic alumina (Grade III) eluted 

with 25% Et
2
O-hexane afforded the title compound (0.320 g, 95%) as a 

colourless oil. 

IR: ν
max 

(neat)/cm-1 2929 (m), 1615 (s), 1323 (m). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 4.26-4.38 (2H, m, H-7), 3.48 (2H, q, J = 7.3 Hz, H-

5), 3.35 (1H, tt, J = 5.8, 1.5 Hz, H-4), 2.05 (2H, td, J = 6.9, 1.5 Hz, H-15), 1.60 

(2H, quin, J = 6.9 Hz, H-16), 1.43 (3H, t, J = 7.3 Hz, H-6), 1.16-1.38 (22H, m, H-

8, 9, 10, 11, 12, 13, 17, 18, 19, 20, 21), 0.87 (6H, t, J = 6.6 Hz, H-14, 22). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 190.86 (C, C-1), 179.15 (C, C-3), 121.04 (C, C-2), 

68.12 (CH, C-4), 58.85 (CH
2
, C-5), 31.83 (CH

2
, C-12, 20), 29.72, 29.47, 29.40, 

29.28, 29.22 (CH
2
, C-7, 9, 10, 11, 17, 18, 19), 28.50, 28.23 (CH

2
, C-8, 16), 

26.54 (CH
2
, C-15), 22.63 (C-13, 21), 15.16 (CH

3
, C-6), 14.07 (CH

3
, C-14, 22). 

LRMS (LC-ES+): m/z 400.4, 73% (M+MeCN+Na)+; 695.7, 100% (2M+Na)+. 

HRMS (ES+): Found 337.3105 Da (M+H)+, calculated 337.3101 Da. 

This is a known compound previously characterised by boiling point and 

refractive index.73 

3-tert-Butoxy-2,4-dioctylcyclobut-2-enone (4.1b) 

 

Following protocol B, a solution of 1-tert-butoxydecyne (0.5 mmol, 0.105 g) in 

toluene (2 mL) was used. Residence time: 20 min, temperature: 140 °C. 

Evaporation of the solvent afforded the product as a brown oil (0.262 g). 

Purification of the crude by chromatography on basic alumina (Grade III) eluted 

with 25% Et
2
O-hexane afforded the title compound (0.080 g, 88%) as colourless 

oil. 

IR: ν
max 

(neat)/cm-1 2923 (s), 2854 (m), 1750 (m), 1600 (s), 1361 (s), 1159 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.36 (1H, t, J = 6.1 Hz, H-4), 2.06 (2H, t, J = 7.6 

Hz, H-7), 1.50-1.72 (4H, m, H-15, 8), 1.48 (9H, s, H-6), 0.90-1.32 (22H, m, H-9, 

10, 11, 12, 13, 16, 17, 18, 19, 20, 21), 0.88 (6H, t, J = 6.4 Hz, H-14, 22). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 192.39 (C, C-1), 176.62 (C, C-3), 122.11 (C, C-2), 

82.34 (C, C-5), 60.75 (CH, C-4), 31.86, 29.76, 29.65, 29.42, 29.31, 29.28, 

29.24, 28.73, 28.16, 27.32, 26.19, 23.93 (CH
2
, C-7, 8, 9, 10, 11, 12, 13, 15, 

16, 17, 18, 19, 20, 21), 22.65 (CH
3
, C-6), 14.08 (CH

3
, C-14, 22). 
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LRMS (LC-ES+): m/z 428.4, 78% (M+MeCN+Na)+; 751.7, 100% (2M+Na)+. 

HRMS (ES+): Found 387.3238 Da (M+Na)+, calculated 387.3234 Da. 

N-(tert-butyl)decanamide (4.3b) 

 

Following protocol B, a solution of 1-ethoxydecyne (1.0 mmol, 0.182 g) and 

tert-butylamine (1.0 mmol, 105.1 µL) in toluene (2 mL) was used. Residence 

time: 10 min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a white solid (0.218 g, 96%). 

mp: 33-35 °C from toluene. 

IR: ν
max 

(neat)/cm-1 3307 (m), 2959 (m), 1644 (s), 732 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.25 (1H, br.s, NH), 2.07 (2H, t, J = 7.2 Hz, H-2), 

1.59 (2H, quin, J = 7.2 Hz, H-3), 1.34 (9H, s, H-12), 1.23-1.37 (12H, m, H-4, 5, 

6, 7, 8, 9), 0.87 (3H, t, J = 6.8 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 172.51 (C, C-1), 50.99 (C, C-11), 37.75 (CH

2
, C-2), 

31.83 (CH
2
, C-8), 29.43 (CH

2
, C-4), 29.35 (CH

2
, C-5), 29.25 (CH

2
, C-6), 29.21 

(CH
2
, C-7), 28.83 (CH

3
, C-12), 25.78 (CH

2
, C-3), 22.64 (CH

2
, C-9), 14.07 (CH

3
, C-

10). 

LRMS (LC-ES+): m/z 250.3, 100% (M+Na)+. 

HRMS (ES+): Found 228.2318 Da (M+Na)+, calculated 228.2322 Da. 

This is a known compound previously characterised by the boiling point (156-

159 °C at 2 torr).428 

N,N-diisopropyldecanamide (4.3c) 

 

Following protocol B, a solution of 1-ethoxydecyne (1.0 mmol, 0.182 g) and di-

iso-propylamine (1.0 mmol, 141.1 µL) in toluene (2 mL) was used. Residence 
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time: 10 min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a light yellow oil (0.204 g, 80%). 

IR: ν
max 

(neat)/cm-1 2923 (m), 1638 (s), 1438 (m). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.92 (1H, dt, J = 12.9, 6.5 Hz, H-11a), 3.36-3.50 

(1H, m, H-11b), 2.22 (2H, t, J = 7.2 Hz, H-2), 1.56 (2H, quin, J = 7.2 Hz, H-3), 

1.32 (6H, d, J = 6.5 Hz, H-12a), 1.19-1.29 (12H, m, H-4, 5, 6, 7, 8, 9), 1.15 (6H, 

d, J = 6.5 Hz, H-12b), 0.83 (3H, t, J = 6.7 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 171.95 (C, C-1), 48.12 (CH, C-11a), 45.36 (CH, C-

11b), 35.31 (CH
2
, C-2), 31.74 (CH

2
, C-8), 29.37 (CH

3
, C-12), 29.17 (CH

2
, C-4, 5), 

25.36 (CH
2
, C-6), 22.52 (CH

2
, C-7), 20.90 (CH

2
, C-3), 20.58 (CH

2
, C-9), 13.95 

(CH
3
, C-10). 

LRMS (LC/ES+): m/z 278.3, 100% (M+Na)+; 533.5, 35% (2M+Na)+. 

The NMR and IR spectral data were consistent with the previous literature.429 

1-(piperidin-1-yl)decan-1-one (4.3d) 

 

Following protocol B, a solution of 1-ethoxydecyne (1.0 mmol, 0.182 g) and 

piperidine (1.0 mmol, 98.8 µL) in toluene (2 mL) was used. Residence time: 10 

min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a light yellow oil (0.208 g, 87%). 

IR: ν
max 

(neat)/cm-1 2923 (s), 1635 (s), 1434 (m). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.53 (2H, t, J = 5.1 Hz, H-11a), 3.38 (2H, t, J = 5.1 

Hz, H-11b), 2.30 (2H, t, J = 7.7 Hz, H-2), 1.19-1.36 (8H, m, H-12, 13, 3), 1.19-

1.35 (12H, m, H-4, 5, 6, 7, 8, 9), 0.87 (3H, t, J = 6.5 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 171.49 (C, C-1), 46.68 (CH

2
, C-11a), 42.54 (CH

2
, C-

11b), 33.46 (CH
2
, C-2), 31.83 (CH

2
, C-8), 29.50 (CH

2
, C-4), 29.42 (CH

2
, C-5, 6), 

29.23 (CH
2
, C-7), 26.55 (CH

2
, C-12a), 25.56 (CH

2
, C-13), 25.47 (CH

2
, C-12b), 

24.56 (CH
2
, C-3), 22.61 (CH

2
, C-9), 14.04 (CH

3
, C-10). 

LRMS (LC/ES+): m/z 262.3, 100% (M+Na)+; 502.5, 10% (2M+Na)+. 
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The NMR and IR spectral data were consistent with the previous literature.430,431 

1-(pyrrolidin-1-yl)decan-1-one (4.3e) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and 

pyrrolidine (0.5 mmol, 41.1 µL) in toluene (2 mL) was used. Residence time: 10 

min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a brown oil (0.098 g, 86%). 

IR: ν
max 

(neat)/cm-1 2922 (m), 1640 (s), 1425 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.41 (2H, t, J = 6.9 Hz, H-11a), 3.37 (2H, t, J = 6.9 

Hz, H-11b), 2.21 (2H, t, J = 7.4 Hz, H-2), 1.91 (2H, tt, 7.1, 6.9 Hz, H-12a), 1.80 

(2H, tt, 7.1, 6.9 Hz, H-12b), 1.59 (2H, quin, J = 6.9 Hz, H-3), 1.18-1.32 (12H, 

m, H-4, 5, 6, 7, 8, 9), 0.83 (3H, t, J = 6.6 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 171.72 (C, C-1), 46.48 (CH

2
, C-11a), 45.43 (CH

2
, C-

11b), 34.73 (CH
2
, C-2), 31.74 (CH

2
, C-8), 29.41 (CH

2
, C-4), 29.35 (CH

2
, C-5, 6), 

29.16 (CH
2
, C-7), 26.01 (CH

2
, C-12a), 24.84 (CH

2
, C-3), 24.30 (CH

2
, C-9), 22.53 

(CH
2
, C-12b), 13.97 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 248.3, 91% (M+Na)+; 280.3, 21% (M+MeCN+Na)+. 

HRMS (ES+): Found 248.1986 Da (M+Na)+, calculated 248.1985 Da. 

This is a literature cited compound. However, only its mass (EI) is referenced in 

the literature.432 

1-morpholinodecan-1-one (4.3f) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and 

morpholine (0.5 mmol, 43.3 µL) in toluene (2 mL) was used. Residence time: 

10 min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a light yellow oil (0.101 g, 84%). 

IR: ν
max 

(neat)/cm-1 2922 (m), 1645 (s), 1426 (m), 1115 (s). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.49-3.63 (6H, m, H-11a, 12), 3.36-3.44 (2H, m, 

H-11b), 2.24 (2H, t, J = 7.5 Hz, H-2), 1.55 (2H, quin, J = 7.5 Hz, H-3), 1.12-1.32 

(12H, m, H-4, 5, 6, 7, 8, 9), 0.81 (3H, t, J = 6.5 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 171.74 (C, C-1), 66.80 (CH

2
, C-12a), 66.53 (CH

2
, C-

12b), 45.91 (CH
2
, C-11a), 41.70 (CH

2
, C-11b), 32.97 (CH

2
, C-2), 31.71 (CH

2
, C-

8), 29.30 (CH
2
, C-4, 5, 6), 29.12 (CH

2
, C-7), 25.12 (CH

2
, C-3), 22.49 (CH

2
, C-9), 

13.94 (CH
3
, C-10). 

LRMS (LC/ES+): m/z 264.3, 100% (M+Na)+; 296.3, 42% (M+Na+CN)+. 

The NMR and IR spectral data were consistent with the previous literature.433 

N-cyclohexyldecanamide (4.3g) 

 

Following protocol B, a solution of 1-ethoxydecyne (1.0 mmol , 0.182 g) and 

cyclohexylamine (1.0 mmol, 114.7 µL) in toluene (2 mL) was used. Residence 

time: 10 min, temperature: 180 °C.  Evaporation of the solvent afforded the 

title compound as a white solid (0.215 g, 85%). 

mp: 71-73 °C from toluene (Lit. 77-77.5 °C from benzene,434 170-173 °C from 

ethanol).435 

IR: ν
max 

(neat)/cm-1 3297 (m), 2917 (m), 1637 (s), 1546 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.17 (1H, br.s, NH), 3.52-3.81 (1H, m, H-11), 2.05 

(2H, t, J = 8.0 Hz, H-2), 1.76-1.90 (2H, m, H-12a), 1.63 (2H, dt, J = 14.6, 4.0 

Hz, H-12b), 1.40-1.57 (4H, m, H-13), 0.93-1.38 (16H, m, H-3, 4, 5, 6, 7, 8, 9, 

14), 0.81 (3H, t, J = 6.8 Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 172.22 (C, C-1), 48.08 (CH, C-11), 37.24 (CH

2
, C-

2), 33.39 (CH
2
, C-12), 31.95 (CH

2
, C-8), 29.79 (CH

2
, C-4), 29.54 (CH

2
, C-5), 

29.45 (CH
2
, C-6), 29.36 (CH

2
, C-7), 25.99 (CH

2
, C-3), 25.66 (CH

2
, C-14), 24.97 

(CH
2
, C-13), 22.75 (CH

2
, C-9), 14.10 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 317.3, 100% (M+Na+MeCN)+. 

The NMR spectral data was consistent with the previous literature.435 
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N-cyclohexyl-N-methyldecanamide (4.3h) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and N-

methyl-N-cyclohexylamine (0.5 mmol, 65.2 µL) in toluene (2 mL) was used. 

Residence time: 10 min, temperature: 180 °C. Evaporation of the solvent 

afforded the title compound as a yellow oil (0.124 g, 93%). A rotameric mixture 

was observed by NMR. 

IR: ν
max 

(neat)/cm-1 2923 (s), 1640 (s), 1450 (m). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 4.42 (0.5H, tt, J = 11.0, 3.0 Hz, H-12a), 3.51 

(0.5H, tt, J = 11.5, 3.0 Hz, H-12b), 2.79 (1.5H, s, H-11a), 2.76 (1.5H, s, H-11b), 

2.29 (1H, t, J = 7.5 Hz, H-2a), 2.25 (1H, t, J = 7.5 Hz, H-2b), 0.97-1.87 (20H, m, 

H-3, 4, 5, 6, 7, 8, 9, 13, 14, 15), 0.85 (3H, t, J = 6.2 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 172.55 (C, C-1), 56.55 (CH, C-12a), 51.95 (CH, C-

12b), 34.13 (CH
2
, C-2), 33.52 (CH

2
, C-8), 31.77 (CH

2
, C-13a), 30.90 (CH

2
, C-

13b), 29.82 (CH
2
, C-4), 29.44 (CH

2
, C-5, 6), 29.18 (CH

2
, C-7), 26.94 (CH

3
, C-11), 

25.76 (CH
2
, C-3), 25.56 (CH

2
, C-14a), 25.24 (CH

2
, C-14b), 25.09 (CH

2
, C-15), 

22.55 (CH
2
, C-9), 13.98 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 268.4, 24% (M+H)+; 331.4, 100% (M+MeCN+Na)+; 557.6, 

40% (2M +Na)+. 

HRMS (ES+): Found 268.2629 Da (M+H)+, calculated 268.2640 Da. 

N-phenyldecanamide (4.3k) 

 

Following protocol B, a solution of 1-ethoxydecyne (1.0 mmol, 0.182 g) and 

aniline (1.0 mmol, 91.2 µL) in toluene (2 mL) was used. Residence time: 10 

min, temperature: 180 °C. Evaporation of the solvent afforded the title 

compound as a white solid (0.212 g, 86%). 

mp: 63-64 °C from toluene (Lit. 65-66 °C from pentane, 426 62-65 °C from 

ethanol).435 
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IR: ν
max 

(neat)/cm-1 3313 (m), 2916 (m), 1655 (s), 1600 (s), 1538 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 7.55 (1H, br.s, NH), 7.45 (2H, d, J = 7.9 Hz, H-12), 

7.21 (2H, dd, J = 7.9, 7.6 Hz, H-13), 7.00 (1H, t, J = 7.6 Hz, H-14), 2.26 (2H, t, J 

= 7.5 Hz, H-2), 1.63 (2H, quin, J = 7.5 Hz, H-3), 1.11-1.32 (12H, m, H-4, 5, 6, 7, 

8, 9), 0.80 (3H, t, J = 6.6 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 171.69 (C, C-1), 138.04 (CH, C-11), 128.85 (CH, C-

13), 124.06 (CH, C-14), 119.86 (CH, C-12), 37.73 (CH
2
, C-2), 31.80 (CH

2
, C-8), 

29.41 (CH
2
, C-4), 29.35 (CH

2
, C-5, 6), 29.24 (CH

2
, C-7), 25.65 (CH

2
, C-3), 22.61 

(CH
2
, C-9), 14.06 (CH

3
, C-10). 

LRMS (LC/ES+): m/z 495.5, 20% (2M+H)+; 517.4, 4% (2M+Na)+. 

The NMR and IR spectral data were consistent with the previous literature.426,436 

N-allyl-N-phenyldecanamide (4.3l) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and N-

allyl-N-aniline (0.5 mmol, 67.8 µL) in toluene (2 mL) was used. Residence time: 

10 min, temperature: 180 °C. Purification on a 10 g silica column using a 

gradient of eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title 

compound as a yellow oil (0.132 g, 92%). 

IR: ν
max 

(neat)/cm-1 2923 (m), 1657 (s), 699 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 7.21-7.34 (3H, m, H-15, 17), 7.01-7.11 (2H, m, H-

16), 5.78 (1H, ddt, J = 17.0, 10.2, 6.5 Hz, H-12), 5.26-4.87 (2H, m, H-13), 4.21 

(2H, dt, J = 6.5, 1.2 Hz, H-11), 1.96 (2H, t, J = 7.0 Hz, H-2), 1.47 (2H, quin, J = 

7.0 Hz, H-3), 1.05-1.25 (12H, m, H-4, 5, 6, 7, 8, 9), 0.80 (3H, t, J = 6.4 Hz, H-

10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.19 (C, C-1), 143.17 (C, C-14), 133.77 (CH, C-

12), 129.85 (CH, C-16), 128.72 (CH, C-15), 128.13 (CH, C-17), 117.92 (CH
2
, C-

13), 52.56 (CH
2
, C-11), 34.74 (CH

2
, C-2), 32.22 (CH

2
, C-8), 29.75 (CH

2
, C-4), 
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29.69 (CH
2
, C-5), 29.64 (CH

2
, C-6,), 29.61 (CH

2
, C-7), 25.87 (CH

2
, C-3), 23.01 

(CH
2
, C-9), 14.75 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 288.4, 77% (M+H)+; 310.3, 46% (M+Na)+; 351.4, 78% 

(M+MeCN+Na)+. 

HRMS (ES+): Found 288.2313 Da (M+H)+, calculated 288.2327 Da. 

N,N-diallyldecanamide (4.3m) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and 

diallylamine (0.5 mmol, 61.7 µL) in toluene (2 mL) was used. Residence time: 

10 min, temperature: 180 °C. Evaporation of solvent afforded the title 

compound as a light yellow oil (0.109 g, 87%). 

IR: ν
max 

(neat)/cm-1 3298 (br), 2918 (s), 1641 (s), 1552 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.69 (1H, ddt, J = 17.0, 10.2, 6.7 Hz, H-12a), 5.68 

(1H, ddt, J = 17.0, 10.2, 6.7 Hz, H-12b), 5.03-5.20 (4H, m, H-13), 3.95 (2H, dt, 

J = 5.8, 1.2 Hz, H-11a), 3.84 (2H, dt, J = 5.0, 1.2 Hz, H-11b), 2.27 (2H, t, J = 

7.5 Hz, H-2), 1.61 (2H, quin, J = 7.5 Hz, H-3), 1.16-1.36 (12H, m, H-4, 5, 6, 7, 

8, 9), 0.84 (3H, t, J = 6.6 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.00 (C, C-1), 133.36 (CH, C-12a), 132.91 (CH, 

C-12b), 116.87 (CH
2
, C-13a), 116.31 (CH

2
, C-13b), 49.00 (CH

2
, C-11a), 47.65 

(CH
2
, C-11b), 32.88 (CH

2
, C-2), 31.73 (CH

2
, C-8), 29.32 (CH

2
, C-4, 5, 6), 29.13 

(CH
2
, C-7), 25.821 (CH

2
, C-3), 22.51 (CH

2
, C-9), 13.95 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 315.4, 100% (M+MeCN+Na)+; 525.6, 20% (2M+Na)+. 

HRMS (ES+): Found 252.2316 Da (M+H)+, calculated 252.2327 Da. 
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N-(pyridin-2-yl)decanamide (4.3n) 

 

Following protocol B, a solution of 1-ethoxydecyne (0.5 mmol, 0.091 g) and 2-

aminopyridine (0.5 mmol, 0.047 g) in toluene (2 mL) was used. Residence 

time: 10 min, temperature: 180 °C. Purification on a 10 g silica column using a 

gradient of eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title 

compound as a white solid (0.089 g, 72%). 

mp: 38-40 °C from toluene (Lit. 38-39 °C from hexane).437 

IR: ν
max 

(neat)/cm-1 3255 (m), 2923 (m), 1697 (m), 1431 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 9.06 (1H, br.s, NH), 8.24 (2H, d, J = 7.3 Hz, H-12, 

15), 7.69 (1H, ddd, J = 8.7, 7.2, 1.6 Hz, H-13), 7.02 (1H, ddd, J = 7.2, 5.0, 1.0 

Hz, H-14), 2.39 (2H, t, J = 7.5 Hz, H-2), 1.72 (2H, quin, J = 7.5 Hz, H-3), 1.20-

1.39 (12H, m, H-4, 5, 6, 7, 8, 9), 0.88 (3H, t, J = 6.6 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 172.42 (C, C-1), 151.19 (C, C-11), 147.87 (CH, C-

15), 138.82 (CH, C-13), 119.92 (CH, C-14), 114.71 (CH, C-12), 38.11 (CH
2
, C-2), 

32.22 (CH
2
, C-8), 29.78, 29.71, 29.61, 29.60 (CH

2
, C-4, 5, 6, 7), 25.78 (CH

2
, C-

3), 23.02 (CH
2
, C-9), 14.45 (CH

3
, C-10). 

LRMS (LC-ES+, ES-): m/z 249.2, 100% (M+H)+; 247.3, 100% (M-H)-. 

HRMS (ES+): Found 249.1961 Da (M+H)+, calculated 249.1967 Da. 

This is a literature cited compound. However, only its melting point is 

referenced (38-39 °C at 1 atm).437 

Benzylacetamide (4.4a) 

 

Following protocol C, a solution of benzylamine (2.0 mmol, 218.3 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Evaporation of the solvent afforded the product as a 
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brown solid. Purification on a 10 g silica column using a gradient of eluent 0-

50% EtOAc-cyclohexane over 20 min afforded the title compound as a white 

solid (0.231 g, 97%). 

mp: 54-56 °C from cyclohexane (Lit. 54-55 °C from EtOAc).438 

IR: ν
max 

(neat)/cm-1 3285 (br.s), 1636 (s), 1544 (s), 692 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.31-7.21 (5H, m, H-5, 6, 7), 7.08 (1H, br.s, NH), 

4.31 (2H, d, J = 5.8 Hz, H-3), 1.91 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 170.23 (C, C-1), 138.22 (C, C-4), 128.26 (CH, C-

5), 127.37 (CH, C-6), 126.98 (CH, C-7), 43.20 (CH
2
, C-3), 22.63 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 191.2, 100% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.439-441  

N-(tert-butyl)acetamide (4.4b) 

 

Following protocol C, a solution of tert-butylamine (2.0 mmol, 210.0 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

white solid (0.183 g, 99%). 

mp: 96-97 °C from cyclohexane (Lit. 96 °C from toluene).442 

IR: ν
max 

(neat)/cm-1 3284 (br.s), 1641 (m), 1555 (s), 1223 (s), 606 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.72 (1H, br.s, NH), 1.85 (3H, s, H-2), 1.28 (9H, s, 

H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.51 (C, C-1), 50.92 (C, C-3), 28.62 (CH

3
, C-4), 

24.27 (CH
3
, C-2). 

LRMS (LC-ES+): m/z 157.2 , 89% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.442 
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N,N-diisopropylacetamide (4.4c) 

 

Following protocol C, a solution of di-iso-propylamine (2.0 mmol, 282.5 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

yellow oil (0.187 g, 74%). 

IR: ν
max 

(neat)/cm-1 2967 (m), 1633 (s), 1442 (m), 1324 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.81 (1H, spt, J = 6.7 Hz, H-3a), 3.40-3.48 (1H, m, 

H-3b), 1.98 (3H, s, H-2), 1.28 (6H, d, J = 6.7 Hz, H-4a), 1.28 (6H, d, J = 6.7 Hz, 

H-4b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.45 (C, C-1), 49.07 (CH, C-3a), 45.24 (CH, C-

3b), 23.70 (CH
3
, C-4a), 20.74 (CH

3
, C-2), 20.41 (CH

3
, C-4b). 

LRMS (LC-ES+): m/z 144.2, 43% (M+H)+; 185.3, 29% (M+MeCN+H)+; 207.3, 100% 

(M+Na+MeCN)+; 309.3, 11% (2M+Na)+. 

The NMR spectral data was consistent with the previous literature.443 

1-(piperidin-1-yl)ethanone (4.4d) 

 

Following protocol C, a solution of piperidine (2.0 mmol, 197.4 µL) in toluene 

(2.5 mL) was prepared. The solution was injected in the 2 mL sample loop and 

combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-25% EtOAc-cyclohexane over 40 min afforded the title compound as a 

brown oil (0.178 g, 87%). 

IR: ν
max 

(neat)/cm-1 2933 (m), 1627 (s), 1322 (s), 1264 (m). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.42 (2H, t, J = 5.6 Hz, H-3a), 3.28 (2H, t, J = 5.6 

Hz, H-3b), 1.96 (3H, s, H-2), 1.38-1.56 (2H, m, H-4, 5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.42 (C, C-1), 47.16 (CH

2
, C-3b), 42.18 (CH

2
, C-

3a), 26.15 (CH
2
, C-4a), 25.23 (CH

2
, C-4b), 24.20 (CH

2
, C-5) 21.17 (CH

3
, C-2). 

LRMS (LC/ES+): m/z 169.2, 100% (M+H+MeCN)+; 191.3, 36% (M+Na+MeCN)+; 

255.3, 25% (2M+H)+; 277.3, 5% (2M+Na)+. 

The NMR spectral data was consistent with the previous literature.444 

1-(pyrrolidin-1-yl)ethanone (4.4e) 

 

Following protocol C, a solution of pyrrolidine (2.0 mmol, 165.3 µL) in toluene 

(2.5 mL) was prepared. The solution was injected in the 2 mL sample loop and 

combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

yellow oil (0.159 g, 88%). 

IR: ν
max 

(neat)/cm-1 3455 (br.s), 1619 (s), 1422 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.20 (4H, t, J = 6.8 Hz, H-3), 1.80 (3H, s, H-2), 

1.73 (2H, quin, J = 6.7 Hz, H-4), 1.63 (2H, quin, J = 6.7 Hz, H-4b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.48 (C, C-1), 46.61 (CH

2
, C-3a), 44.92 (CH

2
, C-

3b), 25.55 (CH
2
, C-4a), 24.03 (CH

2
, C-4b), 21.91 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 155.2, 100% (M+H+MeCN)+; 177.2, 50% (M+Na+MeCN)+; 

227.2, 73% (2M+H)+; 249.2, 8% (2M+Na)+. 

NMR, IR and mass spectral data was consistent with the previous 

literature.432,440,445 
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1-morpholinoethanone (4.4f) 

 

Following protocol C, a solution of morpholine (2.0 mmol, 174.1 µL) in toluene 

(2.5 mL) was prepared. The solution was injected in the 2 mL sample loop and 

combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

brown oil (0.191 g, 93%). 

IR: ν
max 

(neat)/cm-1 3501 (br.s), 1629 (s), 1425 (s), 1248 (s), 1111 (s), 1021 (m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.60 (2H, t, J = 5.0 Hz, H-4a), 3.59 (2H, t, J = 5.0 

Hz, H-4b), 3.52 (2H, t, J = 5.0 Hz, H-3a), 3.39 (2H, t, J = 5.0 Hz, H-3b), 2.01 

(3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.90 (C, C-1), 66.61 (CH

2
, C-4a), 66.37 (CH

2
, C-

4b), 46.46 (CH
2
, C-3b), 41.55 (CH

2
, C-3a), 20.94 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 129.9, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.446 

N-cyclohexylacetamide (4.4g) 

 

Following protocol C, a solution of cyclohexylamine (2.0 mmol, 230.5 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

white solid (0.218 g, 97%). 

mp: 104-105 °C from cyclohexane (Lit. 104-105 °C from EtOH).447 

IR: ν
max 

(neat)/cm-1 3220 (br.s), 1635 (s), 1399 (s). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 6.23 (1H, br.s, NH), 3.63 (1H, ttd, J = 11.5, 3.9, 

7.3 Hz, H-3), 1.86 (3H, s, H-2), 1.84-1.00 (12H, m, H-4, 5, 6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.12 (C, C-1), 48.06 (CH, C-3), 32.86 (CH

2
, C-

4), 25.53 (CH
2
, C-6), 24.74 (CH

2
, C-5), 23.15 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 142.1, 100% (M+H)+; 283.2 (2M+H)+. 

The NMR spectral data was consistent with the previous literature.448 

N-cyclohexyl-N-methylacetamide (4.4h) 

 

Following protocol C, a solution of N-methyl-N-cyclohexylamine (2.0 mmol, 

263.1 µL) in toluene (2.5 mL) was prepared. The solution was injected in the 2 

mL sample loop and combined with the ethoxyacetylene solution. Residence 

time: 10 min, temperature: 180 °C. Purification on a 10 g silica column using a 

gradient of eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title 

compound as a yellow oil (0.229 g, 92%). 

IR: ν
max 

(neat)/cm-1 2927 (m), 1632 (s), 1505 (m), 1021 (m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 4.21 (0.5H, tt, J = 11.5, 4.5 Hz, H-4), 3.29 (0.5H, 

tt, J = 11.5, 4.5 Hz, H-4), 2.63 (1.5H, s, H-3), 2.58 (1.5H, s, H-3), 1.90 (1.5H, s, 

H-2), 1.86 (1.5H, s, H-2), 1.70-0.80 (10H, m, H-5, 6, 7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.45 (C, C-1), 169.36 (C, C-1’), 57.03 (CH, C-

4), 51.43 (CH, C-4’), 30.33 (CH
2
, C-5, 6), 29.69 (CH

3
, C-3), 29.22 (CH

2
, C-5’), 

26.34 (CH
3
, C-3’), 25.28 (CH

2
, C-6’), 25.13 (CH

2
, C-7), 25.08 (CH

3
, C-2), 24.78 

(CH
3
, C-2’). 

LRMS (LC-ES+): m/z 156.2, 42% (M+H)+; 197.3, 100% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.449 

N

O

12
3

4
5

6
7



 

 251 

N,N-dicyclohexylacetamide (4.4i) 

 

Following protocol C, a solution of N,N-dicyclohexylamine (2.0 mmol, 397.4 

µL) in toluene (2.5 mL) was prepared. The solution was injected in the 2 mL 

sample loop and mix with the ethoxyacetylene solution. Residence time: 10 

min, temperature: 180 °C. Purification on a 10 g silica column using a gradient 

of eluent 0-100% EtOAc-cyclohexane over 30 min afforded the title compound 

as a white solid (0.319 g, 89%). 

mp: 101-103 °C from cyclohexane (Lit. 104.5 °C).450 

IR: ν
max 

(neat)/cm-1 12931 (m), 1624 (s), 1310 (m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.30-3.38 (1H, m, H-3a), 2.20-2.40 (1H, m, H-3b), 

1.80 (3H, s, H-2), 1.85-1.00 (10H, m, H-4, 5, 6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.52 (C, C-1), 55.59 (CH, C-3), 31.31, 30.12 

(CH
2
, C-4), 26.55, 26.03, 25.31, 25.22 (CH

2
, C-5, 6), 24.04 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 224.2, 100% (M+H)+; 447.3, 63% (2M+H)+. 

HRMS (ES+): Found 224.2006 Da (M+H)+, calculated 224.2014 Da. 

This is a literature cited compound. However, only its melting point and the IR 

band of the carbonyl function at 1659 cm-1is referenced.451 

1-(3,4-dihydroisoquinolin-2(1H)-yl)ethanone (4.4j) 

 

Following protocol C, a solution of 1,2,3,4-tetrahydroisoquinoline (1.0 mmol, 

0.134 g) in toluene (2.5 mL) was prepared. The solution was injected in the 2 

mL sample loop and mix with the ethoxyacetylene solution. Residence time: 10 

min, temperature: 180 °C. Purification on a 10 g silica column using a gradient 

of eluent 0-100% EtOAc-cyclohexane over 40 min afforded the title compound 

as a white solid (0.168 g, 96%). 
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mp: 44-46 °C from cyclohexane (Lit. 45-46 °C from Et
2
O/MeOH).452 

IR: ν
max 

(neat)/cm-1 3019 (w), 1640 (m), 1426 (m), 727 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.28-7.13 (4H, m, H-8a, 9a, 10a, 11a), 7.28-7.13 

(3H, m, H-8b, 9b, 10b, 11b), 4.78 (2H, s, H-7a), 4.67 (1.5H, s, H-7b), 3.87 

(1.5H, t, J = 5.9 Hz, H-3a), 3.73 (2H, t, J = 5.9 Hz, H-3b), 2.96 (2H, t, J = 5.9 Hz, 

H-4a), 2.90 (1.5H, t, J = 5.9 Hz, H-4b), 2.24, (2.3H, s, H-2a), 2.23, (3H, s, H-2b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.41 (C, C-1a), 169.32 (C, C-1b), 135.01 (C, C-

5b), 133.96, 133.45 (C, C-5a, 6a), 132.50 (C, C-6b), 128.86 (CH, C-11b), 

128.21 (CH, C-11a), 126.83, 126.58, 126.53, 126.45 (CH, C-9a, 10a, 9b, 10b), 

126.27 (CH, C-10a’), 125.95 (CH, C-10b’), 48.01 (CH
2
, C-7b), 44.01, 43.93 

(CH
2
, C-3a, 7a), 39.41 (CH

2
, C-3b), 29.39 (CH

2
, C-4a), 28.45 (CH

2
, C-4b), 21.87 

(CH
3
, C-2b), 21.61 (CH

3
, C-2a). 

LRMS (LC-ES+): m/z 176.1, 100% (M+H)+. 

NMR, IR and mass spectral data were consistent with the previous 

literature.452,453 

N-allyl-N-phenylacetamide (4.4l) 

 

Following protocol C, a solution of N-allyl-N-aniline (2.0 mmol, 271.0 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-100% EtOAc-cyclohexane over 20 min afforded the title compound as 

a light brown solid (0.264 g, 94%). 

mp: 41-43 °C from cyclohexane (Lit. 41-42 °C from hexane).454 

IR: ν
max 

(neat)/cm-1 1641 (s), 1392 (s), 1273 (s), 704 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.31-7.04 (5H, m, H-7, 8, 9), 5.75 (1H, tdd, J = 

6.4, 16.8, 10.2 Hz, H-4), 4.97 (2H, dd, J = 16.8, 10.2, H-5), 4.19 (2H, d, J = 6.4 

Hz, H-3), 1.75 (3H, s, H-2). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.70 (C, C-1), 142.74 (C, C-6), 132.91 (CH, C-

5), 128.29 (CH, C-8), 127.80 (CH, C-7), 127.59 (CH, C-9), 117.40 (CH
2
, C-3), 

51.70 (CH
2
, C-5), 22.39 (CH

3
, C-2). 

LRMS (LC-ES+): m/z 176.2, 100% (M+H)+; 198.2, 4% (M+Na)+; 217.2, 54% 

(M+MeCN+H)+. 

1H-NMR and mass spectral data were consistent with the previous literature.454-

456 

N,N-diallylacetamide (4.4m) 

 

Following protocol C, a solution of N,N-diallylamine (2.0 mmol, 246.8 µL) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-20% EtOAc-cyclohexane over 40 min afforded the title compound as a 

yellow oil (0.198 g, 89%). 

IR: ν
max 

(neat)/cm-1 3081 (w), 1636 (s), 1410 (m), 1245 (m), 920 (m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.66 (1H, tdd, J = 6.4, 16.8, 10.2 Hz, H-4a), 5.64 

(1H, tdd, J = 6.4, 16.8, 10.2 Hz, H-4b), 4.98-5.12 (2H, m, H-5), 3.87 (2H, d, J = 

6.4 Hz, H-3a), 3.74-3.77 (2H, m, H-3b), 1.98 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 170.20 (C, C-1), 133.01 (CH, C-4a), 132.45 (CH, 

C-4b), 116.87 (CH, C-5a), 116.23 (CH, C-5b), 49.69 (CH
2
, C-3b), 47.45 (CH

2
, C-

3a), 22.63 (CH
3
, C-2). 

LRMS (LC-ES+): m/z 140.1, 100% (M+H)+; 181.3, 100% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.457 
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N-(pyridin-2-yl)acetamide (4.4n) 

 

Following protocol C, a solution of 2-aminopyridine (2.0 mmol, 0.188 g) in 

toluene (2.5 mL) was prepared. The solution was injected in the 2 mL sample 

loop and combined with the ethoxyacetylene solution. Residence time: 10 min, 

temperature: 180 °C. Purification on a 10 g silica column using a gradient of 

eluent 0-50% EtOAc-cyclohexane over 20 min afforded the title compound as a 

white solid (0.178 g, 82%). 

mp: 62-64 °C from cyclohexane (Lit. 64-65 °C from EtOAc).458 

IR: ν
max 

(neat)/cm-1 3180 (w), 1687 (s), 1577 (s), 1528 (s), 1430 (s), 1298 (s), 

774 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.39 (1H, br.s, NH), 8.26 (1H, d, J = 5.1 Hz, H-7), 

8.22 (1H, d, J = 8.1 Hz,  H-4), 7.70 (1H, t, J = 8.1 Hz, H-5), 7.03 (1H, dd, J = 

8.1, 5.1 Hz, H-6), 2.19 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.00 (C, C-1), 151.82 (C, C-3), 147.35 (CH, C-

7), 138.48 (CH, C-5), 119.58 (CH, C-6), 114.45 (CH, C-4), 24.50 (CH
3
, C-2). 

LRMS (LC-ES+): m/z 137.0, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.459 

Benzyldecanoate (4.5a) 

 

Following protocol D, a solution of 1-ethoxydecyne (0.5 mmol, 0.0911 g), 

benzylalcohol (0.5 mmol, 51.8 µL) and DMAP (1.0 mmol, 0.122 g) in toluene 

(1.6 mL) was used. Residence time: 10 min, temperature: 180 °C. Evaporation 

of the solvent afforded the title compound as a light yellow oil (0.093 g, 71%). 

IR: ν
max 

(neat)/cm-1 2923 (s), 1731 (s), 1151 (s). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 7.24-7.31 (5H, m, H-13, 14, 15), 5.04 (2H, s, H-

11), 2.28 (2H, t, J = 7.4 Hz, H-2), 1.57 (2H, quin, J = 7.4 Hz, H-3), 1.14-1.21 

(12H, m, H-4, 5, 6, 7, 8, 9), 0.80 (3H, t, J = 6.7 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.10 (C, C-1), 136.12 (C, C-12), 128.51 (CH, C-

13), 128.13 (CH, C-14, 15), 66.03 (CH
2
, C-11), 34.32 (CH

2
, C-2) 29.38 (CH

2
, C-

8), 29.22 (CH
2
, C-4, 5, 6), 29.10 (CH

2
, C-7), 24.94 (CH

2
, C-3), 22.64 (CH

2
, C-9), 

14.09 (CH
3
, C-10). 

LRMS (GC-CI): m/z 108.0, 100% (M-CH
3
(CH

2
)

7
CCO); 172.1. 

The NMR spectral data was consistent with the previous literature.460 

Octyldecanoate (4.5b) 

 

Following protocol D, a solution of 1-ethoxydecyne (0.5 mmol, 0.0911 g), 1-

hexanol (0.5 mmol, 62.8 µL) and DMAP (1.0 mmol, 0.122 g) in toluene (1.6 mL) 

was used. Residence time: 10 min, temperature: 180 °C. Evaporation of the 

solvent afforded the title compound as a colourless oil (0.087 g, 68%). 

IR: ν
max 

(neat)/cm-1 2995 (m), 1734 (s), 1170 (m), 732 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 4.06 (2H, t, J = 6.7 Hz, H-11), 2.29 (2H, t, J = 7.5 

Hz, H-2), 1.54-1.71 (4H, m, H-3, 12), 1.18-1.47 (18H, m, H-4, 5, 6, 7, 8, 9, 13, 

14, 15), 0.82-0.96 (6H, m, H-10, 16). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.99 (C, C-1), 64.36 (CH

2
, C-11), 34.39 (CH

2
, C-

10), 31.84 (CH
2
, C-14), 31.42 (CH

2
, C-8), 29.41 (CH

2
, C-7), 29.25 (CH

2
, C-6, 5), 

29.13 (CH
2
, C-4), 28.61 (CH

2
, C-12), 25.59 (CH

2
, C-13), 25.02 (CH

2
, C-3), 22.64 

(CH
2
, C-15), 22.53 (CH

2
, C-9), 14.07 (CH

3
, C-16), 13.97 (CH

3
, C-10). 

LRMS (LC-ES-): m/z 171.1, 100% (M-CH
3
(CH

2
)

5
)-. 

The NMR spectral data was consistent with the previous literature.461 
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(E)-2,3,7-trimethylocta-2,6-dien-1-yl decanoate (4.5c) 

 

Following protocol D, a solution of 1-ethoxydecyne (0.5 mmol, 0.0911 g), 

geraniol (0.5 mmol, 86.8 µL) and DMAP (1.0 mmol, 0.122 g) in toluene (1.6 

mL) was used. Residence time: 10 min, temperature: 180 °C. Evaporation of the 

solvent afforded the title compound as a pale yellow oil (0.119 g, 77%). 

IR: ν
max 

(neat)/cm-1 2923 (s), 1735 (s), 1161 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.35 (1H, t, J = 6.7 Hz, H-12), 5.09 (1H, t, J = 6.7 

Hz, H-16), 4.60 (2H, d, J = 6.7 Hz, H-11), 2.30 (2H, t, J = 7.6 Hz, H-2), 2.02-

2.15 (4H, m, H-3, 14, 15), 1.71 (3H, s, H-18a), 1.69 (3H, s, H-18b), 1.58-1.66 

(5H, m, H-19, 20), 1.22-1.35 (12H, m, H-4, 5, 6, 7, 8, 9), 0.89 (3H, t, J = 6.4 

Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.93 (C, C-1), 142.09 (C, C-13), 131.80 (C, C-

17), 123.76 (CH, C-16), 118.43 (CH, C-12), 61.16 (CH
2
, C-11), 39.53 (CH

2
, C-

14), 34.41 (CH
2
, C-2), 31.86 (CH

2
, C-8), 29.42 (CH

2
, C-4), 29.26 (CH

2
, C-5, 6), 

29.15 (CH
2
, C-7), 26.30 (CH

2
, C-15), 25.66 (CH

3
, C-18a), 25.02 (CH

2
, C-3), 22.65 

(CH
2
, C-9), 17.68 (CH

3
, C-18b), 16.45 (CH

3
, C-19), 14.08 (CH

3
, C-10). 

LRMS (GC-CI): m/z 137.1, 100% (M-CH
3
(CH)

8
COO)-. 

HRMS (ES+): Found 331.2615 Da (M+Na)+, calculated 331.2608 Da. 

2-methylbutyl decanoate (4.5d) 

 

Following protocol D, a solution of 1-ethoxydecyne (0.5 mmol, 0.0911 g), 2-

methylbutanol (0.5 mmol, 53.8 µL) and DMAP (1.0 mmol, 0.122 g) in toluene 

(1.6 mL) was used. Residence time: 10 min, temperature: 180 °C. Evaporation 

of the solvent afforded the title compound as a colourless oil (0.071 g, 75%). 

IR: ν
max 

(neat)/cm-1 2924 (s), 1736(s), 1155 (s), 732 (m), 696 (s). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 3.69-3.95 (2H, m, H-11), 2.23 (2H, t, J = 7.5 Hz, 

H-2), 1.46-1.72 (3H, m, H-3, 12), 1.01-1.44 (14H, m, H-4, 5, 6, 7, 8, 9), 0.74-

0.92 (9H, m, H-10, 14, 15). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 174.05 (C, C-1), 68.87 (CH

2
, C-11), 34.41 (CH, C-

12), 34.12 (CH
2
, C-2), 31.84 (CH

2
, C-8), 29.41 (CH

2
, C-4), 29.24 (CH

2
, C-5, 6), 

29.15 (CH
2
, C-7), 26.03 (CH

2
, C-13), 25.03 (CH

2
, C-3), 22.64 (CH

2
, C-9), 16.37 

(CH
3
, C-15), 14.07 (CH

3
, C-10), 11.19 (CH

3
, C-14). 

LRMS (LC-ES+): m/z 243.2, 38% (M+H)+; 260.3, 100% (M+NH
4
)+. 

HRMS (ES+): Found 265.2142 Da (M+Na)+, calculated 265.2138 Da. 

This compound was previously characterised by its boiling point (91 °C at 1 

Torr) and its refractive index (n
D 
= 1.4329 at 20 °C, 589 nm).462 

isopropyl decanoate (4.5e) 

 

Following protocol D, a solution of 1-ethoxydecyne (0.5 mmol, 0.0911 g), iso-

propanol (0.5 mmol, 38.2 µL) and DMAP (1.0 mmol, 0.122 g) in toluene (1.6 

mL) was used. Residence time: 10 min, temperature: 180 °C. Evaporation of the 

solvent afforded the title compound as a yellow oil (0.071 g, 66%). 

IR: ν
max 

(neat)/cm-1 2924 (s), 1732 (s), 1108 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.01 (1H, spt, J = 6.3 Hz, H-11), 2.26 (2H, t, J = 

7.3 Hz, H-2), 1.61 (2H, quin, J = 7.3 Hz, H-3), 1.25-1.35 (12H, m, H-4, 5, 6, 7, 

8, 9), 1.23 (6H, d, J = 6.3 Hz, H-12), 0.88 (3H, t, J = 6.7 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 173.46 (C, C-1), 67.29 (CH, C-11), 34.73 (CH

2
, C-

2), 31.84 (CH
2
, C-8), 29.41 (CH

2
, C-4), 29.24 (CH

2
, C-5, 6), 29.10 (CH

2
, C-7), 

25.03 (CH
2
, C-3), 22.64 (CH

2
, C-9), 21.84 (CH

3
, C-12), 14.09 (CH

3
, C-10). 

LRMS (GC-CI): m/z 215.2, 67% (M+H)+; 232.3, 100% (M+NH
4
)+. 

The NMR spectral data was consistent with the previous literature.463,464  
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1,4-diphenylazetidin-2-one (4.8b) 

 

Following protocol B, a solution of ethoxyacetylene (1 mmol, 70 µL) and (E)-N-

benzylideneaniline (1 mmol, 0.181 g) in toluene (2.5 mL) was used. Residence 

time: 10 min, temperature: 180 °C. Purification on a 10 g silica column using a 

gradient of eluent 0-50% DCM-cyclohexane over 40 min afforded the title 

compound as a white solid (0.031 g, 18%). 

mp: 149-150 °C from cyclohexane. 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.38-7.01 (10H, m, H-5, 6, 7, 8, 9, 11, 12, 13, 14, 

15), 4.99 (1H, dd, J = 5.8 Hz, 2.7 Hz, H-3), 3.54 (1H, dd, J = 15.1 Hz, 5.8 Hz, 

H-2), 2.93 (1H, dd, J = 15.1 Hz, 2.7 Hz, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 164.56 (C, C-1), 138.23 (C, C-4), 137.78 (C, C-

10), 129.14, 129.01, 128.50, 125.87, 123.81 (CH, C-5, 6, 7, 8, 11, 12, 13, 14), 

116.79 (CH, C-9, 15), 54.00 (CH, C-3), 47.01 (CH
2
, C-2). 

LRMS (LC-ES+): m/z 224.0, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.465 

1-methyl-4-phenylazetidin-2-one (4.8c) 

 

Following protocol B, a solution of ethoxyacetylene (1 mmol, 70 µL) and (E)-N-

benzylidenemethanamine (1 mmol, 155.0 µL) in toluene (2.5 mL) was used. 

Residence time: 10 min, temperature: 180 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-100% EtOAc-cyclohexane over 30 min 

afforded the title compound as a golden oil (0.051 g, 39%). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.38-7.25 (5H, m, H- 6, 7, 8, 9, 10), 4.46 (1H, dd, 

J = 5.2 Hz, 2.3 Hz, H-3), 3.33 (1H, dd, J = 14.6 Hz, 5.2 Hz, H-2), 2.75-2.79 (1H, 

m, H-2), 2.71 (3H, s, H-4). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 167.28 (C, C-1), 137.97 (C, C-5), 128.94 (CH, C-

8, 9), 128.30 (CH, C-10), 126.04 (CH, C-6, 7), 55.45 (CH, C-3), 47.14 (CH
2
, C-2), 

26.93 (CH
3
, C-4). 

LRMS (LC-ES+): m/z 162.1 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.466 

9.5. Experimental Procedures for Chapter 5 

N-benzylpropionamide (5.5) 

 

A 2.5 mL solution A of benzylamine (1 mmol, 0.109 g) in 1,4-dioxane and a 

2.5 mL solution B of 2,2,5-trimethyl-1,3-dioxane-4,6-dione (1 mmol, 0.158 g) 

in 1,4-dioxane were injected in the custom flow set (Figure 9.22) using sample 

loop A and B. Residence time: 10 min per reactor, temperature of R4: 250 °C, 

temperature of R1, R2: r.t. Purification on a 10 g silica column using a gradient 

of eluent 0-100% EtOAc-cyclohexane over 30 min afforded the title compound 

as a white solid (0.053 g, 41%). 

mp: 48.7-49.5 °C from cyclohexane (Lit. 46-48 °C from hexane/EtOAc).467 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.34-7.23 (5H, m, H-6, 7, 8, 9, 10), 5.51 (1H, 

br.s., NH), 4.43 (2H, d, J = 5.8 Hz, H-4), 2.23 (2H, q, J = 7.5 Hz, H-2), 1.63 (3H, 

t, J = 7.5 Hz, H-3). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 173.53 (C, C-1), 138.42 (C, C-5), 128.72 (CH, C-

8, 9), 127.84 (CH, C-6, 7), 127.52 (CH, C-10), 43.64 (CH
2
, C-4), 29.74 (CH

2
, C-

2), 9.87 (CH
3
, C-4). 

LRMS (LC-ES+): m/z 164.2 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.468 
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Figure 9.22. Flow set-up for the synthesis of N-benzylpropionamide (5.5). 

5-benzyl-2,2-dimethyl-1,3-dioxane-4,6-dione (5.7a) 

 

Based on a procedure of Tóth,211 a solution of formic acid (90 mmol, 3.40 mL) 

was added dropwise to a stirred cold solution of triethylamine (36 mmol, 5.02 

mL) in a ice bath. Benzaldehyde (30 mmol, 3.03 mL) was dissolved in the 

mixture of DMF (9 mL) and TEAF (7.5 mL). To the stirred solution in water bath 

the Meldrum's acid was added (30 mmol, 4.32 g). The solution turned yellow. 

The solution was stirred over night at 40-50 °C. The solution was diluted in 

EtOAc. The organic phase was extracted with water, dried over MgSO
4
 and 

concentrated under vacuum. Recrystallisation from cyclohexane afforded the 

title compound as a white solid (2.739 g, 39%) 

mp: 80-81 °C from cyclohexane (Lit. 80-81 °C from petroleum ether).469 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.26-7.11 (5H, m, H-8, 9, 10, 11, 12), 3.77 (1H, t, 

J = 5.0 Hz, H-2), 3.50 (1H, d, J = 5.0 Hz, H-6), 1.74 (3H, s, H-5a), 1.50 (3H, s, H-

5b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.31 (C, C-1, 3), 137.24 (C, C-7), 129.75 (CH, 

C-8, 9), 128.65 (CH, C-10, 11), 127.22 (CH, C-12), 105.26 (C, C-4), 48.19 (C, C-

2), 32.20 (CH
2
, C-6), 28.48 (CH

3
, C-5b), 27.29 (CH

3
, C-5a). 

LRMS (LC-ES+): m/z 235.0 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.470 
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5,5-dibenzyl-2,2-dimethyl-1,3-dioxane-4,6-dione (5.7b) 

 

Based on the procedure of Cheng-Chu,210 potassium carbonate in powder (4.15 

g, 30 mmol) and benzyltriethylammonium chloride (6.83 g, 30 mmol) was 

added to a stirred solution of the Meldrum’s acid (1.44 g, 10 mmol) in 

chloroform (15 mL). After, a solution of benzyl chloride (3.46 mL, 30 mmol) in 

chloroform (15 mL) was added dropwise. The resultant mixture was stirred for 

2.5 h at 50-60 °C. After heating, the solution was cooled down to room 

temperature and stirred over night. Water (20 mL) was added. The organic 

layer was separated, and the aqueous layer was extracted with chloroform 

(2×20 mL). The combined organic layer was dried over MgSO
4
 and concentrated 

under vacuum. Purification by recrystallisation in chloroform afforded the title 

compound as a white solid (2.107 g, 65%) 

mp: 228-230 °C from CHCl
3
 (Lit. 233-234 °C from hexane/EtOAc).471 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.35-7.25 (10H, m, H-8, 9, 10, 11, 12), 3.51 (4H, 

s, H-6), 0.68 (6H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.19 (C, C-1, 3), 134.89 (C, C-7), 130.17 (CH, 

C-10, 11), 128.83 (CH, C-8, 9), 127.80 (CH, C-12), 105.88 (C, C-4), 60.11 (C, C-

2), 44.96 (CH
2
, C-6), 28.60 (CH

3
, C-5). 

NMR spectra were consistent with the literature.210 

3-phenylpropanoic acid (5.9a) 

 

A 2.5 mL solution of 5-benzyl-2,2-dimethyl-1,3-dioxane-4,6-dione (0.5 mmol, 

0.117 g) in toluene was injected in the sample loop. Residence time: 20 min, 

temperature: 250 °C. Purification on a 10 g silica column using a gradient of 
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eluent 0-25% EtOAc-cyclohexane over 20 min afforded the title compound as a 

white solid (0.063 g, 95%). 

mp: 49.2-50.8 °C from cyclohexane (Lit. 46.7-47.7 °C from CHCl
3
).472 

IR: ν
max 

(neat)/cm-1 2927 (m), 1703 (m), 697 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.26-7.11 (5H, m, H-5, 6, 7), 3.02 (2H, t, J = 7.5 

Hz, H-3), 2.74 (2H, t, J = 7.5 Hz, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 178.85 (C, C-1), 140.20 (C, C-4), 128.56 (CH, C-

5), 128.26 (CH, C-6), 126.37 (CH, C-7), 35.55 (CH
2
, C-2), 30.63 (CH

3
, C-3). 

LRMS (LC-ES-): m/z 149.1 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.473,474 

2-benzyl-3-phenylpropanoic acid (5.9b) 

 

A 10 mL solution of 5,5-dibenzyl-2,2-dimethyl-1,3-dioxane-4,6-dione (0.5 

mmol, 0.324 g) in toluene was injected in the two sample loops. Residence 

time: 30 min, temperature: 250 °C. Purification on a 10 g silica column using a 

gradient of eluent 0-25% EtOAc-cyclohexane over 20 min afforded the title 

compound as a white solid (0.024 g, 49%). 

mp: 83.2-84.5 °C from cyclohexane (Lit. 83-86 °C from Et
2
O).475 

IR: ν
max 

(neat)/cm-1 2920 (w), 1700 (s), 1246 (m), 694 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.30-7.14 (10H, m, H-5, 6, 7), 2.98 (1H, tt, J = 

12.8, 8.0 Hz, H-2), 2.76-3.02 (4H, m, H-3). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 180.61 (C, C-1), 138.74 (C, C-4,), 128.88 (CH, C-

6), 128.47 (CH, C-5), 126.53 (CH, C-7), 49.22 (CH
2
, C-2), 37.73 (CH

2
, C-3). 

LRMS (LC-ES+, ES-): m/z 241.0, 50% (M+H)+; 258.2, 100% (M+NH
4
)+, 239.2, 100% 

(M-H)-. 

OH

O

12

3
4
5

5

6

6
7



 

 263 

The NMR spectral data was consistent with the previous literature.476 

2,2-dimethyl-5-((phenylamino)methylene)-1,3-dioxane-4,6-dione (5.10) 

 

In a 100 mL dried three-necked flask under flow of nitrogen, 2,2-dimethyl-1,3-

dioxane-4,6-dione (4.41 g, 30 mmol) in trimethyl orthoformate (TMOF) (36 mL) 

was heated at reflux for 2 h. The solution was allowed to cool to room 

temperature before the addition of aniline (3.42 mL, 37.5 mmol). The solution 

was heated to reflux for 2 h. The solution was cooled to room temperature and 

concentrated under reduced pressure to remove excess of TMOF. Purification 

by recrystallisation from MeOH afforded the title compound as a yellow 

needles (6.905 g, 93%). 

mp: 154.9-155.3 °C from MeOH (Lit. from 135-136 °C from MeOH,(Yadav 2012) 

155-166 °C from hexane).477 

IR: ν
max 

(neat)/cm-1 1727 (m), 1679 (s), 1630 (s), 1586 (s), 1264 (s), 753 (s). 

UV: (DCM), υ
max

 nm 225 (m), 325 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 11.15-11.31 (1H, br.d, J = 13.6 Hz, NH), 8.65 (1H, 

d, J = 13.6 Hz, H-6), 7.42-7.46 (2H, m, H-10, 11), 7.22-7.32 (3H, m, H-8, 9, 12), 

1.70 (6H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.54 (C, C-1), 163.50 (C, C-3), 152.61 (CH, C-

6), 137.81 (C, C-7), 130.10 (CH, C-10, 11), 126.84 (CH, C-12), 118.01 (CH, C-8, 

9), 87.30 (C, C-2), 27.05 (CH
3
, C-5). 

LRMS (LC-ES+): m/z 190.0, 100% (M+H-(CH
3
)

2
CO)+; 248.1, 43% (M+H)+; 517.0, 

25% (2M+Na)+. 

The data was consistent with the previous literature.264 
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quinolin-4(1H)-one (5.14) 

 

A 4 mL solution of 2,2-dimethyl-5-((phenylamino)methylene)-1,3-dioxane-4,6-

dione (0.404 mmol, 0.100 g) in DMF was injected in the flow system via the 

bottle reagent. Residence time: 20 min, temperature: 250 °C. Purification on a 

20 g silica column using eluent gradient 0-25% MeOH-DCM over 40 min 

afforded the title compound as a white solid (0.035 g, 60%) 

mp: 200.5 – 201.5 from MeOH (Lit. 200-202 °C from hexane)477 

IR: ν
max 

(neat)/cm-1 1502 (s), 1473 (s), 1201 (m), 826 (m), 756 (s). 

UV: (DCM), υ
max

 nm 210 (sh), 227 (s), 317 (w). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 8.08 (1H, dd, J = 7.7, 1.5 Hz, H-6), 7.89 (1H, d, 

J = 7.5 Hz, H-3), 7.63 (1H, td, J = 7.7, 1.5 Hz, H-8), 7.53 (1H, dd, J = 7.7, 1.5 

Hz, H-9), 7.31 (1H, td, J = 7.7, 1.5 Hz, H-7), 6.03 (1H, d, J = 7.5 Hz, H-2). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 176.86 (C, C-1), 140.10 (C, C-4), 139.48 (CH, 

C-3), 131.58 (CH, C-8), 125.80 (C, C-5), 124.92 (CH, C-6), 123.03 (CH, C-7), 

118.31 (CH, C-9), 108.65 (CH, C-2). 

LRMS (LC-ES+, ES-): m/z 146.0, 100% (M+H)+; 144.1, 100% (M-H)-. 

The data was consistent with the previous literature.264,478 

quinolin-4(1H)-one (5.14) 

 

Batch protocol: A solution of 2,2-dimethyl-5-((phenyl amino)methylene)-1,3-

dioxane-4,6-dione (1.585 mmol, 0.4 g) in diphenyl ether (6 mL) was heated at 

reflux (248 °C) for 4.5 h. The solution was cooled down and 6 mL of 

cyclohexane was added. The solution was then filtered and concentrated under 

vacuum to give a light brown solid. Purification on a 13 g reverse phase 

column using eluent gradient 10-80% H
2
0-MeCN over 6 CVs afforded the title 

compound as a white solid (0.103 g, 45%) 

O

NH

1
2
3 4

5 6
7
8

9

O

NH

1
2
3 4

5 6
7
8

9



 

 265 

5-((diisopropylamino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (5.19) 

 

In a 100 mL dried three-necked flask under flow of nitrogen, 2,2-dimethyl-1,3-

dioxane-4,6-dione (4.41 g, 30 mmol) in trimethyl orthoformate (TMOF) (36 mL) 

was heated at reflux for 2 h. The solution was allowed to cool to room 

temperature before the addition of diisopropylamine (5.26 mL, 37.5 mmol). 

The solution was then heated to reflux for 2 h. The solution was cooled to 

room temperature and concentrated under reduced pressure to remove TMOF. 

Purification by recrystallisation from MeOH/hexane afforded the title 

compounds as red needles (0.581 g, 77%). 

mp: 117.5-118.2 °C from MeOH/hexane (Lit. 118-120 °C from cyclohexane).236 

IR: ν
max 

(neat)/cm-1 3384 (br.s), 1660 (s), 1577 (s), 1368 (s), 1263 (s). 

UV: (DCM), υ
max

 nm 235 (s), 300 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.22 (1H, s, H-6), 4.85 (1H, spt, J = 6.6 Hz, H-7), 

3.83 (1H, spt, J = 6.7 Hz, H-8), 1.71 (6H, s, H-5), 1.39 (6H, d, J = 6.6 Hz, H-9, 

10), 1.39 (6H, d, J = 6.7 Hz, H-11, 12). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) around 173 (Two very broad Carbon signal, C-1, 

3), 156.15 (CH, C-6), 102.53 (C, C-4), 83.48 (C, C-2), 56.05 (CH, C-7), 49.43 

(CH, C-8), 26.70 (CH
3
, C-5), 24.11 (CH

3
, C-9, 10), 20.35 (CH

3
, C-11, 12). 

LRMS (LC-ES+): m/z 198.1, 100% (M+H-(CH
3
)

2
CO)+. 

The data was consistent with the previous literature.236 
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(E)-3-(diisopropylamino)-N,N-dimethylacrylamide (5.22) 

 

A 2 mL solution of 5-((diisopropylamino)methylene)-2,2-dimethyl-1,3-dioxane-

4,6-dione (0.05 g, 0.192 mmol) in DMF was injected in the flow system using 

the sample loop. Residence time: 67 min, temperature: 250 °C. Concentration 

under vacuum afforded the title compound as a brown oil (0.024 g, 63%). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 7.37 (1H, d, J = 12.6 Hz, H-3), 5.02 (1H, d, J = 

12.6 Hz, H-2), 3.69 (2H, spt, J = 6.6 Hz, H-4, 5), 2.86 (6H, s, H-10, 11), 1.12 

(12H, d, J = 6.6 Hz, H-6, 7, 8, 9). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 168.45 (C, C-1), 144.91 (CH, C-3), 83.16 (CH, 

C-2), 46.86 (CH, C-4, 5), 35.67 (CH
3
, C-10, 11), 21.33 (CH

3
, C-6, 7, 8, 9). 

LRMS (LC-ES+): m/z 199.2, 100% (M+H)+. 

(E)-methyl 3-(diisopropylamino)acrylate (5.23) 

 

A 16 mL solution of 5-((diisopropylamino)methylene)-2,2-dimethyl-1,3-dioxane-

4,6-dione (0.04 g, 1.535 mmol) in NMP  was injected in the flow system using 

the reagent bottle. Residence time: 67 min, temperature: 250 °C. Purification 

on a 30 g reverse phase column HpH conditioning using a gradient of eluent 

15-95% MeCN-water. Over 20 min afforded the title compounds as a golden oil 

(0.059 g, 17%). 

mp: oil state (Lit. 50-51 °C from hexane).479  

IR: ν
max 

(neat)/cm-1 1688 (m), 1593 (s), 1182 (s), 1128 (s). 

UV: (DCM), υ
max

 nm 287 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.52 (1H, d, J = 13.2 Hz, H-3), 4.63 (1H, d, J = 

13.2 Hz, H-2), 3.60-3.64 (2H, m, H-4, 5), 3.62 (3H, s, H-10), 1.17 (12H, d, J = 

6.6 Hz, H-6, 7, 8, 9). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 170.37 (C, C-1), 147.12 (CH, C-3), 82.97 (CH, C-

2), 50.21 (CH
3
, C-10), 47.88 (CH, C-4, 5), 21.47 (CH

3
, C-6, 7, 8, 9). 

LRMS (LC-ES+): m/z 186.1, 100% (M+H)+. 

The data was consistent with the previous literature.480 

(E)-3-(diisopropylamino)-N,N-diisopropylacrylamide (5.24) 

 

A 10 mL solution of 5-((diisopropylamino)methylene)-2,2-dimethyl-1,3-dioxane-

4,6-dione (0.025 g, 0.960 mmol) in NMP was injected in the flow system using 

the reagent bottle. Residence time: 20 min, temperature: 250 °C. Purification 

on a 10 g silica column using a gradient of 0-100% EtOAc-cyclohexane over 30 

min afforded the title compound as a brown oil (0.020 g, 8%). 

IR: ν
max 

(neat)/cm-1 3387 (br.m), 1626 (s), 1561 (s), 1268 (s), 1128 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.63 (1H, d, J = 12.6 Hz, H-3), 4.92 (1H, d, J = 

12.6 Hz, H-2), 3.84-4.01 (2H, m, H-10, 11), 3.62 (2H, spt, J = 6.5 Hz, H-4, 5), 

1.29 (12H, d, J = 6.5 Hz, H-12, 13, 14, 15), 1.19 (12H, d, J = 6.5 Hz, H-6, 7, 8, 

9). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.22 (C, C-1), 145.11 (CH, C-3), 86.06 (CH, C-

2), 47.77 (CH
3
, C-12, 13, 14, 15), 45.87 (CH, C-4, 5, 10, 11), 21.55 (CH

3
, C-6, 

7, 8, 9). 

LRMS (LC-ES+): m/z 255.2, 100% (M+H)+. 
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9.6. Experimental Procedures for Chapter 6 

9.6.1. Synthesis of compounds from acyl ketene reaction under flow 

chemistry 

3-acetyl-3,5,6-trimethyl-2H-pyran-2,4(3H)-dione (6.7) 

 

A solution of 2,2,5,6-tetramethyl-4H-1,3-dioxin-4-one (1 mmol, 146 µL) in 

toluene (2.5 mL) was injected in the sample loop. Residence time: 10 min, 

temperature: 250 °C. Starting material was 82% converted (1H-NMR analysis). 

Purification on a 10 g silica column using a gradient of eluent 0-50% EtOAc-

cyclohexane over 20 min afforded the title compound as a yellow oil (0.059 g, 

81%). 

IR: ν
max 

(neat)/cm-1 1716 (s), 1657 (s), 1563 (s), 1230 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 2.19 (3H, s, H-6), 2.13 (3H, s, H-9), 1.78 (3H, s, H-

7), 1.67 (3H, s, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 197.32 (C, C-8), 189.45 (C, C-3), 167.11 (C, C-5), 

164.09 (C, C-1), 111.31 (C, C-4), 70.63 (C, C-2), 25.71 (CH
3
, C-9), 18.21 (CH

3
, 

C-6), 17.86 (CH
3
, C-10), 9.79 (CH

3
, C-7). 

LRMS (LC-ES+, ES-): m/z 154.9, 100% (M-COCH
3
)+; 153.1, 28% (M-H)-. 

HRMS (ES+): Found 155.0701 Da (M-COCH
3
)+, calculated 155.0708 Da. 

3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-one (6.8) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 132 µL) in toluene 

(2.5 mL) was injected in the 2 mL sample loop. Residence time: 10 min, 

temperature: 180 °C. Filtration through a pad a silica afforded the title 

compound as a white solid (0.067 g, 100%). 

mp: 108.0-109.5 °C from toluene (Lit. 107-108 °C from EtOH).481 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.91 (1H, s, H-4), 2.62 (3H, s, H-6), 2.24 (3H, s, H-

8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 205.11 (C, C-7), 180.99 (C, C-3), 169.02 (C, C-5), 

161.09 (C, C-1), 99.76 (C, C-2), 28.93 (CH
3
, C-8), 20.59 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 168.9, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.481 

Benzyl-3-oxobutanoate (6.9) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 0.132 mL) and 

benzylalcohol (1 mmol, 0.104 mL) in toluene (2.5 mL) was injected in the 

sample loop. Residence time: 30 min, temperature 150 °C. Purification on a 10 

g silica column using a gradient of eluent 0-100% EtOAc-DCM over 30 min 

afforded the title compound as a colourless oil (0.144 g, 92%). 

IR: ν
max 

(neat)/cm-1 2923 (s), 1723 (s), 1645 (m), 1393 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.29-7.34 (5H, m, H-7, 8, 9), 5.14 (2H, s, H-5), 

3.45 (2H, s, H-2), 2.19 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.17 (C, C-3), 165.75 (C, C-1), 135.17 (C, C-6), 

128.43 (CH, C-8), 128.16 (CH, C-7), 127.93 (CH, C-9), 66.87 (CH
2
, C-2), 49.7 

(CH
2
, C-5), 29.92 (CH

3
, C-4). 

LRMS (LC-ES+): m/z 192.9, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.460 

N-benzyl-3-oxobutanamide (6.10) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 132 µL) and 

benzylamine (3 mmol, 0.327 mL) in toluene (2.5 mL) was injected in the 

sample loop. Residence time: 10 min, temperature: 150 °C. Purification on a 10 
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g silica column using a gradient of eluent 0-100% EtOAc-DCM over 30 min 

afforded the title compound as a pale solid (0.122 g, 89%). 

mp: 100.8-101.6 °C from EtOAc-DCM (Lit. 101-102 °C from DCM).482 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.36 (1H, br.s., NH), 7.35-7.22 (5H, m, H-7, 8, 9), 

4.43 (2H, d, J = 5.8 Hz, H-5), 3.41 (2H, s, H-2), 2.23 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.45 (C, C-3), 165.46 (C, C-1), 137.87 (C, C-6), 

128.65 (CH, C-8), 127.64 (CH, C-7), 127.44 (CH, C-9), 49.54 (CH
2
, C-2), 43.48 

(CH
2
, C-5), 30.95 (CH

3
, C-4). 

LRMS (LC-ES+): m/z 192.1, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.482 

2,2,6-tri-deuterated-methyl-4H-1,3-dioxin-4-one (6.11) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2 mmol, 0.264 mL) and 

deuterated acetone (5 eq., 10 mmol, 0.735 mL) in toluene (2.5 mL) was 

injected in the sample loop. Residence time: 10 min, temperature: 150 °C. 

Concentration under vacuum afforded the title compound as a brown oil 

(0.214 g, 88%). 

IR: ν
max 

(neat)/cm-1 1735 (s), 1715 (s), 1636 (s), 1390 (s), 1352 (s), 1190 (s), 941 

(m). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.99 (3H,s, H-4), 3.68 (1H, s, H-1). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 174.86 (C, C-1), 167.09 (C, C-3), 112.35 (CD

3
, C-

6), 112.30 (CD
3
, C-6’), 99.82 (CH, C-2), 31.01 (CH

3
, C-4). 

LRMS (LC-ES+): m/z 149.0, 100% (M+H)+. 
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9-methyl-6,10-dioxaspiro[4.5]dec-8-en-7-one (6.12) 

 

A 2.5 mL solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (2 mmol, 0.264 mL) 

and cyclopentanone (25 mmol, 2.236 mL) was injected in the sample loop. 

Residence time: 10 min, temperature 180 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-20% Et
2
O-hexane over 30 min afforded the 

title compound as a brown oil (0.031 g, 22%, crude: 0.191 g). 

IR: ν
max 

(neat)/cm-1 1725 (s), 1636 (s). 

UV: (DCM), υ
max 

nm 247 (ε
max

 = 4880), 311 (ε = 400). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.18 (1H, s, H-2), 2.08-2.16 (4H, m, H-6, 7, 8, 9), 

1.93 (3H, s, H-4), 1.72-1.86 (4H, m, H-6, 7, 8, 9). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 169.92 (C, C-3), 162.06 (C, C-1), 115.92 (C, C-5), 

94.97 (CH, C-2), 36.69 (CH
2
, C-6, 9), 23.07 (CH

2
, C-7, 8), 19.95 (CH

3
, C-4). 

LRMS (LC-ES+): m/z 169.1, 100% (M+H)+; 210.1, 40% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.88 

4-methyl-1,5-dioxaspiro[5.5]undec-3-en-2-one (6.13) 

 

A 2.5 mL solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (2 mmol, 0.264 mL) 

and cyclohexanone (21.6 mmol, 2.236 mL) was injected in the sample loop. 

Residence time: 10 min, temperature 180 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-100% Et
2
O-hexane over 30 min afforded 

the title compound as a colourless oil (0.160 g, 55%, crude: 0.230 g). 

IR: ν
max 

(neat)/cm-1 1723 (s), 1638 (s). 

UV: (DCM), υ
max 

nm 249 (ε
max

 = 6747). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.13 (1H, s, H-2), 1.97-1.85 (5H, m, H-6, 7, 8, 9, 

10), 1.92 (3H, s, H-4), 1.70-1.47 (5H, m, H-6, 7, 8, 9, 10), 1.40-1.36 (2H, m, H-

6, 7, 8, 9, 10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 168.39 (C, C-3), 161.26 (C, C-1), 106.99 (C, C-5), 

94.03 (CH, C-2), 33.71 (CH
2
, C-6, 10), 24.63 (CH

2
, C-8), 22.19 (CH

2
, C-6, 10), 

19.97 (CH
3
, C-4). 

LRMS (LC-ES+): m/z 183.1, 100% (M+H)+; 224.1, 20% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.483 

N-(3-methoxyphenyl)-3-oxobutanamide (6.14) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 0.132 mL) and 3-

methoxyaniline (1 mmol, 0.112 mL) in toluene (2.5 mL) was injected in the 

sample loop. Residence time: 10 min, temperature 150 °C. Purification on a 10 

g silica column using a gradient of eluent 0-25% EtOAc-cyclohexane over 40 

min afforded the title compound as a pale solid (0.032 g, 24%). 

mp: 75.4-76.5 °C from cyclohexane (Lit. 76-77 °C from acetone-petroleum 

ether).484 

IR: ν
max 

(neat)/cm-1 3306 (w), 1659 (m), 1598 (s), 1428 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.14 (1H, br.s, NH), 7.40-7.42 (1H, m, H-6), 7.27 

(1H, t, J = 8.2 Hz, H-9), 7.10 (1H, dd, J = 8.2, 1.5 Hz, H-10), 6.73 (1H, dd, J = 

8.2, 1.5 Hz, H-8), 3.85 (3H, s, H-11), 3.63 (2H, s, H-2), 2.38 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 205.02 (C, C-3), 163.51 (C, C-1), 160.13 (C, C-7), 

138.69 (C, C-5), 129.64 (CH, C-9), 112.35 (CH, C-10), 110.42 (CH, C-8), 105.83 

(CH, C-6), 55.28 (CH
3
, C-11), 49.92 (CH

2
, C-2), 12.62 (CH

3
, C-4). 

LRMS (LC-ES+, ES-): m/z 208.1, 100% (M+H)+; 206.1, 100% (M-H)−. 

The NMR spectral data was consistent with the previous literature.481 
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3-oxo-N-(2-phenylacetyl)butanamide (6.15) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1.5 mmol, 0.198 mL) and 2-

phenylacetamide (1.5 mmol, 0.120 g) in toluene (20 mL) was injected in the 

flow system using reagent bottle. Residence time: 10 min, temperature 150 °C. 

Purification on a 10 g silica column using a gradient of eluent 0-25% EtOAc-

cyclohexane over 20 min afforded the title compound as a white solid (0.111 

g, 56%). 

mp: 146-147 °C from cyclohexane. (Lit. 147-148 °C from EtOH).273 

IR: ν
max 

(neat)/cm-1 3266 (w), 3174 (w), 1742 (s),  (s), 1717 (s), 1514 (s), 1141 

(s), 517 (s). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 10.98 (1H, s, NH), 7.33-7.28 (5H, m, H-8, 9, 

10), 3.77 (2H, s, H-6), 3.71 (2H, s, H-2), 2.14 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 201.70 (C, C-3), 171.32 (C, C-5), 168.59 (C, C-

1), 134.38 (CH, C-7), 129.38 (CH, C-8), 128.23 (CH, C-9), 126.69 (CH, C-10), 

52.72 (CH
2
, C-2), 47.70 (CH

2
, C-6), 30.05 (CH

3
, C-4). 

LRMS (LC-ES+, ES-): m/z 220.0, 100% (M+H)+, 218.1, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.485 

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-3-oxobutanoate (6.16) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 0.132 mL) and 

menthol (1 mmol, 0.156 g) in toluene (2.5 mL) was injected in the sample loop. 

Residence time: 10 min, temperature: 150 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-25% EtOAc-cyclohexane over 20 min 

afforded the title compound as a brown oil (0.182 g, 95%). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 4.67 (1H, td, J = 10.9, 4.4 Hz, H-5), 3.37 (2H, s, 

H-2), 2.19 (3H, s, H-4), 1.92-1.98 (1H, m, H-11), 1.77-1.88 (1H, m, H-9), 1.60-

1.67 (2H, m, H-10), 1.38-1.48 (1H, m, H-6), 1.27-1.35 (2H, m, H-7), 1.05-0.90 

(2H, m, H-8), 0.85 (2H, d, J = 7.0 Hz, H-12a), 0.83 (2H, d, J = 7.0 Hz, H-13), 

0.71 (2H, d, J = 7.0 Hz, H-12b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.72 (C, C-3), 166.96 (C, C-1), 75.69 (CH, C-5), 

50.78 (CH
2
, C-2), 47.22 (CH, C-6), 41.03 (CH

2
, C-10), 34.50 (CH

2
, C-8), 31.71 

(CH, C-9), 30.26 (CH
3
, C-4), 26.47 (CH, C-11), 23.67 (CH

2
, C-7), 22.26 (CH

3
, C-

13), 21.01 (CH
3
, C-12b), 16.49 (CH

3
, C-12a). 

LRMS (LC-ES-): m/z 239.3, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.289 

Ethyl-3-oxobutanoate (6.17) 

 

10 mL of a solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.25 mmol, 0.298 

mL) and ethanol (45 mmol, 2.63 mL) in ethyl acetate (15 mL) was injected in 

the flow system using reagent bottle. Residence time: 20 min, temperature 

150 °C. Purification on a 10 g silica column using a gradient of eluent 0-25% 

EtOAc-DCM over 20 min afforded the title compound as a brown oil (0.139 g, 

99%). 

IR: ν
max 

(neat)/cm-1 2980 (w), 1713 (s), 1253 (m), 1140 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 4.09 (2H, q, J = 7.1 Hz, H-5), 3.35 (2H, s, H-2), 

2.16 (3H, s, H-4), 1.17 (3H, t, J = 7.1 Hz, H-6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.33 (C, C-3), 166.87 (C, C-1), 61.00 (CH

2
, C-

5), 49.82 (CH
2
, C-2), 29.77 (CH

3
, C-4), 13.80 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 131.0, 100% (M+H)+; 129.0, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.288 
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tert-butyl-3-oxobutanoate (6.18) 

 

10 mL of a solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2.25 mmol, 0.320 

g) and tert-butanol (45 mmol, 3.34 g) in ethyl acetate (15 mL) was injected in 

the flow system using reagent bottle. Residence time: 20 min, temperature: 

150 °C. Purification on a 10 g silica column using a gradient of eluent 0-25% 

EtOAc-DCM over 20 min afforded the title compound as a brown oil (0.154 g, 

93%). 

IR: ν
max 

(neat)/cm-1 1714 (s), 1315 (m), 1149 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.27 (2H, s, H-2), 2.16 (3H, s, H-4), 1.39 (9H, s, H-

6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.81 (C, C-3), 166.20 (C, C-1), 81.65 (C, C-5), 

51.27 (CH
2
, C-2), 29.79 (CH

3
, C-4), 27.75 (CH

3
, C-6). 

LRMS (LC-ES+, ES-): did not ionise. 

The NMR spectral data was consistent with the previous literature.288 

Benzyl-2-methyl-3-oxobutanoate (6.19) 

 

A solution of 2,2,5,6-tetramethyl-4H-1,3-dioxin-4-one (1 mmol, 0.146 mL) and 

benzylalcohol (1 mmol, 0.104 mL) in toluene (2.5 mL) was injected in the 

sample loop. Residence time: 10 min, temperature 150 °C. Purification on a 10 

g silica column using a gradient of eluent 0-100% EtOAc-cyclohexane over 30 

min afforded the title compound as a colourless oil (0.162 g, 88%). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.35-7.28 (5H, m, H-8, 9, 10), 5.13 (2H, s, H-6), 

3.52 (1H, q, J = 7.2 Hz, H-2), 2.15 (3H, s, H-4), 1.32 (3H, d, J = 7.2 Hz, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 203.13 (C, C-3), 170.13 (C, C-1), 135.27 (C, C-7), 

128.44 (CH, C-9), 128.25 (CH, C-10), 128.09 (CH, C-8), 66.86 (CH
2
, C-6), 53.39 

(CH, C-2), 28.24 (CH
3
, C-4), 12.25 (CH

3
, C-5). 
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LRMS (LC-ES+, ES-): m/z 207.1, 100% (M+H)+; 205.2, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.486 

3-methyl-1-phenyl-1H-pyrazol-5(4H)-one (6.20) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2 mmol, 0.264 mL) and 

phenyl hydrazine (2 mmol, 196 µL) in toluene (2.5 mL) was injected in the 

sample loop. Residence time: 10 min, temperature 150 °C. Purification on a 10 

g silica column using a gradient of eluent 0-25% EtOAc-cyclohexane over 20 

min afforded the title compound as a pale solid (0.072 g, 32%). 

mp: 129.2-130.6 °C from cyclohexane (Lit. 127 °C from EtOH).487  

IR: ν
max 

(neat)/cm-1 2933 (w), 1710 (w), 1594 (s), 1495 (s), 755 (s), 690 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.86 (2H, d, J = 8.3 Hz, H-6), 7.38 (2H, t, J = 8.3 

Hz, H-7), 7.17 (1H, t, J = 8.3 Hz, H-8), 3.38 (2H, s, H-2), 2.15 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 170.50 (C, C-1), 156.25 (C, C-3), 137.99 (C, C-5), 

128.70 (CH, C-7), 124.90 (CH, C-8), 118.75 (CH, C-6), 42.96 (CH
2
, C-2), 16.84 

(CH
3
, C-4). 

LRMS (LC-ES+, ES-): m/z 175.1, 100% (M+H)+; 173.1, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.488 Another 

product was also isolated during the isolation (see 6.21). 

3-methyl-1-phenyl-1H-pyrazol-5-ol (6.21) 

 

The purification of 6.20 also afforded the title compound (0.013 g, 6%) 

IR: ν
max 

(neat)/cm-1 2935 (w), 1568 (s), 1503 (s), 1323 (s), 757 (s). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.86 (2H, d, J = 8.3 Hz, H-6), 7.38 (2H, t, J = 8.3 

Hz, H-8), 7.17 (1H, t, J = 8.3 Hz, H-8), 3.38 (2H, s, H-2), 2.15 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 162.66 (C, C-3), 140.98 (C, C-1), 138.68 (C, C-5), 

129.21 (CH, C-7), 127.39 (CH, C-8), 124.74 (CH, C-6), 93.42 (CH
2
, C-2), 12.62 

(CH
3
, C-4). 

LRMS (LC-ES+, ES-): m/z 175.1, 100% (M+H)+; 173.1, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.489 

6-methyl-2-phenylpyrimidin-4-ol (6.25) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (2 mmol, 0.264 mL) and 

benzimidamide (2 mmol, 0.240 g) in toluene (5 mL) was injected in the two 

sample loops. Residence time: 10 min, temperature: 190 °C. Purification on a 

10 g silica column using a gradient of eluent 0-50% EtOAc-cyclohexane over 20 

min afforded the title compound as a white solid (0.167 g, 70%). 

mp: 220-221 °C from cyclohexane (Lit. 218-221 °C from benzene).490 

IR: ν
max 

(neat)/cm-1 1653 (s), 1603 (m), 1537 (s), 692 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 13.20 (1H, br.s, OH), 8.22 (1H, d, J = 7.7 Hz, H-7), 

8.21 (1H, d, J = 7.7 Hz, H-7), 7.57-7.41 (3H, m, H-8, 9), 6.30 (1H, s, H-2), 2.40 

(3H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 166.34 (C, C-3), 165.34 (C, C-1), 156.50 (C, C-4), 

132.20 (C, C-6), 131.82 (CH, C-9), 128.88 (CH, C-8), 127.83 (CH, C-7), 110.85 

(CH, C-2), 24.23 (CH
3
, C-5). 

LRMS (LC-ES+, ES-): m/z 187.0, 100% (M+H)+; 185.1, 100% (M-H)-. 

The NMR spectral data was consistent with the previous literature.374 
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2-methyl-4H-pyran-4-one (6.27) 

 

A 2.5 mL solution of 2,2-dimethyl-1,3-dioxane-4,6-dione (1.25 mmol, 167.6 µL) 

and ethyl vinyl ether (1.25 mmol, 120.1 µL) in toluene was injected in the 

sample loop. Residence time: 10 min, temperature 180 °C. Purification on a 15 

g silica column using a gradient of eluent 0-100% Et
2
O-hexane over 30 min 

afforded the title compound as a brown oil (0.027 g, 25%, crude: 0.101 g). 

IR: ν
max 

(neat)/cm-1 2922 (w), 1710 (s), 1638 (m), 1551 (s), 994 (m). 

UV: (DCM), υ
max 

nm 233 (ε
max

 = 1259), 276 (ε = 766, sh), 310 (ε = 684, sh). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 7.62 (1H, d, J = 5.7 Hz, H-3), 6.22 (1H, d, J = 5.7 

Hz, 2.0 Hz, H-2), 6.11 (1H, s, H-5), 2.20 (3H, s, H-6). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 179.27 (C, C-1), 166.29 (C, C-4), 155.06 (C, C-3), 

116.56 (CH, C-2), 115.49 (CH, C-5), 19.81 (CH
3
, C-6). 

LRMS (LC-ES+): m/z 111.0, 100% (M+H)+. 

The NMR spectral data was consistent with the previous literature.491 

2-methyl-6,7-dihydrocyclopenta[b]pyran-4(5H)-one (6.28) 

 

A 2.5 mL solution was made of 2,2-dimethyl-1,3-dioxane-4,6-dione (1 mmol, 

0.132 mL) and cyclopentene (26 mmol, 2.368 mL) was injected in the sample 

loop. Residence time: 10 min, temperature 180 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-100% Et
2
O-hexane over 30 min afforded 

the title compound as a brown solid (0.037 g, 31%, crude: 0.190 g). 

mp: 119.3-120.7 °C from hexane (Lit. 120-121 °C from cyclohexane).492 

IR: ν
max 

(neat)/cm-1 1656 (s), 1601 (s). 

UV: (DCM), υ
max 

nm 251 (ε
max

 = 9305). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.99 (1H, s, H-2), 2.78 (2H, t, J = 7.6 Hz, H-6), 

2.66 (2H, t, J = 7.6 Hz, H-8), 2.20 (3H, s, H-9), 1.93 (2H, quin, J = 7.6 Hz, H-7). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 178.55(C, C-1), 168.88 (C, C-3), 165.24 (C, C-4), 

124.65 (C, C-5), 113.85 (CH, C-2), 31.41 (CH
2
, C-8), 25.65 (CH

2
, C-6), 19.50 

(CH
2
, C-7), 19.49 (CH

3
, C-9). 

LRMS (LC-ES+): m/z 151.2, 100% (M+H)+. 

The UV and IR spectral data were consistent with the previous literature.492 

cyclopent-2-en-1-yl 3-oxobutanoate (6.29) 

 

The purification of 6.28 also afforded the title compound as a pale solid (0.034 

g, 25%). Investigation of the reagent purity confirmed the formation of the title 

compound by reaction of the acyl ketene with the cyclopenten-2-ol impurities. 

mp: 71.5-72.4 °C from hexane. 

IR: ν
max 

(neat)/cm-1 1739 (s), 1720 (s). 

UV: (DCM), υ
max 

nm 311 (ε
max

 = 3659). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 6.10-6.14 (1H, m, H-6), 5.80-5.84 (1H, m, H-7), 

5.72-5.78 (1H, m, H-5), 3.41 (2H, s, H-2), 2.25 (3H, s, H-4), 2.56-1.55 (4H, m, 

H-8, 9). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 200.71 (C, C-3), 167.07 (C, C-1), 138.27 (CH, C-7), 

128.70 (CH, C-6), 81.64 (CH, C-5), 50.43 (CH
2
, C-2), 31.07 (CH

2
, C-9), 30.10 

(CH
3
, C-4), 29.65 (CH

2
, C-8). 

4-acetyl-2-ethoxy-3-octylcyclobut-2-enone (6.30) 

 

A solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (1 mmol, 0.132 mL) and 1-

ethoxydecyne (1 mmol, 0.182) in toluene (2.5 mL) was injected in the sample 
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loop. Residence time: 5 min, temperature 150 °C. Purification on a 10 g silica 

column using a gradient of eluent 0-25% EtOAc-cyclohexane over 20 min 

afforded the title compound as a colourless oil (0.155 g, 72%). 

IR: ν
max 

(neat)/cm-1 3449 (w), 2922 (s), 1664 (s), 1556 (s), 1434 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.95 (1H, s, H-2), 4.10 (2H, q, J = 7.0 Hz, H-13), 

2.41 (2H, t, J = 7.2 Hz, H-5), 2.24 (3H, s, H-16), 1.46 (2H, quin, J = 7.2 Hz, H-

6), 1.40 (3H, t, J = 7.0 Hz, H-14), 1.34-1.23 (10H, m, H-7, 8, 9, 10, 11), 0.88 

(3H, t, J = 6.8 Hz, H-12). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.60 (C, C-15), 165.23 (C, C-1), 160.59 (C, C-

4), 105.77 (C, C-3), 64.60 (CH
2
, C-13), 31.93, 29.51, 29.47 (CH

2
, C-7, 8, 9, 10), 

27.95 (CH
2
, C-6), 23.33 (CH

2
, C-5), 22.69 (CH

2
, C-11), 20.26 (CH

3
, C-16), 14.82 

(CH
3
, C-14), 14.10 (CH

3
, C-12). 

LRMS (LC-ES+): m/z 267.2, 100% (M+H)+. 

HRMS (ES+): Found 267.1955 Da (M+H)+, calculated 267.1955 Da. 

3-(hex-5-enoyl)-4-hydroxy-6-(pent-4-en-1-yl)-2H-pyran-2-one (6.39) 

 

A 20 mL solution of 2,2-dimethyl-6-(pent-4-en-1-yl)-4H-1,3-dioxin-4-one (0.098 

g, 0.5 mmol) in toluene was injected in the flow system via the reagent bottle. 

Residence time: 10 min, temperature 200 °C. Purification on a 20 g silica 

column using a gradient of eluent 0-25% Et
2
O-cyclohexane over 40 min 

afforded the title compound as a yellow oil (0.051 g, 74%, crude: 0.081 g). 

IR: ν
max 

(neat)/cm-1 1734 (m), 1638 (m), 1555 (s), 912 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.93 (1H, s, H-4), 5.81 (1H, ddt, J = 17.1, 10.5, 

6.5 Hz, H-9), 5.79 (1H, ddt, J = 17.1, 10.5, 6.5 Hz, H-15), 4.96-5.11 (4H, m, H-

10, 16), 3.30 (2H, t, J = 7.2 Hz, H-12), 2.50 (2H, t, J = 7.5 Hz, H-6), 2.16 (2H, 

td, J = 7.3, 6.5 Hz, H-8), 2.13 (2H, td, J = 7.3, 6.5 Hz, H-14), 1.79 (2H, tt, J = 

7.5, 7.3 Hz, H-7), 1.77 (2H, tt, J = 7.3, 7.2 Hz, H-13). 

O

O

OH

O
1
2

34

5

6

7

8

9

10

11

12

13

14

15
16



 

 281 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 207.63 (C, C-11), 181.13 (C, C-3), 172.13 (C, C-5), 

161.00 (C, C-1), 137.98 (CH, C-9), 137.00 (CH, C-15), 115.96 (CH
2
, C-10), 

115.14 (CH
2
, C-16), 100.88 (CH, C-4), 99.67 (C, C-2), 40.97 (CH

2
, C-12), 33.50 

(CH
2
, C-8), 33.09 (CH

2
, C-6), 32.72 (CH

2
, C-14), 25.38 (CH

2
, C-7), 23.05 (CH

2
, C-

13). 

LRMS (LC-ES+): m/z 277.1, 100% (M+H)+. 

HRMS (ES+): Found 277.1441 Da (M+H)+, calculated 276.1440 Da. 

2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (6.44) 

 

In a dried three-neck flask, 2-hydroxybenzoic acid (25 mmol, 3.49 g) was 

added to a mixture of acetone (175 mmol, 12.85 mL) and acetic anhydride (75 

mmol, 7.08 mL). The solution was cooled to −5-0 °C. Concentrated sulphuric 

acid (25 mmol, 1.33 mL) was added dropwise to the solution. The solution was 

kept around −5 °C during the addition of the acid. The mixture was stirred for 

18 h with cooling, then allowed to slowly warm to room temperature. The 

solution was diluted in 100 mL of water and the product extracted with Et
2
O (3 

x 30 mL). The combined organic layer was washed with water, dried over 

MgSO
4
 and concentrated under vacuum. Purification on a 330 g silica column 

using a gradient of eluent 0-25% Et
2
O-cyclohexane over 40 min afforded the 

title compound as a brown solid (0.873 g, 20%). 

mp: 54.0-54.9 °C from cyclohexane (Lit. 57-59 °C from EtOH).327 

IR: ν
max

 (neat)/cm-1 1731 (s), 1611 (m), 1465 (m), 757 (s). 

UV: (DCM), υ
max

 nm 205 (s), 242 (m), 306 (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) δ = 7.96 (1H, dd, J = 7.7, 1.5 Hz, H-9), 7.52-7.58 

(1H, m, H-7), 7.11 (1H, td, J = 7.7, 0.9 Hz, H-8) 6.96 (1H, dd, J = 8.0, 0.9 Hz, H-

6), 1.73 (6H, s, H-5). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 161.07 (C, C-1), 156.00 (C, C-3), 136.34 (CH, C-

7), 129.60 (CH, C-9), 122.57 (CH, C-8), 117.12 (CH, C-6), 113.59 (C, C-2), 

106.29 (C, C-4), 25.77(CH3, C-5). 

LRMS (LC-ES+): m/z 179.0, 100% (M+H)+. 

The data was consistent with the previous literature.327 

Benzyl-2-hydroxybenzoate (6.45) 

  

A 2 mL solution of 2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (0.5 mmol, 

0.089 g) with benzyl alcohol (1.5 mmol, 1.56 mL) in toluene was injected in 

the sample loop. Residence time: 20 min, temperature 250 °C. Purification on a 

12 g reverse phase column-HpH conditioning using a gradient of eluent 20-

95% H
2
O-MeCN over 20 min afforded the title compound as a colourless oil 

(0.015 g, 13%). 

IR: ν
max

 (neat)/cm-1 1671 (s), 1485 (m), 1296 (s), 1209 (s), 1156 (s), 694 (s). 

UV: (DCM), υ
max

 nm 207 (s), 242 (m), 306 (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.76 (1H, br.s, OH), 7.90 (1H, dd, J = 7.9, 1.6 

Hz, H-3), 7.36-7.51 (6H, m, H-5, 10, 11, 12), 7.00 (1H, dd, J = 8.3, 1.0 Hz, H-6), 

6.88 (1H, ddd, J = 7.9, 7.0, 1.0 Hz, H-4), 5.40 (2H, s, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.93 (C, C-1), 161.73 (C, C-7), 135.79 (CH, C-

5), 135.30 (CH, C-9), 129.99 (CH, C-3), 128.68 (CH, C-11), 128.52 (CH, C-12), 

128.25 (CH
3
, C-10), 119.16 (CH, C-4), 117.59 (CH, C-6), 112.40 (C, C-2), 66.95 

(CH
2
, C-8). 

LRMS (LC-ES+, ES-): m/z 229.0, 100% (M+H)+; 227.1, 40% (M-H)-. 

The data was consistent with the previous literature.493 
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2,2-diphenyl-4H-benzo[d][1,3]dioxin-4-one (6.46) 

 

The protocol used was inspired by two literatures sources.328,329 Prior to use, the 

DME solution was stirred in MgSO
4
, filter and use straightaway for the reaction. 

To a flask containing 2-hydroxybenzoic acid (2.79 g, 20 mmol) and DMAP 

(2.443 g, 2 mmol) was added ethylene glycol dimethyl ether (6 mL) and 

benzophenone (11.04 g, 60 mmol). To this solution was added MgSO
4
 and the 

solution was stirred over night. The solution was filtered to remove the MgSO
4
, 

cooled to 0 °C under a flow of nitrogen and followed by the dropwise addition 

of thionyl chloride (2.19 mL, 30 mmol). The reaction was warmed to room 

temperature and stirred. After two days, LCMS analysis revealed 2% of product. 

The solution was heated to 50 °C and stirred for two more days. Concentration 

under vacuum and purification on a 150 g reverse phase column-formic 

conditioning using a gradient of eluent 20-95% H
2
O-MeCN over 20 min 

afforded the title compound as a white solid (0.488 g, 8%). 

mp: 115.5-116.3 °C from MeCN. 

IR: ν
max

 (neat)/cm-1 1744 (s), 1607 (m), 1466 (m), 1301 (s), 692 (s). 

UV: (DCM), υ
max

 nm 215 nm (s, sh), 242 nm (w), 310 nm (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.80 (1H, dd, J = 7.6, 1.5 Hz, H-8), 7.57-7.64 (4H, 

m, H-11), 7.53 (1H, ddd, J = 8.1, 7.6, 1.5 Hz, H-6), 7.30-7.38 (6H, m, H-10, 12), 

7.15 (1H, d, J = 8.1 Hz, H-5), 7.03 (1H, t, J = 7.6 Hz, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 161.05 (C, C-1), 156.44 (C, C-3), 139.66 (C, C-9), 

136.49 (CH, C-6), 129.82 (CH. C-8), 129.18 (CH, C-12), 128.51 (CH, C-10), 

126.55 (CH, C-11), 122.97 (CH, C-7), 117.04 (CH, C-5), 115.04 (C, C-3), 106.92 

(C, C-4). 

LRMS (LC-ES+): m/z 120.9, 100% (M-Ph
2
CO)+; 361.0, 80% (M+H)+. 

The data was consistent with the previous literature.327 
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5-hydroxy-2,2-diphenyl-4H-benzo[d][1,3]dioxin-4-one (6.47) 

 

Inspired by two literatures procedures.328,329 To a flask containing 2,6-

dihydroxybenzoic acid (1.573 g, 10 mmol) and DMAP (0.122 g, 1 mmol) was 

added ethylene glycol dimethyl ether (7 mL) and benzophenone (2.78 g, 15.1 

mmol). This solution was cooled to 0 °C under a flow of nitrogen followed by 

the dropwise addition of thionyl chloride (1.1 mL, 15.1 mmol). The reaction 

was brought to room temperature and stirred for 18 h. Concentration under 

vacuum and purification on a 150 g reverse phase column-Formic conditioning 

using a gradient of eluent 20-95% H
2
O-MeCN over 20 min afforded the title 

compound as a white solid (0.897 g, 28%). 

mp: 122.5-123.2 °C from MeCN 

IR: ν
max

 (neat)/cm-1 1698 (s), 1202 (s), 755 (s), 694 (s). 

UV: (DCM), υ
max

 nm 215 nm (s, sh), 257 nm (w), 325 nm (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.12 (1H, br.s, OH), 7.58-7.62 (4H, m, H-11), 

7.28-7.43 (7H, m, H-6, 10, 12), 6.64 (1H, d, J = 8.1 Hz, H-5) 6.55 (1H, d, J = 

8.1 Hz, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.54 (C, C-1), 161.43 (C, C-3), 155.98 (C, C-8), 

139.07 (C, C-9), 138.05 (CH, C-6), 129.41 (CH, C-12), 128.59 (CH, C-10), 

126.44 (CH, C-12), 111.12 (CH, C-7), 107.59 (C, C-4), 107.45 (CH, C-5), 100.91 

(C, C-2). 

LRMS (LC-ES+): m/z 319.0, 100% (M+H)+; 336.1, 20% (M+NH
4
)+; 654.1, 50% 

(2M+NH
4
)+. 

The data was consistent with the previous literature.320 
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4H-benzo[d][1,3]dioxine-2,4-dione (6.40) 

 

Reagent and solvent were dried prior to use. Triethylamine was freshly distilled 

and store in a sealed flask with potassium hydroxide pellets, under nitrogen 

atmosphere. Et
2
O was a new anhydrous bottle. 

Salicylic acid (2.76 g, 20 mmol) in ether (13 mL) was added gradually over 5 

min to a solution of triphosgene (2.433 g, 8.20 mmol) in ether (65 mL) at −20 

°C, under a flow of nitrogen. The solution was kept at −20 °C for 35 min and 

then treated with a solution of triethylamine (6.13 mL, 44.0 mmol) in ether (40 

mL), added drop wise over 3 h with vigorous stirring. The mixture was left 

overnight to reach room temperature. The precipitated triethylamonium 

chloride was removed by vacuum filtration. The flask was rinsed with 30 mL of 

dry Et
2
O. Concentration and purified by recrystallisation from dry Et

2
O to afford 

the title compound as a white solid (0.681 g, 21% ). 

mp: 118-122 °C from Et
2
O (Lit. 118 °C from Et

2
O).330 

IR: ν
max

 (neat)/cm-1 1818 (m), 1756 (s), 1466 (m), 1231 (m), 1027 (s), 742 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.11 (1H, dd, J = 7.9, 1.5 Hz, H-5), 7.84 (1H, ddd, 

J = 8.4, 7.2, 1.5 Hz, H-7), 7.47 (1H, ddd, J = 7.9, 7.2, 0.7 Hz, H-6), 7.35 (1H, 

dd, J = 8.4, 0.7 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 155.56 (C, C-1), 153.67 (C, C-3), 142.04 (CH, C-

4), 138.47 (CH, C-7), 129.94 (CH, C-5), 126.61 (CH, C-6), 116.67 (CH, C-8), 

109.78 (C, C-2). 

LRMS: LC-ES and GC-CI did not give a result. 

The data was consistent with the previous literature.330 
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2-(((benzyloxy)carbonyl)oxy)benzoic acid (6.49) 

 

A 2 mL solution of 4H-benzo[d][1,3]dioxine-2,4-dione (0.38 mmol, 0.062 g) 

with benzyl alcohol (3 eq., 0.117 mL, 1.13 mmol) in dioxane was injected in a 

sample loop. Residence time: 10 min, temperature 100 °C. Purification on a 4 g 

reverse phase column-Formic conditioning using a gradient of eluent 20-95% 

H
2
O-MeCN over 20 min afforded the title compound as a white solid (0.032 g, 

39%). (crude: 0.183 g – 68% conversion into product according crude H-NMR). 

mp: 86.5-87.3 °C from MeCN. 

IR: ν
max

 (neat)/cm-1 1755 (s), 1697 (s), 1244 (s), 1206 (s), 695 (s). 

UV: (DCM), υ
max

 nm 228 (m), 275 (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.81-10.73 (1H, br.s, COOH), 8.11 (1H, dd, J = 

7.8, 1.5 Hz, H-3), 7.62 (1H, td, J = 7.8, 1.4 Hz, H-4), 7.31-7.45 (6H, m, H-5, 11, 

12, 13), 7.23 (1H, dd, J = 8.1, 1.4 Hz, H-6), 5.27 (2H, s, H-9). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.75 (C, C-1), 153.31 (C, C-8), 151.31 (C, C-2), 

134.92 (CH, C-4), 134.73 (C, C-10), 132.53 (CH, C-3), 128.61 (CH, C-12, 13), 

128.38 (CH, C-11), 126.45 (CH, C-5), 123.53 (CH, C-6), 122.29 (C, C-7), 70.60 

(CH
2
, C-9). 

LRMS (LC-ES+): m/z 273.0, 20% (M+H)+; 290.0, 100% (M+NH
4
)+. 

HRMS (ES+): no mass found. 

2-((2-hydroxybenzoyl)oxy)benzoic acid (6.50) 

 

A 2 mL solution of 4H-benzo[d][1,3]dioxine-2,4-dione (0.256 mmol, 0.042 g) in 

dioxane was injected in the sample loop. Residence time: 10 min, temperature 

180 °C. Purification on a 13 g reverse phase column-Formic conditioning using 

a gradient of eluent 10-95% H
2
O-MeCN over 40 min afforded the title 
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compound as a white solid (0.016 g, 24%). Other polymeric compound were 

also isolated (c.f. below) 

UV: (DCM), υ
max

 nm 235 (m), 308 (w). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 8.00 (2H, ddd, J = 7.7, 5.0, 1.5 Hz, ArH), 7.53-

7.62 (2H, m, ArH), 7.34-7.41 (2H, m, ArH), 6.99-7.07 (2H, m, ArH). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 166.75 (C-COO), 165.46 (C-COO), 160.10 (C-

CO), 149.52 (C-CO), 135.97 (CH-Ar), 134.20 (CH-Ar), 131.47 (CH-Ar), 130.99 

(CH-Ar), 126.52 (CH-Ar), 124.22 (C-Ar), 123.99 (CH-Ar), 119.47 (CH-Ar), 117.49 

(CH-Ar), 113.16 (C-Ar). 

LRMS (LC-ES+): m/z 259.0, 50% (M+H)+; 276.0, 100% (M+NH
4
)+; 281.0, 22% 

(M+Na)+. 

The data was consistent with the previous literature.494,495 

2-((2-((2-hydroxybenzoyl)oxy)benzoyl)oxy)benzoic acid (6.51) 

 

Purification of 6.54 also afforded the title compound as a white solid (0.010 g, 

10%). 

mp: 150.5-152.1 °C from MeCN. (Lit. 150-152 °C).496 

UV: (DCM), υ
max

 nm 235 (m), 309 (w). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 8.24 (1H, dd, J = 7.8, 1.7 Hz, ArH), 7.99 (1H, 

dd, J = 8.1, 1.7 Hz, ArH), 7.93 (1H, dd, J = 7.8, 1.7 Hz, ArH), 7.83 (1H, td, J = 

7.8, 1.7 Hz, ArH), 7.49-7.66 (4H, m, ArH), 7.39 (1H, td, J = 7.6, 1.0 Hz, ArH), 

7.20 (1H, dd, J = 8.1, 1.0 Hz, ArH), 7.01 (1H, dd, J = 8.3, 1.0 Hz, ArH), 6.96 

(1H, ddd, J = 8.0, 7.2, 1.0 Hz, ArH). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 166.36 (C-COO), 165.36 (C-COO), 162.43 (C-

COO), 160.12 (C-CO), 149.94 (C-CO), 149.66 (C-CO), 136.04 (CH-Ar), 134.87 

(CH-Ar), 133.85 (CH-Ar), 131.93 (CH-Ar), 131.47 (CH-Ar), 130.98 (CH-Ar), 

O
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O OH
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126.75 (CH-Ar), 126.41 (CH-Ar), 124.41 (C-Ar), 124.10 (CH-Ar), 123.63 (CH-Ar), 

122.53 (C-Ar), 119.42 (CH-Ar), 117.48 (CH-Ar), 112.89 (C-Ar). 

LRMS (LC-ES+): m/z 396.2, 100% (M+NH
4
)+; 774.0, 20% (2M+NH

4
)+. 

The data was consistent with the previous literature.497 

2-((2-((2-((2-hydroxybenzoyl)oxy)benzoyl)oxy)benzoyl)oxy)benzoic acid 

(6.52) 

 

Purification of 6.54 also afforded the title compound as a white solid (0.009 g, 

7%). Other polymeric were present but not isolated pure. 

UV: (DCM), υ
max

 nm 235 (m), 279 (w). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 8.22 (1H, dd, J = 7.7, 1.6 Hz, ArH), 8.18 (1H, 

dd, J = 7.8, 1.5 Hz, ArH), 7.96 (2H, ddd, J = 8.0, 6.7, 1.7 Hz, ArH), 7.78 (2H, 

ddd, J = 8.3, 8.3, 1.6 Hz, ArH), 7.64 (1H, td, J = 7.8, 1.6 Hz, ArH), 7.46-7.58 

(4H, m, ArH), 7.40 (1H, td, J = 7.6, 1.0 Hz, ArH), 7.35 (1H, dd, J = 8.2, 1.0 Hz, 

ArH), 7.14 (1H, dd, J = 8.1, 1.0 Hz, ArH), 7.02 (1H, dd, J = 8.6, 1.0 Hz, ArH), 

6.97 (1H, ddd, J = 8.0, 7.2, 1.0 Hz, ArH). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 166.28 (C-COO), 165.35 (C-COO), 162.36 (C-

COO), 162.15 (C-COO), 160.09 (C-CO), 150.06 (C-CO), 149.92 (C-CO), 149.63 

(C-CO), 136.03 (CH-Ar), 135.08 (CH-Ar), 134.84 (CH-Ar), 133.84 (CH-Ar), 

131.88 (CH-Ar), 131.48 (CH-Ar), 130.96 (CH-Ar), 126.74 (CH-Ar), 126.68 (CH-

Ar), 126.41 (C-Ar), 124.42 (C-Ar), 124.12 (C-Ar), 124.07 (CH-Ar), 124.01 (CH-

Ar), 123.59 (CH-Ar), 122.47 (CH-Ar), 122.00 (CH-Ar), 119.43 (CH-Ar), 117.51 

(CH-Ar), 112.92 (C-Ar). 

LRMS (LC-ES+): m/z 516.0, 100% (M+NH
4
)+; 1014.1, 30% (2M+NH

4
)+. 

The data was consistent with the previous literature.497 
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4-hydroxy-2H-pyran-2,6(3H)-dione (6.58) 

 

Following a procedure from Song,498 a 25 mL flask was charged with acetic 

anhydride (3 mL, 31.8 mmol) and acetic acid (79 mmol, 4.5 mL) and cooled to 

0-5 °C in an ice bath. Acetone dicarboxylic acid (3 g, 20.53 mmol) was slowly 

added. The mixture was stirred for 3 h with temperature maintained below 10 

°C. Filtration and washing (3 mL of acetic acid followed by 3 x 3 mL of toluene) 

of the solid afforded the title compound as a white solid (1.305 g, 48%). 

mp: 132.5-133.1 °C decomp., from toluene (Lit. 134-136 °C from benzene).499 

IR: ν
max

 (neat)/cm-1 1809 (m), 1692 (m), 1595 (br.s), 1246 (s), 1126 (s), 992 (s). 

UV: (DCM), no UV activity. 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 12.20-12.87 (1H, br.s, OH), 5.22 (1H, s, H-2) 

3.69 (2H, s, H-4). 

13C-NMR*: δ
C
 (100 MHz, DMSO-d

6
) 172.31 (C, C-1), 168.28 (C, C-3), 165.36 (C, 

C-5), 88.40 (CH, C-2), 34.81 (CH
2
, C-4). 

LRMS: LC-ES and GC-CI did not give results. 

The data was consistent with the previous literature.500 

4-hydroxy-6-methoxy-2H-pyran-2-one (6.64) 

 

Adapted from the procedure of Ray.331 In a sealed tube under nitrogen pressure 

was loaded 4-hydroxy-2H-pyran-2,6(3H)-dione (0.128 g, 0.959 mmol). 1 mL of 

dry diethyl ether was added (solid did not dissolve). The solution was stirring 

at room temperature and TMSCH
2
N

2
 (0.480 mL, 0.959 mmol) was slowly 

added. The solution turned yellow then orange with the addition of the 

TMSCH
2
N

2
. The solution was stirred 3 h at room temperature, under nitrogen 

pressure. Concentration under vacuum afforded the title compound as an 

orange solid (0.071 g, 51%). 
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1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 11.70 (1H, br.s, OH), 5.30 (1H, d, J = 2.0 Hz, 

H-2), 5.02 (1H, d, J = 2.0 Hz, H-4), 3.83 (3H, s, H-6). 

13C-NMR: Product decomposed during analysis 

LRMS (LC-ES+, ES-): did not ionised 

3-methylpent-2-enedioic acid (6.67) 

 

Following protocol of Song.498 To a solution of ethyl 4,6-dimethyl-2-oxo-2H-

pyran-5-carboxylate 6.67 (0.3 g, 1.53 mmol) in ethanol (20 mL) was added 6.5 

mL of 2 M NaOH
aq
. The solution was stirred at reflux for 2 h. On cooling, Et

2
O 

(10 mL) was added and the aqueous layer was acidified to pH 4 using HCl (1 

M). The organic layer was washed with water (50 mL) and brine (50 mL), dried 

over MgSO
4
. Concentration and purification on a 12 g reverse phase column, 

formic conditioning using a gradient of eluent 10-95% H
2
O-MeCN over 20 min 

afforded the title compound as a white solid (0.137 g, 62%). Analysis revealed 

both isomer in a ratio E:Z = 77:33. 

mp: 110.2-111.0 °C from MeCN 

IR: ν
max

 (neat)/cm-1 1684 (s), 1640 (m), 1412 (s), 1263 (s), 925 (s). 

UV: (DCM), υ
max

 nm 217 (s). 

Isomer E: 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 11.50 (2H, br.s, COOH), 5.75 (1H, d, J = 1.5 

Hz, H-4), 3.61 (2H, s, H-2), 1.88 (3H, d, J = 1.5 Hz, H-6). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 171.21 (C, C-1), 167.01 (C, C-5), 150.99 (C, C-

3), 119.10 (CH, C-4), 37.91 (CH
2
, C-2), 25.16 (CH

3
, C-6). 

Isomer Z: 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 12.15-12.36 (2H, br.s, COOH), 5.71 (1H, d, J = 

1.2 Hz, H-4), 3.13 (2H, s, H-2), 2.10 (3H, d, J = 1.2 Hz, H-6). 
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13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 171.36 (C, C-1), 167.11 (C, C-5), 151.28 (C, C-

3), 119.43(CH, C-4), 45.09 (CH
2
, C-2), 18.46 (CH

3
, C-6). 

LRMS (LC-ES+, ES-): m/z 145.1, 35% (M+H)+; 143.0, 100% (M-H)-. 

The data was consistent with the previous literature.498 

4-methyl-2H-pyran-2,6(3H)-dione (6.68) 

 

Following the procedure of Song.498 A solution of the diacid 6.68 (14.78 mmol, 

2.13 g) in acetic anhydride (4.2 mL) was heated to 70 °C for 30 min. The white 

solid was not dissolving. Upon heating, the reaction mixture turned as a yellow 

suspension. Concentration under vacuum and purification by Kugelrohr 

distillation under reduced pressure afforded the title compound as a yellow 

solid (0.171 g, 14%). Spectra analysis was performed on the mixture analysis. 

mp: 86.8-87.5 °C from acetic anhydride (Lit. 85-90 °C from Et
2
O).501 

IR: ν
max

 (neat)/cm-1 1793 (s), 1724 (s), 1665 (m), 1275 (s), 1120 (s), 960 (s), 853 

(s). 

UV: (DCM), υ
max

 nm 226 (br.s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 6.08 (1H, qd, J = 1.1, 1.0 Hz, H-4), 3.44 (2H, s, H-

2), 2.08 (3H, s, H-6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 164.70 (C, C-1), 159.69 (C, C-5), 155.40 (C, C-3), 

114.72 (CH, C-4), 36.28 (CH
2
, C-2), 22.15 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 127.0, 100% (M+H)+. 

The data was consistent with the previous literature.501 
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4-methyl-6-(2-methylprop-1-en-1-yl)-2H-pyran-2-one (6.71) 

 

A 3 mL solution of  4-methyl-2H-pyran-2,6(3H)-dione (0.285 mmol, 0.036 g) in 

dioxane was injected in the flow system using reagent bottle. Residence time: 

100 min (10 mL SSL reactor at a flow rate of 0.1 mL/min), temperature: 250 °C. 

Purification on a 4 g reverse phase column formic conditioning using a 

gradient of eluent 10-95% H
2
O-MeCN over 20 min afforded the title compound 

as a colourless oil (0.017 g, 37%). 

IR: ν
max

 (neat)/cm-1 1714 (s), 1648 (m), 1533 (s), 1403 (w), 838 (m). 

UV: (DCM), υ
max

 nm 205 (s), 234 (s), 333 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.93 (1H, td, J = 2.4, 1.2 Hz, H-2), 5.84 (1H, s, H-

4), 5.79 (1H, td, J = 2.6, 1.5 Hz, H-6), 2.15 (1H, s, H-9), 2.14 (3H, d, J = 1.2 Hz, 

H-10), 1.94 (3H, s, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 162.62 (C, C-1), 159.80 (C, C-5), 156.13 (C, C-3), 

146.08 (C, C-7), 117.21 (CH, C-6), 110.08 (CH, C-2), 107.19 (CH, C-4), 28.14 

(CH
3
, C-8), 21.44 (CH

3
, C-10), 20.80 (CH

3
, C-9). 

LRMS (LC-ES+): m/z 165.1, 100% (M+H)+. 

The data was consistent with the previous literatures.502 

6-methyl-2-phenyl-7,7a-dihydro-1H-isoindole-1,3,4(2H,3aH)-trione (6.74) 

 

A 10 mL solution of 4-methyl-2H-pyran-2,6(3H)-dione (0.666 mmol, 0.084 g) 

with 1-phenyl-1H-pyrrole-2,5-dione alkene (1.1 eq., 0.127 g, 0.733 mmol) in 

dioxane was injected in the flow system using the reagent bottle. Residence 

time: 100 min, temperature: 250 °C. Concentration under vacuum and 

purification on a 13 g reverse phase column HpH conditioning using a gradient 

of eluent 10-95% H
2
O-MeCN over 20 min afforded the title compound as a 

yellow gum (0.013 g, 8%, crude: 0.140 g, mixture of compound 6.74 and 6.75). 
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IR: ν
max

 (neat)/cm-1 1710 (s), 1381 (m), 1189 (w), 1170 (m). 

UV: (DCM), υ
max

 nm 210-245 (plateau). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.42-7.50 (2H, m, H-12), 7.35-7.41 (1H, m, H-13), 

7.24-7.31 (2H, m, H-11), 6.08 (1H, s, H-2), 3.84 (1H, d, J = 8.5 Hz, H-6), 3.62 

(1H, dt, J = 8.3, 1.5 Hz, H-5), 3.07 (1H, dd, J = 19.0, 1.5 Hz, H-4a), 2.71 (1H, 

dd, J = 19.0, 8.3 Hz, H-4b), 2.06 (3H, s, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 185.92 (C, C-1), 176.84 (C, C-9), 169.74 (C, C-8), 

161.35 (C, C-3), 131.58 (C, C-10), 129.15 (CH, C-12), 128.78 (CH, C-13), 

126.12 (CH, C-11), 125.96 (CH, C-2), 50.45 (CH, C-6), 38.56 (CH, C-5), 26.96 

(CH
2
, C-4), 24.83 (CH

3
, C-7). 

LRMS (LC-ES+, ES-): m/z 256.0, 100% (M+H)+; 273.1, 45% (M+NH
4
)+; 278.0, 10% 

(M+Na)+; 254.2, 100% (M-H)-. 

HRMS (ES+): Found 256.0965 Da (M+H)+, calculated 256.0968 Da. 

4-hydroxy-6-methyl-2-phenylisoindoline-1,3-dione (6.75) 

 

Purification of 6.74 also afforded the title compound as a pale solid (0.044 g, 

26%). 

mp: 191.5-192.5 °C from MeCN (Lit. 165-167 °C).503 

IR: ν
max

 (neat)/cm-1 1713 (m), 1621 (m), 1592 (m), 1532 (m), 1442 (m), 1361 (s), 

752 (s). 

UV: (DCM), υ
max

 nm 230 (s), 342 (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.47-7.55 (2H, m, H-12), 7.38-7.47 (3H, m, H-11, 

13), 7.32 (1H, s, H-4), 7.05 (1H, s, H-2), 2.49 (3H, s, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.29 (C, C-8), 166.95 (C, C-9), 155.01 (C, C-1), 

148.77 (C, C-3), 131.84 (C, C-5), 129.13 (CH, C-12), 128.08 (CH, C-13), 126.33 

(CH, C-11), 122.91 (CH, C-2), 117.47 (CH, C-4), 111.96 (C, C-6), 22.29 (CH
3
, C-

7). 
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LRMS (LC-ES+, ES-): m/z 254.2, 100% (M+H)+; 252.2, 100% (M-H)-. 

The data was consistent with the previous literature.503 

Dimethyl-3-hydroxy-5-methylphthalate (6.77) 

 

A 10 mL solution of 4-methyl-2H-pyran-2,6(3H)-dione (0.991 mmol, 0.135 g)  

with dimethyl but-2-ynedioate alkyne (1.1 eq., 0.134 mL, 1.090 mmol) in 

dioxane was injected in the flow system using the reagent bottle. Residence 

time: 100 min, temperature: 250 °C. Concentration under vacuum and 

purification on a 13 g reverse phase column formic conditioning using a 

gradient of eluent 10-95% H
2
O-MeCN over 20 min afforded the isolation of 

compound 6.80. Fraction of product was still polluted and was purified twice 

on a 10 g silica column using 0-50% EtOAc-cyclohexane over 20 min to afford 

the title compound as a colourless oil (0.054 g, 24%, crude: 0.216 g main 

product but 4 columns were carried out to isolate the product). 

IR: ν
max

 (neat)/cm-1 1730 (s), 1673 (s), 1336 (m), 1270 (s), 1198 (s), 1173 (s). 

UV: (DCM), υ
max

 nm 210 (s), 246 (m), 310 (w). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.63 (1H, br.s, OH), 6.89 (1H, s, H-6), 6.77 (1H, 

d, J = 1.0 Hz, H-4) 3.91 (3H, s, H-10), 3.89 (3H, s, H-11), 2.35 (3H, s, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.69 (C, C-8), 169.34 (C, C-9), 161.34 (C, C-1), 

146.19 (C, C-5), 135.37 (C, C-3), 120.26 (CH, C-4), 119.75 (CH, C-6), 107.34 

(C, C-2), 52.73 (CH
3
, C-10), 52.60 (CH

3
, C-11), 21.63 (CH

3
, C-7). 

LRMS (LC-ES+, ES-): m/z 193.0, 100% (M-MeO)+; 225.0, 30% (M+H)+; 247.0, 10% 

(M+Na)+; 223.2, 100% (M-H)-. 

The data was consistent with the previous literature.504 

OH

O

O

O

O
1 2

3
4

5
6

7

8
9

10

11



 

 295 

3-hydroxy-5-methylbenzoic acid (6.78) 

 

Purification of 6.77 also afforded the title compounds as a white solid (0.007 

g, 5%)  

UV: (DCM), υ
max

 nm 205 (s), 240 (m), 300 (w). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 12.36-13.23 (1H, br.s, COOH), 9.36-9.88 (1H, 

br.s, OH), 7.29 (1H, s, H-7), 7.13 (1H, s, H-5), 6.81 (1H, s, H-3), 2.26 (3H, s, H-

8). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 167.37 (C, C-1), 157.27 (C, C-4), 139.09 (C, C-

6), 131.79 (C, C-2), 120.69 (CH, C-7), 120.35 (CH, C-5), 113.11 (CH, C-3), 

20.87 (CH
3
, C-8). 

LRMS (LC-ES+, ES-): m/z 211.0, 90% (M+MeCN+NH
4
)+; 107.1, 100% (M-COOH)-; 

151.2, 60% (M-H)-. 

Not enough material available for IR and mp analysis. The data was consistent 

with the previous literature.505-507 

9.6.2. Kinetics of the 2,2,6-trimethyl-4H-1,3-dioxin-4-one fragmentation 

 
Scheme 9.1. Generation of acyl ketene by fragmentation of the dioxinone 2.1 trapped in–situ by 

alcohol. 

A 7.5 mL solution of 2,2,6-trimethyl-4H-1,3-dioxin-4-one (6 mmol, 0.792 mL) 

with benzyl alcohol (1 eq., 6 mmol, 0.621 mL) in toluene was prepared. Each 

reaction was run at particular flow rate and temperature. For each reaction, 1 

mL of the solution was injected to the 10 mL heated SSL R4. 11 mL of solution 

was collected, concentrated under vacuum and analysed on 1H-NMR. The 

characteristic peak at 3.45 ppm (s, CH
2
) of the ester product, and the 

characteristic peak at 5.14 ppm (s, CH) were used for the determination of 

starting material consumption. (Table 9.9). 
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Time 
(sec) 

T (°C) 
dioxinone peak 

(CH, s, 5.14 ppm) 
ketoester peak 

(CH
2
, s, 3.45 ppm) 

Ratio 
[2.1]

t
/[2.1]

0
 

0 120 1 0 1.00 

5 120 8.34 1 0.89 

10 120 4.87 1 0.83 

15 120 2.17 1 0.68 

20 120 1.48 1 0.60 

30 120 0.86 1 0.46 

0 130 1 0 1.00 

3 130 5.9 1 0.86 

5 130 2.72 1 0.73 

10 130 1.13 1 0.53 

15 130 0.58 1 0.37 

20 130 0.32 1 0.24 

0 135 1 0 1.00 

2 135 4.55 1 0.82 

3 135 3.34 1 0.77 

5 135 1.54 1 0.61 

7.5 135 0.85 1 0.46 

10 135 0.6 1 0.38 

0 140 1 0 1.00 

2 140 3.62 1 0.78 

3 140 1.85 1 0.65 

5 140 0.98 1 0.49 

5 140 0.87 1 0.47 

7.5 140 0.39 1 0.28 

10 140 0.19 1 0.16 

0 150 1 0 1.00 

2 150 2.12 1 0.68 

2 150 2.3 1 0.70 

3 150 0.7 1 0.41 

4 150 0.36 1 0.26 

4 150 0.3 1 0.23 

5 150 0.17 1 0.15 

7.5 150 0.06 1 0.06 

7.5 150 0.05 1 0.05 

5 110 84.94 1 0.99 

5 160 0.05 1 0.05 

5 170 0 1 0.00 

Table 9.9. Kinetics of the dioxinone 2.1 fragmentation – 1H-NMR. 
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Figure 9.23. 1st order kinetics and Arrhenius plot for decomposition of dioxinone 2.1 – 1H-NMR 

data. E
act

 = 130.3 kJ/mol, k = k’× 10-3. 

 
Figure 9.24. Thermal decomposition of the dioxinone 2.1 – 5 min residence time. 

9.7. Experimental Procedures for Chapter 7 

Protocol E: Alkylation of  β -ketoester. 

Inspired from published procedure,348 in a dried three necked flask, sodium 

hydride 40% in oil (2.64 g, 66 mmol) was washed in hexane and then 

suspended in THF (150 mL) under argon. tert-butyl acetoacetate (9.78 mL, 60 

mmol) was added dropwise at 0 °C. The mixture was stirred for 15 min at 0 °C, 

and then n-BuLi (25.2 mL, 63 mmol) was slowly added. The orange solution 

was stirred for 30 min at 0 °C, and then allyl bromide (5.19 mL, 60 mmol) in 

THF (15 mL) was added dropwise. The mixture was allowed to warm up to 

room temperature and stirred for 3 h at room temperature. The reaction was 

quenched with a saturated ammonium chloride solution (100 mL), and the 

product extracted with diethyl ether (3 x 100 mL). The combined organic layer 

were washed successively with water (100 mL) and brine (100 mL), dried over 

MgSO
4
, and concentrated under vacuum, which after purification by distillation 

under vacuum and column chromatography gave the title compound. 
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tert-butyl 3-oxohept-6-enoate (7.4) 

 

Following protocol E, purification on a 70 g silica column eluted with 20% Et
2
O-

hexane afforded the title compound as a colourless oil (1.071 g, 30%). 

IR: ν
max 

(neat)/cm-1 2979 (w), 1713 (s), 1642 (w), 1410 (m), 1252 (m), 1146 (s). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.77 (1H, ddt, J = 17.1, 10.5, 6.8 Hz, H-6), 4.91-

5.06 (2H, m, H-7), 3.32 (2H, s, H-2), 2.61 (2H, t, J = 7.3 Hz, H-4), 2.31 (2H, td, J 

= 7.3, 6.8 Hz, H-5), 1.44 (9H, s, H-9). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 202.34 (C, C-3), 166.30 (C, C-1), 136.59 (CH, C-6), 

115.34 (CH
2
, C-7), 81.82 (C, C-8), 50.58 (CH

2
, C-2), 41.81 (CH

2
, C-4), 27.84 

(CH
3
, C-9), 27.32 (CH

2
, C-5). 

The data was consistent with the previous literature.318 

tert-butyl 3-oxooct-7-enoate (6.34) 

 

Following protocol E, purification on a 330 g silica column using a gradient of 

0-20% Et
2
O-cyclohexane over 7 CV’s afforded the title compound as a 

colourless oil (2.771 g, 52%). 

IR: ν
max 

(neat)/cm-1 1736 (m), 1713 (s), 1642 (w), 1251 (m), 1146 (s). 

UV: (DCM) υ
max

 nm 248 (ε
max

 = 2220). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.75 (1H, ddt, J = 17.1, 10.5, 6.7 Hz, H-7), 4.93-

5.06 (2H, m, H-8), 3.33 (2H, s, H-2), 2.52 (2H, t, J = 7.3 Hz, H-4), 2.06 (2H, td, J 

= 7.3, 6.7 Hz, H-6), 1.69 (2H, quin, J = 7.3 Hz, H-5), 1.45 (9H, s, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 203.10 (C, C-3), 166.42 (C, C-1), 137.72 (CH, C-7), 

115.28 (CH
2
, C-8), 81.81 (C, C-9), 50.67 (CH

2
, C-2), 41.94 (CH

2
, C-4), 32.81 

(CH
2
, C-6), 27.90 (CH

3
, C-10), 22.36 (CH

2
, C-5). 

The data was consistent with the previous literature.348 
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tert-butyl-3-oxonon-8-enoate (7.5) 

 

Following protocol E, purification on a 330 g silica column using a gradient of 

0-20% Et
2
O-cyclohexane over 10 CV’s afforded the title compound as a yellow 

oil (5.10 g, 90%). 

IR: ν
max 

(neat)/cm-1 2933 (w), 1736 (m), 1713 (s), 1641 (w), 1250 (m), 1146 (s). 

UV: (DCM) υ
max

 nm 248 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.77 (1H, ddt, J = 17.1, 10.5, 6.7 Hz, H-8), 4.90-

5.03 (2H, m, H-9), 3.32 (2H, s, H-2), 2.52 (2H, t, J = 7.3 Hz, H-4), 2.05 (2H, td, J 

= 7.3, 6.7 Hz, H-7), 1.60 (2H, quin, J = 7.3 Hz, H-5), 1.45 (9H, s, H-9), 1.34-

1.48 (2H, m, H-6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 203.09 (C, C-3), 166.41 (C, C-1), 138.28 (CH, C-

7), 114.65 (CH
2
, C-8), 81.79 (C, C-9), 50.60 (CH

2
, C-2), 42.64 (CH

2
, C-4), 33.39 

(CH
2
, C-7), 28.21 (CH

2
, C-6), 27.92 (CH

3
, C-11), 22.86 (CH

2
, C-5). 

LRMS (LC-ES+, ES-): m/z 171.3, 100% (M+H-(CH
3
)

2
CO)+; 227.3, 20% (M+H)+; 

475.4, 25% (2M+Na)+; 151.1, 100% (M-H-(CH
3
)

2
CO)-; 225.2, 20% (M-H)-. 

The data was consistent with the previous literature.508 

tert-butyl-3-oxooct-7-ynoate (7.15) 

 

Following protocol E, purification on a 100 g silica column using a gradient of 

0-25% Et
2
O-cyclohexane over 10 CV’s afforded the title compound as a golden 

oil (2.419 g, 46%). 

IR: ν
max 

(neat)/cm-1 3291 (m), 2117 (w), 1734 (s), 1712 (s), 1252 (m), 1144 (s). 

UV: (DCM) υ
max

 nm 245 (s). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 3.35 (2H, s, H-2), 2.68 (2H, t, J = 7.1 Hz, H-4), 

2.24 (2H, td, J = 7.1, 2.7 Hz, H-6), 1.95 (1H, t, J = 2.7 Hz, H-8), 1.81 (2H, quin, 

J = 7.1 Hz, H-5), 1.47 (9H, s, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 202.50 (C, C-3), 166.30 (C, C-1), 83.38 (C, C-9), 

69.12 (CH, C-8), 50.74 (CH
2
, C-2), 41.23 (CH

2
, C-4), 27.94 (CH

3
, C-10), 22.01 

(CH
2
, C-5), 17.61 (CH

2
, C-6). 

LRMS (LC-ES+): m/z 155.0, 100% (M+H-(CH
3
)

3
C)+; 196.0, 20% (M+MeCN+H-

(CH
3
)

3
C)+. 

HRMS (ES+): Found 233.1148 Da (M+Na)+, calculated 233.1154 Da. 

tert-butyl-2-acetylhept-6-enoate (7.8) 

 

In a three-necked flask, potassium tert-butoxide (2.25 g, 20 mmol) was 

suspended in tert-butanol (10 mL). The solution was heated to 50 °C and tert-

butyl acetoacetate (3.26 mL, 20 mmol) was added and the mixture was stirred 

for 2 min. 5-bromopent-1-ene (2.61 mL, 22 mmol) was added dropwise. The 

mixture was stirred at 50 °C for 3 h. The solution was washed with NH
4
Cl

aq
 (30 

mL) and water (60 mL). And the organic layer was extracted with diethyl ether 

(100 mL). The organic layer was dried over MgSO
4
 and concentrated under 

vacuum. Purification by distillation of the mixture under reduced pressure 

(0.03 atm) with Kugelrohr afforded the title compound as a colourless oil 

(1.675 g, 39%). 

IR: ν
max 

(neat)/cm-1 2978 (w), 1712 (s), 1393 (m), 1139 (s). 

UV: (DCM) no UV activity. 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.76 (1H, ddt, J = 17.1, 10.5, 6.7 Hz, H-8), 5.00 

(1H, dd, J = 17.1, 0.8 Hz, H-9a), 4.95 (1H, dd, J = 10.5, 0.8 Hz, H-9b), 3.29 

(2H, m, H-2), 2.20 (3H, s, H-4), 2.06 (2H, td, J = 7.6, 6.7 Hz, H-7), 1.74-1.86 

(2H, m, H-5), 1.46 (9H, s, H-11), 1.38 (2H, quin, J = 7.6 Hz, H-6). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 203.45 (C, C-3), 168.98 (C, C-1), 137.95 (CH, C-

8), 114.94 (CH
2
, C-9), 81.76 (C, C-10), 60.76 (CH, C-2), 33.34 (CH

2
, C-7), 28.57 

(CH
2
, C-5), 27.86 (CH

3
, C-4), 27.47 (CH

3
, C-11), 26.51 (CH

2
, C-6). 

The NMR spectral data was consistent with the previous literature.300 

Protocol F: Substituted Dioxinone synthesis 

Following a published procedure,318 in a dried three-necked flask, the starting 

β-ketoester (9.08 mmol, 1.80 g) was added to a mixture of acetone (1.33 mL, 

17.9 mmol, 1.9 equiv.) and acetic anhydride (2.57 mL, 27.2 mmol, 3 equiv.). 

The solution was cooled to −5 °C-0 °C. Concentrated acid sulphuric (9.08 mmol, 

0.48 mL) was added dropwise, keeping the solution around −5 °C. The mixture 

rises to room temperature and was stirred for 18 h. The solution was diluted in 

100 mL of water and product was extracted with diethyl ether (3 x 20 mL). The 

combined organic layer were washed with water (100 mL), dried over MgSO
4
 

and concentrated under vacuum, which after purification on silica column gave 

the title compound. 

6-(but-3-en-1-yl)-2,2-dimethyl-4H-1,3-dioxin-4-one (7.6) 

 

Following protocol F, purification on a 100 g silica column using a gradient of 

0-100% Et
2
O-cyclohexane over 10 CV’s afforded the title compound as a golden 

oil (0.493 g, 63%). 

IR: ν
max 

(neat)/cm-1 1724 (s), 1633 (s), 1374 (s), 1202 (s), 1012 (m). 

UV: (DCM) υ
max

 nm 248 (ε
max

 = 9263). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.74 (1H, ddt, J = 17.0, 10.5, 6.7 Hz, H-8), 5.20 

(1H, s, H-2), 5.03 (1H, dd, J = 17.0, 1.3 Hz, H-9a), 5.00 (1H, dd, J = 10.5, 1.3 

Hz, H-9b), 2.24-2.28 (4H, m, H-6, 7), 1.64 (6H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 170.89 (C, C-3), 161.02 (C, C-1), 135.83 (CH, C-

8), 116.03 (CH
2
, C-9), 106.23 (C, C-4), 93.38 (CH, C-2), 32.72 (CH

2
, C-6), 29.52 

(CH
2
, C-7), 24.93 (CH

3
, C-5). 
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LRMS (LC-ES+): m/z 183.1, 68% (M+H)+; 125.0, 100% (M+H-(CH
3
)

2
CO)+. 

The data was consistent with the previous literature.348 

2,2-dimethyl-6-(pent-4-en-1-yl)-4H-1,3-dioxin-4-one (6.35) 

 

Following protocol F, purification on a 70 g silica column using a gradient of 0-

20% Et
2
O-cyclohexane over 40 min afforded the title compound as a golden oil 

(0.810 g, 74%). 

IR: ν
max 

(neat)/cm-1 1726 (s), 1633 (m), 1375 (m), 1271 (m), 1202 (m), 1011 (m). 

UV: (DCM) υ
max

 nm 248 (ε
max

 = 10532). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.76 (1H, ddt, J = 17.0, 10.5, 6.7 Hz, H-9), 5.22 

(1H, s, H-2), 5.04 (1H, br.d, J = 17.0 Hz, H-10a), 5.02 (1H, br.d, J = 10.5 Hz, H-

10b), 2.22 (2H, t, J = 7.6 Hz, H-6), 2.09 (2H, td, J = 7.2, 6.7 Hz, H-8), 1.67 (6H, 

s, H-5), 1.64-1.71 (2H, m, H-7). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 171.66 (C, C-3), 161.27 (C, C-1), 137.20 (CH, C-

9), 115.68 (CH
2
, C-10), 106.21 (C, C-4), 93.21 (CH, C-2), 32.78 (CH

2
, C-6, C-8), 

24.94 (CH
3
, C-5), 24.79 (CH

2
, C-7). 

LRMS (LC-ES+): m/z 139.1, 100% (M+H-(CH
3
)

2
CO)+; 197.0, 20% (M+H)+. 

HRMS (ES+): Found 197.1172 Da (M+Na)+, calculated 197.1172 Da. 

6-(hex-5-en-1-yl)-2,2-dimethyl-4H-1,3-dioxin-4-one (7.7) 

 

Following protocol F, purification on a 100 g silica column using a gradient of 

0-20% Et
2
O-cyclohexane over 12 CV’s afforded the title compound as a golden 

oil (1.253 g, 60%). 

IR: ν
max 

(neat)/cm-1 1728 (s), 1633 (m), 1389 (m), 1375 (m), 1270 (m), 1202 (m), 

1011 (m). 
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UV: (DCM) υ
max

 nm 249 (ε
max

 = 7584). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.78 (1H, ddt, J = 17.1, 10.5, 6.7 Hz, H-10), 5.22 

(1H, s, H-2), 4.94-5.05 (2H, m, H-11), 2.22 (2H, t, J = 7.6 Hz, H-6), 2.08 (2H, td, 

J = 7.5, 6.7 Hz, H-9), 1.68 (6H, s, H-5), 1.52-1.61 (2H, m, H-7), 1.40-1.49 (2H, 

m, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 171.56 (C, C-3), 160.89 (C, C-1), 137.76 (CH, C-

9), 114.61 (CH
2
, C-10), 105.91 (C, C-4), 92.85 (CH, C-2), 33.10 (CH

2
, C-6), 

32.84 (CH
2
, C-9), 27.84 (CH

2
, C-8), 24.83 (CH

2
, C-7), 24.70 (CH

3
, C-5). 

LRMS (LC-ES+): m/z 153.1, 100% (M+H-(CH
3
)

2
CO)+; 211.1, 27% (M+H)+; 421.4, 

40% (2M+H)+; 443.0, 8% (2M+Na)+. 

The data was consistent with the previous literature.509 

2,2,6-trimethyl-5-(pent-4-en-1-yl)-4H-1,3-dioxin-4-one (7.9) 

 

Following protocol F, purification on a 50 g silica column using a gradient of 0-

20% Et
2
O-hexane afforded the title compound as a golden oil (1.363 g, 72%). 

IR: ν
max 

(neat)/cm-1 1717 (s), 1643 (s), 1393 (s), 1205 (s), 1153 (s). 

UV: (DCM) υ
max

 nm 255 (ε
max

 = 7752). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.81 (1H, ddt, J = 17.1, 10.5, 6.7 Hz, H-10), 4.92-

5.07 (2H, m, H-11), 2.25 (2H, t, J = 7.7 Hz, H-7), 2.08 (2H, td, J = 7.7, 6.7 Hz, 

H-9), 1.97 (3H, s, H-6), 1.64 (6H, s, H-5), 1.55 (2H, quin, J = 7.7 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 163.05 (C, C-3), 162.14 (C, C-1), 138.29 (CH, C-

10), 114.77 (CH
2
, C-9), 105.26 (C, C-2), 104.62 (C, C-4), 33.41 (CH

2
, C-9), 

28.40 (CH
2
, C-8), 25.02 (CH

3
, C-5), 24.74 (CH

2
, C-7), 17.28 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 211.1, 100% (M+H)+; 228.1, 19% (M+NH
4
)+. 

HRMS (ES+): Found 211.1327 Da (M+H)+, calculated 211.1327 Da. 
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2,2-dimethyl-6-(pent-4-yn-1-yl)-4H-1,3-dioxin-4-one (7.16) 

 

Following protocol F, purification on a 100 g silica column using a gradient of 

0-20% Et
2
O-hexane over 13 CV’s afforded the title compound as a golden oil 

(1.389 g, 72%). 

IR: ν
max 

(neat)/cm-1 3289 (m), 2118 (w), 1721 (s), 1632 (s). 

UV: (DCM) υ
max

 nm 252 (ε
max

 = 6351). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 5.26 (1H, s, H-2), 2.36 (2H, t, J = 7.5 Hz, H-6), 

2.26 (2H, td, J = 7.5, 2.6 Hz, H-8), 2.00 (1H, t, J = 2.6 Hz, H-10), 1.78 (2H, 

quin, J = 7.5 Hz, H-7), 1.68 (6H, s, H-5). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 170.79 (C, C-3), 161.05 (C, C-1), 106.34 (C, C-4), 

93.60 (CH, C-2), 82.67 (C, C-9), 69.53 (CH, C-8), 32.36 (CH
2
, C-6), 25.00 (CH

3
, 

C-5), 24.49 (CH
2
, C-7), 17.77 (CH

2
, C-8). 

LRMS (LC-ES+): m/z 137.0, 100% (M+H-(CH
3
)

2
CO)+; 195.1, 95% (M+H)+; 236.1, 

8% (M+MeCN+H)+. 

HRMS (ES+): Found 195.1015 Da (M+H)+, calculated 195.1016 Da. 

Protocol G: [2+2] cyclisation 

6 mL of a 0.05 M solution of substituted dioxinone was injected in the flow 

system using the reagent bottle at a set irradiation time with UVB 313 nm 9 W 

light. The output solution was collected, concentrated under vacuum and if 

needed purified on silica column to give the title compound. 
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2,2-dimethylhexahydro-4H-cyclopenta[1,4]cyclobuta[1,2-d][1,3]dioxin-4-one 

(7.1) 

 

Following protocol G, purification on a 10 g silica column using a gradient of 

0-25% Et
2
O-hexane over 20 min afforded the title compound as a colourless oil 

(0.059 g, 99%). 

IR: ν
max 

(neat)/cm-1 2952 (w), 1734 (s), 1281 (s), 1090 (s), 906 (m). 

UV: (DCM) υ
max

 nm 238 (ε
max

 = 311), 322 (ε = 53). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 2.86 (1H, dd, J = 10.4, 4.6 Hz, H-9), 2.64 (1H, td, 

J = 9.0, 5.2 Hz, H-2), 2.43 (1H, ddd, J = 12.8, 10.2, 5.1 Hz, H-10a), 2.05 (1H, 

dd, J = 11.6, 5.0 Hz, H-6a), 1.81-1.90 (2H, m, H-7a, 10b), 1.90-1.99 (1H, m, H-

7b), 1.67-1.80 (2H, m, H-8a, 6b), 1.57 (3H, s, H-5a), 1.52 (3H, s, H-5b), 1.47 

(1H, dd, J = 12.8, 6.0 Hz, H-8b). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 172.31 (C, C-1), 105.82 (C, C-4), 84.93 (C, C-3), 

43.13 (CH, C-2), 39.84 (CH
2
, C-6), 37.33 (CH, C-9), 30.37 (CH

2
, C-8), 28.64 

(CH
3
, C-5), 27.44 (CH

3
, C-5), 25.17 (CH

2
, C-10), 24.78 (CH

2
, C-7). 

LRMS (GC-CI): m/z 110.1, 84% (M-COOC(CH
3
)

2
)2-; 138.1, 68% (M-OC(CH

3
)

2
)2-; 

139.1, 91% (M+H-OC(CH
3
)

2
)-. 

LRMS (LC-ES) and HRMS failed detection. 

3,3,4a-trimethylhexahydro-1H-cyclopenta[2,3]cyclobuta[1,2-d][1,3]dioxin-1-

one (7.10) 

 

Following protocol G, purification on a 10 g silica column using a gradient of 

0-25% Et
2
O-hexane over 20 min afforded the title compound as a colourless 

solid (0.095 g, 90%). 
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mp: 76.2-77.4 °C from hexane. 

IR: ν
max 

(neat)/cm-1 2951 (m), 1714 (s), 1288 (s), 1269 (s), 1075 (s). 

UV: (DCM) υ
max

 nm 235 (ε
max

 = 96). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 2.96 (1H, tt, J = 6.3, 5.4 Hz, H-8), 2.30 (1H, dd, J 

= 13.3, 10.2 Hz, H-7a), 2.16-2.25 (1H, m, H-11a), 1.99-2.11 (1H, m, H-10a), 

1.86-1.95 (1H, m, H-11b), 1.69-1.86 (2H, m, H-9a, 10b), 1.56-1.62 (1H, m, H-

9b), 1.56 (3H, s, H-5a), 1.49 (3H, s, H-5b), 1.42 (1H, dd, J = 13.3, 6.3 Hz, H-

7b), 1.38 (3H, s, H-6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 174.92 (C, C-1), 104.03 (C, C-4), 76.24 (C, C-3), 

51.55 (C, C-2), 43.85 (CH, C-8), 39.15 (CH
2
, C-7), 31.88 (CH

2
, C-9), 29.15 (CH

3
, 

C-5), 28.72 (CH
3
, C-5), 27.09 (CH

2
, C-10), 22.96 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 153.0, 100% (M+H-(CH
3
)

2
CO)+; 211.1, 59% (M+H)+; 228.1, 

36% (M+NH
4
)+. 

HRMS (ES+): Found 211.1330 Da (M+H)+, calculated 211.1329 Da. 

2,2-dimethylhexahydrobenzo[1,4]cyclobuta[1,2-d][1,3]dioxin-4(4aH)-one 

(7.12) 

 

Following protocol G, purification on a 10 g silica column using a gradient of 

0-25% Et
2
O-hexane over 20 min afforded the title compound as a colourless 

solid (0.114 g, 100%). 

mp: 90.2-92.1 °C from hexane. 

IR: ν
max 

(neat)/cm-1 2929 (m), 1721 (s), 1385 (m), 1269 (s), 1061 (s). 

UV: (DCM) υ
max

 nm 250 (ε
max

 = 345). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 2.83-2.79 (1H, m, H-2), 2.49-2.39 (1H, m, H-10), 

2.23-2.16 (1H, m, H-11a), 2.03-2.10 (1H, m, H-6a), 1.91-2.00 (1H, m, H-11b), 

1.66-1.80 (2H, m, H-9a, 6b), 1.61-1.53 (3H, m, H-9b, 8a, 7a), 1.54 (6H, s, H-5), 

1.40-1.27 (2H, m, H-8b, 7b). 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 172.47 (C, C-1), 106.45 (C, C-4), 74.67 (C, C-3), 

41.53 (CH, C-10), 40.95 (CH, C-2), 34.63 (CH
2
, C-6), 29.15 (CH

3
, C-5), 27.20 

(CH
3
, C-5), 23.85 (CH

2
, C-8), 23.04 (CH

2
, C-11), 20.36 (CH

2
, C-9), 20.31 (CH

2
, C-

7). 

LRMS (GC-CI): m/z 110.1, 84% (M-COOC(CH
3
)

2
)2-; 152.1, 26% (M-OC(CH

3
)

2
)2-; 

153.1, 74% (M+H-OC(CH
3
)

2
)-. 

LCMS and HRMS failed detection. 

5-allyl-2,2,6-trimethyl-4H-1,3-dioxin-4-one (7.13) 

 

Following protocol G, purification on a 10 g silica column using a gradient of 

0-25% Et
2
O-hexane over 20 min afforded the title compound as a golden oil 

(0.010 g, 11%). 

IR: ν
max 

(neat)/cm-1 2926 (w), 1720 (s), 1644 (s), 1392 (s), 1205 (s). 

UV: (DCM) υ
max

 nm 246 (ε
max

 = 2502). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.83 (1H, ddt, J = 16.8, 10.4, 6.0 Hz, H-8), 5.05 

(1H, ddt, J = 16.8, 1.7, 1.5 Hz, H-9a), 5.03 (1H, ddt, J = 10.4, 1.7, 1.5 Hz, H-

9b), 3.03 (1H, dt, J = 6.0, 1.5 Hz, H-7), 1.98 (3H, s , H-6), 1.67 (6H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 164.34 (C, C-3), 161.99 (C, C-1), 135.12 (CH, C-

8), 120.03 (CH
2
, C-9), 115.11 (C, C-4), 105.00 (C, C-2), 29.07 (CH

2
, C-7), 25.16 

(CH
3
, C-5), 17.39 (CH

3
, C-6). 

LRMS (LC-ES+): m/z 125.0, 100% (M+H-(CH
3
)

2
CO)+; 183.0, 34% (M+H)+. 

The NMR spectral data was consistent with the previous literature.510 
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6-(chloromethyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (7.20) 

 

A 100 mL three necked flask dried with a heat gun and under a flow of 

nitrogen was charged with diisopropylamine (32 mmol, 4.61 mL) and dry THF 

(20 mL) and cooled to 0 °C. n-BuLi (30 mmol, 18.75 mL) was added dropwise. 

The solution was stirred for 5 min and cooled to −78 °C. A solution of 1,3-

dioxin-4-one (22 mmol, 2.91 mL) in THF (5 mL) was added dropwise over 20 

min. The solution was stirred for 15 min. Perchloroethane (32 mmol, 7.58 g) 

was added in a second three-necked flask of 250 mL with THF (30 mL). The 

enolate solution was dropwise transferred via a cannula to this 

perchloroetahne solution. The solution was stirred for 30 min and slowly 

raised to −20 °C. The solution was poor on a mixture of ice/water (40 mL) and 

10 mL of concentrated HCl added. The aqueous phase was extracted twice 

with 100 mL of diethyl ether. The combined organic extracts were treated with 

NaCO
3
H (100 mL), brine (200 mL), dried over MgSO

4
 and concentrated under 

vacuum. Purification on a 330 g silica column using gradient of 0-25% Et
2
O-

cyclohexane over 10 CV’s to afford the title compound as a colourless oil (1.69 

g, 59%). 

IR: ν
max 

(neat)/cm-1 1724 (s), 1640 (m), 1389 (s), 1200 (s), 1013 (s). 

UV: (DCM) υ
max

 nm 255 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.55 (1H, s, H-2), 4.02 (2H, s, H-6), 1.71 (6H, s, H-

5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 164.44 (C, C-3), 160.35 (C, C-1), 107.49 (C, C-4), 

95.54 (CH, C-2), 40.94 (CH
2
, C-6), 24.75 (CH

3
, C-5). 

LRMS (LC-ES+): m/z 118.8, 100% (M+H-(CH
3
)

2
CO)+; 176.9, 62% (M+H)+. 

The NMR spectral data was consistent with the previous literature.511 
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6-((allyl(methyl)amino)methyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (7.21) 

 

Adapted from literature procedures,512,513 N-methylallylamine (6.8 mmol, 0.679 

mL), DIPEA (8.5 mmol, 1.5 mL) and 6-(chloromethyl)-2,2-dimethyl-4H-1,3-

dioxin-4-one (5.66 mmol, 1.00 g) were diluted in THF (50 mL) in a 100 mL 

flask dried with a heat gun and under a flow of nitrogen. 10%mol of NaI was 

added (0.085 g). The solution was stirred at room temperature over night. The 

solution was quenched with Et
2
O (20 mL). The pH of the solution was pH = 5, 

the organic phase was extracted with EtOAc (50 mL). It was followed by the 

addition of 2 M NaOH
aq
 until the pH was basic. The aqueous phase was 

extracted with 100 mL of EtOAc. The organic phase was dried over MgSO
4
 and 

concentrated under vacuum. Purification on 10 g silica column using a 

gradient of 0-100% EtOAc-cyclohexane over 40 min afforded the title 

compound as a colourless oil (0.122 g, 30%). 

IR: ν
max 

(neat)/cm-1 1728 (s), 1271 (s), 1201 (s), 1011 (m), 810 (m). 

UV: (DCM) υ
max

 nm 250 (ε
max

 =5123), 318 (ε = 645, sh). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 5.82 (1H, ddt, J = 17.0, 10.4, 6.4 Hz, H-9), 5.49 

(1H, s, H-2), 5.14-5.23 (2H, m, H-10), 3.07-3.09 (2H, m, H-6), 3.06 (2H, dt, J = 

6.4, 1.2, H-8), 2.28 (3H, s, H-7), 1.69 (6H, s, H-5). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.19 (C, C-3), 161.12 (C, C-1), 134.76 (CH, C-

9), 118.18 (CH
2
, C-10), 106.60 (C, C-4), 94.25 (C, C-3), 60.51 (CH

2
, C-6), 57.77 

(CH
2
, C-8), 45.55 (CH

3
, C-7), 25.01 (CH

3
, C-5). 

LRMS (LC-ES+): m/z 154.0, 100% (M+H-(CH
3
)

2
CO)+. 

HRMS (ES+): did not ionised. 

Arylation of 1-hexane with 4-chloroaniline 

Methanol used was HPLC grade and degassed for 10 min on Sonic bath under a 

flow of Argon. Solvent and reagent bottles were closed and used under a flow 

of Argon. A 0.05 M solution of 4-chloroaniline (0.128 g, 1 mmol) with an 

excess of 1-hexene (2.483 mL, 20 mmol) in methanol (20 mL) was injected in 
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the flow system using the reagent bottle. Residence time: 80 min, irradiation 

using UVB 313 nm 9W light, under pressure (100 psi back pressure) using 

water cooling system of the reactor. Solution collected was concentrated under 

vacuum. Purification on 10 g silica chromatography column eluted with 0.5% 

MeOH-DCM afforded a mixture of the chlorinated region-isomers product (27% 

of 4-(2-chlorohexyl)aniline and 73% of 4-(1-chlorohexan-2-yl)aniline) isolated as 

brown solution (33%). From the same crude, the methoxylated product (4-(2-

methoxyhexyl)aniline) was also isolated in another fraction of the purification 

chrommatography (26%). 

4-(2-chlorohexyl)aniline (7.26) 

 

IR: ν
max 

(neat)/cm-1 2927 (w), 1614 (w), 1513 (s). 

UV: (DCM) υ
max

 nm 247 (ε
max

 = 667), 292 (ε = 144), 422 (ε = 52). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 6.91-7.09 (2H, m, H-3), 6.60-6.76 (2H, m, H-2), 

3.62 (2H, dd, J = 7.0, 1.8, H-5), 2.73-2.85 (1H, m, H-6), 1.12-1.94 (6H, m, H-7, 

8, 9), 0.86 (3H, t, J = 7.2 Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 145.07 (C, C-1), 132.13 (C, C-4), 128.54 (CH, C-

3), 115.26 (CH, C-2), 50.22 (CH
2
, C-5), 47.36 (CH, C-6), 32.77 (CH

2
, C-7), 29.40 

(CH
2
, C-8), 22.58 (CH

2
, C-9), 13.93 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 212.1, 33% (M+H)+; 253.1, 100 (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.365 

4-(1-chlorohexan-2-yl)aniline (7.27) 

 

IR: ν
max 

(neat)/cm-1 2927 (w), 1614 (w), 1513 (s). 

UV: (DCM) υ
max

 nm 247 (ε
max

 = 667), 292 (ε = 144), 422 (ε = 52). 

H2N

Cl
1

2

2 3

3
4 5

6 7

8
9

10

H2N
1

2

2 3

3
4

5
6

7

8

9 10

Cl



 

 311 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 6.95-7.06 (2H, m, H-3), 6.61-6.71 (2H, m, H-2), 

4.04 (1H, dtd, J = 8.7, 6.9, 3.8, H-5), 2.94 (2H, dd, J = 6.9, 3.8 Hz, H-6), 1.13-

1.95 (6H, m, H-7, 8, 9), 0.91 (3H, t, J = 7.3 Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 144.95 (C, C-1), 130.18 (CH, C-3), 128.11 (C, C-

4), 115.12 (CH, C-2), 64.63 (CH, C-5), 44.22 (CH
2
, C-6), 37.10 (CH

2
, C-7), 28.59 

(CH
2
, C-8), 22.18 (CH

2
, C-9), 13.93 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 212.1, 33% (M+H)+; 253.1, 100% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.365 

4-(2-methoxyhexyl)aniline (7.28) 

 

IR: ν
max 

(neat)/cm-1 2934 (w), 1625 (m), 1517 (s), 1090 (s). 

UV: (DCM) υ
max

 nm 241 (ε
max

 = 1425), 298 (ε = 257). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 6.96-7.04 (2H, m, H-3), 6.60-6.66 (2H, m, H-2), 

3.32 (3H, s, H-11), 3.19-3.41 (1H, m, H-6), 2.75 (1H, dd, J = 13.5, 6.2, H-5a), 

2.59 (1H, dd, J = 13.5, 6.2, H-5b), 1.19-1.54 (6H, m, H-7, 8, 9), 0.89 (3H, t, J = 

7.0 Hz, H-10). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 144.34 (C, C-1), 130.14 (CH, C-3), 129.17 (C, C-4), 

115.13 (CH, C-2), 82.62 (CH
3
, C-11), 56.89 (CH, C-6), 39.17 (CH

2
, C-5), 33.08 

(CH
2
, C-7), 27.52 (CH

2
, C-8), 22.79 (CH

2
, C-9), 14.06 (CH

3
, C-10). 

LRMS (LC-ES+): m/z 208.1, 80% (M+H)+; 249.2, 100% (M+H+MeCN)+. 

The NMR spectral data was consistent with the previous literature.365 
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2-bromo-N-phenylaniline (7.38) 

 

An oven-dried Schlenk tube was charged with 2-bromoaniline (1.2 eq., 5.88 

mmol, 0.67 mL), Pd(OAc)
2
 (0.005 eq., 0.02 mmol, 5.61 mg) and Xantphos 

(0.008 eq., 0.04 mmol, 23.15 mg), evacuated, and filled with Argon. 

Iodobenzene (1 eq., 4.90 mmol, 0.55 mL) was added under argon, followed by 

dried distilled toluene (9.8 mL). The resulting mixture was stirred for 10 min at 

room temperature, affording a clear yellow solution. The Schlenk was then 

opened, solid t-BuONa (1.398 eq., 6.85 mmol, 0.658 g) was added in one 

portion, and the solution turned a deep red. The mixture was heated with 

stirring to 100 °C. After 25 min at 100 °C, the mixture turned green. As Judged 

by HPLC analysis, the iodobenzene was completely consumed after 1h 10 min. 

However, the mixture stayed at 100 °C for a further 22 h, and was then cooled 

to room temperature. 20 mL of water was added and the aqueous layer was 

extracted with DCM (3 x 20 mL). The combined organic layers were cleaned 

with brine (2 x 20 mL). The resulting solution was dried over anhydrous 

magnesium sulphate, filtered, and concentrated. Purification on a 100 g silica 

column eluted with 5% EtOAc-hexane to afford the product as a colourless oil 

(1.10 g, 90%). 

IR: ν
max 

(neat)/cm-1 1582 (s), 1497 (s), 1463 (s), 1309 (s), 738 (s). 

UV: (DCM) υ
max

 nm 284 (ε
max

 = 16067). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.55 (1H, dd, J = 8.0 Hz, 1.5 Hz, H-9), 7.32-7.37 

(2H, m, H-3), 7.28 (1H, dd, J = 8.1, 1.5 Hz, H-6), 7.16-7.21 (3H, m, H-2, 8), 

7.07 (1H, tt, J = 7.4, 1.1, H-4), 6.76 (1H, ddd, J = 8.1, 7.3, 1.5 Hz, H-7), 6.10 

(1H, br s, NH). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 141.59, 141.42 (C, C-1, 5), 132.95 (CH, C-9), 

129.43 (CH, C-3), 128.06 (CH, C-8), 122.68 (CH, C-4), 120.88 (CH, C-7), 120.66 

(CH, C-2), 115.78 (CH, C-6), 112.18 (C, C-10). 
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LRMS (LC-ES+): m/z 248.0, 100% (M[79Br]+H)+; 250.0, 97% (M[81Br]+H)+; 289.0, 

14% (M[79Br]+MeCN+H)+; 291.0, 12% (M[81Br]+MeCN+H)+. 

The data was consistent with the previous literature.380 

9H-carbzol (7.35) 

 

To a solution of tBuOK (0.84 mmol, 3.4 eq.) in DMSO (21 mL) was added 2-

bromo-N-phenylaniline (0.25 mmol, 1 eq., 0.012 M) under Argon. The mixture 

was allowed to stir at room temperature for 10 min, prior to filtration through 

a frit (n°3) under Argon and was injected in the flow system using a 10 mL 

sample loop. Residence time: 54 min, irradiation under BLB 9 W light. Solution 

collected was quenched with NH
4
Cl

sat.
 (30 mL) and the organic phase was 

extracted in EtOAc (3 x 50 mL), dried over MgSO
4
 and concentrated under 

reduced pressure. Purification on 10 g silica column eluted with 20% Et
2
O-

hexane followed by recrystallisation afforded the title compounds as a white 

solid (0.015 g, 75%). 

mp: 246.0-246.9 °C from hexane (Lit. 245-247 °C from DCM).380 

IR: ν
max 

(neat)/cm-1 3417 (w), 2920 (m), 1450 (s), 746 (s), 721 (s). 

UV: (DCM) υ
max

 nm 234 (ε
max 

= 34120), 244 (ε = 21200), 256 (ε = 15240), 291 (ε 

= 14400), 322 (ε = 3120), 335 (ε = 2560). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 11.23 (1H, br.s, N-H), 8.10 (2H, d, J = 7.8 Hz, H-

5), 7.48 (2H, dt, J = 8.0, 0.9 Hz, H-2), 7.38 (2H, ddd, J = 8.0, 7.3, 1.1 Hz, H-3), 

7.15 (2H, ddd, J = 7.8, 7.3, 0.9 Hz, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 139.68 (C, C-1), 125.46 (CH, C-3), 122.35 (C, C-

6), 120.09 (CH, C-5), 118.42 (CH, C-4), 110.87 (CH, C-2). 

LRMS (LC-ES-): m/z 166.2, 100% (M-H)-. 

The data was consistent with the previous literature.380 
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N-(2-iodobenzyl)aniline (7.40) 

 

Aniline (0.984 mL, 3 eq.), NaHCO
3
 (0.363 g, 1.2 eq.), and 2 mL of water were 

added to a 10 mL round-bottom flask fitted with a reflux condenser. The 

solution was heated to reflux, stirred vigorously, and 2-iodobenzylchloride 

(0.909 g, 3.6 mmol, 1 eq.) was slowly added. The heating and stirring 

continued for a further 180 min. The solution was then allowed to cool. The 

content was dissolved in water and extracted with DCM (3 x 50 mL). The 

organic extract was dried over MgSO
4
 and concentrated under vacuum. The 

excess of aniline was removed by distillation under reduced pressure with 

Kugelrohr apparatus. The remaining crude was purified on a silica column 

eluted with 20% DCM-hexane and recrystallise to afford a colourless crystal 

(0.934 g, 84%). 

mp: 66.1-66.8 °C from DCM-hexane (Lit. 66-68 °C from petroleum ether-Et
2
O).382 

IR: ν
max 

(neat)/cm-1 3382 (br.m), 2921 (m), 2851 (m), 1600 (m), 1503 (m), 718 

(s). 

UV: (DCM) υ
max

 nm 230.9 (ε
max

 = 12615), 245.9 (ε = 11903), 292.9 (ε = 1870, 

sh). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.76 (1H, dt, J = 7.7, 1.1 Hz, H-5), 7.28 (1H, dd, J 

= 7.7, 1.1 Hz, H-2), 7.19 (1H, td, J = 7.7, 1.1 Hz, H-3), 7.08 (2H, td, J = 7.6, 1.1 

Hz, H-10), 6.87 (1H, td, J = 7.7, 1.1 Hz, H-4), 6.63 (1H, tt, J = 7.6, 1.1 Hz, H-

11), 6.51 (2H, dd, J = 7.6, 1.1 Hz, H-9), 4.22 (2H, s, H-7), 4.07 (1H, br.s, NH). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 147.60 (C, C-8), 140.94 (C, C-6), 139.48 (CH, C-

5), 129.25 (CH, C-10), 128.91, 128.73, 128.38 (CH, C-1, 2, 3, 4), 117.76 (CH, 

C-11), 112.95 (CH, 9), 98.47 (C, C-6), 53.20 (CH
2
, C-7). 

LRMS (LC-ES+): m/z 310.1, 100% (M+H)+. 

The data was consistent with the previous literature.382 
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Phenanthridine (7.48) 

 

To a solution of tBuOK (0.24 mmol, 2 eq.) in DMSO (12 mL) was added N-(2-

iodobenzyl)aniline (0.12 mmol, 1 eq., 0.01 M) under Argon. The mixture was 

allowed to stir at room temperature for 10 min, prior to filtration through a frit 

(n°3) under Argon and was injected in the flow system using the 10 mL sample 

loop. Residence time: 54 min, irradiation under BLB 9 W light. The solution 

collected (20 mL) was quenched with NH
4
Cl

sat.
 (30 mL) and the organic phase 

was extracted in EtOAc (3 x 50 mL), dried over MgSO
4
 and concentrated under 

reduced pressure. Purification on 10 g silica column eluted with 10% Et
2
O-DCM 

followed by recrystallisation afforded the title compounds as a white solid 

(0.011 g, 62%). 

mp: 122.5-123.2 °C from Et
2
O-DCM (Lit. 98-100 °C from petroleum ether-

DCM,382 104-106 °C from petroleum ether-EtOAc).384 

IR: ν
max 

(neat)/cm-1 3285 (br.s), 1660 (s), 1514 (s), 1317 (s), 736 (s). 

UV: (DCM) υ
max

 nm 279 (ε
max

 = 7700), 228 (ε = 6700). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.32 (1H, br.s, H-1), 8.64 (1H, d, J = 8.4 Hz, H-6), 

8.61 (1H, d, J = 7.9 Hz, H-9), 8.22 (1H, d, J = 8.0 Hz, H-3), 8.07 (1H, d, J = 8.1 

Hz, H-12), 7.89 (1H, t, J = 7.9 Hz, H-10), 7.67-7.81 (3H, m, H-4, 5, 11). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 153.48 (CH, C-1), 144.33 (C, C-13), 132.60 (C, C-

7), 131.09 (CH, C-5), 130.05 (CH, C-12), 128.82 (CH, C-11), 128.73 (CH, C-3), 

127.52 (CH, C-10), 127.13 (CH, C-4), 122.23 (CH, C-6), 121.88 (CH, C-9). 

LRMS (LC-ES+): m/z 180.1, 100% (M+H)+. 

The data was consistent with the previous literature.382,384 
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4-methoxy-5,10-dihydroindeno[1,2-b]indole (7.54) 

 

DMSO used as solvent came from an anhydrous bottle that has already been 

open. Solvent solutions were pumped with the stock bottle being under 

positive pressure of nitrogen. Three stock solutions of reagent were prepared. 

Solution A: 10 mL, potassium 2-methylpropan-2-olate (2.2 mL, 2.2 mmol) in 

DMSO. Solution B: 10 mL, 7-methoxy-2,3-dihydro-1H-inden-1-one (0.324 g, 2.0 

mmol) in DMSO. Solution C: 10 mL, 2-iodoaniline (0.110 g, 0.5 mmol) in DMSO. 

Solutions were pump using the reagent bottle according Figure 9.25 at 0.1 

mL/min each. Time for the anion formation to proceed: 25 min, Irradiation 

time: 105 min, irradiation wavelength: UVB 313 nm 9 W. Collected solution 

was treated with a solution ammonium sulphate saturated (40 mL). The 

organic phase was extracted with DCM (3 x 20 mL), dried over MgSO
4
 and 

concentrated under vacuum. Purification on a 12 g reverse phase column HpH 

conditioning using a gradient of 15-95% H
2
O-MeCN afforded the title 

compound as a brown oil (0.020 g, 17%, 56% conversion). 

 
Figure 9.25. Reaction scheme-flow set-up of the reaction suing R4/R2+ series coupled to R1 

series from Vapourtec. 

IR: ν
max 

(neat)/cm-1 3351 (w), 1702 (s), 1593 (s), 1477 (s), 1265 (s), 735 (s). 

UV: (DCM) υ
max

 nm 253 (ε
max

 = 15057), 305 (ε = 7865), 333 (ε = 8089), 348 (ε = 

6052). 
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1H-NMR: δ
H
 (300 MHz, CDCl

3
) 8.62 (1H, br.s, NH), 7.58-7.64 (1H, m, H-15), 

7.41-7.47 (1H, m, H-12), 7.11-7.21 (4H, m, H-13, 14, 3, 4), 6.83-6.87 (1H, m, 

H-2), 3.98 (3H, s, H-16), 3.73 (2H, s, H-9). 

13C-NMR: δ
C
 (75 MHz, CDCl

3
) 152.21 (C, C-1), 149.44 (C, C-5), 142.35 (C, C-8), 

140.44 (C, C-11), 126.04 (CH, C-3), 124.51 (C, C-10), 124.14 (C, C-6), 120.93 

(CH, C-13), 120.01 (CH, C-14), 119.26 (C, C-7), 118.55 (CH, C-15), 118.45 (CH, 

C-4), 111.98 (CH, C-12), 108.61 (CH, C-2), 55.42 (CH
3
, C-16), 30.66 (CH

2
, C-9). 

LRMS (LC-ES+): m/z 236.1, 100% (M+H)+. 

The data was consistent with the previous literature.387 

9.8. Experimental Procedures for Chapter 8 

9.8.1. Synthesis of precursors for the S
RN

1 photo-initiated reaction 

Protocol H: S
RN

1 Precursor synthesis from carboxylic acid starting material 

Carboxylic acid (7 mmol, 1 eq.) was heated at reflux under argon in thionyl 

chloride (21 mL) for 1 h. Thionyl chloride was removed by vacuum transfer. 

The resultant oil was dissolved in anhydrous diethyl ether (21 mL), treated with 

a solution of halogenated aniline (14 mmol, 2 eq.) and Et
3
N (8.4 mmol, 1.2 eq.) 

in anhydrous diethyl ether (7 mL). The mixture was stirred at room 

temperature for 5 h. The solution was quenched with water (100 mL). The 

organic phase was extracted with EtOAc (3 × 50 mL), dried over MgSO
4
, filtered 

and concentrated under vacuum. Purification on silica column followed by 

recrystallisation  in a solution of DCM-hexane afforded the compound. 

N-(2-iodophenyl)-1H-pyrrole-2-carboxamide (8.3) 

 

Following protocol H, purification on a 70 g silica column eluted with 100% of 

DCM afforded the title compound as a white solid (1.819 g, 83%). 

mp: 165.6-166.6 °C from DCM (Lit. 166-168 °C, from petroleum ether-

DCM).412,414 
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IR: ν
max

 (neat)/cm-1 3284 (br.s), 1659 (s), 1547 (s), 1316 (s), 735 (s). 

UV: (MeCN) υ
max

 nm 279 (ε
max

 = 18569), 227 (ε = 15258). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.69 (1H, br.s, NH-pyrrole), 8.39 (1H, dd, J = 8.3, 

1.2 Hz, H-7), 8.07 (1H, br.s, NH-amide), 7.82 (1H, dd, J = 8.3, 1.2 Hz, H-10), 

7.39 (1H, td, J = 7.7, 1.2 Hz, H-8), 7.01-7.08 (1H, m, H-5), 6.83-6.90 (2H, m, H-

9, 3), 6.34 (1H, dd, J = 6.2, 2.6 Hz, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 158.83 (C, C-1), 138.83 (CH, C-7), 138.27 (C, C-

6), 129.36 (CH, C-9), 125.92 (C, C-2), 125.56 (CH, C-8), 122.81 (CH, C-5), 

121.34 (CH, C-10), 110.42 (CH, C-4), 89.70 (C, C-11) 

LRMS (LC-ES+, ES-): m/z 313.0, 100% (M+H)+; 311.1, 50% (M-H)-. 

The data was consistent with the previous literature.412 

N-(2-bromophenyl)-1H-pyrrole-2-carboxamide (8.6) 

 

Following protocol H, purification on a 70 g silica column eluted with 100% of 

DCM afforded the title compound as a white solid (0.387 g, 37%). 

mp: 141.1-141.7 °C from DCM  (Lit. 172-174°C, from petroleum ether-

DCM).412,414 

IR: ν
max

 (neat)/cm-1 3306 (br.m), 1637 (s), 1520 (s), 1322 (s), 732 (s). 

UV: (MeCN) υ
max

 nm: 281 (ε
max

 = 17763), 222 (ε = 8102). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.27 (1H, br.s, NH-pyrrole), 8.51 (1H, dd, J = 

8.3, 1.5 Hz, H-7), 8.27 (1H, br.s, NH-amide), 7.58 (1H, dd, J = 7.7, 1.5 Hz, H-

10), 7.36 (1H, ddd, J = 8.3, 7.7, 1.5 Hz, H-8), 7.05 (1H, td, J = 7.7, 1.5 Hz, H-

9), 7.00 (1H, td, J = 7.7, 1.5, H-5), 6.83 (1H, ddd, J = 3.7, 2.5, 1.5 Hz, H-3), 

6.34 (1H, dt, J = 3.7, 2.5 Hz, H-4) 
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13C-NMR: δ
C
 (100 MHz, CDCl

3
) 159.00 (C, C-1), 135.79 (C, C-6), 132.24 (CH, C-

10), 128.40 (CH, C-8), 125.77 (C, C-2), 124.76 (CH, C-9), 123.11 (CH, C-5), 

121.37 (C, C-7), 113.30 (C, C-11), 110.25, 110.20 (CH, C-3, 4) 

LRMS (LC-ES+): m/z 328.0, 75% (M[79Br]+H)+; 330.1 73% (M[81Br]+H)+; 551.2 32% 

(2M[79Br79Br]+Na)+; 553.0 43% (2M[79Br81Br]+Na)+; 554.8 30% (2M[81Br81Br]+Na)+. 

The data was consistent with the previous literature.412,414 

N-(2-chlorophenyl)-1H-pyrrole-2-carboxamide (8.7) 

 

Following protocol H, purification on a 70 g silica column eluted with 100% of 

DCM afforded the title compound as a white solid (0.800 g, 90%). 

mp: 142.5-143.1 °C from DCM (Lit. 145-146 °C, from petroleum ether-

DCM).412,414 

IR: ν
max

 (neat)/cm-1 3288 (br.s), 1655 (s), 1521 (s), 1437 (s), 738 (s). 

UV: (MeCN) υ
max

 nm 281 (ε
max

 = 22365), 222 (ε = 8465). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.38 (1H, br.s, NH-pyrrole), 8.53 (1H, dd, J = 

8.3, 1.5 Hz, H-7), 8.25 (1H, br.s, NH-amide), 7.42 (1H, dd, J = 8.0, 1.4 Hz, H-

10), 7.33 (1H, ddd, J = 8.3, 7.5, 1.4 Hz, H-8), 7.07 (1H, td, J = 7.5, 1.5 Hz, H-

9), 7.02-7.06 (1H, m, H-5), 6.82 (1H, ddd, J = 3.8, 2.5, 1.3 Hz, H-3), 6.33 (1H, 

dd, J = 3.8, 2.5 Hz, H-4) 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 159.05 (C, C-1), 134.70 (C, C-6), 129.01 (CH, C-

10), 127.73 (CH, C-8), 125.74 (C, C-2), 124.24 (CH, C-9), 123.15 (CH, C-5), 

122.62 (C, C-11), 121.16 (CH, C-7), 110.21, 110.20 (CH, C-3, 4) 

LRMS (LC-ES+, ES-): m/z 221.0, 100% (M+H)+; 219.1, 100% (M-H)-. 

The data was consistent with the previous literature.412 
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N-(2-iodophenyl)-4-nitrobenzamide (8.11) 

 

Following protocol H, purification on a 70 g silica column eluted with 100% of 

DCM afforded the title compound as a white solid (0.712 g, 97%). 

mp: 149.0-150.0 °C from DCM (Lit. 147-149 °C from EtOH).514 

IR: ν
max

 (neat)/cm-1 3274 (br.s), 1650 (s), 1515 (s), 1320 (s), 756 (s). 

UV: (MeCN) υ
max

 nm 256 nm (ε
max

 = 27231). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.41 (1H, dd, J = 7.9, 1.4 Hz, H-10), 8.37-8.40 

(2H, m, H-4), 8.30 (1H, br.s, N-H), 8.18-8.10 (2H, m, H-3), 7.85 (1H, dd, J = 7.9, 

1.5 Hz, H-7), 7.44 (1H, td, J = 7.9, 1.4 Hz, H-8), 6.95 (1H, td, J = 7.9, 1.5 Hz, H-

9). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 163.21 (C, C-1), 149.97 (C, C-5), 139.97 (C, C-6), 

138.93 (CH, C-7), 137.57 (C, C-2), 129.56 (CH, C-8), 128.36 (CH, C-3), 126.79 

(CH, C-9), 124.18 (CH, C-4), 121.97 (CH, C-10), 90.53 (C, C-11). 

LRMS (LC-ES+, ES-): m/z 369.0, 100% (M+H)+; 410.0, 28% (M+H+MeCN)+; 367.2, 

100% (M-H)-. 

The data was consistent with the previous literature.514 

N-(2-chloropyridin-3-yl)-1H-pyrrole-2-carboxamide (8.13) 

 

Following protocol H, purification on a 30 g reverse phase column eluted with 

a gradient of 10-95% of H
2
O-MeCN afforded the title compound as a colourless 

solid (0.214 g, 27%). 

mp: 146.2-146.8 °C from MeCN. 

IR: ν
max

 (neat)/cm-1 3273 (br.s), 1656 (s), 1507 (s), 1313 (s), 742 (s), 724 (s). 
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UV: (MeCN) υ
max

 nm 286 (ε
max

 = 28079), 235 (ε = 9031). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.51 (1H, br.s, NH-pyrrole), 8.84 (1H, dd, J = 8.1, 

1.7 Hz, H-9), 8.15 (1H, br.s, NH-amide), 8.13 (1H, dd, J = 4.7, 1.7 Hz, H-7), 

7.30 (1H, dd, J = 8.1, 4.7 Hz, H-8), 7.06 (1H, ddd, J = 8.2, 4.7, 0.6 Hz, H-5), 

6.83 (1H, td, J = 2.6, 1.3 Hz, H-3), 6.36 (1H, ddd, J = 3.8, 2.6, 1.3 Hz, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 159.07 (C, C-1), 143.46 (CH, C-7), 139.70 (C, C-

6), 132.10 (C, C-10), 128.44 (CH, C-9), 125.28 (C, C-2), 123.47 (CH, C-5), 

123.37 (CH, C-8), 110.76 (CH, C-3), 110.64 (CH, C-4). 

LRMS (LC-ES+, ES-): m/z 222.0, 100% (M+H)+; 220.1, 100% (M-H)-. 

HRMS (ES+): Found 222.0424 Da (M+H)+, calculated 222.0429 Da. 

N-(2-bromophenyl)-1-methyl-1H-pyrrole-2-carboxamide (8.14) 

 

Following protocol H, purification on a 100 g silica column eluted with 20% 

Et
2
O-hexane afforded the title compound as a yellow needles (0.606 g, 72%). 

mp: 93.3-94.8 °C from hexane (Lit. 92-98 °C from EtOAc-hexane).515 

IR: ν
max

 (neat)/cm-1 3293 (w), 1651 (m), 1517 (m), 1020 (s), 724 (s). 

UV: (MeCN) υ
max

 nm 284 (ε
max

 = 19610). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 8.44 (1H, dd, J = 8.0, 1.5 Hz, H-8), 8.23 (1H, 

br.s, NH), 7.57 (1H, dd, J = 8.1, 1.5 Hz, H-11), 7.34 (1H, td, J = 8.0, 1.5 Hz, H-

9), 6.98 (1H, td, J = 8.0, 1.5 Hz, H-10), 6.82 (2H, d, J = 3.4 Hz, H-3, 5), 6.18 

(1H, app. t, J = 3.4 Hz, H-4), 4.01 (3H, s, H-6). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 159.49 (C, C-1), 136.13 (C, C-7), 132.22 (CH, 

C-11), 129.25 (CH, C-5), 128.35 (CH, C-9), 125.53 (C, C-2), 124.55 (CH, C-10), 

121.29 (CH, C-8), 113.35 (C, C-12), 112.81 (CH, C-3), 107.75 (CH, C-4), 36.90 

(CH
3
, C-6) 

LRMS (LC-ES+, ES-): m/z 279.0, 95% (M[79Br]+H)+; 281.0, 100% (M[81Br]+H)+; 

277.2, 100% (M[79Br]-H)-; 279.2, 70% (M[81Br]-H)-. 
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The data was consistent with the previous literature.515 

N-(2-bromophenyl)thiophene-2-carboxamide (8.15) 

 

Following protocol H, purification on a 70 g silica column eluted with 100% of 

DCM afforded the title compound as a white solid (0.478 g, 57%). 

mp: 116.9-118.0 °C from DCM (Lit. 115-117 °C from EtOAc-hexane).399 

IR: ν
max

 (neat)/cm-1 3192 (w), 1633 (s), 1524 (s), 1506 (s), 1299 (s), 722 (s). 

UV: (MeCN) υ
max

 nm 278 nm (ε
max

 = 15221), 249 nm (ε = 9940, sh). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 10.06 (1H, br.s, NH), 8.00 (1H, dd, J = 3.7, 1.1 

Hz, H-3), 7.87 (1H, dd, J = 5.0, 1.1 Hz, H-5), 7.72 (1H, dd, J = 8.0, 1.4 Hz, H-

10), 7.53 (1H, dd, J = 7.8, 1.6 Hz, H-7), 7.43 (1H, td, J = 7.8, 1.4 Hz, H-8), 

7.21-7.26 (2H, m, H-4, 9). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 159.93 (C, C-1), 139.12 (C, C-2), 135.99 (C, C-

6), 132.69 (CH, C-10), 131.89 (CH, C-5), 129.36 (CH, C-7), 129.09 (CH, C-3), 

128.10 (CH, C-4, 8, 9), 120.69 (C, C-11). 

LRMS (LC-ES+, ES-): m/z 281.9, 95% (M[79Br]+H)+; 283.9, 100% (M[81Br]+H)+; 

280.1, 82% (M[79Br]-H)-; 282.1, 100% (M[81Br]-H)-. 

The data was consistent with the previous literature.399 

N-(2-bromophenyl)-1H-indole-2-carboxamide (8.16) 

 

Following protocol H, purification on a 100 g silica column eluted with 20% 

Et
2
O-hexane afforded the title compound as a yellow needles (0.491 g, 39%). 

mp: 216.2-217.3 °C from hexane (Lit. 216-218 °C from petroleum ether-

DCM).129 
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IR: ν
max

 (neat)/cm-1 3297 (m), 1663 (m), 1195 (m), 730 (s). 

UV: (MeCN) υ
max

 nm 310 (ε
max

 = 11740). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 11.77 (1H, br.s, NH-pyrrole), 9.99 (1H, br.s, 

NH-amide), 7.74 (1H, dd, J = 7.9, 1.4 Hz, H-14), 7.68 (1H, d, J = 8.0 Hz, H-9), 

7.63 (1H, dd, J = 7.9, 1.6 Hz, H-11), 7.47 (1H, ddd, J = 7.3, 1.6, 1.0 Hz, H-6), 

7.46 (1H, td, J = 7.9, 1.4 Hz, H-12), 7.39 (1H, d, J = 1.5 Hz, H-3), 7.24 (1H, td, J 

= 7.9, 1.6 Hz, H-13), 7.23 (1H, td, J = 7.3, 1.2 Hz, H-7), 7.08 (1H, ddd, J = 8.0, 

7.3, 1.0 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 159.80 (C, C-1), 136.83 (C, C-5), 136.05 (C, C-

10), 132.73 (CH, C-14), 130.90 (C, C-2), 128.65 (CH, C-11), 128.13 (CH, C-12), 

127.82 (CH, C-13), 126.98 (C, C-4), 123.82 (CH, C-7), 121.72 (CH, C-9), 120.27 

(C, C-15), 119.95 (CH, C-8), 112.39 (CH, C-6), 103.98 (CH, C-3). 

LRMS (LC-ES+, ES-): m/z 315.0, 80% (M[79Br]+H)+; 317.0, 100% (M[81Br]+H)+; 

313.2, 100% (M[79Br]-H)-; 315.2, 90% (M[81Br]-H)-. 

The data was consistent with the previous literature.414,419 

Protocol I: S
RN

1 Precursor synthesis from acid chloride starting material 

Halogenated aniline (4 mmol, 1 eq.) was dissolved in diethyl ether (20 mL). 

Triethylamine (4.4 mmol, 1.1 eq.) added and the mixture was cooled to 0 °C. A 

solution of acetyl chloride (4.4 mmol, 1.1 eq.) in diethyl ether (10 mL) was 

added dropwise. The mixture was stirred overnight at room temperature. The 

crude was filtered and concentrated under vacuum. Purification by re-

crystallisation of the crude afforded the title compound. 

N-(2-bromophenyl)acetamide (8.8) 

 

Following protocol I, purification by recrystallisation in DCM afforded the title 

compound as a white solid (0.833 g, 97%). 

mp: 98.5-100 °C from DCM (Lit. 97-100 °C from pentane-EtOAc).516 
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IR: ν
max

 (neat)/cm-1 3277 (m), 1658 (m), 1527 (s), 1294 (s), 1026 (s), 760 (s), 

672 (s). 

UV: (MeCN) υ
max

 nm 245 (ε
max

 = 8776), 279 (ε = 2068). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.34 (1H, d, J = 7.9 Hz, H-4), 7.61 (1H, br.s., NH), 

7.54 (1H, dd, J = 7.9, 1.2 Hz, H-7), 7.32 (1H, td, J = 7.9, 1.2 Hz, H-5), 6.98 (1H, 

t, J = 7.9 Hz, H-6), 2.24 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.13 (C, C-1), 135.70 (C, C-3), 132.17 (CH, C-

7), 128.37 (CH, C-5), 125.13 (CH, C-6), 121.91 (CH, C-4), 113.17 (C, C-8), 

24.83 (CH
3
, C-2). 

LRMS (LC-ES+): m/z 212.0, 100% (M[79Br]+H)+; 214.0, 97% (M[81Br]+H)+. 

The data was consistent with the previous literature.516 

N-(2-iodophenyl)acetamide (8.9) 

 

Following protocol I, purification by recrystallisation in DCM afforded the title 

compound as pale pink solid (1.555 g, 85%). 

mp: 109.4-109.8 °C from DCM (Lit. 109-111 °C from EtOAc-hexane).399 

IR: ν
max

 (neat)/cm-1 3271 (w), 1658 (m), 1524 (s), 1289 (s), 748 (s). 

UV: (MeCN) υ
max

 nm 227 (ε
max

 = 8860), 243 (ε = 7870), 281 (ε = 590, sh). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.21 (1H, d, J = 7.6 Hz, H-4), 7.78 (1H, d, J = 7.4 

Hz, H-7), 7.42 (1H, br.s, N-H), 7.35 (1H, dd, J = 7.8, 1.1 Hz, H-6), 6.85 (1H, t, J 

= 7.8, 1.0 Hz, H-5), 2.24 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 168.16 (C, C-1), 138.70 (C, C-3), 138.18 (CH, C-

7), 129.14 (CH, C-5), 125.97 (CH, C-6), 122.21 (CH, C-4), 90.10 (C, C-8), 24.67 

(CH
3
, C-2). 

LRMS (LC-ES+): m/z 303.0, 100% (M+MeCN+H)+; 325.0, 45% (M+MeCN+Na)+. 

The data was consistent with the previous literature.399 
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N-(2-iodophenyl)benzamide (8.10) 

 

Following protocol I, purification by recrystallisation in DCM afforded the title 

compound as a white solid (1.462 g, 90%). 

mp: 137.3-138 °C from DCM (Lit. 133-134 °C from hexane-AcOEt).514 

IR: ν
max

 (neat)/cm-1 3209 (m), 1646 (m), 1512 (s), 1463 (s), 1297 (s), 745 (s), 

709 (s). 

UV: (MeCN) υ
max

 nm 229 (ε
max

 = 18100), 261 (ε = 8900). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.47 (1H, dd, J = 8.3, 1.5 Hz, H-7), 8.31 (1H, br.s, 

NH), 7.95-8.03 (2H, m, H-3), 7.83 (1H, dd, J = 7.4, 1.4 Hz, H-10), 7.49-7.63 

(3H, m, H-4, 5), 7.41 (1H, ddd, J = 8.3, 7.4, 1.4 Hz, H-8), 6.81 (1H, td, J = 7.4, 

1.5 Hz, H-9). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.24 (C, C-1), 138.78 (CH, C-10), 138.26 (C, C-

6), 134.51 (C, C-2), 132.15 (CH, C-5), 129.37 (CH, C-8), 128.91 (CH, C-4), 

127.14 (CH, C-3), 126.00 (CH, C-9), 121.77 (CH, C-7), 90.22 (C, C-11). 

LRMS (LC-ES+, ES-): m/z 324.0, 100% (M+H)+, 322.1, 100% (M-H)+. 

The data was consistent with the previous literature.514 

N-(2-chloropyridin-3-yl)benzamide (8.12) 

 

Following protocol I, purification by recrystallisation in DCM afforded the title 

compound as pale pink solid (0.902 g, 97%). 

mp: 88.8-89.7 °C from DCM (Lit. 87-90 °C from hexane-acetone).517 

IR: ν
max

 (neat)/cm-1 3275 (m), 1656 (s), 1578 (w), 1512 (s), 1391 (s), 1305 (s), 

711 (s). 

UV: (MeCN) υ
max

 nm 264 (ε
max

 = 11580), 233 (ε = 7511, sh). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 8.93 (1H, dd, J = 8.2, 1.7 Hz, H-7), 8.45 (1H, br.s, 

NH), 8.17 (1H, dd, J = 4.7, 1.7 Hz, H-9), 7.90-7.98 (2H, m, H-3), 7.63 (1H, tt, J 

= 7.4, 2.5 Hz, H-5), 7.52-7.59 (2H, m, H-4), 7.34 (1H, dd, J = 8.2, 4.7 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.64 (C, C-1), 143.91 (CH, C-9), 140.10 (C, C-

10), 133.88 (C, C-2), 132.63 (CH, C-5), 132.12 (C, C-6), 129.08 (CH, C-4), 

128.85 (CH, C-7), 127.10 (CH, C-3), 123.47 (CH, C-8) 

LRMS (LC-ES+, ES-): m/z 233.0, 100% (M+H)+; 221.2, 100% (M-H)-. 

The data was consistent with the previous literature.517 

Protocol J: S
RN

1 precursor synthesis, ketamide 

N-(2-bromophenyl)-3-oxobutanamide (8.17) 

 

A 10 mL solution of 2-bromoanline (3 mmol, 0.547 g) and 2,2,6-trimethyl-4H-

1,3-dioxin-4-one (3 mmol, 0.42 mL) in toluene was injected in the flow system 

using the reagent bottle. Residence time 10 min, temperature: 170 °C. The 

collected solution was concentrated under vacuum. Purification on 70 g silica 

column eluted with 100% DCM followed by recrystallisation from DCM-hexane 

afforded the tittle compound as a white solid (0.713 g, 93%). 

mp: 83.2-83.7 °C from hexane (Lit. 85 °C from cyclohexane).518 

IR: ν
max

 (neat)/cm-1 3194 (br.s), 1705 (m), 1677 (m), 1588 (s), 1022 (s), 745 (s). 

UV: (MeCN) υ
max

 nm 247 (ε
max

 = 8850). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.49 (1H, br.s, N-H), 8.30 (1H, d, J = 8.0 Hz, H-6), 

7.56 (1H, d, J = 8.0 Hz, H-9), 7.30 (1H, t, J = 8.0 Hz, H-7), 6.99 (1H, t, J = 8.0 

Hz, H-8), 3.64 (2H, s, H-2), 2.34 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 204.55 (C, C-3), 163.55 (C, C-1), 135.71 (C, C-5), 

132.45 (CH, C-9), 128.12 (CH, C-7), 125.47 (CH, C-8), 122.38 (CH, C-6), 113.78 

(C, C-10), 49.74 (CH
2
, C-2), 31.19 (CH

3
, C-4). 

LRMS (LC-ES+): m/z 253.9, 98% (M[79Br]+H)+; 255.9, 100% (M[81Br]+H)+; 254.1, 

85% (M[79Br]-H)-; 256.1, 100% (M[81Br]-H)-. 
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The data was consistent with the previous literature.518 

N-(2-bromophenyl)-3-phenylpropanamide (8.18) 

 

In a 10 mL RBF under Argon equipped with reflux apparatus was added ethyl-3-

oxo-3-phenylpropanoate (3 mmol, 0.519 mL, 1 eq.) in toluene (2 mL). The 

solution was stirred few minutes while heated to reflux. A solution of 2-

bromoaniline (2.9 mmol, 0.498 g, 0.97 eq.) in toluene (2 mL) was added 

dropwise. Ethanol was distilled off. The solution was kept under reflux for 6 h. 

The solution was concentrated under vacuum. Purification on a 100 g silica 

column eluted with 20% Et
2
O-hexane afforded the title compound as a white 

solid (0.552 g, 58%). 

mp: 126.5-127.5 °C from hexane (Lit. 127-128 °C from EtOH).519 

IR: ν
max

 (neat)/cm-1 1687 (m), 1660 (m), 1524 (m), 577 (m). 

UV: (MeCN) υ
max

 nm 247 (ε
max

 = 20771), 310 (ε = 5864). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.68 (1H, br.s, NH), 8.36 (1H, dd, J = 8.2, 1.3 Hz, 

H-9), 8.07 (2H, dd, J = 8.1, 1.2 Hz, H-5), 7.66 (1H, tt, J = 7.4, 1.2 Hz, H-7), 7.58 

(1H, dd, J = 7.6, 1.3 Hz, H-12), 7.54 (2H, tt, J = 8.1, 1.3 Hz, H-6), 7.32 (1H, 

ddd, J = 8.2, 7.6, 1.3 Hz, H-10), 7.00 (1H, td, J = 7.6, 1.3 Hz, H-11), 4.2 (2H, s, 

H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 195.88 (C, C-3), 163.94 (C, C-1), 136.05 (C, C-4), 

135.82 (H, C-8), 134.34 (CH, C-7), 132.47 (CH, C-12), 128.97 (CH, C-5), 128.63 

(CH, C-6), 128.55 (CH, C-10), 128.16 (CH, C-11), 125.46 (CH, C-9), 122.36 (CH, 

C-13), 113.85 (C, C-2). 

LRMS (LC-ES+): m/z 317.0, 92% (M[79Br]+H)+; 319.0, 100% (M[81Br]+H)+. 

The data was consistent with the previous literature.519 

9.8.2. S
RN

1 reaction photo initiated in flow chemistry 

Protocol K: S
RN

1 reaction on small scale 
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To a solution of tBuOK (0.4 mmol, 4 eq.) in DMSO (10 mL) was added the amide 

reagent (0.1 mmol, 1 eq., 0.01 M) under Argon. The mixture was allowed to 

stir at room temperature for 10 min, prior to filtration through a frit (n°3) 

under Argon and was injected in the 10 mL sample loop. Reaction occurred at 

various flow rate and irradiation wavelength. The crude mixture was quenched 

with NH
4
Cl

sat.
 and the organic phase was extracted in EtOAc (3 x 50 mL), dried 

over MgSO
4
 and concentrated under reduced pressure. The crude was purified 

on silica column. Fraction was recrystallise to afford the title compound. Small 

amount of side product (C-X cleavage under UV radiation) was also be 

obtained. 

2-(1H-pyrrol-2-yl)benzo[d]oxazole (8.4) 

 

Following protocol K using the starting reagent N-(2-iodophenyl)-1H-pyrrole-2-

carboxamide. Residence time: 13 min, irradiation: UVA 11 W. Purification on 

10 g silica column using a gradient of 20% Et
2
O-hexane afforded the title 

compound has been isolated as a white solid (85%). 

NB1: Reaction was also carried out on a larger scale using 0.05 M reagent 

bottles with non-distilled DMSO. Residence time: 50 min, irradiation: UVA 11 

W. Purification on 100 g silica column using a gradient of 20% Et
2
O-hexane 

afforded the title compound at 0.5 g/h. 

NB2: reaction using N-(2-chlorophenyl)-1H-pyrrole-2-carboxamide and N-(2-

bronophenyl)-1H-pyrrole-2-carboxamide react similarly. 

mp: 149.4-150.0 °C from hexane (Lit. 149-151 °C from petroleum ether-

DCM).412 

IR: ν
max

 (neat)/cm-1 1630 (m), 1516 (m), 1405 (m), 1127 (m), 728 (s). 

UV: (MeCN) υ
max

 nm 308 (ε
max

 = 32030), 291 (ε = 11925, sh), 271 (ε = 9911, sh), 

222 (ε = 7110). 

1H-NMR: δ
H
 (300 MHz, CDCl

3
) 11.26 (1H, br.s, NH), 7.66-7.73 (1H, m, H-10), 

7.52-7.60 (1H, m, H-7), 7.28-7.42 (2H, m, H-8, 9), 7.14 (1H, ddd, J = 3.6, 2.5, 

1.5 Hz, H-3), 7.07 (1H, td, J = 2.5, 1.5, H-5), 6.40 (1H, dt, J = 3.6, 2.5 Hz, H-4). 
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13C-NMR: δ
C
 (75 MHz, CDCl

3
) 158.42 (C, C-1), 150.10 (C, C-6), 141.63 (C, C-11), 

124.57 (CH, C-9), 124.32 (CH, C-8), 123.25 (CH, C-5), 119.69 (C, C-2), 118.61 

(CH, C-10), 113.36 (CH, C-3), 110.74 (CH, C-4), 110.38 (CH, C-7). 

LRMS (LC-ES+): m/z 185.2, 100% (M+H)+. 

The data was consistent with the previous literature.412 

2-(1H-indol-2-yl)benzo[d]oxazole (8.21) 

 

Following protocol K using the starting reagent N-(2-bromophenyl)-1H-indole-

2-carboxamide. Residence time: 13 min, irradiation: UVA 11 W. Purification on 

30 g silica column using a gradient of 30% Et
2
O-hexane afforded the title 

compound as a white solid (0.023 g, 90%). 

mp: 211.8-212.9 °C from hexane (Lit. 211-213 °C from hexane-EtOAc,520 245-

246 °C from petroleum ether-DCM).412 

IR: ν
max

 (neat)/cm-1 2921 (w), 1626 (s), 1235 (s), 731 (s). 

UV: (MeCN) υ
max

 nm 253 (ε
max

 = 12555), 316 (ε = 35840, sh), 328 (ε = 38882). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 12.30 (1H, s, NH), 7.76-7.84 (2H, m, H-11, 14), 

7.69 (1H, dd, J = 8.0, 1.0 Hz, H-9), 7.51 (1H, ddd, J = 8.2, 1.8, 0.9 Hz, H-6), 

7.41-7.46 (2H, m, H-12, 13), 7.35 (1H, dd, J = 2.2, 0.9 Hz, H-3), 7.27 (1H, ddd, 

J = 8.2, 7.0, 1.0 Hz, H-7), 7.11 (1H, ddd, J = 8.0, 7.0, 0.9 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 157.42 (C, C-1), 149.87 (C, C-15), 141.43 (C, 

C-10), 137.94 (C, C-5), 127.43 (C, C-4), 125.30, 124.94 (CH, C-12, 13), 124.33 

(C, C-2), 124.20 (CH, C-7), 121.46 (CH, C-9), 120.27 (CH, C-8), 119.40 (CH, C-

11), 112.26 (CH, C-6), 110.74 (CH, C-14), 105.43 (CH, C-3). 

LRMS (LC-ES+, ES-): m/z 235.1, 100% (M+H)+; 233.2, 100% (M-H)-. 

The data was consistent with the previous literature.419,520,521 
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2-(1H-pyrrol-2-yl)oxazolo[5,4-b]pyridine (8.23) 

 

Following protocol K using the starting reagent N-(2-chloropyridin-3-yl)-1H-

pyrrole-2-carboxamide. Residence time: 13 min, irradiation: UVA 11 W. 

Purification on 20 g silica column using a gradient of 10% Et
2
O-hexane afforded 

the title compound as brown solid (0.013 g, 54%, reaction conversion: 80% by 
1H-NMR). 

IR: ν
max

 (neat)/cm-1 1721 (w), 1651 (m), 1454 (m), 1241 (s), 745 (s). 

UV: (MeCN) υ
max

 nm 319 (ε
max

 = 9786), 332 (ε = 8305). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 12.36 (1H, br.s, NH-pyrrole), 8.25 (1H, dd, J = 

5.0, 1.4 Hz, H-9), 8.09 (1H, dd, J = 7.8, 1.4 Hz, H-7), 7.42 (1H, dd, J = 7.8, 5.0 

Hz, H-8), 7.18 (1H, td, J = 2.4, 1.5 Hz, H-3), 7.06 (1H, td, J = 3.2, 1.5 Hz, H-5), 

6.33 (1H, dt, J = 3.2, 2.4 Hz, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 158.84 (C, C-1), 157.38 (C, C-6), 143.05 (CH, C-

9), 133.57 (C, C-10), 126.99 (CH, C-7), 125.00 (CH, C-3), 121.20 (CH, C-8), 

118.21 (C, C-2), 114.02 (CH, C-5), 110.56 (CH, C-4). 

LRMS (LC-ES+, ES-): m/z 186.1, 100% (M+H)+; 184.2, 100% (M-H)-. 

benzo[c][1,5]naphthyridin-6(5H)-one (8.24) 

 

Following protocol K using the starting reagent N-(2-chloropyridin-3-yl)-1H-

pyrrole-2-carboxamide. Residence time: 64 min, irradiation: UVA 11 W. 

Purification on 20 g silica column using a gradient of 50% EtOAc-DCM afforded 

the title compound as a white solid (0.012 g, 5%). 

mp: 295.8-296.6 °C from DCM (Lit. 299 °C from CHCl
3
,522 or 95-97 °C from 

cyclohexane).523 

IR: ν
max

 (neat)/cm-1 2929 (s), 1671 (s), 1260 (s), 1017 (s), 798 (s). 
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UV: (MeCN) υ
max

 nm 237 (ε
max

 = 3995), 253 (ε = 2539), 312 (ε = 1893), 325 (ε = 

2860), 340 (ε = 2641). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 11.77 (1H, br.s, NH), 8.77 (1H, dd, J = 7.8, 1.0 

Hz, H-3), 8.54 (1H, dd, J = 4.5, 1.5 Hz, H-9), 8.31 (1H, dd, J = 7.8, 1.1 Hz, H-6), 

7.93 (1H, td, J = 7.8, 1.1 Hz, H-4), 7.76 (1H, td, J = 7.8, 1.0 Hz, H-5), 7.7 (1H, 

dd, J = 8.3, 1.5 Hz, H-11), 7.53 (1H, dd, J = 8.3, 4.5 Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 160.40 (C, C-1), 143.88 (CH, C-9), 135.25 (C, 

C-8), 135.01 (C, C-7), 132.92 (CH, C-4), 132.56 (C, C-12), 129.49 (CH, C-5), 

127.15 (CH, C-6), 127.06 (C, C-2), 124.41 (CH, C-10), 123.35 (CH, C-11), 

123.20 (CH, C-3). 

LRMS (LC-ES+, ES-): m/z 197.1, 100% (M+H)+; 195.2, 100% (M-H)-. 

The data was consistent with the previous literature.522-524 

1-(benzo[d]oxazol-2-yl)propan-2-one (8.37) 

 

Following protocol K using the starting reagent N-(2-bromophenyl)-3-

oxobutanamide. Residence time: 32 min, irradiation: UVA 11 W. Purification on 

20 g silica column using a gradient of 5% Et
2
O-DCM afforded the title 

compound as coloured solid (0.008 g, 37%). 

mp: 71.5-72.4 °C from DCM (Lit. 71-73 °C from Et
2
O).525 

IR: ν
max

 (neat)/cm-1 1652 (m), 1454 (m), 746 (s). 

UV: (MeCN) υ
max

 nm 272 (ε = 782), 278 (ε
max

 = 802), 299 (ε = 771). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.74-7.71 (1H, m, H-6), 7.55-7.52 (1H, m, H-9), 

7.36-7.24 (2H, m, H-7, 8), 4.08 (2H, s, H-2), 2.33 (3H, s, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 200.52 (C, C-3), 141.15 (C, C-1), 125.17 (CH, C-

7), 124.49 (CH, C-8), 120.00 (CH, C-6), 110.62 (CH, C-9), 43.89 (CH
2
, C-2), 

29.80 (CH
3
, C-4). 

LRMS (LC-ES+, ES-): m/z 176.1, 100% (M+H)+; 174.2, 100% (M-H)-. 
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The data was consistent with the previous literature.525 

 

Protocol L: Synthesis of the side product from the S
RN

1 photoreaction 

The side products described below were synthesized in various quantities 

during the S
RN

1 protocol C. In order to characterise this side product formation, 

a 10 mL solution of the amide reagent (0.1 mmol, 1 eq., 0.01 M) in DMSO 

under Argon was injected into the flow photo-reactor at 0.5 mL/min (64 min 

irradiation) under UVA (370 nm). The solution collected was extracted in EtOAc 

(3 x 50 mL), dried over MgSO
4
 and concentrated under reduced pressure. The 

crude was purified on silica column. Recrystallisation from DCM-hexane 

afforded the compound. Maximising the yield of this compound was not 

attempted. 

N-phenyl-1H-pyrrole-2-carboxamide (8.5) 

 

Following protocol L above using the starting reagent N-(2-iodophenyl)-1H-

pyrrole-2-carboxamide, the title compound was isolated as a white solid 34%). 

mp: 151.6-152.7 °C from hexane (Lit. 152-155 °C from petroleum ether-

DCM).412 

IR: ν
max

 (neat)/cm-1 3316 (m), 1634 (s), 1523(s), 1331 (s), 732 (s), 686 (m). 

UV: (MeCN) υ
max

 nm 214 (ε = 13653), 281 (ε
max

 = 47893). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 9.99 (1H, br.s, NH), 7.67 (1H, br.s, NH), 7.60-7.65 

(2H, m, H-11, 7), 7.33-7.41 (2H, m, H-8, 10), 7.14 (1H, tt, J = 7.5, 1.1 Hz, H-9), 

7.00 (1H, td, J = 2.6, 1.3 Hz, H-5), 6.74 (1H, ddd, J = 3.6, 2.6, 1.3, H-3), 6.30 

(1H, dt, J = 3.6, 2.6 Hz, H-4). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 158.22 (C, C-1), 137.76 (CH, C-6), 129.06 (CH, C-

7, 11), 125.94 (C, C-2), 124.21 (CH, C-9), 122.57 (CH, C-5), 120.08 (CH, C-8, 

10), 110.08 (CH, C-3), 109.61 (CH, C-4). 
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LRMS (LC-ES+, ES-): m/z 187.1, 100% (M+H)+; 185.3, 100% (M-H)-. 

The data was consistent with the previous literature.412 

N-phenylacetamide (8.20) 

 

Following protocol L above using the starting reagent N-(2-

bromophenyl)acetamide or N-(2-iodophenyl)acetamide, the title compound was 

isolated as a white solid (99%). 

mp: 112.5-113.5 °C from hexane (Lit. 112-114 °C).526 

IR: ν
max

 (neat)/cm-1 3341 (w), 2922 (w), 1654 (m), 1523 (s), 1310 (m), 687 (s). 

UV: (MeCN) υ
max

 nm 242 (ε
max

 = 7060). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.51 (2H, d, J = 7.7 Hz, H-4, 8), 7.33 (2H, t, J = 

7.7 Hz, H-5, 7), 7.11 (1H, t, J = 7.7 Hz, H-6), 2.19 (3H, s, H-2). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 129.00 (CH, C-5, 7), 124.32 (CH, C-6), 119.85 

(CH, C-4, 8), 24.61 (CH
3
, C-2). 

LRMS (LC-ES+, ES-): m/z 136.1, 100% (M+H)+; 134.2, 100% (M-H)-. 

The data was consistent with the previous literature.527 

N-phenyl-1H-indole-2-carboxamide (8.20) 

 

Following protocol L above using the starting reagent N-(2-iodophenyl)-1H-

pyrrole-2-carboxamide, the title compound was isolated as a white solid. 

mp: 189-190 °C from hexane (Lit. 203-205 °C from petroleum ether-DCM,419 

190-197 °C from DCM,528 201-203 °C from petroleum ether).529 

IR: ν
max

 (neat)/cm-1 2923 (s), 621 (s). 
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UV: (MeCN) υ
max

 nm 318 (ε = 30275, sh), 329 (ε
max

 = 38532), 345 (ε = 32643). 

 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 11.74 (1H, s, NH-pyrrole), 10.20 (1H, s, NH-

amide), 7.81 (2H, dd, J = 8.5, 1.0 Hz, H-11, 15), 7.68 (1H, dq, J = 8.0, 0.9 Hz, 

H-9), 7.47 (1H, dq, J = 8.2, 0.9 Hz, H-6), 7.43 (1H, dd, J = 2.2, 0.8 Hz, H-3), 

7.37 (2H, tt, J = 8.5, 1.8 Hz, H-12, 14), 7.22 (1H, ddd, J = 8.2, 7.0, 1.0 Hz, H-

7), 7.11 (1H, tt, J = 8.5, 1.0 Hz, H-13), 7.07 (1H, ddd, J = 8.0, 7.0, 0.9 Hz, H-8). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 159.69 (C, C-1), 138.92 (C, C-10), 136.79 (C, 

C-5), 131.46 (C, C-2), 128.66 (CH, C-12, 14), 126.99 (C, C-4), 123.73 (CH, C-7), 

123.50 (CH, C-13), 121.70 (CH, C-9), 120.11 (CH, C-11, 15), 119.88 (CH, C-8), 

112.36 (CH, C-6), 103.85 (CH, C-3). 

LRMS (LC-ES+, ES-): m/z 237.1, 100% (M+H)+; 325.2, 100% (M-H)-. 

The data was consistent with the previous literature.419 

1-methyl-N-phenyl-1H-pyrrole-2-carboxamide (8.28) 

 

Following protocol L above using the starting reagent N-(2-iodophenyl)-1H-

pyrrole-2-carboxamide, the title compound was isolated as a white solid (96%). 

mp: 116.3-117.1 °C from hexane (Lit. 117 °C from petroleum ether).530 

IR: ν
max

 (neat)/cm-1 3310 (w), 2923 (w), 1647 (s), 1536 (s), 1439 (s), 732 (s). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.61 (1H, br.s., NH), 7.56 (2H, dd, J = 7.9, 1.0 Hz, 

H-7, 11), 7.35 (2H, t, J = 7.9 Hz, H-8, 10), 7.12 (1H, tt, J = 7.9, 1.0 Hz, H-9), 

6.79 (1H, s, H-5), 6.71 (1H, dd, J = 3.9, 1.5 Hz, H-3), 6.15 (1H, dd, J = 3.9, 2.8 

Hz, H-4), 3.99 (3H, s, H-6). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 159.85 (C, C-1), 138.02 (C, C-7), 129.00 (CH, C-

9, 11), 128.76 (CH, C-5), 125.73 (C, C-2), 123.97 (CH, C-10), 119.95 (2C, C-8, 

12), 112.11 (CH, C-3), 107.45 (CH, C-4), 36.81 (C, C-6) 

The data was consistent with the previous literature.530 
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N-(pyridin-3-yl)benzamide (8.31) 

 

Following protocol L above using the starting reagent N-(pyridine-3-

yl)benzamide, the title compound has been isolated as a white solid (23%). 

IR: ν
max

 (neat)/cm-1 2923 (w), 1659 (m), 1535 (s), 1288 (s), 703 (s). 

UV: (MeCN) υ
max

 nm 255 (ε
max

 = 8589), 338 (ε = 610, sh). 

1H-NMR: δ
H
 (400 MHz, DMSO-d

6
) 10.47 (1H, br.s, NH), 8.96 (1H, d, J = 2.3 Hz, 

H-12), 8.33 (1H, dd, J = 4.7, 1.4 Hz, H-11), 8.22 (1H, ddd, J = 8.3, 2.3, 1.4 Hz, 

H-9), 7.95-8.03 (2H, m, H-3, 4), 7.59-7.65 (1H, m, H-7), 7.53-7.58 (2H, m, H-5, 

6), 7.42 (1H, dd, J = 8.3, 4.7 Hz, H-10). 

13C-NMR: δ
C
 (100 MHz, DMSO-d

6
) 165.92 (C, C-1), 144.29 (CH, C-12), 141.71 

(CH, C-11), 135.89 (C, C-8), 134.30 (C, C-2), 131.87 (CH, C-9), 128.44 (2CH, C-

5, 6), 127.71 (2CH, C-3, 4), 127.53 (CH, C-7), 123.60 (CH, C-10). 

LRMS (LC-ES+, ES-): m/z 199.1, 100% (M+H)+; 197.2, 100% (M-H)-. 

The data was consistent with the previous literature.517 

N-phenylbenzamide (8.32) 

 

Following protocol L above using the starting reagent N-(2-

iodophenyl)benzamide, the title compound was isolated as a white solid (94%). 

mp: 158.0-158.9 °C from hexane (Lit. 160-162 °C from hexane-EtOAc).531  

IR: ν
max

 (neat)/cm-1 3341 (w), 2922 (w), 1654 (m), 1523 (s), 1310 (m), 687 (s). 

UV: (MeCN) υ
max

 nm 264 (ε
max

 = 10280), 227 (ε = 8750). 
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1H-NMR: δ
H
 (400 MHz, CDCl

3
) 7.85-7.91 (2H, m, H-3, 7), 7.62-7.69 (2H, m, H-9, 

13), 7.53-7.58 (1H, m, H-5), 7.46-7.52 (2H, m, H-4, 6), 7.35-7.42 (2H, m, H-10, 

12), 7.17 (1H, t, J = 7.4, 1.1 Hz, H-11). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 165.72 (C, C-1), 137.92 (C, C-8), 135.01 (C, C-2), 

131.82 (CH, C-5), 129.08 (CH, C-10, 12), 128.78 (CH, C-4, 6), 127.00 (CH, C-3, 

7), 124.56 (CH, C-11), 120.19 (CH, C-9, 13). 

LRMS (LC-ES+, ES-): m/z 198.1, 100% (M+H)+; 196.2, 100% (M-H)-. 

The data was consistent with the previous literature.527 

4-nitro-N-phenylbenzamide (8.34) 

 

Following protocol L above using the starting reagent N-(2-iodophenyl)-4-

nitrobenzamide, the title compound has been isolated as a white solid (81%). 

mp: 215.5-216.7 °C from hexane (Lit. 216-217 °C from hexane-EtOAc).532 

IR: ν
max

 (neat)/cm-1 2922 (m), 1024 (s), 798 (s). 

UV: (MeCN) υ
max

 nm 244 (ε
max

 = 8466), 275 (ε = 4215). 

1H-NMR: δ
H
 (400 MHz, CDCl

3
) 10.57 (1H, br.s., NH), 8.37 (2H, d, J = 8.6 Hz, H-5, 

6), 8.19 (2H, d, J = 8.6 Hz, H-3, 4), 7.78 (2H, d, J = 7.9 Hz, H-9, 13), 7.38 (2H, 

t, J = 7.9 Hz, H-10, 12), 7.14 (1H, t, J = 7.9 Hz, H-11). 

13C-NMR: δ
C
 (100 MHz, CDCl

3
) 169.12 (C, C-1), 154.38 (C, C-7), 145.86 (C, C-2), 

143.92 (C, C-8), 134.44 (CH, C-3, 4), 133.94 (CH, C-11, 12), 129.40 (CH, C-13), 

128.76 (CH, C-5, 6), 125.72 (CH, C-9, 10) 

LRMS (LC-ES+, ES-): m/z 243.1, 10)% (M+H)+; 241.2, 100% (M-H)-. 

The data was consistent with the previous literature.532 

9.8.2. Kinetics of the anion formation – in-situ UV analysis 

A 0.001 M of starting amide 8.3 (0.062 g, 0.2 mmol) was prepared in DMSO 

(200 mL). This solution was used as the bottle reagent A (orange pump). A 

N
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1
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0.005 M of tBuOK (0.059 g, 0.5 mmol) was prepared in DMSO (100 mL). This 

solution was used as the bottle reagent B (purple pump). Solution was pumped 

through a reactor at various flow rate and ratio at room temperature. In-situ UV 

acquisition was realised at the exit of the reactor on each run with acquisition 

every second. The reactor used was reduced to its minimum: the tubing 

required to go from the static T mixer to the UV flow cell (150 cm, 1 mm 

diameters, 1.2 mL volume). Reaction was performed using the Vapourtec R-

serie (Figure 9.26). 

The data recorded on the UV spectrometer has been processed using BORIS 

software. The baseline of each spectra was corrected (value average to 0 

between 500 - 700 nm). To speed up the treatment and avoid artefact, the data 

were partially cut off: the variable has been selected between 268 - 500 nm to 

remove the cut off region of DMSO reported as 268 nm. OPA and Peak 

profiling treatment has been used. The resulting concentration of each of the 

three species (SM, anion and di-anion) was exported to excel (Table 9.10). 

The flow rate of the starting material solution and the flow rate of the tBuOK 

solution were always adjusted in order to get 5 eq. of tBuOK at the mixing of 

the solution’s streams. 

 
Figure 9.26. Flow set-up for the study of the anionisation kinetics. 
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Composition of the reaction mixture 
(ratio) 

Reaction parameters 

SM 8.3 anion di-anion 
Flow rate 

of SM 
(mL/min) 

Flow rate of 
tBuOK 

(mL/min) 

Residence 
time (s) 

0.18 0.82 0.00 7.5 7.5 4.7 

0.12 0.88 0.00 5 5 7.1 

0.07 0.93 0.00 3.725 3.725 9.4 

0.02 0.97 0.00 2.5 2.5 14.1 

0.00 1.00 0.00 2.5 2.5 14.1 

0.00 1.00 0.00 2.5 2.5 14.1 

0.00 0.99 0.01 1.5 1.5 23.6 

0.02 0.98 0.00 1 1 35.3 

0.03 0.95 0.02 0.5 0.5 70.7 

0.00 0.99 0.00 0.25 0.25 141.3 

Table 9.10. Composition of the reaction mixture according UV is-situ analysis for a reactor tube 

at room temperature and a 5 eq. of tBuOK at the static T mixer. 

 
Figure 9.27. Evolution of the reaction mixture after mixing. 

9.8.3. Influence of the tBuOK of the anion formation – in-situ UV 

analysis 

A 0.001 M of starting amide 8.3 (0.062 g, 0.2 mmol) was prepared in DMSO 

(200 mL). This solution was used as the bottle reagent A (orange pump). A 

0.005 M of tBuOK (0.059 g, 0.5 mmol) was prepared in DMSO (100 mL). This 

solution was used as the bottle reagent B (purple pump). Solution was pumped 

through a reactor made of tubing at room temperature (150 cm, 1 mm 

diameters, 1.2 mL volume) at a fixed flow rate (4 mL/min, 19 s residence 

time). In-situ UV acquisition was realised at the exit of the reactor on each run 

with acquisition every second. The reactor used was reduced to its minimum: 

the tubing required to go from the static T mixer to the UV flow cell. Reaction 

was performed using the Vapourtec R-serie (Figure 9.28). 
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The data recorded on the UV spectrometer has been processed using BORIS 

software. The baseline of each spectra was corrected (value average to 0 

between 500 - 700 nm). To speed up the treatment and avoid artefact, the data 

were partially cut off: the variable has been selected between 268 - 500 nm to 

remove the cut off region of DMSO reported as 268 nm. OPA and Peak 

profiling treatment has been used. The resulting concentration of each of the 

three species (SM, anion and di-anion) was exported to excel (Table 9.11). 

 

 
Figure 9.28. Flow set-up for the study of the anionisation. Tube reactor of 150 cm, ø 1mm. 

 

 
Figure 9.29. Influence of the tBuOK eq. on the anion formation from amide 8.3. Concentration 

was measured using in-situ UV analysis of the stream of solution passing in the UV cell after the 

mixing of the amide 8.3 with tBuOK. 
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Composition of the reaction 
mixture (ratio) 

Reaction parameters 

SM 8.3 anion di-anion 
tBuOK 
(eq.) 

Flow rate 
of amide 
(mL/min) 

Flow rate 
of tBuOK 
(mL/min) 

[SM] in the 
solution after 

mixing 
(normalised to 1) 

0.98 0.02 0.00 0 4.000 0.000 1.000 

0.58 0.42 0.00 0.5 3.636 0.364 0.909 

0.24 0.76 0.00 1 3.333 0.667 0.833 

0.00 0.98 0.02 2 2.857 1.143 0.714 

0.07 0.93 0.00 1.5 3.077 0.923 0.769 

0.00 0.91 0.09 2.5 2.667 1.333 0.667 

0.00 0.83 0.17 3 2.500 1.500 0.625 

0.04 0.95 0.00 2 2.857 1.143 0.714 

0.00 0.94 0.06 2.5 2.667 1.333 0.667 

0.00 0.36 0.64 4 2.222 1.778 0.556 

0.00 0.18 0.82 5 2.000 2.000 0.500 

0.06 0.93 0.00 2 2.857 1.143 0.714 

0.01 0.02 0.97 6 1.818 2.182 0.455 

0.01 0.00 0.99 8 1.538 2.462 0.385 

Table 9.11. Composition of the reaction mixture according UV in-situ analysis for a reactor tube 

at room temperature and a 19 s residence time (flow rate: 4mL/min). 

9.8.3. Synthesis of benzoxazole 8.4 using the condition getting the 

formation of anion and di-anion. 

Condition using 2 eq. of tBuOK – maximising anion formation 

A 0.02 M of tBuOK (0.048 g, 0.4 mmol) was prepared in DMSO (20 mL). The SM 

8.3 (0.064 g, 0.2 mmol) was added under Argon. The mixture was sonicated 

for 2 min. The reaction was then started, injecting the 20 mL reagent solution 

into the UV reactor (32.17 mL) under BLB irradiation for 8 min (flow rate of 4 

mL/min). The reagent solution was collected into an agitated flask filled with 

cold NH
4
Cl

sat.
 and the organic phase was extracted with brine and EtOAc. The 

concentrated crude was analysed by 1H-NMR, confirming product (50%), 

starting material (38%) and side product (12%). 

Condition using 8 eq. of tBuOK – maximising di-anion formation 

A 0.08 M of tBuOK (0.192 g, 1.6 mmol) was prepared in DMSO (20 mL). The SM 

8.3 (0.064 g, 0.2 mmol) was added under Argon. The mixture was sonicated 

for 2 min. The reaction was then started, injecting the 20 mL reagent solution 
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into the UV reactor (32.17 mL) under BLB irradiation for 8 min (flow rate of 4 

mL/min). The reagent solution was collected into an agitated flask filled with 

cold NH
4
Cl

sat.
 and the organic phase was extracted with brine and EtOAc. The 

concentrated crude was analysed by 1H-NMR, confirming almost pure product, 

starting material and side product can be visible as traces in the noise of the 

baseline. 

9.8.4. Study of the anion formation using the dispersion property 

A 0.001 M solution in DMSO of starting material was used as stock solution for 

pump A. A 0.005 M solution of tBuOK in DMSO was prepared. The flow set-up 

was using a 10 mL looped reactor link to the UV cell (150 cm added). The 

reaction was using several condition in order to make several useful profile to 

determine mixture in function of the tBuOK equivalent present in the reaction 

mixture. 

A 0.001 M solution in DMSO of starting material (2.04 g, 8.5 mL of DMSO) was 

used as stock solution for pump A. A 0.01 M solution of tBuOK in DMSO was 

prepared (7.38 g, 6 mL of DMSO). The flow set-up was using 2 syringes pump 

Kloehn® of 10 mL. Each of the syringe was link to a static 4-way mixer by 10 

cm of tubing (ø 1mm). The R serie was used to deliver the DMSO solvent via 

the 3rd connection of the 4-way mixer. The mixer was link to the UV flow cell by 

a tube (150 cm, ø 1 mm). The three inlet are used for starting material, tBuOK 

reagent and solvent delivery (Figure 9.30). Prior to start the reaction the whole 

system is purge with DMSO and the 2-syringe pump of 10 mL are filled with 

the solution of SM 8.3 and tBuOK. The protocol to run the reaction is described 

below (Figure 9.31): 

§ 1st step: A solution of pure solvent was pumped at 2 mL/min. Blank 

spectra were recorded on the spectrometer and the data collection was 

started. 

§ 2nd step: a solution of starting material in DMSO was pumped at 1 

mL/min. The pump of pure solvent was switched to 1 mL/min. 

§ 3rd step: the solution of tBuOK reagent was started after 150 s at 1 

mL/min. The pumping of pure solvent was stopped. 

§ 4th step: the solution of reagent was stopped after 300 s. The solvent 

pump was started at 1 mL/min. 
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§ 5th step: the pump of starting material was stopped after 500 s. The 

solvent pump was set to 2 mL/min. 

§ 6th step: the reaction was stopped when no more absorption was visible 

in the UV data. 

 
Figure 9.30. Flow apparatus configuration for the new methodology of in-situ anionisation study. 

 
Figure 9.31. Profile of the pumping flow rate for the protocol described above. 

The data recorded on the UV spectrometer has been processed using BORIS 

software. The baseline of each spectra was corrected (value average to 0 

between 600 - 700 nm). To speed up the treatment and avoid artefact, the data 

were partially cut off: the variable has been selected between 268 - 600 nm to 

remove the cut off region of DMSO. OPA and Peak profiling treatment has been 

used. The resulting absorption of each of the three species (SM, anion and di-
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anion) was exported to excel and treated using the methodology described in 

section 8.4 to extract concentration of the three species. 
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