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Abstract 

The work described in this thesis focusses on 3D-printing as a novel 

technology and its use in both batch and flow chemistry. As such, fused 

deposition modelling and stereolithography printing were explored for their 

ability to affect organic synthesis. Initially, FDM printed column reactors for 

flow chemistry were developed and their scope in simple SNAr chemistry 

explored. This work was further expanded into the synthesis of 

quinoxalinones, wherein a two-step flow sequence using this SNAr step and 

an intramolecular acylal cyclisation step was able to generate the core 

structure in a single process from amino acids and environmentally benign 

solvents.  

The next phase of the project focussed on the development of devices for 

batch chemistry using SLA printing. A catalytic stirrer bead device that would 

improve the efficiency of batch reactions was developed.  The initial 

formulation incorporated tosic acid and these stirrer bead devices were used 

in the synthesis of Hantzsch dihydropyridines. This formulation was then 

further improved so as to make it chemically inert and palladium(0) 

tetrakis(triphenylphosphine) containing devices were prepared. Their scope 

was explored through their use in Suzuki couplings under both thermal and 

microwave conditions.  A third catalytic stirrer bead device containing yttrium 

triflate was also developed and its use in the protection of carbonyl groups in 

aldehydes with thiols was investigated using microwave conditions.  

In the last phase of the project, an SLA printed circular disc reactor was 

designed and fabricated using this new inert formulation. Its use in flow 

photochemistry has been explored shortly though C-H functionalisation 

chemistry and its limits have been explored. Last of all, the decarboxylation 

reaction in a synthetic sequence for Praziquantel was studied. It was found 

that a flow photo-decarboxylation using these newly developed reactors would 

be sufficient to carry out this key step in the synthetic sequence.  The thesis 

closes with a description of the experimental conditions and full detail of the 

compounds produced in this thesis.
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Impact Statement 

This present thesis is concerned with the synergistic combination of chemical 

synthesis and 3D-printing with an emphasis on its linking up with continuous 

flow synthesis. As such, this is a novel area, but is rapidly growing in 

importance. The ability to combine the low-cost and unique structural 

architectures that can be created with 3D-printing with chemical synthesis, 

mean that this research described in this thesis is of particular high impact.  

In this thesis, I have designed and developed various reactors made from inert 

printable materials that could potentially be used in external laboratories (both 

pharmaceutical and academic) that have access to continuous flow 

equipment. These reactors are also easily modifiable so as to suit the end 

user. The development of catalytically active stirrer beads can, as such, also 

be used in research laboratories ranging from teaching levels for graduate and 

undergraduate students to demonstrate simple chemistry, or at a higher level 

(pharmaceutical and academic) where similar reactions produce greater 

structural complexity in the final products.  

The stirrer beads that were developed as part of my PhD have been evaluated 

by a range of pharmaceutical companies worldwide and these are currently 

under development for market realisation. 

The work in this thesis has resulted in three publications so far with a further 

three in preparation.  
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1.0 Introduction 

1.1 General Introduction  

The work presented in this thesis is concerned with two emerging technologies 

that are and will impact chemical synthesis, namely 3D-printing and 

continuous flow synthesis. In order to better understand the applications of 

such techniques in organic synthesis, the introduction has been divided into 

four parts. The first section gives an account of the parameters related to 

continuous flow chemistry with regards to the equipment used, key 

components of such equipment and the justification and advantages of 

reactions performed using this technique. The second part explains the use of 

3D-printing as an emerging technology and gives a broader outlook on the 

various methods that fall under this method of fabrication. The third section 

describes previous approaches where 3D-printing is used in organic synthesis 

and focusses on catalysis, the design of reactors for batch chemistry and flow 

chemistry. To conclude the introduction, the importance of certain heterocyclic 

targets that have been synthesised in this thesis are also described so as to 

highlight the relevance of the techniques used in this research and their 

respective advantages.  

1.2 Flow Chemistry 

Flow chemistry has gained a significant amount of interest over the past 

decade and the various enabling technologies it comprises have given 

synthetic chemists a variety of tools to carry out their research in a streamlined 

and efficient manner. Peristaltic pumps, inert tubing, reactor modules and 

separating channels replace round bottom flasks, reflux condensers and 

closed vessels in modern day continuous flow methodologies. The complexity 

and diversity of equipment plays an important role in the ability to carry out the 

necessary transformation reactions required. There are now commercially 

available flow systems such as Uniqsis FlowSyn, Vapourtec R-Series and E-

Series, Syrris Asia, FutureChemistry FlowStart Evo, Chemitrix Labtrix, 

Accendo Propel, Advion NanoTek, ThalesNano H-Cube Pro, Sigma-Aldrich 

Microreactor Explorer, etc., a few of which have been shown below (Figure 

1). 
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Figure 1: Types of flow system machines available on the market shown 

from left to right: Uniqsis FlowSyn [1], Vapourtec R-Series [2], Syrris Asia [3].  

A simple representation of how reactors work in flow is shown below (Scheme 

1). Stock solutions of reagents (A and B) are made to pass through pumps or 

injected into their respective sample loops. Flow rates are determined prior to 

starting the experiment based on the stoichiometry required in the reaction. 

The solutions meet (commonly at a T-piece junction) and the combined flow 

passes through a reactor unit. This can either be a chip reactor, a coil reactor, 

a column reactor with a flow path built inside it or a packed bed reactor. 

Streams exiting this unit can be further reacted or quenched, or by-products 

scavenged by using columns or cartridges fitted with solid-supported reagents 

(with immobilized functional moieties) [4]. It is also possible to incorporate in 

line purification, reagent recycling, selective product capture and release, all 

of which help in minimising waste and manual handling of materials [5] [6]. The 

ability to incorporate in line data processing such as IR analysis and mass 

spectrometry gives real time structural information on reactions carried out in 

this manner and enables rapid optimisation of reaction conditions [7] [8] [9].   

 

Scheme 1: Simple configuration of a flow reaction setup where reagents A 

and B give product C. 
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The parameters that affect flow chemistry are quite different to those related 

to batch synthesis. The size of the channels in the flow paths of reactors (10-

500 µm i.d. ranging to several mm i.d.) and their ability to transfer heat; the 

relationship between residence time and flow rate; the relationship between 

flow rate, heat and pressure; all play an important role in the synthesis of 

compounds in continuous flow. The ability to work with reactive intermediates 

in flow owing to the small reaction volumes gives chemists the ability to explore 

the scope of such reactions in greater depth [10]. Functionalized polymers or 

inorganic supports such as scavengers and other solid supported reagents 

such as Merrifield-type azide monoliths (Scheme 2) can widen the applicability 

of flow reactors. This can be very advantageous in reaction planning.  More 

importantly, flow and supported catalysis becomes possible as it can decrease 

wasteful isolation and purification procedures. This will be discussed in detail 

in the latter portion of this thesis (Page 123). Multicomponent reactions and 

multistep synthesis become more conceivable by connecting individual flow 

modules together. Photochemistry in flow is an altogether more promising 

alternative in industrial applications and the potential to scale up in flow too, 

becomes feasible [10].  

 

Scheme 2: Carbonyl isocyanate (2) prepared from acyl chloride (1) using 

Merrifield-type azide monoliths [11]. 

Flow chemistry is widely applied and used in the petrochemical and food 

processing industries. However, the pharmaceutical industry is still dominated 

by batch processes, but there is an ever growing interest from ‘big pharma’ to 

switch to flow as it offers the possibility to keep production high and costs low 

and numerous companies are investigating new techniques to scale up 
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syntheses in both research and production scale synthesis [12] [13]. API’s such 

as efaproxiral 3 a small molecule with radiosensitising activity and rimonabant 

4, a anorectic antiobesity drug are some of the early molecules that were 

synthesised in flow [14]. The antimalarial drug artemisinin 6 was also 

synthesised in the same manner using a continuous flow route [15]. The crucial 

step in this sequence was the generation of a singlet oxygen (1O2) species in 

situ. This was achieved photochemically by wrapping the fluorinated ethylene 

propylene (FEP) tubing around the light source. This key step in the process 

was perfectly suited for a flow-based approach as the technique is safer, 

procedurally simpler and the reaction by-product (1O2) could be easily 

contained in the system within the tubes making it further available for its 

incorporation into the structure of the final molecule [15] [16]. Complex molecules 

such as the anti-cancer drug Imatinib 5 or Gleevec, were synthesised by 

utilising tubular flow coils packed with scavengers and reagents in a sequential 

manner [5]. This is another unique property that can be attributed to flow to 

allow for cleaner product formation. Simpler small molecules such as ibuprofen 

7  have also been synthesised using a three-step flow based approach [17] [18] 

[19]. This work comprised of a Friedel-Crafts acylation, followed by an 1,2-aryl 

migration and finally a hydrolysis or saponification step all conducted in a 

series of flow reactors. This afforded the product in 51% yield over three steps 

in only ten minutes.   

 

Figure 2: API’s synthesised in flow. 
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1.2.1 Batch v/s Flow 

The use of standardised glassware in synthetic chemistry has remained 

fundamentally unchanged since the 1800’s. A picture of a reactor in 1900 is 

largely similar to that carried out in 2018, with the exception of an internal 

magnetic follower for mixing. Chemists have been using consistent techniques 

to carry out crucial reaction steps and post reaction work-up protocols for 

centuries. The practice of using round bottom flasks, condensors, pear shaped 

flasks, measuring cylinders, filter funnels, etc. remain the essential toolkit of a 

traditional chemist. Pharmaceutical and special purpose industries still use 

these very same techniques due to their robustness and versatility. However, 

the switch in the fundamental thought process with regards to the technical 

requirements of a flow system when compared to batch synthesis is what 

merges both chemistry and engineering. This ability to continuously 

‘manufacture’ a desired module by designing its individual reaction steps into 

the flow protocol not only minimises waste, but also reduces costs. The low 

level of handling owing to the use of fully automated equipment makes the 

overall process far more streamlined.  

The diagram below shows the flow path suitability of a reaction to be carried 

out in flow. It illustrates the key factors to consider when deciding to switch to 

a continuous method.  
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Figure 3: Adapted from decision diagram for flow chemistry [20].  
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1.2.2 Why run a reaction in flow? 

 

 Multiphasic Systems 

If a reaction uses a multiphasic system (gas-liquid, solid-liquid or liquid-liquid) 

then, switching to flow could prove beneficial [20]. Effective phase mixing is 

essential in such reactions and this is better achieved in flow when compared 

to batch. Microfluidic systems offer higher surface area to volume ratios which 

give rise to different types of flow patterns i.e. bubble flow, slug flow and 

annular flow in gas-liquid biphasic systems as shown below (Figure 4).  

 

Figure 4: Change in flow patterns for gasses when the liquid flow rate is 

constant in gas-liquid biphasic systems. 

In solid-liquid systems packed bed reactors restrict particle movement and the 

flow of liquid is termed as plug flow. However, this can be made turbulent when 

the particles are free flowing as in a fluidized bed reactor. These systems are 

however not used largely as they are still not entirely understood [21]. Mixed 

bed systems offer properties of both packed and fluidized beds. When dealing 

with liquid-liquid systems, flow patterns such as laminar flow and slug flow are 

observed (Figure 5).  

 

 

Increasing gas flow rate 

bubble flow 

slug flow 

Laminar flow  
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Figure 5: Change in flow patterns seen in liquid-liquid immiscible biphasic 

systems. 

 Mixing 

Mixing plays an important role in the transformations of molecules in reactions 

as well as in selectivity. Reynolds number (Re) can be used to predict flow 

patterns and can divide mixing into three categories: laminar, transitional and 

turbulent. Laminar flow is a consequence of parallel streams of liquids not 

interrupting each other’s longitudinal flow. When flow rates are low, the two 

immiscible liquids are viscous and the channel size is large, the Reynolds 

number is usually low (<2300) and this results in laminar flow. High flow rates 

and high Re (>4000) usually results in turbulent flow. Transitional flow is a 

combination of the two with an Re between 2300 and 4000 and usually 

consists of more turbulent mixing towards the centre of the flow path while 

mixing towards the edges remains slow. While considering mixing in batch 

reactors, flow is usually laminar or transitional [22]. Another concept to consider 

while discussing mixing is the Damköhler number (Da). This is a 

dimensionless number, which is the ratio of the rate of the reaction to the rate 

of mass transfer by diffusion. This becomes important when there are 

competitive side reactions alongside product formation. In other words, when 

Da<1, mixing is complete before product formation, giving a cleaner reaction. 

When Da>1 less homogeneity in the reaction solutions is observed, and the 

overall reaction tends to be less clean due to concentration gradients that build 

up in parts of the reactor.  

phase 1 

phase 2 

laminar flow  

slug flow phase 1 

phase 2 
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 Temperature control 

Efficient heat transfer is a key characteristic that has to be considered while 

designing a procedure to be adapted in flow reactors. “Runway” reactions are 

those where the heat generated from the reaction increases the overall 

temperature medium further increasing the rate of the reaction. Such 

exothermic reactions can be dangerous when performed in batch, with 

hazards such as increased side product formation, rapid boiling of solvents 

and even explosions when the energy in the system cannot be contained 

appropriately. Performing such reactions in flow permits a more efficient heat 

transfer due to the narrow size of the channels in which the reaction takes 

place. There is also a crucial dependence between temperature and pressure 

in flow reactions. According to Arrhenius’ rate law the reaction rate 

exponentially increases as the absolute temperature is increased. The ability 

to change these conditions quite easily by adjusting the flowrates and the back 

pressure regulators means that reactions can be heated to greater than the 

boiling points of their respective solvents and this leads to an increase in the 

rate of the reaction. This also reduces the time that the reaction requires. A 

classic example of this is seen below in the one pot hydrolysis of 6-

aminocapronitrile 8 to give ε-caprolactam 9 where the reaction was heated at 

400 °C in super critical water, clearly illustrating the potential of continuous 

flow in the synthesis of 9 (Scheme 3) [23].  

 

Scheme 3: Flow synthesis of ε-caprolactam 9 under supercritical conditions. 

The use of microwave irradiation (MW) in combination with flow is another 

excellent combination of the two reaction enabling technologies. It proves 

highly beneficial to overcome the problems associated with dual phase 

systems as the microwave irradiation can penetrate the centre of the reactor 

and heat the entirety of the reaction. This is greatly important when dealing 

with large scale processes as the possibility to conduct microwave synthesis 

in batch on such scales is very unsafe and is rarely adopted. Specially made 
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coils are used in microwave setups to carry out flow reactions covering a range 

of chemistries (SNAr, esterification’s and Suzuki-couplings) [24]. Another 

example showcasing the technique comes from the work carried out by Shieh 

wherein they have shown a less toxic way to methylate phenols using such 

irradiation (Scheme 4) [25]. By using a combination of dimethyl carbonate 

(DMC) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in an ETHOS 

continuous-flow microwave reactor, they were able to significantly reduce the 

time taken to synthesize 1,3,5-trichloro-2-methoxybenzene 11 from 192 hours 

(thermal conditions) to 54 minutes.  

 

Scheme 4: O-Methylation of 2,4,6-trichlorophenol 10 with DMC and DBU 

using a continuous-flow microwave reactor. 

 Photochemistry 

Photochemistry offers a great advantage over heated reactions due to the 

ability to control the exact energy input in the reaction medium. While 

irradiating a reaction mixture in flow, only a small volume at any given time is 

being exposed to the light source, keeping the bulk of the material away from 

it. The light exposure can be easily controlled by the flow rate. This is very 

beneficial when dealing with flammable solvents, as their potential to reach the 

ignition point is drastically reduced. Immersion well reactors fitted with high-

pressure mercury lamps, xenon lamps or halogen lamps are usually employed 

to carry out such reactions in batch. Due to the large amount of heat produced 

in using such systems, cooling jackets are additionally fitted to dissipate any 

extra heat generated within the system. Again, with regards to scale up this 

process becomes more unsafe as larger lamps would be required to be 

immersed into even larger vessels containing reaction solutions further 

complicating the safe handling of such equipment. By wrapping tubing directly 

over lamps or placing multiple microreactors directly in front of the light source, 

these problems are automatically eliminated. This has been elegantly 

displayed by Fukuyama et al. in their work on [2+2] cycloaddition reactions 
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between cyclohex-2-enone 12 and vinyl acetate 13 in a glass microreactor and 

a 300 W Hg lamp (Scheme 5) [26].  

 

Scheme 5: Photochemical [2+2] cycloaddition under flow conditions to 

synthesize (1S,6S)-2-oxobicyclo[4.2.0]octan-7-yl acetate 14. 

Large volumes of very low concentration solutions can be continuously 

handled in flow. This is advantageous when competitive side reactions are a 

factor to consider in the chemistry. A single continuous flow device can 

process substrates from a few milligrams up to nearly kilogram quantities daily. 

When using microreactors with very narrow path diameters (>0.5 i.d.), high 

concentration solutions can be very effectively irradiated. Continuous 

evaporation techniques can be incorporated and solvents can be recycled. 

This altogether reduces costs and waste [27] . The biggest problem with 

photochemistry reaction setup is that the solution has to be very dilute in order 

for the light to penetrate throughout the entire reaction. This is where flow 

chemistry offers an obvious advantage. 
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1.2.3 Green Chemistry and Flow Reactors 

With a view to develop cleaner and ‘greener’ techniques in the chemical 

industry in order to reduce waste, the chemical sector has been changing its 

approaches over the past decades to address the view by wider society of it 

being ‘dirty’ in its processes [28]. Anastas has clearly outlined many important 

principles of green chemistry that can be applied to flow techniques 

demonstrating their value [29].  

 Prevention of waste: Quite obviously, this concept is relevant in our 

understanding, in that it is better to prevent waste than to clean up or treat 

systems after its formation. This can be achieved by using solvent-free 

systems although it hasn’t been observed to a great extent in production scale 

batch synthesis due to poor thermal management and low safety profiles 

owing to uncontrolled reaction exotherms that can arise in such methods [30]. 

The potential to apply such systems to continuous flow chemistry has been 

shown by Schwalbe in their use of steel micro-reactors giving the authors the 

advantage of precise thermal control in the Paal-Knorr reaction between 2,5-

hexanedione 15 and ethanolamine 16 under solvent free conditions [31]. They 

identified that the formation of the substituted pyrrole 17 required optimized 

reactor conditions of a 5.1 minute reaction time at 65 °C affording 91% yield 

of the product (Scheme 6).  

 

Scheme 6: Solvent free Paal-Knorr reaction between 2,5-hexanedione 15 

and ethanolamine 16 using steel micro-reactors. 

The ability to conduct hundreds of reactions in flow quite easily by rapidly 

changing reaction conditions when compared to batch during reaction 

optimisation processes results in reduced reagent consumption and waste 

production. It also increases the chemist’s understanding of the process as 

reactions can be investigated in a more detailed manner and under more 

controlled conditions thereby allowing the user to consider their scale-up 

management [32].  
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 Atom economy: This concept measures waste production by 

assessing the percentage of the mass of reactants incorporated into the 

product. By precisely controlling the reaction conditions, flow chemistry offers 

the potential to reduce or even eliminate purification steps thereby increasing 

the purity of the reaction product. Atom economic reactions such as 

intramolecular re-arrangements have been performed as demonstrated by 

Kappe in their use of high temperature and pressure stainless steel tube 

reactors in flow to conduct the Claisen re-arrangement for the synthesis of 2-

allylphenol 18 (Scheme 7A) [33]. Addition reactions also offer the potential to 

provide atom economy as seen in the Diels-Alder cycloaddition reaction 

between isoprene 19 and maleic anhydride 20 using a microflow disc reactor 

heated to 60 °C yielding the benzofuran dione derivative 21 in 98% (Scheme 

7B) [34]. Asymmetric synthesis offers another means to increase the efficiency 

of a synthetic protocol by increasing the enantiomeric excess (ee) of the 

product and reducing the amount of the consumed substrate in forming the 

undesirable product [32]. This has been shown in a synthetic strategy towards 

(±)-fluoxetine adopted by Sanderson in the enantioselective reduction step on 

a ketone 22 to give the corresponding (S)-alcohol 23 using borane-N,N-

diethylaniline and a chiral oxazaborolidine catalyst (Scheme 7C). The reaction 

was optimised when performed in a coil reactor at an increased concentration 

of 0.70 M and resulted in a 88% yield and 92% ee with a residence time of 10 

minutes [35].  
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Scheme 7: A) Reactions showing good atom economy: Claisen re-

arrangement for the synthesis of 2-allylphenol 18; B)Diels-Alder 

cycloadditions for the synthesis of benzofuran dione derivative 21; C) 

Enantioselective reduction of a ketone 22 using a oxazaborolidine catalyst. 

 Less hazardous syntheses and safer design: Flow reaction 

technology has been attributed to higher yields and greater selectivity for the 

desired products. When this is used on a production level scale, the toxicity 

associated with the production of the final product is often minimised as the 

number of by-products and side reactions in previous steps have the potential 

to be lowered giving an overall less hazardous chemical route [32]. This can 

even be applied to the synthesis of chemicals, wherein the specific function of 

that chemical should be considered whilst designing its synthetic route. The 

toxicity profile must also be considered and efforts to minimise it wherever 

possible must be made. 

 Safer solvents and auxiliaries: In large scale chemical processes, 

choosing the right solvent plays a huge part in the costs and safety of the 

procedure and can have a profound impact on the environment. The use of 

“green” solvents has therefore gained a lot of attention in the pharmaceutical 

industry to address these issues [36]. As seen in the earlier section of this thesis, 
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flow chemistry offers the potential to improve biphasic reactions by 

substantially increasing the interfacial surface area between the two phases in 

the reactor system which can have a direct effect on the rate of the reaction. 

It also give the user the potential to recycle material in those phases. Mikami 

and co-workers have demonstrated this in their use of a Lewis-acid catalyst 

scandium bis(perfluorooctanesulfonyl)amide in a perfluoromethylcyclohexane 

biphasic solvent along with toluene for an aldol reaction between an aldehyde 

and a silyl enol ether. After the reaction, the Lewis-acid catalyst remained in 

the perfluorinated phase and the product was extracted from the toluene 

phase allowing the catalyst solution to be reused without the need for any post 

reaction purification [37]. The ability to perform reactions under extreme 

conditions of heat and pressure in flow systems allow chemists to assess 

reactions that would otherwise be deemed too extreme or unsafe under batch 

conditions.  

 Design for energy efficiency: Flow reactors have the potential to 

intensify reaction conditions thereby reducing the energy impact on a 

production scale by providing precise control over the reaction conditions 

tailoring it for the transformation at hand. This can have a significant impact 

with relation to both costs and energy consumption. It also mimics the 

microwave conditions which are rarely adopted in batch production scale-up 

synthesis due to the high energy and low safety profiles offered by such 

systems. Although there exists a potential to carry out such microwave 

reactions in flow on an industrial scale, the saving in energy is attributed to the 

time spent performing such reactions [38]. The potential to perform 

radiofrequency heating where the reactor is filled with superparamagnetic 

nanoparticles or steel beads and placed in an electromagnetic field, allowing 

reactions to be heated more efficiently to temperatures reaching 350 °C, is a 

great advantage [39]. Photochemistry in flow by using micro-reactors also offers 

the potential to perform reactions very efficiently due to the small reaction 

volumes (and channel size) and homogeneous light penetration of an exact 

frequency optimised for the reaction. The same goes for active cooling and the 

ability to efficiently carry out the transformation reactions at reasonable 

temperatures. This has been investigated using micro-reactors in flow and was 

compared to batch processes in Yoshida’s synthesis of disubstituted pyridines 
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via the generation of a pyridyllithium intermediate, which is then further reacted 

with electrophiles, giving the substituted products. In this case flow conditions 

do not require the need for cryogenic conditions where reactions with 2,3-

dibromopyridine 24 can be completed at 0 °C (Scheme 8). When the same 

reaction was repeated in batch, higher temperatures did not produce any 

product. This was attributed to the dependence of the flow reactions on 

residence time and the batch reactions on temperature [40] 

 

Scheme 8: Comparison of flow and batch conditions for the synthesis of 2-

bromo-3-methylpyridine 25 from 2,3-dibromopyridine 24. 

 Reduce derivatives and use renewable feedstocks: Unnecessary 

derivatization is one approach to reduce the environmental influences such 

reactions tend to bring. The use of protecting groups should be minimised 

wherever possible as the approach itself has a low atom economy and is 

inherently wasteful. Wild has developed a novel flow-based reusable non-

covalent nitrogen protection group strategy by employing solid supported 

crown ethers coupled with a base as releasing agent, to N-protect bifunctional 

compounds in column reactors [41]. By using micro-reactor systems, subtle 

changes in reaction conditions can be precisely controlled causing a difference 

in reaction rates, which can afford the desired product over the competing one. 

Such an advantage can potentially eliminate the need for protection group 

strategies [32]. This, combined with the potential to carry out feedback 

processes renewing raw materials wherever possible makes synthetic 

research more economically practical.  

 Catalysis: This tool offers an increased selectivity and efficiency in 

reactions. The problem concerning such methods arises in optimisation 

processes. By employing micro-flow technology, reactions can be screened 

with a range of substrates and can utilise minimal material. Flow chemistry 

offers the ability to incorporate both homogeneous and heterogeneous 

catalysts into its systems through packed-beds, monoliths, coated films, etc. 

by exploiting its high surface to volume ratio. Even biocatalysts used in 
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steroselective reactions can be incorporated into such systems and reused 

whenever feasible [42]. 

 Design for degradation: While designing chemicals and chemical 

products for use, it should be taken into consideration that their breakdown 

products are not detrimental to the environment or persist in bio-systems.  

 Real-time analysis for pollution prevention: Process analytics offer 

the ability to monitor flow experiments in real time giving a live representation 

of the reaction taking place. Deviations from accepted specifications can be 

identified more quickly thus lowering the amount of waste generated if the 

whole batch were to be disposed of. The ability to incorporate spectroscopic 

techniques (Raman, IR, mass-spectrometry) demonstrates the synthetic utility 

of such systems.  

 Inherently safer chemistry for accident prevention: The ability to 

carry out hydrogenation reactions in flow systems is something that has been 

of significant interest in the field. The hazards associated with handling H2 gas 

render such techniques unsafe and require stringent precautions due to its 

potential flammability. Hydrogenations are still one of the most relevant 

synthetic strategies adopted in chemistry. This concept has been utilised and 

discussed in detail in the later sections of this thesis (Page 91). Another 

example of such chemistry is shown by Tarleton and McCluskey in the 

hydrogenations performed using an H-Cube under different conditions for the 

synthesis of 2-phenyl-3-(1-H-pyrrol-2-yl)propan-1-amine 28 and analogues [43]. 

It can be seen from Scheme 9 that a change in the solid supported catalyst 

can change the outcome of the reaction from 27 to 28. A more detailed 

discussion of the progress in these types of reactions on various structural 

scaffolds of synthetic relevance have been shown by Kappe [44]. 

 

Scheme 9: Key hydrogenation steps employed under flow conditions for the 

synthesis of structurally interesting pyrroles. 
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Oxidations, ozonolysis and fluorination reactions find themselves very 

applicable to use in flow chemistry because flow reactor systems have the 

potential to safely incorporate gases into reaction mixtures. This, coupled with 

the use of micro-reactors where the reaction volumes of potentially dangerous 

or hazardous intermediates or reagents are so small, means such reactions 

can easily be assessed and handled [10].  
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1.2.4 Reactor Unit  

This is the principal unit in every flow system. It is the site where the reaction 

takes place. Based on the nature of the chemical transformation, an 

appropriate reactor is chosen by the user as to their specific requirements. 

There are three basic types- chip reactors, coil reactors and packed bed 

reactors (Figure 6). When dealing with slurries, effective mixing units 

sometimes also act as reactors themselves to reduce the number of side 

products [45]. Tube-in-tube reactors are also used when rapid liquid-gas 

reactions take place [46]. Here, a gas permeable membrane that spatially 

separates the liquid and gas provides the interface for such reactions to take 

place.  

 

Figure 6: Types of flow reactors. 

 Chip Reactors 

Of all the reactor types, chip reactors offer the greatest heat transfer properties 

due to the small channels these reactors contain and the high surface area-

to-volume ratios [47]. Usually these are made of glass, silicon-glass, ceramic, 

stainless steel or by microfabrication techniques [48]. These reactors can often 

be expensive and can block quite easily. Recent advances in 3D-printing have 

allowed for the rapid prototyping of such devices and their quick and easy use 

in chemical syntheses [49]. The ability to functionalize channels in chip reactors 

by immobilising heterogeneous catalysts is helpful and an example of this has 

been shown below. Boyle has shown how a glass microfluidic device’s internal 
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channels can be functionalized with photoactive porphyrins (Scheme 10B). 

These generate singlet oxygen in situ and can be used to carry out the 

photochemical oxidation of α-terpinene 29 to give ascaridole 30 and side 

product p-cymene 31 via a Diels-Alder [4+2] reaction (Scheme 10A) [50]. 

 

Scheme 10: A) Photochemical oxidation of α-terpinene 29 using porphyrin 

functionalized channels in glass microfluidic device; B) Structure of 

immobilized photoactive porphyrin. 

 Coil Reactors 

Coil reactors have a relatively low cost when compared to chip reactors as the 

tubing used in these reactors is made from commercially available standard 

fluoropolymers (PTFE, PFA, FEP) or stainless steel (SST). It is therefore used 

extensively in synthetic flow chemistry. The table below (Table 1) explains the 

use of different coil materials in systems with increasing temperature and 

pressure conditions. The wall thickness of the tubing is related to its stability 

under high temperature and pressure conditions.  
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Table 1: Application range of coil materials [20]. 

Application PTFE PFA FEP SST 

low T/p (<50 °C, < 5 bar) * * * * 

high T/p (<150 °C, < 20 bar) ͦ ͦ ͦ * 

very high T/p (>150 °C, < 20 bar) × × × * 

UV-vis ͦ ͦ * × 

corrosive reagents * * * ͦ 

* = ok to use; ͦ = some concerns, check datasheet; × = not feasible. 

 

The use of FEP was found to be ideal in UV-vis irradiation photochemistry  [51]. 

Stainless steel is best suited for reactions with very high temperatures and 

pressures however it is not as inert to corrosive agents as the fluoropolymers. 

An example of the usage of such reactors in flow chemistry has been 

demonstrated by Ley, where fluorination reactions on alcohols 32 were carried 

out using DAST (diethylaminosulfur trifluoride) in inductive heated FEP coil 

reactors to give the corresponding fluoro-derivative 33 (Scheme 11) [52]. This 

reagent, being volatile and highly reactive with water made it perfectly suited 

for these reactors. In addition the chemical undergoes dis-mutation to SF4 and 

(Et2N)2SF2 when heated above 90 °C and these by-products are extremely 

corrosive [53]. 

 

Scheme 11: Fluorination of alcohols using DAST in a convection heated 

FEP coil reactor. 

 Packed Bed Reactors 

Such reactors are usually used when heterogeneous catalysts or reagents 

need to be incorporated into the flow based synthetic protocol. They are 

typically made of glass, polymeric materials or stainless steel and the catalytic 

or reactive component is immobilized between two frits on a prepacked 
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cartridge. The advantages of using such systems is that the loading of material 

can be much higher than batch protocols giving faster reaction times. The use 

of frits containing the catalyst/reagent in the cartridge can eliminate post 

reaction work-up steps. However, this is not always the case with immobilized-

transition metal catalysis, where leaching is typically observed [54].  Particle 

size determines surface-to-volume ratios and in turn relates to reaction times. 

An example of using packed bed reactors is shown below (Scheme 12) where 

Kappe has demonstrated the use of Mizoroki-Heck couplings with immobilized 

palladium on carbon columns. However due to significant amounts of leaching, 

they eventually switched to a homogeneous palladium pre-catalyst to carry out 

the optimized reaction in flow [55].  

 

Scheme 12: Mizoroki-Heck coupling in flow between aryl iodide 34 and butyl 

acrylate 35. 

Another example in which flow chemistry and the use of such columns shows 

a significant benefit is in asymmetric chemistry. Pericàs and his group have 

shown a highly stereoselective Mannich reaction using polystyrene 

functionalized (2S-4R)-hydroxyproline 38 in a packed bed reactor (Scheme 

13) [56]. This reaction between propanal 36 and N-(p-methoxyphenyl) (N-PMP) 

ethyl glyoxylate imine 37 in a continuous flow, single-pass system proceeds in 

only six minutes and the diastereomerically pure adducts are obtained in 72% 

yield at up to 7.8 mmol scale. 

 

Scheme 13: Asymmetric organocatalytic reaction between propanal 36 and 

imine 37 using polymer bound (2S-4R)-hydroxyproline 38.  
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1.3 3D-Printing 

3D-Printing or additive manufacturing (AM) has received a lot of attention in 

academia in recent years. The ability to manufacture a three-dimensional 

product from a digital model using a CAD (computer-aided design) program 

which splits the digital file into layers thus allowing the printer to form the 

various shapes because of such layering has led it to being applied in many 

fields including education [57] [58] [59], biotechnology [60], biomedical [61], flow 

chemistry [62], microfluidics [63] and even the food industry [64].  

The 3D-printing process involves a series of steps, the first of which is the 

production of a 3D file. This can be designed using CAD software or even 

reverse engineered from digital models such as MRI scans or scanning the 

object in question using a 3D-scanner. The second step involves converting 

the file into a readable format for the 3D-printer. This is usually an STL 

(Standard Tessellation Language) file which uses polygons to describe the 

surface of the designed object thereby simplifying the complex object into a 

code decipherable to the printer. OBJ and 3DP are less commonly used files 

but are also acceptable for use in 3D-printing. Once the correct file has been 

imported to the printer, an inbuilt program (usually proprietary to each brand 

of printer) called a slicer program slices the design into layers that will be used 

by the printer to build the object. Such programs allow the operator to define 

print settings such as support additions, heights and exposure settings (if 

applicable) of the individual layers, orientation of the object, etc. which are all 

important descriptors to include to generate a printed object. The printer then 

reads this information and prints the object as described. Post processing is 

another important step involves removing the part from the build platform 

either simply or by precise extraction if it is still encased in the build material. 

Depending on the type of technology used for the 3D-printing process, such a 

step could involve washing the object with appropriate solvent and/or curing 

under UV irradiation before handling. The removal of supports is also done at 

this stage [65]. 



Zenobia X Rao                                                                                 Introduction                                                     

 

24 
 

1.3.1  Material Extrusion 

Fused filament fabrication (FFF) or fused deposition modelling (FDM) 

technology is relatively old as the process was first patented in the 1980’s by 

S. Scott Crump [66]. It involves the use of a thermoplastic filament which is 

unreeled and fed into a heated nozzle causing it to partially liquefy. This makes 

the now viscous plastic flow through an extruder that can be moved along the 

surface of a build plate in the X and Y directions forming the first layer. The 

build plate is then lowered or the print head is raised and this process repeats 

itself methodically. In such a manner liquified material is sequentially deposited 

upon the previous layers and allowed to cool and harden, thus forming the 

object. Nowadays, commercial printers are available that have fine-tuned this 

process and companies such as MakerBot and Ultimaker are being used in 

academic environments for the purposes of research, including our 

laboratories [67]. Materials that can withstand high temperatures are usually 

synthetic polymers such as acrylonitrile/butadiene/styrene (ABS), polylactic 

acid (PLA), high impact polystyrene (HIPS) and polyvinyl alcohol (PVA). 

Resolutions of such printers are as low as 250 µm (XY axis) and 50 µm (Z 

axis) [68]. Recent studies have shown that it is even possible to incorporate 

drugs such as paracetamol and caffeine with PLA polymer [69]. The dual head 

print design allowed layering of the two drugs thus affecting its release profile 

[69]. Relatively low-cost machines and materials give FDM printing an 

advantage for the users to produce low-cost custom parts. The anisotropic 

nature of such parts however, cause them to be weaker depending on the 

direction of print. Infill (low density structures printed within the object) 

percentages need to be very high (average setting in FDM printers is 20%) in 

order to produce a strong and dense object however, this can increase the 

time to print and also the cost [65]. 
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Figure 7: Schematic diagram of a FFF (FDM) printer [65]. 

 

Figure 8: The FFF printing process [65]. 
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1.3.2 Vat Polymerization 

Stereolithography (SLA) and digital light processing (DLP) fall under this 

category of 3D-printing. Both use a photo-polymer resin in a vat that is cured 

by light. The photosensitive resin is exposed to the light and this causes it to 

undergo a polymerisation reaction thereby instantaneously solidifying it. The 

main difference between the two processes is the light source. SLA was 

invented in 1984 by Charles Hull [70]. SLA systems use UV lasers as a light 

source thus giving high resolutions as low as 25 µm layers [60]. These lasers 

aim at mirrors called galvanometers each on the X and Y axis that point the 

laser beam across the vat curing the resin layer by layer. The time required to 

scan a single layer will depend on the speed at which the laser beam travels 

across the surface of the vat. The slice information is determined by the 

coordinates set by tilting these mirrors thereby directing the laser beam along 

the plane. The accuracy will however, depend on the laser spot size and resin. 

DLP was invented by Larry Hornback in 1987 [71] [72]. DLP systems on the other 

hand use a digital light projector (LED screen) to flash a single image on to the 

vat, curing an entire layer at a time making this a comparatively faster process. 

Because the screen is made up of pixels, the cured layer consists of 

rectangular bricks called voxels [65]. A digital micromirror device (DMD), which 

consists of a series of mirrors, directs the light from the screen on to the vat. 

These tiny mirrors can be tilted to an “on” or “off” position thus generating a 

bright or dark voxel. The resolution achieved in such systems is 50 µm in all 

axes [73]. Continuous liquid interface production (CLIP) is another technique 

that falls under this category. It uses an oxygen permeable membrane right 

above the UV source which inhibits polymerization at the surface and 

eliminates the slow peeling and re-coating step for each layer. This reduces 

the time it takes to produce an object, giving it advantages over DLP and SLA 

systems [74]. Benefits of such processes include the smooth surfaces that such 

prints can attain. The accuracy in printing makes such systems perfect for 

printing very detailed structures. The disadvantage in using such systems is 

governed by the restriction to use only photopolymers, which tend to be brittle 

and can degrade over time in the presence of sunlight. Coatings are available 

to prolong the life of parts produced in such systems however, material 
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properties such as low impact strength do not allow the widespread use of 

such systems for functional applications. 

 

Figure 9: Schematic diagram of an SLA printer [65]. 

 

 

Figure 10: The vat polymerisation (SLA) printing process [65]. 
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1.3.3 Powder Bed Fusion 

Selective laser sintering (SLS) was developed by Carl Deckard and Joe 

Beaman in the late 1980’s [75] [76]. This process is quite similar to SLA in that it 

uses a high power laser however, the polymeric material is in a powdered form 

as opposed to a photo-resin. The laser sinters a cross-section of this powdered 

material bed causing it to bind together and solidify. The bed is then lowered 

by the thickness corresponding to a single layer and the material is deposited 

over the top. Upon repetition of such steps the object is built within the 

powdered material which also supports the structure internally. Therefore, the 

need for additional support structures is eliminated and this is highly 

advantageous in the manufacture of parts where mechanical stress properties 

play an important role in their function. Materials commonly used in such 

processes include ABS, polycarbonates, PVC (polyvinyl chloride) and even 

ceramics and nylon [77] [78]. The limiting factor in SLS printing is the high cost of 

machinery (up to $250,000) along with the need for specialized operators to 

handle equipment and post processing of the products due to the hazardous 

dust associated with such a technique [65].  
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Figure 11: Schematic diagram of an SLS printer [65]. 

 

Figure 12: The SLS printing process [65]. 
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1.3.4 Material Jetting and Binder Jetting 

Material jetting is a form of printing where the print head deposits droplets of 

photo-curable polymer layer by layer whilst curing it simultaneously. Drop on 

demand (DOD) printers use the same principle with the addition of a second 

print head: one to deposit a wax-like material and the second to deposit a 

soluble support material which can be washed off during post processing 

steps. The use of thermoset photopolymer resins in such systems limits their 

utility in operations where mechanical strength is vital owing to the brittle 

nature of such parts. The finish on these parts is exceptionally good compared 

to other forms of 3D-printing and even injection moulding procedures. This is 

due to the continuous curing of the layers giving an almost homogeneous 

finish to the product. 

 

Figure 13: Schematic diagram of material jetting printer [65]. 
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Figure 14: Material jetting printing process [65]. 

Binder jetting, also known as “powder bed printing” or “drop-on-powder 

printing”, is similar to SLS except the printing material consists of two states: 

a solid powder and a water-base binder. The laser for sintering is replaced by 

an inkjet print head depositing the binding agent across the surface of the 

layer. This glues the powders together and just like SLS, the bed is lowered 

and a new film of powder is deposited over the previously printed layer [79]. 

This technology can be applied to several materials such as starch and plaster 

bound together with aqueous inks or metal printing where a polymer binding 

agent is used to produce the part [74] [65]. 
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Figure 15: Schematic diagram of a binder jetting printer [65]. 

 

Figure 16: Binder jetting printing process [65]. 
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1.3.5 Powder Bed Fusion (Metals) 

Direct metal laser sintering (DMLS) and selective laser melting (SLM) use 

procedures similar to SLS except they specifically produce metal parts or 

objects [65]. DMLS does not melt the powdered metal but heats it to a point 

using a high powered laser where it fuses it on a molecular level. SLM on the 

other hand uses a laser to melt the powdered metal thereby forming a 

homogeneous part. Such systems usually require additional support 

structures due to the high stresses caused while operating at elevated 

temperatures, which can lead to distorted prints. EBM (electron beam melting) 

utilises a high energy electron beam to fuse the metal powders across the 

surface of the powdered bed. Due to the high power of the electron beam, this 

is a faster process as compared to DMLS and SLM but the disadvantage is 

that such a process is carried out in a vacuum environment and can only be 

used with conductive materials. The advantage with using such systems is the 

ability to generate a high level of intricacy and customisation in parts where 

traditional methods of manufacturing are unable to produce. The mechanical 

strength is also comparable to that of the metal in question as all parts 

produced are fused or melted together giving a solid object. High costs and 

low build size/build volume make such processes difficult to integrate into 

standard manufacturing lines and are currently only seen in bespoke part 

production like dental, aviation and aerospace, racing and medical 

engineering despite the high energy demands for such techniques [80].  
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Figure 17: Schematic diagram of DMLS/SLM printer [65]. 

 

Figure 18: The DMLS/SLM printing process [65]. 
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1.4 3D-Printing and Organic Synthesis 

This relatively new field combines rapid prototyping and explores its scope in 

the synthesis of organic molecules. Given the vast array of 3D-printing 

techniques to choose from, the selection process for use in organic chemistry 

depends on the nature of the reaction to be performed and on the polymeric 

material used. As seen in the previous chapter, each of the 3D-printing 

techniques use different materials and their products have mechanical 

properties depending on the material chosen. This plays a very important role 

in chemistry processes as inertness to solvents and reagent interaction, the 

ability to withstand high temperatures and pressures will determine the 

practicality of its use.  

 1.4.1 3D-Printing and Catalysis 

This concept is not only interesting from the point of view of organic chemistry 

but also plays an important role in the development of protocols that have a 

significantly lower impact on the environment. The need to assess the 

environmental impact (E-Factor) in both research and industry has challenged 

the chemical community and the development of low waste catalytic systems 

helps address this problem [81]. 3D-Printing allows the integration of different 

materials into polymeric systems and the immobilisation of catalysts in such 

systems not only gives higher catalytic performance but also allows for the 

recovery of the catalytic material thereby significantly reducing waste.  

The first reported use of a reusable 3D-printed copper/alumina heterogeneous 

system was by Sotelo and Gil wherein a gel based ink was prepared with Al2O3 

ceramic powder, polymer binders and Cu(NO3)2 (5% w/w). It was then 

extruded through a robotic assisted syringe to generate woodpile structures 

and finally sintered at 1400 °C to give a high strength catalytic device. To test 

the device, the Ullmann reaction was selected and the synthesis of imidazoles, 

benzimidazoles and N-aryl amides was carried out (Scheme 14) [82]. 
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Scheme 14: Ullmann reaction for the synthesis of imidazoles 39a, 39b, 

benzimidazoles 40a, 40b and N-aryl amides 41a, 41b using 3D-printed 

Cu/Al2O3 structure. 

The same 3D-printed catalyst was used to synthesize 3,4-dihydropyrimidin-

2(1H)-ones 42 and 1,4-dihydropyridines 43 in multicomponent Biginelli and 

Hantzsch reactions [83]. These reactions were conducted under solvent-free 

conditions and using microwave irradiation with the printed catalytic structure 

(Scheme 15). 

 

Scheme 15: A) Biginelli reaction using 3D-printed Cu/Al2O3 structure to give 

3,4-dihydropyrimidin-2(1H)-ones 42; B) Hantzsch reaction using 3D-printed 

Cu/Al2O3 structure to give 1,4-dihydropyridines 43. 
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1.4.2 3D-Printed Reactors (Batch Chemistry) 

The ability to design bespoke labware and research equipment using 3D-

printing and a free and open-source software (FOSS) can be very 

advantageous as raw materials for such products tend to be cheap and the 

user interface relatively simple [84]. Ananikov described the manufacture of 

labware such as Erlenmeyer flasks, roundbottom flasks, etc. using PLA, ABS, 

PP and PETG (polyethylene terephthalate glycol) and established their 

resistance to solvents under normal and pressurized conditions [85]. The group 

also went on to conduct Suzuki-Miyaura cross-couplings and hydrothiolation 

reactions in capped test tubes printed from these materials (Scheme 16). 

Although conversions were high (>90%), reactions were low yielding in the 

Suzuki cross-couplings owing to the sorption of p-bromotoluene 44 in the 

plastic structure. For the hydrothiolation reactions, ABS could not be utilized 

as it was dissolved in the reaction solvent. The group were also able to 

demonstrate the functionality of such materials and showed that 

PP>PLA>ABS>PETG. 

 

Scheme 16: A) Suzuki-Miyaura cross couplings between p-bromotoluene 44 

and phenyl boronic acid 45 in 3D-printed vials; B) Hydrothiolation of alkyne 

46 with thiophenol 47 in 3D-printed vials. 

Bearing this concept in mind, Cronin developed the first reaction vessel by 3D-

printing acetoxysilicone using a syringe printer (Fab@Home version 0.24 RC6 
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freeform printer). This research aimed to assess the effect of reactor geometry 

on the outcome of the reaction. The team reported two reaction vessel designs 

(Reactor design A and Reactor design B), each containing two solution-

holding chambers and a reaction chamber. The two designs varied in the size 

of the reaction chamber (9.5 mL and 2 mL). By loading a solution of 5-(2-

bromoethyl)phenanthridinium bromide 48 (3 equiv., 3 mL) in one holding 

chamber and a solution of trimethylamine and 4-methoxyaniline 49 (1 equiv., 

1 mL) in the second holding chamber and connecting a vacuum linked needle 

to the reaction chamber, the solutions were drawn into the respective reaction 

chambers. Through this experiment the group was able to evaluate the 

importance of reactor volume size in the formation of the desired product [49] 

[86]. Scheme 17 shows the selectivity for 50 when all reagents are allowed to 

mix in the reaction chamber and a change in selectivity to 51 when there is a 

forced 1:1 ratio of 49 to 48 as seen in reactor design B. The yield obtained 

after 21 hours is >90% for reactor design A and an 80:20 ratio of 51 and 50 

after 21 hours for design B. 

 

Scheme 17: Synthesis of phenanthridine based heterocycles (50 and 51) in 

3D-printed reactionware with different reaction volumes.  

The group also investigated the use of a catalytic version of the reaction vessel 

by printing with a mixture of acetoxysilicone and Pd/C. The acetoxysilicone 

was thinned by the addition of toluene after which Pd/C was added until a 

paste was formed and it was ready for syringe printing. In this case the two 

solution chambers were loaded with a solution of styrene 52 (1 equiv.) and 

triethylsilane 53 (TES) (15 equiv.) in methanol to carry out a supported 
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hydrogenation of styrene to ethylbenzene 54. Yields were quantitative and 54 

was obtained in 30 minutes as compared to inert reactors where no product 

was obtained even after 2 hours (Scheme 18). 

 

Scheme 18: Synthesis of ethylbenzene 34 using a catalytic 3D-printed 

reactor.  

In 2013, the same group developed a 3D-printed three-reaction-chamber 

device consisting of four 20 mm cubes integrated with catalytic components 

and purification section to carry out a three step reaction sequence in each of 

the chambers. The device was fabricated using two printers: Bits from Bytes 

3DTouchTM FDM printer to build the polypropylene (PP) body of the device 

and a Fab@Home version 0.24 RC6 freeform syringe printer to introduce the 

catalytic components into the various chambers. The catalytic components 

comprised of a mixture of acetoxysilicone and Lewis acid Montmorillonite K10 

in the first chamber and the same with Pd/C in the third chamber. A purification 

housing space was also 3D-printed with the rest of the device where cotton 

wool separated a packed bed of silica and Celite®. Scheme 19 shows a Lewis 

acid catalyzed Diels-Alder cyclisation reaction that occured between a 

substituted cyclopentadiene 55 and acrolein 56 which took place in the first 

chamber. On the completion of the reaction, a bicyclic bridged structure with 

a pendant aldehyde group 57 was formed and the device was simply rotated 

by 90° pouring it’s contents into the second chamber which was prefilled with 

aniline thus forming the corresponding imine 58. The device was rotated by 

90° again, transferring its contents into the final chamber containing the 

immobilized Pd/C and prefilled TES (reducing agent), thus carrying out the 

hydrogenation of the C=N bond and giving the secondary amine 59 final 

product. This solution was passed through the integrated silica column and 

into a flask by rotating by 90° yet again [87]. This elegant multistep protocol with 

minimal operator handling demonstrated the ease in integrating a robust 
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synthetic sequence with 3D-printing thus exhibiting its value in organic 

chemistry [88]. 

 

Scheme 19: Multistep synthetic sequence for the synthesis of secondary 

amine 59 using a four chamber 3D-printed reaction vessel. 

In 2014 Cronin demonstrated the use of FDM printed sealed PP reactor 

vessels containing solutions of aluminum nitrate and trimesic acid in an 

aqueous-DMF solution heated above its boiling point to synthesize metal 

organic frameworks (MOFs) MIL-96, a porous aluminum trimesate complex 

[89]. The reactor vessel printing was halted after 80% of the print completed. 

This was followed by the introduction of reagents into the vessel and the 

printing process was continued thereby sealing it shut. These vessels were 

heated in an oven at 130 °C for 18 hours to synthesize MIL-96. In a similar 

manner, the synthesis of  HKUST-1 [90] was reported by heating solutions of 

the respective starting materials above their boiling points in sealed reactor 

systems [91] [92].   
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Figure 19: A) Modified 3D-printer used for the automated synthesis of 

Ibuprofen; B) dispensing needle for reagent deposition; C) Front view of the 

apparatus showing the PP vessel on platform an feedstock reel [93]. 

The group also reported a fully automated synthesis of anti-inflammatory drug 

ibuprofen using a modified Prusa i3 RepRap FDM printer. The printer was able 

to produce an inert PP reaction vessel as well as carry out the reaction 

sequence within it by an Arduino-controlled liquid handling unit dispensing the 

required solutions of starting materials and reagents (Figure 19). The modified 

print head was able to extrude the reaction vessel as well as deliver all 

reagents necessary to carry out the three step reaction over a period of 24 

hours affording a 34% overall yield of the product (Scheme 20) [93]. Isobutyl 

benzene 60 and propanoic acid (1.05 M in CHCl3) were added to the PP 

reaction vessel followed by the slow dropwise addition of neat triflic acid in 

order to reduce the exotherm produced as a result of this reaction. The 

reaction was agitated for 18 hours to form 61. In the next step a solution of 

PhI(OAc)2 (1.4 M solution in MeOH:TMOF 1:0.8 v/v) was added over a course 

of 10 minutes and the reaction was agitated for another 3 hours. The final 

solution of KOH (5 M in MeOH:H2O 4:1 v/v) added by the automated synthesis 

robot was delivered to the reaction vessel containing 62 and agitated for 2 

hours after which an acidic workup was carried out followed by simple column 

chromatography giving the final product 7. 

A                       B                                                                          C 
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Scheme 20: Synthesis of Ibuprofen 7 using modified 3D-printer with 

automated liquid handling unit.  

The use of additive manufacturing (AM) technology in organic chemistry is not 

limited to only reactionware but it has been demonstrated by Ananikov on 

using the technology to customize a housing for an LED light in their 

exploration of photoredox chemistry. They designed a modified case for a 530 

nm LED light source with a twist-lock mechanism making it easy to change the 

light if required and that can be fitted on a standard glass vial (Figure 20).  

 

Figure 20: A) Computer designed model of photoreactor; B) Image showing 

the printed housing with glass vial and light source. 

This photoreactor device was then printed with ABS using a Picaso Designer 

250 FDM printer in under 30 minutes and used in the reaction between thiols 

64 and alkynes 63 in the presence of Eosyn Y at 530 nm (Scheme 21). A 
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range of S-functionalized products 65 were obtained in good yields and 

remarkable atom-economy efficiency (the only by-product being water). 

Reaction showed higher selectivity for the E-isomer (E:Z from 96:4 to 98:2) [94]. 

 

Scheme 21: Photocredox thiol-yne click reaction with Eosyn Y carried out in 

a 3D-printed photoreactor.  

A bespoke NMR tube/spinner combination apparatus has also been printed as 

seen in the work carried out by Hübner in 2017 [95]. They reported using an UP 

Plus 2 FDM 3D-printer from TierTime Technology Co. Ltd. (PP3DP) to print 

polyamide (Taulman 910) as the material is invisible to NMR spectroscopy. 

The NMR tube/spinner combination was designed using CAD by obtaining 

precise measurements from the manufacturer of the original part. The printer 

was placed in an inert environment (glove box) and the device as seen in 

Figure 21 printed upside down on the build platform. 

 

Figure 21: 3D-print of hollow NMR tube/spinner combinations using 

polyamide showing dark solution of reagents for Sonogashira coupling 

reaction. 

Reagents were introduced into the cavity of the device by temporarily pausing 

the print and the device was eventually sealed shut. The palladium catalyzed 

Sonogashira decarboxylative cross-coupling reaction between aryl halides 67 

and acetylenic acids 66 was investigated and a set of arylnaphthylalkynes 68 
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was synthesised by monitoring their reaction in the custom NMR tube/spinner 

gear (Scheme 22).  

 

Scheme 22: Sonogashira decarboxylative cross-coupling reaction for the 

synthesis of arylnaphthylalkynes 68 using 3D-printed NMR tube/spinner 

combination device. 

The potential of 3D-printing has been realized with the emerging development 

of bespoke reactors for flow chemistry applications. This section details the 

various devices produced for flow-based synthetic approaches. There have 

been several investigations of using 3D-printing in microfluidic systems, 

especially for the development of devices utilized in analytical applications. 

Devices for use in electrophoresis (micro free-flow electrophoresis device or 

µFFE device) have been FDM printed in ABS in an efficient manner and 

compared to their glass counterparts in fluorescent dye separation 

experiments between myoglobin and cytochrome c, giving comparable results 

[96]. In 2017 Kotiaho reported printing a PP reactor using FDM adapted with a 

stainless steel nano-ESI capillary and a 10 mm polytetrafluoroethylene-coated 

magnetic stir bar giving an internal reactor volume of 250 µL. This reactor was 

held in a 3D-printed jig with built-in connectors for the introduction of solutions 

into the reactor and interface with a mass-spectrometer. Diels-Alder and retro 

Diels-Alder reactions were studied using this system [97]. Another analytical 

application of such microfluidic devices was shown by Rusling where a PET 

microfluidic device was fabricated using FDM printing and used to synthesize 

Prussian blue nanoparticles (PBNs). These nanoparticles were sequentially 

attached to PEEK tubing with insulated gold electrodes fitted to the same 

device using an ABS printed screw thread and used in hydrogen peroxide 

sensing experiments [98]. 
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Figure 22: A) 3D-printed µFFE device used for the separation of Myoglobin 

and cytochrome C; B) PP reactor fitted with nanospray ionization capillary 

held in the jig to be used in mass spectrometry measurements; C) PET 

microfluidic reactor for hydrogen peroxide sensing using PNBs.  

Cronin also reported a milli-fluidic device 3D-printed in PP which was directly 

linked to an electrospray ionisation mass spectrometer (ESI-MS) for carrying 

out supramolecular chemistry in order to demonstrate its versatility. The device 

featured three inlets adapted with standard PEEK screw fittings allowing easy 

connection to syringe pumps. A 0.57 mL flow path with a 1.5 mm internal 

diameter was fabricated and the outlet connected to a T-piece so that an 

appropriate dilution step could be carried out to suit the ESI-MS conditions. In 

addition, a PEEK microsplitter valve was attached splitting the flow to a 

collection point whilst the remaining led to the MS. In this manner they have 

been able to show that changing the flow rates of the reactants changes the 

product stoichiometry ratio from 1:1 to 2:1 as determined by in-line ESI-MS [99] 

(Figure 23).  

 

 

 

A                                                                      B                                                                         

C                                                                      



Zenobia X Rao                                                                                 Introduction                                                     

 

46 
 

A                                              B 

 

 

 

 

 

Figure 23: A) STL file showing inlet/exit ports and internal channels of 

reactor; B) PP printed reactor with fitted PEEK screw threads. 

Three milli-fluidic reactors were also fabricated in the same group using PP 

and FDM printed using a 3DTouchTM printer and used in several reactions [100]. 

These devices were also designed using CAD software (Autodesk123D) and 

printed in approximately 4 hours. The first reactor design featured two inlets 

and a reactor volume of 60 µL. The second design incorporated a third inlet 

after the two initial inlets completed a reaction volume of approximately 270 

µL. The third and final reactor design featured ‘silos’ in which solid reactants 

(sodium molybdate and hydrazine dihydrochloride) were previously 

incorporated into the device during the printing process. 

 

Figure 24: STL drawings of three PP reactor designs R1 showing two inlets 

and a single outlet (VR=60 µL), R2 showing three inlets and a single outlet 

R1 R2 

R3 
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(VR=270 µL) and R3 showing a single inlet and outlet and integrated silos for 

solid reagents [100]. 

On passing solvent through such a device, the reactants would dissolve and 

carry out the necessary transformation. Scheme 23 shows initial experiments 

using the three inlet reactor R2 for synthesizing dibenzylamine 71. PTFE 

tubing was attached to inlets and outlets of the device and sealed with epoxy 

adhesive. The two inlets of the reactor were fed using syringe pumps with a 1 

molar methanolic solution of benzylamine 69a and benzaldehyde 70a at a low 

flow rate of 5 µL/min and residence time of 42 minutes to ensure imine 

formation. A 1 molar methanolic solution of sodium cyanoborohydride was 

introduced through the third inlet at 2.5 µL/min thereby reducing the imine to 

the subsequent secondary amine.  

 

Scheme 23: A) Flow synthesis of dibenzylamine 71 in 3D-printed PP reactor 

R2; B) Alkylation reactions performed using 3D-printed PP R2. 

The reactor R2 was also used for alkylation reactions. In this case a 1 molar 

methanolic solution containing sodium cyanoborohydride along with the 

aldehyde 70a (1:1 ratio) was introduced into the first inlet at 5 µL/min and a 1 

molar methanolic solution of the benzylamine 69a was introduced into the 

second inlet at 2.5 µL/min respectively. A 0.25 M methanolic solution of allyl 



Zenobia X Rao                                                                                 Introduction                                                     

 

48 
 

bromide 72 was introduced into the third inlet at 7.5 µL/min in order to carry 

out the necessary alkylating reactions but a mixture of products 73, 74 and 75 

was obtained using this protocol. All reactions were analyzed using ATR-IR 

and MS to ensure product formation.  

In the third experiment using R3, hydrochloric acid (aqueous, pH 1) was 

introduced though the single inlet into the first chamber containing the solid 

sodium molybdate (Na2MoO4·2H2O, 300 mg, 1.24 mmol) dissolving it and 

passing into the second chamber. This solution dissolved the reducing agent 

hydrazine dihydrochloride (NH2NH2·2HCl, 20 mg, 0.19 mmol) and the reaction 

mixture exited through the outlet and into a UV-Vis spectrometer which was 

followed by DLS-analysis to detect the presence of {Mo154} in the product 

stream.  

To continue this work, the group reported a two-step process using two linked 

PP 3D-printed reactors for the synthesis of aromatic secondary amines [101]. In 

initial experiments, 2 molar methanolic solutions of aldehydes 70, 76, 77 and 

amines 78a-d were fed using syringe pumps into the two inlets of the first 

reactor (VR 0.4 mL) at 0.25 mL/min. The reactor was attached to an ART-IR 

flow cell with a PTFE tubing with an internal volume of 0.1 mL. The total volume 

of this reactor hence added up to 0.5 mL or 500 µL.  

 

Figure 25: Carbonyl compounds and amines used in the synthesis of 

aromatic secondary amines.  
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On optimizing the conditions for imine formation with a range of substrates, 

the two reactors were connected and 2 molar methanolic solutions of 

benzaldehyde 70 and aniline 78a derivatives were introduced into the two 

inlets at a much lower flow rate (0.0125 mL/min) to ensure complete formation 

of imine 79a (Scheme 24). The ratio of aldehyde to amine was maintained at 

1:1 (v/v). This gave a residence time of 14 minutes in the first reactor and its 

outlet was connected into one of the inlets of the second 3D-printed PP 

reactor. A 1 molar methanolic solution of reducing agent sodium 

cyanoborohydride was pumped into the second inlet of this reactor at the same 

flow rate (0.0125 mL/min) to produce the corresponding secondary amine 80a 

product. The residence time of solutions in this reactor was 7 minutes. 

Solutions leaving this were passed into an ART-IR flow cell to monitor product 

formation. Additionally, HPLC and MS and 1H NMR analysis was also 

conducted to gather complete data on all products generated in this manner.  

 

 Scheme 24: Two step reaction for the synthesis of secondary amines 

using two 3D-printed PP flow reactors with different reactor volumes (VR). 

The reactor design can be varied depending on its use in chemical synthesis. 

In the work shown by Rudolf von Rohr, SLS or selective laser sintering 

technology has been employed in the fabrication of designed porous structure 

reactors (DSPR) static mixers [102]. The inner core of such reactors consist of 

a negative imprint of overlapping spheres fitted within a stainless steel tube 

(Figure 26A). Such complex intricacies in design render it best suited for 

fabrication using SLS 3D-printing. The internal structure is 200 mm long, ID of 

7 mm and an overall porosity of 84%. The reactor was first coated with an 

aluminium oxide–zinc oxide base layer and subsequently impregnated with a 
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solution containing palladium nanoparticles for its use in hydrogenation 

reactions of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE) 

under solvent-free conditions. 

Similarly, catalytic static mixers (CSMs) have been fabricated using EBM as 

seen in the work presented by Hornung and co-workers [103]. An Arcam 

A1electron beam 3D-printer was used to fuse metal powders of either TiAl64V 

at 730 °C or cobalt-chrome at 850 °C in a layer-by-layer manner building the 

three dimensional object. This was followed by catalyst deposition by either 

electroplating or cold spraying with platinum(0) and nickel(0) to carry out the 

hydrogenation reaction of methanolic solutions of alkenes and carbonyl 

compounds with conversions ranging from 90-100% in 4.5-6.5 minutes. 

 

 

 

 

 

 

Figure 26: A) Uncoated DSPR showing internal structure used in 

hydrogenation reactions; B) CSM fitted inside tube with internal 

structure optimised for laminar mixing; (B insert) Zoomed images of 

D1 and D2 internal structure. 

Such reactors have been used in the hydrogenation of many functional groups 

such as alkenes, alkynes, carbonyls, nitro- and diazo-compounds, nitriles, 

imines and halides, demonstrating their versatility. The selectivity can also be 

predefined as pressure changes within the system can influence alkene or 

alkane formation [104].  

Christie reported using SLA printing to fabricate a reactor (RD1) or flow cell 

(Figure 27A) that could be housed in the DAD (diode array detector) 

compartment of an Agilent 1100 series HPLC system for in-line spectroscopic 

A                                                                                             B 
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measurements [105]. It was made from a polycarbonate based photoresin and 

included a 1.5 mm cylindrical channel and a reaction volume of 2.8 mL. Its 

external geometries mimicked the internal dimensions of the DAD 

compartment. It was connected to a 5 mL stainless steel coil in one 

thermostatted column compartment module of the HPLC and used to analyse 

the conversion of (R)-(−)-carvone 81 to its corresponding semicarbazone 82 

using semicarbazide and sodium acetate (Scheme 25). In order to determine 

the optimum conditions for reaction residence time and temperature, a macros 

software was developed that allowed automated control over the pumping, 

temperature controlled column and detector modules by accessing the 

graphical user interface Chemstation software. Using this program, the 

optimum conditions for the reaction were found to be 69 °C and 0.27 mL/min.  

 

Scheme 25: Synthesis of semicarbazone 82 from (R)-(−)-carvone 81. 

Another reactor (RD2) was designed to sit in one of the two column 

compartment modules, leaving the potential for in-line separation if required. 

This reactor aimed to mimic the coil and required a material capable of 

handling the high temperature and pressure conditions observed in the 

system. The 100 mm long rectangular reactor was SLS printed using Ti6Al4V 

alloy powder and featured circular channels with an ID of 2 mm and a total 

reaction volume of 10 mL (Figure 27B). This newly printed reactor replaced 

the stainless steel coil and was positioned in the thermostatic control unit of 

the HPLC system. The reaction took place in this heated device by pumping 

solutions of the starting materials at optimal conditions of 0.24 mL/min when 

heated to 79.6 °C as determined by the software. Again, the analysis took 

place in the SLA printed flow cell in the DAD compartment of the HPLC 

machine. The third reactor design (RD3) aimed to replace the SLA printed flow 

cell with an SLS printed one thus allowing a larger range of reagents and 

solvents to be used in the system. Again, Ti6Al4V alloy powder was used to 
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fabricate the flow cell featuring in built windows, a 2 mm internal cylindrical 

channel and a total reaction volume of 0.6 mL (Figure 27C). The device was 

connected to the system as previously done and semicarbazone formation 

was investigated. In this manner, the group showcased very elegantly a 

reaction using a 3D-printed device, its optimization using a software developed 

in house and its analysis using a 3D-printed flow cell, all in a single HPLC 

system.  

 

 

 

 

 

 

 

Figure 27: A) (Left) CAD drawing of RD1, (centre) SLA printed RD1 and 

(right) commercially available Agilent flow cell; B) (left) CAD drawing of RD2 

and (right) SLM printed RD2; C) (left) CAD drawing of RD3 and (right)  SML 

printed RD3. 

In 2017 Puglisi and Benaglia demonstrated the use of 3D-printing in the 

synthesis of (1R,2S)-metaraminol, (1R,2S)-norephedrine and (1R,2S)-

methoxamine by combining a catalytic and stereoselective Henry reaction with 

a hydrogenation, all performed under flow conditions [106]. Initially reactors 

were fabricated using FDM printing technology in HIPS, PLA and nylon all 

differing in their internal geometries. The Henry reaction between the aromatic 

aldehyde 70 and nitroethane 83 in the presence of a copper catalyst 

composed of Cu(OAc)2·H2O and an aminopyridine camphor derivative was 

investigated first in batch then in the PLA reactor in flow where it was 

optimized. The optimum conditions for the nitroalcohol formation from this 1.41 

× 1.41 mm PLA reactor with a total volume of 1 mL was found to be -20 °C 

C 

B 

A 
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when the residence time was 30 minutes in the presence of 5% catalyst. Such 

conditions gave high yields and enantioselectivity with good 

diastereoselectivity. In the next step the nitroalcohol 84 was reduced to the 

corresponding aminoalcohol 86 by using an H-Cube apparatus with a 10% 

Pd/C cartridge at 30 °C for 2-2.5 hours. Stereochemical integrity was retained 

in all cases. In a complete two step flow-based setup towards the synthesis of 

norephedrine, previously optimized Henry reaction conditions were utilized in 

the 3D-printed PLA reactor and the solution was passed through a pad of silica 

followed by a washing step with ethanol to remove the catalyst complex. 30 

equivalents of acetic acid was added to this solution prior to the second 

hydrogenation step affording the product in the acetic salt form 85. On 

treatment with ammonium hydroxide, 1,2-aminoalcohol 86 was isolated in a 

90% yield 70:30 anti:syn ratio and a 78% ee for the major isomer (anti). A 

device incorporating the silica pad and reaction channels was also fabricated 

and the reaction was repeated giving the nitroalcohol in 96% yield, 65:35 

anti:syn dr and 83% ee (anti). 

 

Scheme 26: Multistep reaction sequence for the synthesis of 1,2-amino 

alcohols 86 using 3D-printed PLA reactor. 
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 1.5 Heterocyclic Synthetic Targets  

There are a plethora of worthwhile synthetic targets available to any research 

programme, but this present thesis focuses on compounds that are related to 

biologically active natural products whose structures are synthetically 

challenging and whose core structures can be found in a number of 

therapeutically active heterocycles - either used commercially as medicines or 

whose effects have been investigated in a number of therapeutic areas. 

Compounds and structures of interest are shown below (Figure 28), with an 

emphasis on the natural products based on the lycorane, erythrina and 

artemisinin families and the bicyclic core structures of panadiplon 94 and 

praziquantel 95. A short number of previous synthetic routes of each class will 

be discussed in the following sections. 

 

 

Figure 28: Heterocyclic Synthetic Targets. 

 

 

 

 

 

 

 

 



Zenobia X Rao                                                                                 Introduction                                                     

 

55 
 

1.5.1 Bicyclic Heterocycle Ring Formation Relating to Lycorane 

and Erythratin 

Heterocycles based on indole and substituted hydroindole derivatives are 

found in an array of natural products and have been heavily exploited in 

medicinal chemistry due to their potent and wide-ranging biological activities 

[107] [108] [109]. Examples of natural product alkaloids incorporating this bicyclic 

motif include the erythrina and lycorane alkaloid families (Figure 28) which 

display potent and wide ranging biological activities[107-113]. Erythrina derived 

compounds display anxiolytic, anticonvulsant, sedative, antidepressive and 

antiepileptic effects[114-118], whilst lycorane derivatives display central nervous 

system effects, acethylcolinesterase inhibition and antimalarial, analgesic and  

anti-inflammatory activity[119-122]. These alkaloids have also been shown to 

display significant antiproliferative activity in various cancer cell types including 

melanoma, multiple melanoma, leukaemia, carcinoma, lymphoma, 

glioblastoma and non-small cell lung cancer[123-128]. 

Due to their potent and wide ranging activities and their associated structrual 

complexity, they have accordingly attracted significant efforts towards their 

syntheses[112][129-178], including radical cyclisation, aminocyclisation, 

intramolecular addition reactions and several metal-catalysed amidations 

amongst others[179-184]. Despite the structural diversity of both classes of 

compound and the wide array of synthetic methods used in their syntheses, 

many have focused on the synthesis of the dihydroindolone core 97, due to its 

ready elaboration to either of the CD ring core structures of erythratin or 

lycorane (Figure 29)[135-143][179-186]. 

 

Figure 29: The dihydroindolenone 97 intermediate used in the synthesis of 

both lycorane and erythratin. 
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 Some of the previous routes to the bicyclic dihydroindole CD cores of these 

compounds have focused on nickel-promoted radical cyclisation of vinylic and 

allylic trichloroacetamides using Cu(OAc)2 as an oxidant as shown below 

(Scheme 27). Cyclisation of the trichloroacetamide 98 in the presence of 

nickel and acetic acid in refluxing t-butanol resulted in dichloro-cyclised 

compound 99. This was subjected to Cu(OAc)2 forming intermediate 100, 

which in the presence of Cu (I) in AcOH formed hydroindolone 101 as a major 

component along with oxindole 102 as a by-product. Generally, most 

approaches use a sequential oxidation-reduction method to obtain the 

pyrrolidine ring, however this unique method uses an oxidant and reductant in 

the same reaction [110]. 

 

Scheme 27: Radical cyclisation of compound 98 resulting in the pyrrolidine 

99. 

Wai Kean Goh provided an example of using synthetic natural products as 

building blocks in more complex molecules. Using this simple method a large 

number of analogues were produced. Reaction of benzofuranone 103 with 

benzylamine resulted in hydroxyl-dihydroindolone 104. An acid mediated 

elimination followed by bromination formed 7-bromoindolone 105. Bromide 

105 was then subjected to Suzuki-Miyaura coupling to form a series of related 

compounds [111] which could then be applied to molecular investigation 

(Scheme 28).  
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Scheme 28: Synthesis of dihydroindolone 104 from benzofuranone 103. 
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1.5.2 Quinoxalinones 

Quinoxalines and quinoxalinones belong to a class of benxodiazines with two 

nitrogen heteroatoms in the 1 and 4 positions respectively. They represent a 

class of biologically active molecules showing antimicrobial activity against 

bacteria like Staphylococcus aureus, Proteus vulgaris, Escherichia coli, etc; 

antitubercular activity against Mycobacterium tuberculosis; antiviral activity 

against HSV-1 (herpes simplex virus type 1) and even inhibition of HIV-1 RT 

or human immunodeficiency virus 1 reverse transcriptase; antifungal activity 

against Candida albicans and antiprotozoan activity against Entamoeba 

histolytica and the malarian parasite Plasmodium falciparum [112]. The 

quinoxalinone core 107 is also found in compounds such as Panadiplon 94, a 

GABAA partial agonist, neuroprotective agent YM827 106, AMPA antagonists, 

and various anti-HIV-1 RT inhibitors [113] (Figure 30). 2-Fluoro-1-nitrobenzene 

108 has frequently been used as a starting point to synthesize quinoxalinones 

due to its low cost and ease of use. A few strategies in which such molecules 

and derivatives have been synthesised in the literature are described below.   

 

 Figure 30: Panadiplon showing quinoxalinone core; 2-fluoro-1-nitrobenzene 

108 used as a starting material for synthesis of such structures. 
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1.5.2.1 Synthesis of Quinoxalinones from solid support 

The synthesis of quinoxalinones from 2-fluoro-1-nitrobenzenes involve two 

basic steps: (i) substitution of the halide with a nucleophile and (ii) reductive 

cyclisation. The use of solid phase supports (MBHA or p-

methylbenzhydrylamine resin) to synthesize dihydroimidazolyl 

dihydroquinoxalin-2(1H)-ones 110 has been described by Acharya and 

colleagues (Scheme 29a) [114]. They describe the selective acylation of the 

primary amine in the diamine formed by the reduction of a resin bound amino 

acid amide with 4-fluoro-3-nitrobenzoic acid. Treatment with POCl3 resulted in 

the formation of the dihydroimidazole derivative through an intramolecular 

dehydrative cyclisation and formation of an in situ imidoyl chloride 

intermediate. The displacement of the aryl fluoride with an amino acid methyl 

ester followed by the alkylation on the dihydroimidazoyl moiety afforded 

compound 109. A reduction of the aromatic nitro group with tin (II) chloride 

dihydrate followed by the intramolecular cyclisation and cleavage from the 

resin using anhydrous HF yielded the dihydroimidazoyl dihydroquinoxalin-

2(1H)-one 110 in moderate yields over the several steps. 

 

Scheme 29a,b: Synthesis of quinoxalinones from solid supports. 

Poly(ethylene glycol) 6000 (OH-PEG6000-OH or PEG) supported amines have 

been used in substitution and tandem reductive cyclisation reactions in an 

attempt to synthesize bioactive quinoxalinones 112 (Scheme 29b) [115]. The 

Fmoc-L-amino acids were attached to the soluble polymer support using N,N’-
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dicyclohexylcarbodiimide (DCC) as coupling agent and 4-

dimethylaminopyridine (DMAP) as catalyst using microwave irradiation. An 

incubation with a 10% solution of piperidine produced the free PEG-tagged L-

amino acids to which an SNAr reaction with 1,5-difluoro-2,4-dinitrobenzene 

and a second with amino acid methyl ester hydrochloride salts yielded 

compound 111. The next steps were a reduction of the aromatic nitro group, 

cyclisation and the cleavage off the PEG support. This was done using a 

catalytic amount of Pd/C along with ammonium formate in refluxing methanol 

to produce the pyrazino[2,3-g]quinoxalindiones 112 in good yields.  

1.5.2.2 Synthesis of Quinoxalinones in solution 

The room temperature substitution reaction of the nitrofluorobenzene 

derivatives with α-amino acids and diisopropylethylamine (DIEA) have been 

used to generate the respective SNAr products 116 as shown below (Scheme 

30b) [116]. The reaction of ammonium hydroxide in water with this product was 

used to carry out the substitution of the second fluorine followed by a catalytic 

reduction of the nitro group and cyclisation using wet Pd/C to produced the 

qionoxalinone derivative 6,7-diamino-2-quinoxalinols 117. In the same manner 

7-aminoquinoxalin-1(2H)-one-3-carboxalate 115 was obtained by the 

substitution of the nitrofluorobenzene derivative with 113 giving the SNAr 

product 114, followed by an intramolecular reductive cyclisation (Scheme 30a) 

[117].  

 

Scheme 30: Synthesis of quinoxalinones in solution. 
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Pyrrolo[1,2-a]quinoxalines 119 were generated in a one-pot process by 

reacting pyrrole-2-carboxamide 118 with 1-chloro- and 1-fluoronitrobenzenes 

in excellent yields [118]. This transition metal-free process of regioselective 

synthesis is another useful approach used to access to the quinoxalinone core 

(Scheme 31). 

 

Scheme 31: One-pot synthesis of pyrrolo[1,2-a]quinoxalines 119. 
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2.0. Project Objectives  

As outlined in the introductory chapter, continuous flow chemistry and 3D-

printing are two separate emerging and exciting technologies which have huge 

potential to influence the way in which we carry out chemical reactions and will 

change our approaches towards these in the future. As such, this thesis aims 

to combine these two separate areas and demonstrate that they can be 

successfully harnessed and combined in a chemical laboratory to access a 

number of challenging chemical targets in an efficient manner. The targets 

selected and outlined in the introduction were chosen due to their structural 

complexities and synthetic challenges, as any published combined use of 

these technologies would need to demonstrate that this methodology is robust 

and applicable to complex targets. This present thesis therefore aims to 

demonstrate that they can be successfully combined and used to access 

these. The following sections therefore detail the necessary steps that we 

envisaged to achieve this.  

The first part of our planned research program was designed to explore the 

3D-printing of inert chemical plastics and to develop small reactors that would 

be suitable for continuous flow chemistry to replace glass column reactors 

(Figure 31).  

           

 

 

 

 

Figure 31: A) Uniqsis flow chemistry apparatus setup; B) Housing for glass 

reactor; C) Glass reactor fitted inside existing setup.  

The first phase of the research program would therefore focus on examination 

of the flow reactors available in the Hilton laboratory and investigate the design 

and incorporation of a 3D-printed reactor into the flow chemistry setup. 

A                                                           B                                        C 
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The second aim of the research program was designed to select appropriate 

challenging chemical reactions to understand the scope of the designed 

reactor and to see where its limits lay. In this manner, we envisaged that we 

would ultimately use polypropylene (PP) as the base material of our printed 

reactor and as such want to explore the solvents and reagent scope tolerances 

of our device.  

This section of the thesis would therefore focus on chemically challenging 

SNAr reactions. In this manner we wanted to explore challenging temperatures 

and solvents such as DMF which have not previously been used with printed 

reactors. The planned reactions focus on reaction of an amine with an 

unreactive o-fluoronitrobenzene with DMF as solvent as shown below 

(Scheme 32). 

 

 Scheme 32: Proposed SNAr reaction to explore reactor utility. 

Once complete, the next phase of the research program will investigate the 

potential of the reactor with a focus on more complex chemistries involving 

corrosive reagents and challenging synthetic targets. In this manner we will 

focus on chemistries developed in the Hilton group looking at developing 

chemical routes towards the core structures of the natural products erythratin 

and lycorane and the planned synthetic route is outlined below (Scheme 33).  
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Scheme 33: Proposed synthetic route to the lycorane 90, 91 and erythratin 

87, 88, 89 cores. 

In each case, the reaction involves ready access to the bicyclic 

dihydroindolenone core 97. Previous synthetic endeavours in the group have 

focused on batch methodology to access this core and this thesis will therefore 

focus on expanding this chemistry and translate it to a flow based approach 

with an emphasis on the synthesis of a range of analogues relating to this key 

structure.  

We also intend to investigate a new route towards the synthesis of 

quinoxalinones using a flow chemistry based setup. In this manner we intend 

to develop a novel route to compounds related to panadiplon 94 and our 

proposed route is outlined below (Scheme 34). 

 

Scheme 34: Proposed synthetic route to quinoxalinones. 

In this manner, the quinoxalinone core can readily be accessed via reaction of 

an amine 121 with the fluoronitro compound 120 as shown to give the SNAr 

addition product 122. The next step of the reaction will rely on a reductive 
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cyclisation where upon hydrogenation, the nitro group is reduced to an amine 

and can cyclize onto the intramolecular ester to give the six-membered ring 

123. Using this methodology, there exists the possibility that we will be able to 

link two separate flow reactions into one, whereby the intermediate ester can 

be passed through the H-cube hydrogenation reactor to provide a facile 

process route to biologically active heterocycles. 

The next phase of our research involved the development of a 3D-printable 

formulation that would utilize SLA printing and develop that into a catalytic 

device that could be used to assist batch chemistry experiments. This device 

would be adapted to fit a magnetic flea and can be printed from photopolymers 

and a small concentration of photoinitiator (Figure 32). In the first generation 

formulation, Hantzsch dihydropyridines would be synthesised by the 

incorporation of tosic acid in the stirrer bead device. 

 

 

 

Figure 32: STL drawings of first (left) and second (right) generation stirrer 

bead devices. 

The formulation would be further optimized and two other catalytic stirrer bead 

devices will be shown. One would incorporate palladium(0) 

tetrakis(triphenylphosphine) into its formulation and Suzuki coupling reactions 

in both RBF experiments and microwave experiments will be shown. The 

second device would introduce Lewis-acid yttrium triflate into its polymer 

matrix and the protection of carbonyl groups using dithiols will be 

demonstrated (Figure 33). 
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Figure 33: Catalytic stirrer bead with yttrium triflate producing dithianes and 

with palladium(0) tetrakis(triphenylphosphine) producing biphenyls.   

The optimized blank formulation would also be used to print a circular hotplate-

adapted reactor that could be used with the existing flow reactor by the 

incorporation of screw threads that fit standard ferrules (Figure 34). Using this 

device, a flow based photochemical C-H functionalization of indoles will be 

investigated to demonstrate the utility of the device and also its limitations.  

 

Figure 34: (Left) STL drawing of circular disc reactor used in C-H 

functionalization photochemistry; (Right) Chip reactor tested in photo-

decarboxylation reaction in Praziquantel synthesis. 

The last part of our research would involve using all the concepts developed 

and combine them into a synthetic route for an API. We intend to choose 

praziquantel as a target due to its moderate complexity and will devised a 
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synthetic route that could be adapted to flow and could potentially use our 

devices.  
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3.0. Results and Discussion 

 

3.1 Design of the column reactor and printing 

As outlined in the previous section, the initial aim of this research program was 

to design and 3D-print an inert column reactor which could be combined into 

an existing continuous flow-chemistry setup. Given that we wished to integrate 

our reactor with the existing commercial flow chemistry system available in the 

Hilton laboratory, we first examined the heating unit of the Uniqsis FlowSyn® 

reactor. There are two reactor modules built in the system: a coil module and 

a mixed block module. The block module can be fitted with glass tube (packed 

bed) or chip reactor.   

By using a freeware web-based application- Tinkercad® (Autodesk) software 

[119], and by measuring the cavity of this heating block module, an approximate 

3D structure was generated (Figure 35). This was designed by combining 

cylinder shapes and an internal spiral which was later made into a ‘hole’ when 

the individual shapes were combined. Columns were designed to be 125.64 

mm high and 23.71 mm at their widest point to fit within the reactor column 

compartment. 

 

 

 

 

 

 

Figure 35: A) Housing for glass reactor; B) Design of the reactor showing 

internal coil in CAD software; B) 3D-Printed PP reactor fitted in the reactor 

space on the Uniqsis FlowSyn. 

 A                                  BB                                                             C 
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The structure was modified slightly by adding a slope in the lower section of 

the reactor and small curves in its upper section in order to allow for easy 

printing and avoid any need to print support structures. An internal coil close 

to the edge of the surface was designed such that the maximum possible path 

length could be generated in the existing structure. This would allow for facile 

heat transfer to take place into the cavity where the reaction mixture would 

flow. If the coil was too close to the outer edge, solvent would potentially leak 

through the plastic under high temperatures. In order to solve this problem, the 

infill percentage in the print settings was changed to 100% and the number of 

shells increased to ensure adequate enclosure of the reactor coil.   

Once designed, the file was exported in the STL (standard tessellation 

language) format to Cura software (Figure 36). This program was used to 

manipulate the print settings for the Ultimaker printer, which was used to print 

the reactor. 

 

Figure 36: A) STL file of column reactor to Cura software; B) Image showing 

3D-printed column reactor in Ultimaker printer. 

 

 

 

 

 

  A                                                                        B 
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Table 2: Print parameters for PP reactor on Ultimaker printer using Cura 

software. 

 

The column reactor was printed in polypropylene (PP) with an Ultimaker 3D-

printer. To allow for easy printing, an LDPE (low density polypropylene) board 

was attached to the build plate and the nozzle height was adjusted accordingly 

so that it was just above (0.1 mm) the board (Figure 37A).  Shell thickness 

was increased to 0.8 mm to ensure no seeping of the reaction mixture through 

the coil into the body of the reactor. A density of 100% was used in the settings 

to ensure the reactor maintains a higher heat capacity. The material flow rate 

was also increased to 110% to ensure that there were no gaps in between 

layers and that the seal was maintained throughout the print. This also ensures 

the reactor is solvent resistant and not prone to leakage. The speed at which 

the extrusion took place to print the layers and shells was lowered to 20 mm/s. 

The speed was increased however, to 60 mm/s to travel in between layers. 

Cooling fans are usually employed for prints where distortion is an issue. This 

occurs when the layers do not have enough time to cool and set. In our case 

this was not an issue and the fan was turned off. The final and most crucial 

parameter in the print settings was the temperature at which the PP was 

extruded. This was set to 215 °C, a much higher temperature than the melting 

point PP (180 °C). This because the commercially available PP filament used 

Quality Value Speed Value 

Layer height (mm) 0.1 Travel speed (mm/s) 60 

Shell thickness (mm) 0.8 Bottom layer speed (mm/s) 20 

Enable retraction Yes Infill speed (mm/s) 20 

Initial layer thickness (mm) 0.3 Outer shell speed (mm/s) 0 

Cut off object bottom (mm) 0.0 Inner shell speed (mm/s) 20 

Dual extrusion overlap (mm) 0.15   

Fill Value Cooling Value 

Bottom/Top thickness (mm) 0.6 Minimal layer time (s) 5 

Fill density (%) 100 Enable cooling fan No 

Material flow (%) 110   
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was 3 mm wide and extrusion with a thicker filament requires an increased 

temperature to accommodate for an increase in mass at the extruder head.  

 

Figure 37: A) Printing of the reactor onto LDPE board; B) Printing process of 

the reactors.  

 

The reactors were printed in groups of 6 in 6 hours (Figure 37B). Each reactor 

has an average polypropylene mass of 21 g with an internal diameter of 2 mm 

and a theoretical internal volume of 1.6 mL and costs £0.50 to produce making 

this a cheap alternative to traditional glass reactors. It has a simple design 

which was chosen depending on the available Uniqsis FlowSyn system.  

Screw threads suitable for PEEK fittings were tapped into the two ends of the 

column reactor (Figure 38). 

 

 

 

 

 

 

 

 

Figure 38: A) PEEK fittings used with reactor showing its screw thread and 

tubing insert [120]; B) PP reactor connected to PEEK fittings through its inlet 

and outlet. 

The reactor was next integrated with the flow system; the inlet was connected 

to a syringe pump to check that solvent was able to pass through the system. 

While this was demonstrated to work effectively with no leakage of solvent, the 

 A                                               B 

 A                            

 B                            
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next phase of the program focussed on the use of the reactor with chemical 

reactions.  

3.2 SNAr Reactions using the 3D-Printed Coil Reactor 

The starting point of our chemistry was to develop a method to perform SNAr 

reactions with simple amines in flow using our bespoke 3D-printed reactors. 

The conditions employed in such reactions were harsh, using polar solvents 

and high temperatures. With such experiments as a starting point, the limits of 

our 3D-printed reactors could be sufficiently explored. The unactivated 1-

fluoro-2-nitrobenzene 108 and phenylethylamine 124 were used initially for 

exploration of the chemistry (Scheme 35). 

 

Scheme 35: SNAr reaction of phenylethylamine 124 with 2-fluoro-1-

nitrobenzene 108. 

The mechanism of this reaction (Scheme 36) involved nucleophillic addition 

of the amine ipso to the fluoride 126, resonance stabilization forming the 

intermediate 127, rearomatization and displacement of fluoride 128 to give the 

substituted product 125a.   

 

Scheme 36: Mechanism showing SNAr reaction. 

The flow rate of the individual pumps (A and B) in the flow reactor was 

calibrated at the beginning of each experiment. The volume of solvent in each 
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solution and the flow rate was set such that the solutions flowing through each 

pump completed at the same time. This ensured efficient mixing in the flow 

system and no loss of either starting material. Upon complete consumption of 

the starting materials in each flask, small amounts of solvent were re-

introduced into the flask to ensure no material was lost at the end of each run 

(Scheme 37).  

 

Scheme 37: Schematic representation of SNAr reaction in flow. 

The solution from the flow reactor was collected and concentrated under 

reduced pressure. The percentage conversion was calculated based on the 

1H NMR spectrum of the crude material. The table below (Table 3) shows the 

optimal flow rates and temperatures for this reaction (Table 3, Entry 3) with a 

residence time of 5 minutes in the printed reactor. They were able to withstand 

the harsh conditions and maintain the seal with the PEEK fittings as no 

leakage was observed from the 3D-printed columns. 

Table 3: a Ratio of peaks of starting material vs product compared using 1H-

NMR.Conditions showing optimal flow rates at different temperatures and use 

of pumps.  

 

Entry 
Temperature 

(°C) 

Pump A 
flow rate 
(mL/min) 

Pump B 
flow rate 
(mL/min) 

Conv. (isol.) 
(%)a  

1 100 1 0.65 21 

2 100 0.5 0.32 36 

3 150 0.25 0.16 66 (63) 

4 150 0.125 0.08 55 

5 150 0.16 - 58 
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Once the conditions had been optimized, a range of amines were used in 

subsequent reactions and their percent conversions calculated (Table 4). 

When benzylamine was used in place of phenylethylamine, a reasonable 

reaction conversion (47%, Entry 1) was observed. However, use of electron 

withdrawing and donating groups on the aromatic ring did not improve the 

conversion rate and yields remained low (33% and 34%, Entries 2 and 3 

respectively). Increasing the number of electron donating groups on the 

aromatic ring also led to reduced conversion (18%, Entry 6); linear saturated 

primary amines increased conversion (65%, Entry 8), increasing the 

unsaturation of linear amines reduced the conversion (57% and 20%, Entries 

9 and 10 respectively); electron donating groups on linear saturated amines 

also showed a reasonable conversion (42%, Entry 5), whilst aniline proved 

unreactive under the reaction conditions; reaction with cyclohexylamine 

worked slightly better (34%, Entry 3) indicating that saturation is favoured in 

this case; secondary amines showed lower conversion (26%, Entry 8). The 

number of equivalents of amine was also shown to have an effect on the 

conversion rate, where reactions had higher conversions with 2 equivalents of 

amine versus 1 equivalent.  

Table 4: a Reactions carried out at 150 °C with flow rates of 0.25 mL/min 

(Pump A) and 0.16 mL/min (Pump B). % Conversions with amines showing 

reaction conditions for the products 125a-l. 

Entry Product Amine Equiv. Conv.  
(%)a 

1 125b 

 

 

2 47 

 

2 125c 

 

2 33 
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Entry Product Amine Equiv. Conv.  
(%)a 

3 125d 

 

2 34 

 

4 125e 

 

2 0 

 

5 125f 
 

2 42 

 

6 125g 

 

2 18 

7 125h 

 

1 6 

2 26 

  

8 125i  1 48 

2 65 

  

9 125j 
 

1 18 

2 57 

     

10 125k 

 

1 7 

2 20 

11 125l 

 

1 22 

2 34 
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In the next series of experiments, the presence of an electron withdrawing 

group or an activating group on the electrophile was investigated. Methylation 

of acid 126 with iodomethane 127 afforded the ester 128 in excellent yield 

(95%). With the ester 128 in hand, the SNAr reaction was again carried out 

using a range of amines and the results obtained are shown in Table 5 

(Scheme 38).   

 

Scheme 38: Synthesis of methyl-4-fluoro-3-nitrobenzoate 128 and its SNAr 

reaction with amines to synthesize 129a-j. 

Excellent conversions were seen in reactions with phenethylamine, 

benzylamine, p-chlorobenzylamine and p-methoxybenzylamine (100%, 100%, 

100% and 97% respectively, Entries 1, 2, 3 and 4). The conversion with aniline 

was low (24%, Entry 5) but vastly improved over the non-ester containing 

congener, whilst reaction with p-fluoroaniline showed increased conversion 

(40%, Entry 6) but when p-chloroaniline was used, conversion decreased 

(18%, Entry 7). Linear saturated and partially saturated amines also showed 

excellent conversion (95% and 100%, Entries 8 and 9); whilst cyclohexylamine 

again showed low conversion (22%, Entry 10).   

 

 

 

 

 



Zenobia X Rao                                                         Results and Discussion                  

 

77 
 

Table 5: a Reactions carried out with 2 equivalents of amine at 150 °C with 

flow rates of 0.25 mL/min (Pump A) and 0.16 mL/min (Pump B). % 

Conversions with amines showing reaction conditions for the products 129a-j. 

Entry Product Amine Conv.  
(%)a 

1 129a 

 

 

100 

2 129b 

 

100 

3 129c 

 

 

100 

4 129d 

 

 

97 

5 129e 

 

 

24 

6 129f 

 

 

40 

7 129g 

 

 

18 
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Entry Product Amine Conv.  
(%)a 

8 129h  

 

95 

9 129i 
 

 

100 

10 129j 

 

22 
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3.3 Intramolecular Acylal Cyclisations (IAC’s) 

After demonstrating the utility of the 3D-printed reactors in the SNAr chemistry, 

we decided to explore their scope in the synthesis of the erythrina (87, 88, 89) 

and lycorane (90, 91) family of natural products. To contribute to the ongoing 

research in the area of medicinally active fused bicyclic and heterocyclic 

compounds, the chemistry involving intramolecular acylal cyclisations (IAC) in 

flow was investigated. Previous research in the Hilton group described a 

microwave based synthetic route towards these structures from acylal 

precursors using 1,2-dichloroethane (1,2-DCE) as a solvent and BF3 as the 

Lewis acid which was focused around the development of the hydroindolenone 

core (Figure 39) [121]. We therefore elected to employ these precursors in our 

testing of the 3D-printed column reactors as we reasoned that the elevated 

temperatures and corrosive reactants would provide a suitable challenge to 

explore their utility. 

 

Figure 39: Hydroindolenone intermediate and related structures.  

This route described the addition of BF3 to a solution of the IAC precursors in 

1,2-DCE and their reaction in a microwave at 65 °C for 15 minutes. The 

precursors were synthesised by the addition of benzylamine 69 to the 

corresponding ketone under Dean and Stark water-removal conditions. The 

intermediate 131 obtained was subsequently reacted with diacetoxyacetyl 

chloride 130 and pyridine to give the IAC precursors (Scheme 39) as per 

previously published methodologies [122] [123] [124] [125].  

 

Scheme 39: Synthesis of IAC precursors 132a-j.  
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A proposed mechanism of the formation of the bicyclic heterocycles via the 

intramolecular acylal cyclisation shows the co-ordination of the Lewis acid 

followed by the reaction of the nucleophilic enamine with the oxonium ion 

giving the bicyclic acetate 134 (Scheme 40). This was originally anticipated to 

be the predominant product obtained from the reaction. However, owing to its 

unstable nature it underwent loss of a proton to give 135.  Further co-ordination 

by Lewis acid BF3 136 followed by the loss of acetate group 137 and 

tautomerization generated the dihydroindolone core 133b. 

 

Scheme 40: Proposed mechanism for the formation of 133b.  
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We then translated the synthetic route to a flow based protocol using our 3D-

printed reactors by slightly elevating the temperature to 80 °C and maintaining 

a flow rate of 0.1 mL/min [126]. This gave us a residence time of 16 minutes in 

the flow reactor which had an internal volume of 1.6 mL (Scheme 41). This 

was analogous to the microwave based reactions at 15 minutes reaction time 

and the slightly elevated temperatures ensured that the reaction was as close 

as possible to the microwave based conditions. 

 

Scheme 41: IAC reaction using 3D-printed flow reactor.  

Cyclisation precursors 132a-i were dissolved in anhydrous 1,2-DCE and 

BF3·OEt2 (5 equiv.) was added. This solution was then passed through a single 

pump of the flow reactor into a pre-warmed (80 °C) polypropylene reactor at 

0.1 mL/min. The tubing exiting the reactor was connected to a 100 psi BPR 

before collecting in a flask. The scope of this reaction was explored with the 

synthesis of analogues with a varying ring size in the fused bicyclic product 

and the incorporation of substitution in the aryl ring. 
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Table 6: a Reactions were carried out at 80 °C with a flow rate of 0.1 mL/min 

(Pump A). % Conversions with amines showing reaction conditions for the 

products 133a-j. 

Entry Cyclisation precursor Product Isolated yield 

(%)a 

1 

  

34 

2 

  

51 

3 

  

70 

4 

 
 

43 

5 

  

13 
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Entry Cyclisation precursor Product Isolated yield 

(%)a 

6 

  

61 

7 

  

47 

8 

 
 

40 

9 

 
 

77 

10 

 
 

39 

11 

 
 

37 
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Entry Cyclisation precursor Product Isolated yield 

(%)a 

12 

 
 

85 

 

All cyclisation precursors gave yields ranging from 13-77%. The bicyclic fused 

and highly strained [3.3.0] ring systems 133a and 133e were low yielding (34% 

and 13%). Compound 133e with electron donating methoxy group in the para-

benzyl position was the lowest yielding in the series (13%). This was followed 

by the N-benzyl fused [4.3.0] ring system with the electron withdrawing CF3 

group in para- position 113k yielding 37%. The N-phenethyl fused [4.3.0] ring 

133j was also obtained in a low yield (39%). For all other [4.3.0] fused bicyclic 

ring systems 133i, 133b, 133h and 133f, the presence of electron withdrawing 

groups in the para-position on the N-benzyl ring gave the highest yield (77%) 

compared to no products where there was no substitution (51%). The 

presence of the same electron withdrawing group in the ortho-position showed 

a reduction in yield (40%). The presence of electron donating groups on the 

N-benzyl ring in the para- position showed a slightly increased yield (61%) for 

the same heterocycle system. For the [5.3.0] fused bicyclic ring systems 133g 

and 133c, the presence of an electron donating group on the N-benzyl ring 

showed a reduced yield (47%) compared to the product obtained without 

substitution, which was relatively high yielding (70%). For the cyclisation of 

132d, the original hypothesis was to obtain 133x (Figure 40). However, on 

detailed analysis of 1H spectral data, it became obvious that the tricyclic 

compound with extended conjugation was obtained and in a moderate yield 

(43%).  
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Figure 40: Fused tricyclic compound with extended conjugation.  

These results were comparable to the previously reported microwave results 

[121]. The best yield observed however, was in the cyclisation of compound 132l 

to 133l (85%). This molecule represents an important intermediate in the 

synthesis of the lycorane family of compounds.   

The second part of our research focused on achieving a more complex four 

ring heterocycle by translating a previously described domino cyclisation 

process [122] to flow facilitating the formation of the B and C ring of the erythrina 

core (Figure 38, page 75). In a similar manner, the precursors were 

synthesised via the condensation reaction of the substituted amine 138 and 

the ketone under Dean and Stark conditions. The imine 139 intermediate was 

immediately reacted with 130 in the presence of pyridine affording the 

cyclisation precursors 140a-d (Scheme 42) [122]. 
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Scheme 42: Formation of the tetracyclic precursors 140a-d. 

Using the same approach as the bicyclic compounds, the IAC tetracyclic 

precursors were dissolved in anhydrous 1,2-DCE and BF3·OEt2 (5 equiv.) was 

added. The reaction mixture was again passed through the 3D-printed flow 

reactor heated to 80 °C and connected to a 100 psi BPR. The flow rate was 

maintained at 0.1 mL/min and a single pump was used to carry out the reaction 

(Scheme 43). 

 

Scheme 43: IAC reaction to access the tetracyclic core of the erythrina 

alkaloid family. 

As seen in Table 7 the tetracyclic products 141b and 141c with 6- and 7-

membered A rings were synthesised in good yields (45% and 54% 

respectively) and stereoselectivity. They were isolated as a single 

diastereoisomer when compared to the mixtures obtained from batch 

experiments [122]. A highly reduced yield was observed in compound 141a 

when the A ring was more strained (9%). This is probably due to degradation 

of the product in the purification step. When a heteroatom was introduced in 

the A ring as in product 141d, yields were still seen to be low (20%). The 
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stereochemistry of compounds 141a and 141d have been assigned based on 

the coupling constant values on adjacent hydrogen atoms as seen in the 1H 

NMR analysis of the purified material.  

Table 7: a Reactions were carried out at 80 °C with a flow rate of 0.1 mL/min 

(Pump A). % Conversions with amines showing reaction conditions for the 

products 141a-d. 

Entry Cyclisation precursor Product Isolated 

yield 

(%) 

1 

 

 

9 

2 

 

 

45 

 

3 

 

 

54 
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Entry Cyclisation precursor Product Isolated 

yield 

(%) 

4 

 

 

20 
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3.4 Quinoxalinones 

3.4.1 Initial Experiments 

In this series of experiments the viability of a two-step flow based protocol 

towards the synthesis of quinoxalinones was investigated. The combination of 

two flow instruments was used in this sequence namely, the Uniqsis FlowSyn® 

and the ThalesNano H-Cube Pro. The Uniqsis FlowSyn as described earlier 

has two heating modules. In these experiments the coil module was used as 

longer reaction times were required. The ThalesNano H-Cube Pro is 

specifically used for hydrogenation chemistry. It works on the principle of 

passing hydrogen through a pre-packed cartridge containing supported 

heterogeneous catalysts. With the help of an external HPLC pump, the 

reaction mixture is then made to flow over this cartridge where the interaction 

of the three components (catalyst, H2, and reactive group in the molecule) take 

place. The cartridge is also placed within a heating block to accelerate this 

process if required. The solution then flows past a pressure sensor and BPR 

after which it can be collected in a flask. 

Initially the substrate for the SNAr chemistry 128 was made to react with 

phenylalanine methylester (2 equiv.) 142 in the presence of Hüing’s base or 

DIPEA (4 equiv.) in IPA. This reaction mixture was passed through pump A of 

the flow reactor into a 20 mL Teflon coil pre-heated to 90 °C at 0.45 mL/min. 

IPA was passed through pump B which was set to 0.05 mL/min. Although all 

reagents were passed through a single pump (pump A), the reason for using 

pump B with only solvent was to create a slight positive pressure in the line 

and to stop diffusion of the reaction mixture through the T-piece into the tubing 

connected to pump B. The reaction mixture was passed through the coil for 40 

minutes at a combined flow rate of 0.5 mL/min. This solution was then passed 

through a 100 psi BPR after which the SNAr product 143 was collected. This 

solution was subsequently made to pass through the next instrument- the H-

Cube Pro. A 10% Pd/C cartridge was used and the flow rate was set to 0.5 

mL/min. The cartridge was heated to 70 °C in this step.  

The hypothesis for this second step was to reduce the nitro group on the SNAr 

adduct to the amine. With the elevated temperature (70 °C) of the system, the 
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loss of methanol would promote an intramolecular cyclisation driving the 

reaction to completion. In this manner, a two step, single process flow 

approach towards the synthesis of quinoxalinones was developed (Scheme 

44). 

 

Scheme 44: Synthesis of 144a from methyl-4-fluoro-3-nitrobenzoate 128 

and phenylalanine methyl ester 142.  

 

3.4.2 Use of Amino Acids 

Having an established a working protocol to carry out SNAr reactions and their 

subsequent reductive cyclisations in flow we decided to switch our attention to 

using readily available starting materials. By switching to amino acids, we 

could not only expand the scope of our work but also test the robustness of 

our method.  

Initial reactions were carried out with racemic alanine 145x in order to optimise 

flow conditions on both stages of the process. We envisaged the SNAr reaction 

would proceed as normal under flow conditions. The next step however, would 

require more forcing conditions as the driving force for the cyclisation of such 

reactions is no longer the loss of methanol, but the loss of water. Hence we 

decided to elevate the temperature in the reductive step of the flow cyclisation 

to 80 °C and leaving all other conditions unchanged. Another issue in this 

process was solubility; we found the esters of amino acids to be more soluble 

in IPA than their corresponding carboxylic acids. It was therefore required to 

add a small amount of water along with the IPA in order to keep all starting 

materials in solution for the SNAr step. Keeping these points in mind, we 
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developed a two step protocol for the synthesis of quinoxalinones from amino 

acids (Scheme 45).   

 

Scheme 45: Synthesis of 144a-j,x from 4-fluoro-3-nitrobenzoate 128 and 

D/L-alanine 145x. 

3.4.3 Use of Microwave reactions 

This technique was found to be very beneficial in establishing the exact 

conditions required to perform the initial SNAr reaction in batch between the 

substrate and the amino acids. Research has shown that using a microwave 

reactor can be a viable tool to translate reactions from batch to flow [127] [128]. It 

mimics the temperature and pressure conditions seen in the flow reaction and 

is able to give the user a rough idea on how the reaction will proceed in flow. 

If the product of a reaction carried out in the microwave is insoluble in the 

reaction mixture then such reactions would not be suitable in a flow system 

using the same conditions. Either the solvent system would need to be 

changed completely or altered with regards to concentration of reactants. This 

would in turn affect the reaction molarity and therefore the rate of the reaction. 

When a product starts to crash out within the tubing of a flow system, high 

pressures are built up, hot spots could be created and sensors would 

eventually trigger the pumps to stop, thereby halting the reaction until the 

blockage is located and removed. This too, is not as straightforward as it 

seems. Due to the complexity in a flow reactor and the intricacy of its various 

parts, clearing a blockage is usually very tedious and time consuming.  

The SNAr substrate, amino acid and Hünig’s base were mixed in a solution of 

water and IPA. This was subjected to microwave irradiation for 30 minutes at 

90 °C to see complete conversion of the starting materials to the desired 
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products. In comparison to previous experiments, these carboxylic acids 

required a reduced reaction time under such conditions compared to the esters 

in flow. Reactions were carried out on a range of L- amino acids using these 

conditions and their SNAr adducts were concentrated under reduced pressure 

and washed with a saturated solution of potassium carbonate to remove the 

persisting diisopropyl ethylammonium salt. The crude mixture from this step 

was taken forward to the next stage. Upon carrying out 1H NMR analysis of 

the crude material in the early experiments, we were able to confirm that the 

post reaction work-up was effective and we proceeded to build a small library 

of compounds (Figure 41).   

 

Figure 41: SNAr products with amino acids. 

3.4.4 Reduction using H-Cube and Telescoped Approach 

The crude substitution products from the previous step were taken up in IPA 

and passed through the H-Cube at 0.5 mL/min with a 10% Pd/C cartridge 

heated to 80 °C. We investigated the use of a lower loading Pd/C cartridge 

(5%) however, it was found to not be as efficient in carrying out the reduction. 

The completion of the reaction was monitored by TLC and 1H NMR. We were 

also able to visually judge the completion of the reaction by a distinct colour 
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change (yellow to colourless). The quinoxalinones were precipitated by the 

addition of water and filtered to afford the clean product without further 

purification.  

After performing all reactions in the microwave, they were repeated in the flow 

coil and directly taken through to the next step. In this final sequence a solution 

of the SNAr substrate, amino acid and Hünig’s base (1.1 equiv.) in a 2:1 ratio 

of IPA and water was made. A 1 mL injection of this solution was passed 

through the sample loop of pump A at a flow rate of 0.45 mL/min and into the 

flow reactor. After injecting the sample into the system, the line was switched 

to solvent containing IPA alone. The flow rate of pump B was set to 0.05 

mL/min and IPA was passed through it. Again, this was done to give the line 

a slight positive pressure at the T-piece and to stop diffusion of the reaction 

mixture at that section. Both solutions were made to pass through a 20 mL 

Teflon coil pre-heated to 90 °C giving the reaction a residence time of 40 

minutes. This was slightly above that which was required in the microwave but 

ensured the completion of the reaction with all amino acids. The solution 

exiting the coil was passed through a 100 psi BPR and collected in a flask. 

 

 

 

 

 

 

 

Scheme 46: Synthesis of 144a-j from 4-fluoro-3-nitrobenzoate 128 and 

amino acids 145a-j. 

We opted to use injection loops to demonstrate the robustness of this method 

even with small quantities of starting materials. The high BPR ensured very 

little diffusion in the coil. The small amount seen was due to the low flow rate. 
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After injecting 1 mL of solution containing the starting materials, a total volume 

of 10 mL of product solution was collected. This solution contained mainly IPA 

as solvent which proved beneficial as we required the water only to solubilize 

the amino acid. The water also caused the product in the next reduction step 

to precipitate out of solution and this could be problematic as it would cause 

blockages in the tubing of the H-Cube. 

As such, the 10 mL of solution from the Uniqsis FlowSyn reactor unit 

containing SNAr products were passed directly into the H-Cube pre-fitted with 

a 10% Pd/C cartridge heated to 80 °C. The flow rate was set to 0.5 mL/min 

and a series of quinoxalinones were synthesised in this manner (Table 8). 

Yields obtained over the two steps were found to be good to excellent for most 

of the quinoxalinones studied (49-99%). The amino acids chosen in these 

reactions had varying alkyl chains, aromatic functionalities and substitutions 

on those moieties. We hoped to display a range of functionality while selecting 

these reagents. The general trend in yields were seen to be quantitative, 

however a drop in yields were observed when the alkyl chain on the amino 

acid was saturated (Table 8, Entries 4, 5, 6 and 8). The use of proline and 

hydroxyproline in this synthetic sequence was interesting as reactions are high 

yielding and it offers the possibility to form fused ring quinoxalinones (Table 8, 

Entries 2 and 3). The SNAr products 146a-j were taken through to the 

hydrogenation step without further purification. However, data for compounds 

146a, 146b, 146d and 146e were collected from microwave experiments and 

this has been discussed in this experimental section of rthe thesis. 
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Table 8: a Reactions were carried out at 80 °C with a flow rate of 0.5 mL/min. 

% Conversions with amines showing reaction conditions for the products 

144a-j. 

Entry Cyclisation precursor Product Isolated 

yield 

(%)a 

1 

  

71 

2 

 

 

99 

3 

  

99 

4 

  

71 

5 

  

63 
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Entry Cyclisation precursor Product Isolated 

yield 

(%)a 

6 

 
 

77 

7 

  

99 

8 

  

70 

9 

  

77 

10 

 
 

49 
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3.5 Stirrer Beads and Catalysis 

Having established a working protocol for integrating 3D-printed reactors in 

flow systems, as well as demonstrating the robustness of a flow based route 

towards the synthesis of relatively complex heterocyclic systems, we next 

proceeded to demonstrate the use of 3D-printing in batch chemistry. 

As flow chemistry is still infrequently used in most laboratories, we wanted to 

develop an approach for batch chemists to use 3D-printing in their synthetic 

steps. For this particular part of the research programme, we decided to focus 

on SLA printing and the development of a device using this technique. 

Stereolithography printing (SLA) was chosen as a technique as it can offer 

more detail and intricacy in the print. We also wanted to explore the scope of 

resins used for such prints and develop a formulation [62], which would be 

chemically inert and resistant to reagents, solvents, and mechanical stresses 

that develop within a reaction mixture.  

The primary objective or starting point for the conception of such a device was 

looking at how reactions were performed in batch. In our own laboratory we 

used round bottom flasks to contain reaction mixtures, glass manifolds 

delivering the required vacuum and inert gasses as well as magnetic hotplates 

with stirrer beads to control the heat and stirring required in reactions in order 

to homogenise them. Previous work in the group had introduced the idea of a 

stirrer bead assisted device that would improve the stirring i.e. increasing the 

level of mixing by introducing more turbulence in the reaction mixture. A rough 

3D model of such a device was created to fit a standard 20 mm magnetic flea. 

It showcased ridges along its outer edge to increase the overall surface area 

as well as holes on its upper and lower face to draw solvent through it, thereby 

increasing its interaction with the device. The magnetic flea would simply sit in 

a pocket created in the centre of the device and placed in the reaction mixture 

as normal (Figure 42) [129].  
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Figure 42: Original CAD stirrer bead design showing the upper and 

peripheral face.  

Initially, the device was printed using commercially available FormLabs clear 

resin on the FormLabs Form 1+ SLA printer. However, due to the nature of the 

formulation it was found to be compatible with very few solvents. It was also in 

our interest to develop a formulation that would be suitable to print and be 

chemically unreactive.  

3.5.1 Photopolymers for SLA Processes 

In SLA printing processes, since light is used as a source of energy to cross-

link a photoresin in a layer by layer fashion; the chemistry behind such cross-

linking induced by light needs to be investigated as there are a range of 

chemical systems that achieve this [130]. 

 

Figure 43: Commonly used photoinitiators in SLA printing processes. 

The first are radical based systems wherein  certain molecules (photoinitiators) 

absorb the photolytic energy, carry out the rapid radical generation, initiation 

and propagation reactions thereby generating reactive species and inducing 

the necessary polymerization of the monomers within the system. There are 

two types of initiators; Norrish Type I or Type II [130]. The first type consist of 

single molecules that cleave into radical fragments upon light exposure. 
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Scheme 47 shows the mechanism of radical formation of a common benzyl 

ketal Type I initiator Darocur 1173. 

 

Scheme 47: Radical formation of D1173 upon excitation from light source. 

Other benzyl ketal initiators belong to the Irgacure series (I184, I1651, I369). 

Acyl phosphine oxides (TPO and BAPO) belong to the same class and absorb 

at higher wavelengths [131]. The second type of initiator (Norrish Type II) 

systems consist of two molecules which assist each other to cause the 

photoinitiation reactions: an absorbing molecule or a sensitizer; and a co-

initiator or a synergist. Scheme 48 below shows the mechanism of how 

benzophenone 147 (sensitizer) upon reaching an excited state, accepts a 

hydrogen atom from a tertiary amine (synergist) thereby generating the initial 

radicals.  

 

Scheme 48: Radical formation of benzophenone 147 through electron and 

hydrogen transfer. 

For such radical based systems, the monomers most commonly used belong 

to three classes, the first of which are acrylates and methacrylates. Typically, 

a combination of the two are used owing to the low cure of methacrylate 

systems. Some patents describe using urethane based acrylate and DGEBA 

(bisphenol A diglycidyl ether) formulations [132]. These monomers show high 

mechanical strength but due to their increased viscosity, reactive diluents 

which enable rapid cross-linking are often added to resin mixtures. These 

include DPDGA (dipropylene glycol diacrylate) and PETA (pentaerythriol 

tetraacrylate), amongst others. Although such systems show advantages with 

regards to their mechanical properties, there is an issue of shrinkage. Aromatic 
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acrylates are known to shrink less than diluents (bisphenol dimethacrylate bis-

GMA shrinks 5%, triethyleneglycol dimethacrylate shrinks 12%) [133]. 

The next class of monomers is comprised of the thiol-ene systems. Compared 

to acrylate based formulations, thiol-ene systems alone exhibit reduced 

shrinkage [134] and also in combination with acrylate/methacrylate systems 

during the photopolymerization process, they result in reduced mechanical 

stress and sharper formed objects [135]. This is attributed to the shifting in gel 

point owing to the step-growth mechanisms displayed in thiol-ene systems. 

Additionally, β-allyl sulfones can be added as addition-fragmentation chain 

transfer (AFCT) reagents to control the polymer architecture. This gives an 

added advantage over thiols by overcoming issues associated with them such 

as benchtop stability, bad odour, etc. AFCT reagents narrow polydispersity of 

linear polymers and copolymerize in a statistical manner [136] (Figure 44). 
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Figure 44: Common examples of monomers belonging to each of the 

acrylate/methacrylate, thiol-ene and AFCT classes in radical systems of 

photoinitiation.  

Cationic systems consist of photoacid generators (PAG’s) which are usually 

aryl iodonium salts (Ar2I
+
X

-
) with non-nucleophillic counterions (BF4

-
, PF6

-
, 

AsF6
-
 and SbF6

-
). Their UV instability however, causes them to decompose 

into reactive intermediates, radicals and radical cations. On interaction of such 

species with solvent or monomers, the formation of a super acid occurs which 

acts as the primary initiator for polymerization to take place [137]. Epoxides are 

one of the most commonly used classes of monomers in such systems. This 

is attributed to the low shrinkage (2-3% volumetric) due to the ring opening 

reaction seen in the epoxide group as compared to acrylate and methacrylate 

based systems [138]. Some commonly seen monomers in this category are 

DGEBA (diglycidyl ether derivatives of Bisphenol A) and ECC (3,4-

epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate). Due to their low 



Zenobia X Rao                                                         Results and Discussion                  

 

102 
 

cure speeds, epoxides are usually used in combination with vinyl ethers, which 

are more reactive and also cationically polymerizable [138]. CDVE (1,4-

cyclohexane dimethanol divinyl ether), TTVE (trimethyloyl propane trivinyl 

ether) are examples of such monomers. Disubstituted oxetanes are more 

reactive than epoxides and can also be used along with vinyl ethers as they 

too, offer low shrinkage properties [139]. 

 

Figure 45: Commonly used monomers in cationic systems of photoinititation. 

Additives such as stabilizers and light absorbers are also seen to be used in 

photoresins. Radical based stabilizers (inhibitors) BHT (butylated hydroxyl 

toluene) and MEHQ (methoxy hydroquinone) are commonly used and at very 

low concentrations (50-200 ppm) [140]. Benzyl N,N’ dimethyl amine (BDMA) is 

a mild base (used at concentrations between 5-250 ppm) that stabilizes 

photopolymerization reactions through neutralization of radical cations [141]. 

Light absorbers like EDMA (2-ethyl-9,10-dimethoxy anthracene) or stilbene 

derivatives like BMSB (1,4-bis(2-dimethylstyryl)benzene) lower the depth 

penetration of the light, resulting in thinner layers and a better z-resolution [142]. 
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Figure 46: Commonly used additives in photoresins. 
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3.5.2 Hantzsch Dihydropyridines (DHP) 

In the first efforts to develop a formulation for a device and its use in chemical 

reactions, acrylate based systems were investigated owing to their common 

applications in patents describing work in similar areas. Having carried out 

initial experiments with ratios of monomers and the percentage of initiator 

used, the following formulation was found to print well and show a certain 

degree of solvent resistance. 

1st Generation Formulation: Isobornyl acetate 33%, bisphenol A ethoxylate 

diacrylate 50%, trimethylolpropane triacrylate 15% and diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (TPO) 2%.  

For the catalyst incorporation, p-TsOH (p-toluene sulfonic acid or tosic acid) 

was chosen due to its widespread use in organic chemistry. It has been widely 

used for the formation and cleavage of acetals. In the protection of ketones, 

under reflux conditions tosic acid promoted reactions have been high yielding 

[143] [144]. For the cleavage of carbonyls in acetals, it has been used in aqueous 

systems [145]. It has been used in the esterification of carboxylic acids [146] and 

hydroxy acids to form lactones [147]. It has been shown to catalyse 

dehydrations of ketols to α,β-unsaturated compounds [148], as well as Wagner-

Meerwein rearrangements of tricyclic undecanones [149]. Tosic acid was found 

to be very useful in the enolization of ketones to enol acetates [150] and for the 

cleavage of amine protecting groups [151]. Given this widespread use of tosic 

acid, we decided to use it as a starting point for our research in catalysis and 

3D-printing. 

Hence, 5% w/w tosic acid was incorporated into the resin formulation and this 

was stirred until fully dissolved. All mixtures were stirred in amber bottles or 

duran covered with aluminium foil to minimize the light penetration into the 

formulation prior to prints.  

The design as shown below (Figure 47) featured a 15 × 15 mm cylindrical 

housing with a height of 9 mm. It had a pocket to fit a standard 12 mm magnetic 

flea in the centre on the upper face. Six vertical channels/holes and a cage 

like structure around the outer edge of the device would encourage solvent to 
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be drawn through the device thereby increasing its interaction with the reaction 

medium. 

 

 

 

 

Figure 47: CAD drawing of first generation stirrer and its fit in a standard 

round bottom flask. 

The resin was then transferred to a FormLabs Form 1 printer and the device 

was printed using Clear 02 setting. Layer height was adjusted to 0.1 mm. 

Supports were added to the structure to ensure overhangs on object were 

printed accurately. The volume of the object was found to be 1.5 mL. The time 

taken to print a single device was 15 minutes. After the print, the device was 

removed from the build platform and rinsed with IPA. It was then left to cure in 

normal light (alongside a window) for an additional 24 hours. The supports 

were removed and the 12 mm magnetic flea was fitted into the cavity.  

We decided to explore the scope of this catalytically active stirrer bead in a 

reaction that was well known and understood, yet showed a certain degree of 

complexity. The Hantzsch three component reaction describes the addition of 

an aldehyde, β-keto ester and a dimedone catalytically driven by tosic acid to 

form the dihydropyridine core structure [152].To an equimolar mixture of 

ammonium acetate, dimedone, and β-keto ester in ethanol, a 5% w/w p-TsOH 

stirrer bead was added and the reaction was stirred at room temperature for 6 

hours. Progression of the reaction was checked via TLC and after completion, 

the stirrer bead was simply removed from the reaction thereby stopping it 

(Scheme 49). The solution was then concentrated under reduced pressure 

and purified via column chromatography affording the clean product in good 

yield. 
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Scheme 49: Three component reaction for the synthesis of Hantzsch 

dihydropyridines. 

The tentative mechanism suggested by the authors proceeded via steps 1-3 

or 4-6 as seen in Scheme 50 to form the polyhydroquinoline. The p-TsOH is 

thought to catalyze the Knoevenagel condensation of the aldehydes with 

methylene compounds in steps 1 and 4. It is also thought to catalyze the 

Michael type addition reaction of intermediates 1 and 2 obtained as a result 

from steps 1, 2, 4 and 5.  

 

Scheme 50: Mechanism for the synthesis of polyhydroquinolines. 
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Bearing this mechanism in mind, we hoped to derivatize this scaffold by 

varying the substitution in the different components that make up the reaction. 

We were successfully able to vary the aldehyde group, the keto-ester as well 

as introduce a slight change in the diketone and produce a small library of 

compounds in good yields as seen below.  

A drop in yields was seen in compounds 150o, 150h and 150f in reactions 

where the diketone had no substitution (55%, 50% and 51%) compared to 

compounds 150l, 150d and 150b where 5,5-dimethylcyclohexane-1,3-dione 

was used instead (73%, 65% and 73%). This was however, not found to be 

the case for the reaction where 4-chlorobenzaldehyde was used in compound 

150i. The presence of substitution on the diketone led to a reduced yield (49%) 

compared to the unsubstituted diketone (66%) in compound 150p. The 

general trend in yields for the other reactions too, depended on the diketone. 

The presence of electron withdrawing and donating groups on the aldehyde 

did not show much difference in yield. A variation in the keto-ester (ethyl and 

isopropyl) did not seem to have an impact on the yield of the reaction. 
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Figure 48: Examples of 1,4-dihydropyridines 150a-r synthesised using 3D-

printed p-TsOH stirrer bead. 

When attempts for further substitution on the amine were made by replacing 

the ammonium acetate with benzylamine, no product was observed even after 

6 hours. The same reaction was repeated by swapping the benzylamine with 

a slightly deactivating 4-fluorobenzylamine and 3-fluorobenzylamine to 

understand whether substitution at such positions had an effect on product 

formation. No product was observed from these reactions. An inductively 

activating 4-methoxybenzylamine was also tested in this series, but this 

reaction too did not result in product formation. It became clear that such 

substitutions on the amine had an effect on its nucleophilicity thereby making 
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its introduction into the skeleton of the molecule difficult. As observed in the 

mechanism, the first reaction taking place is that between the keto-ester and 

the aldehyde. This step is quite important as the ammonium acetate or 

ammonia would prefer to attack the more electrophillic aldehyde rather than 

the ketone. The fact that no product is observed when there is substitution on 

the amine could possibly correlate to this very step.  

 

Scheme 51: Substitution of ammonium acetate with tertiary amines in 

Hantzsch DHP synthesis using 3D-printed p-TsOH stirrer beads. 

We decided to move on from this chemistry after synthesizing these molecules 

and investigate other catalytic systems, as well as optimize the formulation 

used so as to create more robust protocols in the following sections of this 

thesis due to the constraints in the project. 
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3.5.3 Suzuki Couplings 

Having demonstrated the effectiveness of a catalytically active stirrer bead 

though the DHP synthesis, the aim was to look into formulating a more robust 

resin that could be used with a wider range of solvents. A serendipitous 

discovery within the group led to a formulation containing simply poly(ethylene 

glycol) diacrylate Mn 250 and the radical based photoinitiator diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide. The optimisation of the exact formulation 

that has been used in this part of the project was carried out during the 

development of the circular flow reactors. Higher amounts of the initiator were 

required to avoid over-polymerization of the fine channels within them. This is 

discussed in more detail in the later sections of the thesis. However, it is 

important to note that palladium tetrakis(triphenylphosphine) Pd(PPh3)4 (0.5% 

w/w) was used as a catalyst with this formulation to carry out the coupling 

reactions.  

Palladium has been used extensively in organic synthesis. Its first application 

was post World War II when acetaldehyde was synthesised from ethylene in 

a process called the Wacker Process [153]. Arylpalladium chemistry was made 

known by the work of Richard Heck who published a great deal of work on the 

reaction between organomercurial compounds with alkenes in the presence 

of catalytic lithium tetrachloropalladate (Li[PdCl4]) [154] [155] [156]. Shortly after the 

work of Mizoroki [157] [158] and Heck [154] [159] [160] on the reactions using aryl, 

styryl, benzyl halides with alkenes and  a palladium(II) catalyst paved the way 

for what is now known as the Mizoroki-Heck reaction. 
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Scheme 52: The first palladium(II) catalyzed coupling reactions. 

In the light of these early examples a wave of palladium chemistry was 

developed such as the Sonogashira Reaction (1975), palladium-catalysed 

Corriu-Kumada Reaction (1975), the Negishi Reaction (1976), the Stille 

Reaction (1976-1978), the Suzuki-Miyaura Reaction (1979), the Hiyama 

Reaction (1988-1994) and others, changing the outlook of the palladium-

catalysed cross-coupling chemistries [161]. 

The reaction of Pd(PPh3)4 in the Suzuki coupling reactions involves a transition 

between the Pd(0) and Pd(II) oxidation state (Scheme 53). Sometimes a Pd(II) 

pre-catalyst is reduced to Pd(0) in situ allowing the oxidative addition of the 

aryl halide reforming the Pd(II)-intermediate. This then binds to the aryl boronic 

acid inserting it into the C-Pd bond, thus creating a new C-C bond. Reductive 

elimination allows the product to form leaving behind the Pd(0) species. [162].  
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Scheme 53: Catalytic cycle for the Suzuki coupling of aryl halides and aryl 

boronic acids. 

The Suzuki Reaction was chosen to be investigated using our newly 

developed formulation for the catalytically active palladium 

tetrakis(triphenylphosphine) (Pd(PPh3)4 0.5% w/w) stirrer beads. The 

palladium tetrakis(triphenylphosphine) was mixed into the formulation and 

stirred in an amber bottle or glass duran bottle covered with aluminum foil to 

avoid any light penetration. Once dissolved in the resin mixture, it was poured 

into a tray fitted to the FormLabs Form 1 printer and printed using the Black 

01 setting. The second generation design with a lowered height was used in 

this series (Figure 49).  
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Figure 49: CAD drawing of second generation stirrer and its fit in a standard 

round bottom flask. 

After the print was completed the device was removed from the build platform 

and washed with IPA to remove excess unpolymerized resin. It was then left 

to cure under UV irradiation using a UV curing oven for 20 minutes after which 

the supports were removed and the 12 mm magnetic flea was fitted into the 

cavity. 

 

Scheme 54: Suzuki coupling between aryl halide and aryl boronic acid using 

3D-printed palladium stirrer bead. 

This catalytic stirrer bead was added to a flask containing the aryl iodide, 

boronic acid (1.1 equiv.) and sodium carbonate (2 equiv.) in a water-ethanol 

mixture. The reaction mixture was heated to 65 °C and monitored via TLC. 

The reaction was found to be complete after 12 hours. The reaction was 

stopped by simple removal of the stirrer bead. The bead was then washed with 

dichloromethane to remove any product that might have adhered to it. In 

contrast to the work performed in the previous DHP synthesis series, these 

catalytically active stirrer beards showed a higher solvent resistance and could 

tolerate the DCM washing step without breaking down. As a work-up 

procedure, the crude product was partitioned between water and DCM and 
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extracted into the organic phase. The product obtained from such a method 

was found to be clean by 1H NMR analysis and also gave good to excellent 

yields of product (up to 99%).  

Table 9: a Reactions were carried out at 65 °C for 12 hours. Examples of 

biphenyls 154a-o synthesised using 3D-printed Pd(PPh3)4 stirrer bead. 

Entry Boronic Acid Aryl Halide Product Thermal 

(%)a 

1 

  

 

97 

2 

  

 

85 

3 

  

 

98 

4 

 

 

 

93 
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Entry Boronic Acid Aryl Halide Product Thermal 

(%) 

5 

  

 

96 

 

 

 

6 

 

  

 

60 

7 

  

 

100 

8 

  

 

94 

9 

  

 

76 
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Entry Boronic Acid Aryl Halide Product Thermal 

(%) 

10 

  

 

56 

11 

  

 

47 

12 

 

 

 

69 

13 

  

 

58 

14 

 

 

 

99 

15 

 

 

 

94 
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Entry Boronic Acid Aryl Halide Product Thermal 

(%) 

16 

 

 

 

87 

17 

 

 

 

30 

 

 

18 

 

 

 

73 

19 

 

 

 

81 

20 

 

 

 

97 

 

The general trend in reactions for this thermally driven series of cross-

couplings was that the iodoacetophenones (Table 9, Entries 1-8) expectedly 

gave higher yielding products compared to the bromoacetophenones (Table 

9, Entries 9-13). These iodoacetophenones were reacted with a range of 

boronic acids with different substitutions at the ortho-, meta- and para- 

positions. Reaction with the unsubstituted phenyl boronic acid (Table 9, Entry 

1) was quantitative (99%).  Reactions with para-substituted electron 
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withdrawing groups on the boronic acid were high yielding (Table 9, Entries 2, 

5, 7 and 8). This too was expected. The presence of electron donating groups 

in the ortho-, meta- and para- position of the boronic acid was investigated 

(Table 9, Entries 6, 4 and 3). Such a substitution on the ortho- position was 

found to be lowest yielding (60%). The yield dramatically increased for meta-

substituted products (93%) and para-substituted products (98%). 

Amongst the bromoacetophenone-coupled products, the lowest yielding was 

found in cases where electron withdrawing groups were used (Table 9, Entries 

10, 11 and 13). No substitution on the aryl boronic acid significantly improved 

the yield (Table 9, Entry 9) (76%). When meta- substituted methoxy group on 

the boronic acid were used in the same reaction, the yield was slightly 

increased to 69% (Table 9, Entry 12). 

Experiments with para-methoxy phenyl iodide were also carried out as 

increased yields for this series were expected. Its reaction with para- 

substituted nitrophenyl boronic acid gave the lowest yield of 30% (Table 9, 

Entry 18). Electron withdrawing p-chlorophenylboronic acid however, showed 

an increased yield of 94% (Table 9, Entry 15). When there was no substitution 

on the aryl boronic acid, quantitative yields were observed (Table 9 Entry 14). 

The next highest in yield was the meta- substituted methoxy product (87%) 

(Table 9, Entry 16). 

In the last three experiments for these series, the limiting reagent was changed 

to 4-nitrophenyl iodide. In its reaction with para-methoxyphenyl boronic acid, 

the highest yield (97%) was observed (Table 9, Entry 20). The reaction with 

electron withdrawing p-fluorophenyl boronic acid gave a product in a slightly 

reduced yield (87%) (Table 9, Entry 19). The absence of substitution on the 

aryl boronic acid, in this case, gave the lowest yield of 73% (Table 9, Entry 

18). 
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Scheme 55: Suzuki coupling between pyridyl halides 155a,b and aryl 

boronic acid 152a using 3D-printed palladium stirrer bead. 

Several attempts were made to incorporate a pyridyl ring system into the 

coupling chemistry (Scheme 55), however it was quite unsuccessful under 

thermal conditions. Hence we looked at a microwave approach to not only 

optimize the existing reactions but also see if such iodo or bromopyridines 

could be incorporated into the biphenyl ring systems. We also wanted to test 

the effectiveness of the formulation under these harsher conditions. Hence a 

series of analogues was synthesised and their reactions can be summarized 

in Table 10. The .stl file corresponding to the round bottom flask adapted 

stirrer bead as used in the Hantzsch chemistry was slightly modified in 

Tinkercad to fit the 8 mm microwave adapted magnetic flea for this purpose. 

In the same manner as described earlier, the newly designed microwave stirrer 

beads were printed using this file. The stoichiometry of the reaction was 

maintained as in the previous experiments but the temperature was increased 

to 120 °C/130 °C. The reaction was checked by TLC every 10 minutes to 

determine consumption of starting material and it was found that reactions 

required between 30-120 minutes for all of the aryl halide to be used up 

depending on the type of cross-coupling. The other important point to note is 

that the stirrer bead was able to maintain its catalytic activity even at high 

temperatures and pressures without degradation.   
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Scheme 56: Suzuki coupling between aryl or pyridyl halides and aryl boronic 

acid using 3D-printed palladium stirrer bead under microwave conditions. 

Table 10: a Reactions were carried out in the microwave at 120 °C; b = 130 

°C. Examples 154a,d,g,l, 155a-d and 156a-d synthesised using 3D-printed 

Pd(PPh3)4 microwave stirrer bead. 

Entry Boronic 

Acid 

Aryl 

Halide 

Product Time 

(min) 

Yield 

(%)a 

1 

  
 

30 99% 

2 

  
 

40 99% 

3 

  

 

60 93 
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Entry Boronic 

Acid 

Aryl 

Halide 

Product Time 

(min) 

Yield 

(%) 

4 

  

 

60 97 

5 

 

 

 

40 83 

6 

 

 

 

120b 33 

7 

 

 

 

20b 69 

8 

 

 

 

20b 69 

9 

 

 

 

20b  73 
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Entry Boronic 

Acid 

Aryl 

Halide 

Product Time 

(min) 

Yield 

(%) 

10 

 

 

 

20b 77 

 

For the unsubstituted boronic acid, yields with bromo or iodoacetophenones 

were seen to be quantitative and the time drastically reduced to 30 minutes 

(Table 10, Entries 1 and 2).  When electron withdrawing groups in the para- 

position on the boronic acid were reacted with bromo acetophenone (Table 

10, Entries 3, 4 and 5) high yields were observed (93%, 97% and 83% 

respectively) and the reaction required 60 minutes for the halo boronic acids 

and 40 minutes for the nitro boronic acid.  

When pyridyl systems were introduced as part of the aryl halide component, a 

higher temperature was required (130 °C). In reactions with unsubstituted 

phenyl boronic acid, the 3-iodopyridine gave a higher yield (69%) compared 

to 3-bromopyridine (33%) and required 120 minutes under microwave 

conditions (Table 10, Entries 6 and 7 respectively). A similar yield (69%) was 

observed when there was para-substitution on the boronic acid with an 

electron donating group, but proceeded in 20 minutes (Table 10, Entry 8). The 

yield was increased to 73% when there was para-fluoro substitution on the 

boronic acid and the reaction required 20 minutes under microwave conditions 

(Table 10, Entry 9). The highest yield in this series of cross-coupled aryl-

pyridyl systems was observed when m-methoxyphenyl boronic acid was 

coupled to 3-iodopyridine giving a 77% yield in 20 minutes under microwave 

conditions. 
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Graph 1: Reusability study of the reaction between phenyl boronic acid 152a 

and iodoacetophenone 153a to the corresponding biphenyl compound 154a 

as determined by 1H NMR in reactions with 3D-printed 0.5% Pd stirrer 

beads, inert stirrer beads with powdered catalyst and 8 mm magnetic flea 

with powdered catalyst. 

A reusability study was also conducted to observe the efficacy of the catalyst 

after its first use. The reaction between 152a and 153a was carried out using 

microwave irradiation at 120 °C. Upon completion, the product 154a was 

isolated and the stirrer bead reused in the next reaction. Its clear from the 

graph that the bead was stable and effective up to five uses.   

Upon reviewing the chemistry, we have been able to achieve thus far using 

our 3D-printed catalytic beads stirrer beads (for thermal and microwave 

reactions), we decided to look at developing a flow based approach for the 

same reaction. As briefly mentioned in the introductory chapters of this thesis, 

glass rectors that house solid supported reagents are often used in conjunction 

with flow systems. Unlike the PP reactors which were developed and used in 

the SNAr and intramolecular cyclisation chemistry, we decided to use SLA 

printing to develop a high surface area monolith device that would fit into 

already existing glass reactors. 
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Monoliths: This work was carried out towards the very end of the research 

programme. As mentioned above, we decided to look at systems wherein the 

glass reactor housing of the Uniqsis flow reactor could be harnessed and a 

monolithic design could be printed and placed directly inside it. As the length 

of the glass reactor was 100 mm with a diameter of 10 mm, we decided to 

design a cylindrical device with a repeating 3D mesh pattern inside it. The 

device was 35 mm long and had a diameter corresponding to the internal 

dimensions of the glass housing of the flow reactor. The idea was that multiple 

35 mm sections could be combined into the glass reactor. The idea for the 

mesh pattern inside the device was derived from the tetrahedral geometry 

pattern seen in a methane molecule or the sp3 hybridization of carbon in such 

a molecule. A simple structure corresponding to this was designed and 

repeated creating a three-dimensional lattice work. This was then subtracted 

from a simple cylindrical design to create the monolith (Figure 50).  

 

 

 

 

Figure 50: CAD design of monolithic device as seen from the front and top 

view. 

In order to design and print such an object we envisaged that the original 

formulation would need to be altered slightly as the internal dimensions of the 

lattice work were far to small (< 0.1 mm) to print with photoinitiator alone. To 

think retrospectively, over-polymerization in such a case could be avoided by 

adding a photo-blocker or photo-absorber. Hence a new formulation was 

developed with a small amount of (BBT) as photo inhibitor.  

In the initial phase of the formulation development, a small amount of the 

inhibitor (0.1%) was added to the existing 2nd generation formulation and the 

object was printed on the FormLabs Form 1+ SLA printer by using the Clear 

01 laser setting and with a resolution of 0.025 mm. However, the structure 
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printed showed no internal definition and became very soft and jelly like. It was 

obvious that adding such amounts of inhibitor caused a drastic change in the 

physical nature of the polymerized object. Hence, we decided to drop the 

amount of TPO slightly and decrease the amount of the inhibitor by 10-fold to 

minimize this drastic change in the physical properties and observe if the 

object would be printable. Although, the details of this extensive process of 

formulation development have not been described in this thesis, the final 

formulation that was successfully printed is described below. 

3rd Generation formulation: Poly(ethylene glycol) diacrylate Mn 250 98.53%, 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 0.8%, 2,5-bis-(5-tert-

butyl-benzoxazole-2-yl)thiophene (BBT) 0.01%.  

 

 

 

 

 

 

Figure 51: A) 3D-printed inert monolith with support structures; B) Monolithic 

device fitted inside the glass housing of the Uniqsis Flow reactor. 

The next step was to incorporate the catalysts palladium (0) 

tetrakis(triphenylphosphine) and yttrium triflate into such a device and 

establish a printing protocol so as to perform the same chemistry (Suzuki 

couplings and carbonyl protections) under continuous flow conditions. Hence, 

in the same manner as with the stirrer beads, specific amounts of these 

catalysts were introduced into the blank resin mixtures and allowed to stir at 

room temperature before introducing into the printers. 

Palladium Tetrakis(triphenylphosphine) monoliths: Poly(ethylene glycol) 

diacrylate Mn 250 99.09%, Pd tetrakis(triphenylphosphine) 0.5%, 2,5-bis-(5-

A                          B 
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tert-butyl-benzoxazole-2-yl)thiophene (BBT) 0.01%, diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (TPO) 0.4%. 

These devices were printed on the FormLabs Form1+ SLA printer using a 

higher power (Black 01) laser setting with a resolution of 0.025 mm. The 

volume of resin used in each monolith was 0.82 mL giving it a total catalyst 

loading of 0.0041 g. The devices were printed vertically and with supports on 

the upper face. The high resolution was required for the definition of the 

internal lattice work in the monolith. Black 01 setting was used in the print as 

the palladium in the formulation was behaving as a photo-blocker. Hence, a 

higher laser setting was required. 

 

Scheme 57: Continuous flow route for the synthesis of 154a using 3D-printed 

palladium monolith. 

The scheme above demonstrates how we attempted to use the newly 

developed catalytic monoliths in the glass reactor fitted to an Uniqsis FlowSyn 

system. Firstly, the same catalyst was used as in the microwave and thermal 

reactions i.e. palladium tetrakis(triphenylphosphine). The catalyst loading was 

maintained at 0.5% w/w and the device was printed with the same setting, 

except with a higher resolution or layer height (0.025 mm) on the Form 1+ SLA 

printer. Once printed and appropriately cured post print, the monolith (2 × 35 

mm) was placed inside an empty glass reactor and connected to the flow 

system with a 100 psi BPR. To begin our experiments, we prepared a solution 

of the iodoacetophenone with a single equivalent of potassium carbonate as 
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base in 2 mL of ethanol. A separate solution of a single equivalent of the 

phenylboronic acid and another equivalent of base was prepared, but this time 

we used 2 mL of a 2:1 ratio of ethanol and water in order to fully solubilize the 

mixture. The two solutions were injected into the individual 2 mL injection loops 

connected to pumps A and B. Ethanol was used as the solvent reservoir and 

the reactor fitted with the monoliths was first flushed with this solution and 

consequently heated to 85 °C. It was left to equilibrate for 10 minutes at this 

temperature while passing solvent through it at a combined flowrate of 0.6 

mL/min or 0.3 mL/min at each pump. When the reaction was started the 

solutions from the individual loops were injected into the flow system at 0.3 

mL/min each. They combined at a T-piece junction valve and passed through 

the reactor. The solution exiting the flow system was concentrated under 

reduced pressure and the crude product was analyzed by TLC. However, 

under these conditions no product was observed as the TLC showed spots 

corresponding to the individual starting materials.  

The reaction was repeated under the same conditions using a fresh monolith 

(2 × 35 mm) and the amount of phenylboronic acid was increased to 1.5 

equivalents. The solution was collected and concentrated under reduced 

pressure. A small workup by washing with water to remove any excess boronic 

acid and base was carried out and the crude material obtained from this step 

was investigated. The 1H NMR spectrum showed that some amount of product 

was obtained however, there was still a considerable amount of 

iodoacetophenone. The ratio of the iodoacetophenone to product in the 1H 

NMR sample was 1 : 1.41.  

In the next series of experiments, the reaction molarities were kept the same 

and the temperature was gradually increased from 85 °C to 105 °C and the 

flow rate lowered from 0.6 mL/min to 0.2 mL/min. We were however, unable 

to drive the reaction to completion in all these reactions. The ratio of 

iodoacetophenone to product when the reaction was run at 105 °C and at a 

combined flow rate of 0.2 mL/min had decreased to 1 : 1.22. To check whether 

decreasing the flow rate was impeding the reaction, the temperature was 

further increased to 110 °C and flow rate lowered to 0.06 mL/min. This reaction 

too, showed a significant amount of starting material which led us to rethink 
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our protocol. We therefore swapped the base from potassium carbonate to 

triethylamine. This can be seen in Scheme 58. 

 

Scheme 58: Continuous flow route for the synthesis of 154a using 3D-printed 

palladium monolith. 

The iodoacetophenone was dissolved in 2 mL ethanol and injected into one 

loop of the flow system. Separately, a solution of the boronic acid with 1.5 

equivalents of triethylamine in 2 mL ethanol was made and injected into the 

second loop. The reaction was run at 110 °C and a flow rate of 0.1 mL/min. 

However, no product was seen. Using the same base and reaction 

stoichiometry, the temperature was increased to 120 °C and flowrate 

decreased to 0.2 mL/min. This too, unfortunately did not yield any product. An 

even lower flowrate of 0.1 mL/min was tested at 120 °C under the same 

reaction conditions, however no product was obtained.  

 

Scheme 59: Continuous flow route for the synthesis of 154a using 3D-printed 

palladium monolith. 
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In a final attempt to make this reaction work better than our initial conditions, 

the base was swapped yet again from triethylamine to tetrabutylammonium 

acetate (TBAA). In this case, a solution of the iodoacetophenone, 

phenylboronic acid (1.5 equiv.) and TBAA (2 equiv.) in ethanol (4 mL) was 

made and 2 mL of the mixture was injected into each of the two sample loops. 

A fresh monolith with 0.5% w/w Pd(PPh3)4 was used and equilibrated at 120 

°C with ethanol at a flowrate of 0.1 mL/min for 10 minutes. The reaction was 

run under these conditions after equilibration and the solution was 

concentrated under reduced pressure and purified by column 

chromatography. Interestingly, a ratio of the iodoacetophenone to product was 

1 : 7. This can be seen in the 1H NMR below (Figure 52). 

 

 

Figure 52: 1H NMR showing iodoacetophenone 153a and 1-([1,1'-biphenyl]-4-

yl)ethanone 154a in the ratio of 1 : 7. 

Although this is the best result we had achieved thus far, it became quite 

obvious that the palladium monolith chemistry needed further development 

and hence we decided to move on with the project due to time constraints.  



Zenobia X Rao                                                         Results and Discussion                  

 

130 
 

3.5.4 Yttrium Chemistry 

Having demonstrated the relevance of an organic acid catalyst and a transition 

metal catalyst impregnated in a stirrer bead adapted device, we now wanted 

to explore the scope of Lewis acid catalysis using the same principle. For this 

section of the thesis we elected to explore the use of yttrium triflate (Y(OTf)3) 

and its use in the protection of carbonyl groups in simple aldehydes. This 

principle was subsequently developed into a flow based protocol, which is 

discussed in the later sections of this thesis.  

The versatility of this Lewis acid catalyst has been demonstrated below 

through its use in a variety of reactions namely aldol, Mannich, Michael, 

Freidel-Crafts, etc. making it an interesting compound to work with during our 

research. The cross-aldol reaction between ketone 157 and isobutyraldehyde 

158 seen in Scheme 60 Reaction A uses a stoichiometric amount of the 

catalyst and a tertiary amine to give the products 159 and 160 in good yields 

and anti disastereoselectivity (80:20) [163]. In the Mannich type reaction 

between the imine 161 and the ketene silyl enol ether 162 and 5 mol% Y(OTf)3, 

the corresponding β-aminoester 163 was obtained in high yields (Scheme 60 

Reaction B) [164].  

 

Scheme 60: A) Yttrium triflate catalyzed aldol reaction between ketone 157 and 

isobutryaldehyde 158; B) Mannich-type reaction between imine 161 and 

ketene silyl enol ether 162 using yttrium triflate. 
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As seen in Scheme 61, the yttrium triflate catalyzed reaction between indole 

164 and electron deficient olefins like α,β-unsaturated ketone 165 and β-

nitrostyrene 167 give the corresponding 3-substituted Michael adducts 166 

and 168 in good yields [165].  

 

Scheme 61:  Yttrium triflate-catalyzed reactions of indole 164 with electron-

deficient olefins 165 and 167. 

In the acylation of 1-(phenylsulfonyl)pyrrole 169 using 10 mol% Y(OTf)3 as 

reported by Kobayashi (Scheme 62 Reaction A), it was found the 2-acylated 

adduct 170 was preferred over the 3-acylated adduct 171 and the reaction was 

high yielding as well as highly regioselective [166]. The imino-Diels-Alder 

reaction between N-aryl imine 172 and cyclopenta-1,3-diene 173 (Scheme 62 

Reaction B) was catalyzed by 20% Y(OTf)3 and the tetrahydroquinoline 

derivative 174 was obtained in moderate yield [167]. 
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Scheme 62: A) Yttrium triflate catalyzed Freidel-Crafts acylation of 1-

(phenylsulfonyl)pyrrole 169 X; B) Yttrium triflate catalyzed imino-Diels-Alder 

reaction.  

In the work described by De, catalytic amounts of yttrium triflate were used to 

protect carbonyl groups on aldehydes and ketones using 2-mercaptoethanol, 

1,2-ethanedithiol, and 1,3-propanedithiol converting them to the 

corresponding dithianes [168]. We envisaged using this as a starting point to 

carry out similar reactions with impregnated Y(OTf)3 stirrer bead devices 

adapted for microwave reactions. Using the same optimised formulation as in 

the palladium catalysed chemistry, a microwave route was developed for the 

protection of carbonyl groups in aldehydes using thiols to give the 

corresponding dithianes. The advantage of the 3D-printed Y(OTf)3 stirrer bead 

over an inert 3D-printed stirrer bead and a normal stirrer bead was also 

investigated.  

The first part of the Lewis acid catalysed protection of aldehydes using thiols 

involved the purification of the aldehydes in question. They were either distilled 

using a high-vacuum pump and distillation glassware or recrystallized and 

stored under nitrogen at 4 °C. The second part involved the preparation of the 

stirrer beads. A higher catalyst loading was used in comparison to the 

palladium chemistry seen earlier. We decided to start with creating a 2.5% w/w 

Y(OTf)3 stirrer bead.  



Zenobia X Rao                                                         Results and Discussion                  

 

133 
 

 

Scheme 63: Synthesis of 176 using 3D-printed yttrium triflate stirrer beads. 

In the initial reactions, we wanted to see if we could obtain the product under 

thermal conditions. As such, the aldehyde 70a and 2-mercaptoethanol 175 

(1.2 equiv.) were dissolved in acetonitrile and the 2.5% w/w Y(OTf)3 stirrer 

bead was added to the reaction mixture (Scheme 63). The net weight of 

catalyst in each stirrer bead was calculated based on the average weight of 

each bead and was found to be 0.022 g. This reaction was stirred at room 

temperature for 2 hours and checked for product formation via TLC. No 

product was seen and upon working up the reaction, the 1H NMR spectrum 

showed only starting material. 

In the next experiment we examined the effect of adding the same amount of 

catalyst (0.022 g) directly into the reaction as a powder and stirring it with a 

normal stirrer bead. After stirring for 3 hours at room temperature and working 

up the reaction, the 1H NMR spectrum of the crude material showed a 1 : 0.45 

benzaldehyde to product ratio (Figure 53). 
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Figure 53: 1H NMR showing benzaldehyde 70a and 2-phenyl-1,3-

oxathiolane 176 with 0.05 equiv. Y(OTf)3 powder. 

After observing such results, we decided to drive the reaction to completion by 

heating it in a microwave, increasing the loading on the stirrer beads from 2.5% 

to 10% and also increasing the reaction molarity to 1 molar by concentrating 

the mixture (Scheme 64). 

 

Scheme 64: Synthesis of 176 using 3D-printed yttrium triflate stirrer beads 

under microwave conditions. 

As such, the appropriate microwave stirrer bead .stl file was printed with the 

increased catalyst formulation and the reaction was carried out by heating in 

the microwave at 150 °C for 10 minutes. As seen in the 1H NMR spectrum 

belown (Figure 54), the reaction was significantly improved giving a 

benzaldehyde to product ratio of 0.08 : 1. The reaction could therefore in 
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theory be pushed to completion by simply heating it for an additional 10 

minutes.  

 

Figure 54: 1H NMR showing benzaldehyde and 2-phenyl-1,3-oxathiolane 

product with 10% Y(OTf)3 microwave stirrer bead. 

With these results, we decided to check if the original formulation with the 

lower catalyst loading (2.5%) would be sufficient to carry out the reaction in a 

fitting timescale. Hence, a microwave adapted stirrer bead with the 2.5% w/w 

loading Y(OTf)3 formulation was printed and used in the reaction by irradiating 

it at 150 °C. A very small amount of product was seen after 10 minutes (as 

observed by TLC) and the reaction was stopped after 40 minutes. Upon 

concentrating the reaction mixture, the 1H NMR spectrum showed a ratio of 

benzaldehyde to product of 0.35 : 1. It became obvious that the increased 

loading had a direct impact on the rate of the reaction and thus we decided to 

use the 10% w/w Y(OTf)3 loaded stirrer beads in our reactions. 

As seen in the palladium chemistry in the previous section, we also developed 

monoliths using this higher loading (10% w/w Y(OTf)3) and decided to 

investigate the chemistry further.  
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Yttrium Triflate monoliths: Poly(ethylene glycol) diacrylate Mn 250 89.19%, 

Yttrium triflate 10%, 2,5-bis-(5-tert-butylbenzoxazole-2-yl)thiophene (BBT) 

0.01%, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) 0.8%. 

These devices were printed on the FormLabs Form 1+ SLA printer using a 

lower power (Clear 01) laser setting with a resolution of 0.025 mm. Similar to 

the palladium monoliths, these devices were printed vertically with supports 

on the upper face. The Clear 01 setting was sufficient to produce the detailed 

intricacies in the monolith lattice structure. 

The monoliths were placed inside the glass reactor and the flow system was 

fitted with a 45 psi BPR. The aldehyde and 2-mercaptoethanol (1.2 equiv.) 

were dissolved in 4mL anhydrous acetonitrile and injected into each of the 2 

mL sample loops of the Uniqsis FlowSyn flow system. As the aldehydes had 

been previously distilled and stored under nitrogen, the injection loops were 

flushed with anhydrous acetonitrile prior to these reaction mixture injections. 

The reactor was equilibrated at 150 °C with anhydrous acetonitrile at 0.30 

mL/min for 30 minutes before starting the reaction. Once injected, the reagents 

were made to pass over the monolith until it exited the flow system. The 

solution was concentrated and a 1H NMR of the crude mixture showed that 

most of the starting material had been consumed and the ratio of 

benzaldehyde to product was 0.17 : 1. The only drawback with this procedure 

is that the BPR did not produce enough pressure to keep the acetonitrile within 

the system. As the temperature had been elevated well above its boiling point 

a drop in system pressure (0.2 bar) was observed and the acetonitrile was 

bubbling out of the flow system. 

 

Scheme 65: Continuous flow route for the synthesis of 176 using 3D-printed 

yttrium triflate monolith. 
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Hence in the next experiment, a 75 psi BPR was used and the flow rate was 

decreased to 0.1 mL/min. Upon collecting and purifying the crude material the 

1H NMR revealed a lower conversion to product as the ratio of benzaldehyde 

to product was 0.23 : 1.  

At this point, we decided to swap the 2-mercaptoethanol 175 with 1,3-

propanedithiol 177a as a protecting group and analyse the reaction using this 

new strategy. As such, a solution with benzaldehyde 70a, thiol 177a (1.2 

equiv.) in 4 mL of anhydrous acetonitrile was made and injected into the two 

2 mL injection loops of the Uniqsis FlowSyn. As per the previous experiments, 

these loops had been flushed with anhydrous acetonitrile and the solvent 

reservoir was also filled with a flask containing the same solvent. Fresh 10% 

Y(OTf)3 w/w monoliths were placed inside the glass reactor and it was 

equilibrated at 120 °C in acetonitrile at 0.2 mL/min for 30 minutes. Once the 

reaction mixture solutions were injected into the system, the flowrate was 

maintained and the solution exiting the flow system was concentrated and 

checked by TLC. The presence of a new spot on the TLC plate proved exciting 

as it was the clean product as observed by 1H NMR spectrum analysis in an 

excellent yield of 91%.  

 

Scheme 66: Continuous flow route for the synthesis of 178a using 3D-

printed yttrium triflate monolith. 

It became evident from these experiments that the dithiol proved to work better 

in reactions compared to mercaptoethanol 175, under the reaction conditions 

using our 3D-printed monoliths. We hypothesized that the same outcome 

would be observed if we were to translate this chemistry back to microwave 

conditions.  
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Scheme 67: Synthesis of compounds 178a-I using microwave irradiation 

and 3D-printed Y(OTf)3 stirrer beads. 

In order to start building this dithiane protected library and experimenting with 

microwave conditions using the same 10% Y(OTf)3 microwave adapted stirrer 

beads, a range of aldehydes 70a-f were selected and reacted with 1,3-

propanedithiol 177a and 1,2-ethanedithiol 177b to form the corresponding 

dithianes 178a-i. Depending on the reactivity of the aldehyde, the optimum 

conditions for each reaction was found and demonstrated as seen in Table 

11.  

Table 11: Microwave assisted synthesis of compounds 178a-i using 3D-

printed Y(OTf)3 stirrer beads. 

Entry Aldehyde Product µw 

Conditions 

Yield 

(%) 

1 

 
 

120 °C, 10 min 91 

2 

 
 

120 °C, 90 min 36 

 

 

    



Zenobia X Rao                                                         Results and Discussion                  

 

139 
 

Entry Aldehyde Product µw Conditions Yield 

(%) 

3 

 
 

100 °C, 10 min 99 

4 

 
 

80 °C, 30 min 99 

5 

  

120 °C, 40 min 

120 °C, 60 min 

90 

93 

6 

  

120 °C, 20 min 

80 °C, 10 min 

99 

76 

7 

  

100 °C, 50 min 94 

8 

  

100 °C, 50 min 99 

9 

  

100 °C, 50 min 74 

 



Zenobia X Rao                                                         Results and Discussion                  

 

140 
 

Reactions with benzaldehyde 70a and 1,3-propanedithiol 177a catalysed by 

Y(OTf)3 stirrer beads proceeded to completion in the microwave after 10 

minutes, heating at 120 °C (Table X, Entry 1) giving a 91% yield. The 4-

bromobenzadehyde 70b required 90 minutes at this temperature and gave a 

low yield of 36% (Table 11, Entry 2). 4-Fluorobenzaldehyde 70c, however 

required a lower temperature of 100 °C and proceeded to completion in 10 

minutes (Table 11, Entry 3) in quantitative yield. With electron donating 

substituents on the aldehyde 70d, an even lower temperature of 80 °C could 

be used and the reaction went to completion in 30 minutes (Table 11, Entry 4) 

also giving a quantitative yield. 

Upon investigating the reaction of 1,2-ethanedithiol 177b and aldehydes using 

the same Y(OTf)3 stirrer beads, slightly different results were observed. 

Benzaldehyde 70a required 120 °C for 60 minutes (Table 11, Entry 5) giving 

a 93% yield. The effect of 2-bromobenzaldehyde 70b in the reaction was 

investigated owing to the low yields observed when 4-bromobenzaldehyde 70f 

was used previously. This reaction (Table 11, Entry 6) required 120 °C for 20 

minutes giving a quantitative yield. The 4-fluorobenzaldehyde 70c as expected 

gave a high yield (94%) at 100 °C for 50 minutes under microwave irradiation 

(Table 11, Entry 7). The highly electron withdrawing 4-nitrobenzaldehyde 70e 

also required similar conditions of 100 °C and 50 minutes giving a moderate 

74% yield (Table 11, Entry 9). When anisaldehyde 70d was used with the 1,2-

ethanedithiol 177b, the reaction proceeded to completion in quantitative yields 

with the same conditions (100 °C, 50 minutes) (Table 11, Entry 8). 

Having generated a few examples using these catalytic beads in combination 

with aldehydes and the two thiol systems, we proceeded to investigate the 

effect of the 3D-printed stirrer bead against an inert 3D-printed stirrer bead 

with the same amount of powdered catalyst as well as a regular 8 mm stirrer 

bead with powdered catalyst. The average weight of a 3D-printed Y(OTf)3 

microwave stirrer bead was found to be 0.2 g. Given that the catalyst loading 

was 10%, the approximate weight in each bead was estimated to be 0.02 g. 

Using this information, a 1H NMR experiment was carried out to investigate 

the effectiveness of the three systems. 
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The reaction between anisaldehyde 70d and 1,3-propanedithiol 177a was 

chosen owing to its moderate reaction time and low temperature requirement. 

In the first case, the 3D-printed Y(OTf)3 (10% loading) stirrer bead was added 

to a solution of the two in deuterated acetonitrile and irradiated in the 

microwave at 80 °C. The reaction was paused every 10 minutes and a small 

aliquot of reaction mixture was removed and diluted with deuterated 

chloroform. A 1H NMR spectrum (Figure 55) was observed on this sample 

immediately and this process was repeated every 10 minutes until the reaction 

was found to be complete. This reaction proceeded to completion in 50 

minutes. 

 

 

Figure 55: Aliquots taken out of the reaction between anisaldehyde 70d and 

1,3-propanedithiol 177a every 10 minutes and a stacked 1H NMR showing 

consumption of limiting reagent.  

In the second case an inert 3D-printed stirrer bead was added to the same 

solution containing 0.02 g of Y(OTf)3 in powdered form. The reaction was 

heated in the microwave under the same conditions (80 °C) and aliquots were 



Zenobia X Rao                                                         Results and Discussion                  

 

142 
 

taken every 10 minutes. This reaction required a longer time in the microwave 

and only proceeded to completion in 170 minutes. This showed us that the 

catalyst impregnated in the stirrer directly affected the rate of the reaction. 

The same reaction was carried out with a normal 8 mm microwave stirrer and 

0.02 g Y(OTf)3. The profile of this reaction was found to be similar to when the 

inert 3D-printed stirrer bead was used and only completed after 180 minutes. 

The graph below clearly demonstrates the superior effect of our catalytic stirrer 

bead on the progression of the reaction. 

 

Graph 2: Conversion of p-anisaldehyde 70d to dithiane 178d as determined 

by 1H NMR in reactions with 3D-printed Y(OTf)3 stirrer beads, inert stirrer 

beads with powdered catalyst and 8 mm magnetic flea with powdered 

catalyst.  

It can be observed that the stirrer bead impregnated with Y(OTf)3 has the 

highest conversion (79%) in only 10 minutes as compared to the blank bead 

with powdered catalyst and magnetic flea with the same amount of powdered 

catalyst (60% and 63%). The trend seen in the graph shows that the reaction 

with inert bead and powdered catalyst performs slightly better than with the 

magnetic flea and powdered catalyst. It takes 170 minutes to reach completion 

versus 180 minutes when the magnetic flea alone was used. In contrast to 

this, the reaction with the Y(OTf)3 impregnated stirrer bead proceeds to 
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completion in 50 minutes demonstrating the superiority of this system as 

compared to the other two. 

3.6 Flow reactors 

Having established a working protocol for catalysing reactions through stirrer 

bead devices, the search for an optimised formulation and printing of a reactor 

to carry out more robust chemistry in flow has been investigated herein. Such 

a process required a formulation that would not only be resistant to solvents 

and chemicals, but also able to withstand high temperatures and pressures. 

With regards to the design of a reactor, we wanted to incorporate channels as 

in the 3D-printed column reactors but also have the potential to carry out 

photochemistry through them.   

When considering such a reactor, we wanted to incorporate the largest 

possible volume and surface area in a flow path within the device. Given that 

we were using SLA as a printing method, the formulation would be required to 

tolerate such intricacies within the structure in a single print and not overheat 

and over-polymerize. Coincidently, a group at the University of Washington 

published a report for printing microfluidic devices using poly(ethylene glycol) 

diacrylate (PEGDA) with Irgacure 819 and Irgacure 784 as dual photoinitiator 

systems [169]. Having a considerable amount of experience with the handling 

and printing of such acrylate based systems as seen in the work preceding 

this, it seemed to be a suitable starting point for the formulation development. 

A rough channel design was first created on Tinkercad. This was comprised 

of a single 15 × 30 × 7 mm block with 0.1 mm straight channels passing 

through it as one would find in a chip reactor. A small section of this block was 

taken and used as a guide to optimise the formulation. As the report 

suggested, higher photoinitiator concentrations would be required to attain 

such a print. Hence keeping PEGDA as the monomeric unit, we investigated 

4 different formulations with increasing amount of TPO (triphenylphosphine 

oxide). While the lowest concentration (0.5% w/w) showed over-

polymerization in the fine channels, the highest (2.12% w/w) as suggested in 

the report caused severe hazing of the print tray and high heat emission from 

the resin mixture. The print however, showed well-defined channels. The 
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solution we found was to lower the photoinitiator just enough so as to reduce 

the wear on the trays and overheating of the resin mixture but still having the 

definition of channels in the test print.  Hence the formulation was developed 

further.  

 

 

 

 

 

 

 

Figure 56: A) Test segment print with 0.67% photo-initiator; B) Test segment 

print with 1% photo-initiator; C) Test segment print with 1.5% photo-initiator; 

D) Test segment print with 2.12% photo-initiator. 

  

 D                                                             C                                                                           

 A                                                             B                                                                           
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3.6.1 TinkerCad Reactor Designs 

 

Chip Reactor: While designing these reactors we wanted to incorporate 

channels occupying a maximum surface area in the reactor. The first design 

was a simple chip reactor. It consisted of a 55.5 × 102.5 × 4 mm block with 0.1 

mm channels etched into the upper surface. A lip was created on one side that 

was 1.3 mm higher than the rest of the surface where the inlet and outlet ports 

would be present. Needle ports facilitated the inlet and exit of solutions in the 

reactor. The idea behind this was to have a glass top that would be sealed 

onto the surface bearing the channels. The glass was treated with silylacrylate 

in order to better bind to the surface of the reactor. It was left sitting in a hexane 

solution of 3-(trimethoxysilyl)propyl methacrylate overnight in order to 

functionalise it. The formulation used to print the reactor still utilised PEGDA, 

but the photoinitiator TPO was decreased to 0.5% w/w. The reactor was 

printed on the Form 1+ using Clear 01 setting and printed with a layer height 

of 0.1 mm. The object was printed vertically so as to allow for print definition 

in the channels and avoid over-polymerisation by allowing excess resin to 

drain off.   

 

 

 

 

 

 

 

 

 

 



Zenobia X Rao                                                         Results and Discussion                  

 

146 
 

 

 

 

 

 

 

Figure 57: A) CAD design of chip reactor showing channels and needle inlet 

and exit ports; B) 3D-printed chip reactor with glass top and dye displaying 

channels; C) Schematic representation of the working chip reactor showing 

attached glass and lamps. 

2nd Generation Formulation: Poly(ethylene glycol) diacrylate Mn 250 98.53%, 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47%.  

We also wanted to allow such reactors to be heated using conventional 

hotplates used in the lab, so the design was made circular to allow them to fit 

into DrySyn equipment if needed. Hence, the name circular hotplate reactors 

or CHRs. All reactors were printed on the Form 1+ SLA printer and Clear 01 

settings were used for laser exposure. After all prints were completed, the 

reactors were taken off the build plates and rinsed with IPA. This was followed 

by immediately connecting them to a compressed air tubing line to remove un-

polymerized resin. IPA was reintroduced into the channels of the reactor and 

the reactor was connected to the compressed air tubing line again. This 

process was repeated three to four times or until the channels were found to 

be void of liquid resin after which the same compressed air tubing line was re-

attached for the last time and air blown through the channels, thereby drying 

them.  

   A                                                                        B        

C                                                                      
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The reactor was printed using 1.47% PI (TPO) and 98.53% PEGDA 250. It 

was printed vertically with the screw threads close to the base plate. Supports 

were added and the point density was increased to 0.82. After the print the 

reactor was first flushed with compressed air to remove any excess 

unpolymerised resin, then flushed repeatedly with IPA. This was repeated 

three to four times until the inter surfaces (channels) were clean.  

Figure 58: A) CAD drawing of circular hotplate reactor design 1; B) Printed 

circular hotplate reactor design 1 and placed in DrySyn. 

CHR1: This reactor had a diameter of 75 mm and was 3 mm thick. It featured 

channels of the split and mix type. The inlet and outlet were positioned on 

opposite ends. This inlet or outlet composed of a 10 mm cube with a rough 

hole (4.44 mm ID) was created to allow the screw thread of the ferrule to be 

screwed into the device. The channels from the inlet were 2 mm wide and split 

in two separate paths upon entry into the device. They then divided again, 

opening out into wider oval shaped holes (5 mm) which would recombine into 

the smaller channel. This ‘unit’ repeated itself four times on each side of the 

reactor giving a total of eight split and mix type segments in total. The reactor 

was printed vertically with the inlet/outlet facing the build plate. Supports were 

added where required. Upon printing, the channels were found to be partially 

blocked. 

 

 

 

   A                                                                        B        
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Figure 59: A) CAD drawing of circular hotplate reactor design 2; B) Printed 

circular hotplate reactor design 2. 

CHR2: This reactor featured coil type channels. The dimensions of the reactor 

were left the same as CHR1 except the channels were 5 mm wide and square 

in cross-section. The design aimed to maximise the utilisation of surface area 

on the reactor with its intricate pattern splitting the channels into four distinct 

quadrants within the reactor. The inlet and outlet were placed on the same 

side in this case as it would be easier to fit in the desired hotplate without losing 

vital space.  

 

 

 

 

 

 

Figure 60: A) CAD drawing of circular hotplate reactor design 3; B) Printed 

circular hotplate reactor design 3 showing over-polymerization. 

CHR3: The reactor was identical to CHR2 except the channel size was 

decreased to 2 mm in order to provide a higher residence time for reactions. 

Horizontal channels were 1 mm wide. The print appeared to be successful but 

   A                                                                        B        

   A                                                                          B        
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upon cleaning the reactor of un-polymerised resin it was found to be partially 

blocked along the horizontal channels due to the accumulation of resin and 

potential over-polymerisation.  

 

 

 

 

 

Figure 61: CAD drawing of circular hotplate reactor design 4. 

CHR4: This design aimed to improve on the previous by increasing the 

thickness of the horizontal channels to 2 mm to allow for this potential over-

polymerisation. A lip was added to the bottom-most channel connecting the 

two quadrants to also accommodate for this potential over-polymerisation. 

Heights of the inlet and outlet blocks were increased to 15 mm. Although the 

reactor printed successfully, the post-print processing required rapid removal 

of all excess resin before any over-polymerisation could occur. This often 

resulted in a partially blocked reactor due to the difficulty in removing the 

somewhat viscous resin from the fine channels.  

 

 

 

 

 

 

Figure 62: A) CAD drawing of circular hotplate reactor design 5; B) Printed 

circular hotplate reactor design 5 attched with PEEK ferrules. 

                  A                                                                   B        
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CHR5: This design was a replica of CHR2 with the 5 mm circular channels. 

The only difference between the two designs was the height of the inlet and 

outlet blocks which were increased to 15 mm to give the ferrule enough room 

to secure itself in position in the device.  

 

 

 

 

 

Figure 63: A) CAD drawing of circular hotplate reactor design 6; B) Printed 

circular hotplate reactor design 6 showing over-polymerization. 

CHR6: This design aimed at improving slightly on the residence time the 

reactor could accommodate without potential issues of over-polymerisation. 

The coil type channels were therefore medium sized (3 mm). The height of 

screw blocks were maintained at 15 mm and the thickness of the horizontal 

channels increased to 2.20 mm. A lip in the bottom-most channel connecting 

the two quadrants of the reactor was added. Although the print was successful, 

the post-print processing issues led us to abandon efforts in decreasing 

channel size with the existing formulation and optimising reactor designs with 

5 mm wide channels.  

 

 

 

 

 

Figure 64: A) CAD file of circular hotplate reactor design 7; B) 3D-printed 

reactor fit in hotplate. 

A                                                                          B 

                  A                                                                   B        
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CHR7: This reactor featured a two inlet and single outlet design with 5 mm coil 

type channels. The inlet and outlet screw blocks were made cylindrical and its 

thickness slightly increased giving a width of 11 mm. The height of these 

cylindrical screw blocks was also increased to 15 mm as in the previous 

reactors. A lip was also added to the bottom-most channel connecting the two 

quadrants. The reactor was printed successfully, but a considerable amount 

of strain was observed at the points where the screw blocks met the reactor 

and over time, cracks at these junctions were observed.  

 

 

 

 

 

Figure 65: A) CAD drawing of circular hotplate reactor design 8; B) Printed 

circular hotplate reactor design 8. 

CHR8: This design was identical to the previous except it included the addition 

of an extra lip or wedge that connected the screw blocks to the reactor surface 

to potentially ease the stress caused by the coil being so close to the edge of 

the reactor as in the previous design. Although the print was successful, small 

cracks were observed at the corners of this wedge. 

 

 

 

 

 

Figure 66: Circular hotplate reactor design 9. 

A                                                                       B 
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CHR9: This reactor was identical to the previous except the wedge that 

connected the screw blocks to the reactor body was smoothened so that no 

corners or sharp edges were observed. This reactor was successfully printed 

and the formation of cracks along the stress points was alleviated.  

 

 

 

 

 

Figure 67: Circular hotplate reactor design10. 

CHR10: This reactor featured a scaled down version of CH7 to fit a 47 mm 

wide hotplate. The dimensions of the screw blocks, however, were maintained 

as previous. This reactor did not feature an additional wedge.  

 

 

 

 

 

Figure 68: A) CAD drawing of circular hotplate reactor design 11; B) Printed 

circular hotplate reactor design 11. 

CHR11: This reactor was an adapted version of CHR7 except it included a 

single inlet and outlet. The screw blocks maintained an increased height of 15 

mm and the channel size 5 mm. The thickness of the reactor was increased 

to 5 mm and extra width along the horizontal channels (4 mm) was added.  It 

also showcased a lip in the bottom-most channel connecting the two quadrants 

as in CHR7. 

      A                                                                B 
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Screw thread optimisation: 

 

Figure 69: A) CAD file showing standard screw thread compliant with 

dimensions that match ferrules in flow systems; B) CAD file with screw 

thread designs showing 105-110% increase in dimensions.  

A screw thread file was donated from Uniqsis’ CAD designs for glass reactors 

and a section of this file was printed. A significant amount of shrinkage was 

observed with our formulation causing the screw block to be smaller than the 

ferrule size. Hence the design was modified and the screw block itself selected 

and placed on a rectangular plank with increasing dimensions. The scale was 

increased from 101%-111%. It was observed that the perfect fit with our 

formulation was the screw thread scaled to 110%.  

 

 

 

 

 

Figure 70: Image showing 3D-printed screw threads of varying sizes (106%-

110%) with ferrule fit in correct size.  

Unlike the PP reactors developed in the first portion of this thesis, this SLA 

formulated device seemed to be more brittle and harder and thus tapping out 

the screw threads would be disadvantageous. If the size of the thread was too 

small, inserting the ferrule would cause the entire block to crack. If the size 

was too big then the joint would be loose and would cause solvents to leak out 

A                                                                  B
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through this point. It was therefore essential to make sure the fit to the reactor 

was good and safe to work with.  

 

 

 

 

 

 

Figure 71: A) CAD drawing of circular hotplate reactor design 12; B) Printed 

circular hotplate reactor design 12. 

CHR12: This was the final design in the series of circular hotplate disc 

reactors. It featured a screw thread designed by Uniqsis and optimised by us 

for the given formulation. The reactor consisted of 5 mm wide circular channels 

with an increased width of 4 mm along the horizontal edges. It also included a 

lip at the bottom-most channel connecting the two quadrants to avoid over-

polymerisation in this area. A wedge joining the screw blocks to the reactor 

body was added and its edges were smoothened out to decrease stress points 

that could potentially cause cracks in the print after a given period of time. The 

thickness of the reactor was maintained at 5 mm to give sufficient space 

between the channels and outer body of the reactor.  

In order to calculate the internal volume of the reactor, the CAD file of CHR12 

was duplicated and channels made solid. This was loaded into Preform 

program and the volume was calculated. The difference in this volume and 

that of the original file was found to be 4.44 mL. 

A                                                 B
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Figure 72: Circular disc reactors placed in hot plates showing channels by 

passing coloured dyes through them. 

Reactor Testing: 

These series of experiments aimed at establishing safe working conditions 

while using such reactors in flow. Considering the new formulation used, we 

wanted to establish pressure limits that the reactor could withstand as well as 

its behaviour towards changing temperatures. As the design of the reactor 

consisted of channels within its otherwise solid body, we expected certain 

stress points to evolve while subjecting it to such conditions and therefore 

wanted to know these thresholds as a starting point to our investigation. 

We therefore connected the CHR12 to our Uniqsis FlowSyn using ferrules that 

would otherwise attach to a glass reactor unit or the coil unit in the system. 

Perlast O-rings made from PTFE were placed inside the screw blocks and the 

ferrules were screwed in. These O-rings provided the necessary seal required 

to maintain the high pressures that could develop in the system. The system 

configuration was set up as to allow a maximum pressure of 20 bar after which 

it would automatically shut down. Ethanol was used as a solvent and the flow 

rates at pumps A and B were set to 0.5 mL/min each respectively. The system 

pressure recorded while using such conditions was observed to be 15 bar. The 

reactor was stable under these conditions and showed no signs of leaks and 

or cracks developing on its body. The next part focussed on establishing the 

effects of adding heat to an already pressurised system. We therefore placed 

the reactor on a hotplate connected to a temperature probe and gradually 
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began to increase its temperature. We observed a sudden loss of system 

pressure due to a crack that developed in one of the channels causing it to 

leak. The crack developed when the system pressure reached a high of 18 bar 

and the temperature of the hotplate reached 67 °C. Given these results it 

became clear to us that such a reactor was more capable of handling high 

pressures as compared to high temperatures. We gathered that the brittle 

quality of the polymerized material was due to single monomer (PEGDA) used 

in the formulation and its potential randomised polymerisation that would occur 

in the printing process. The chain length being Mn 250, which is considered 

relatively short, would also be partially responsible for the hard and brittle 

nature of the polymerized product.  

The next experiment consisted of testing the device’s response to temperature 

alone, in the absence of solvents or in a flow system. We therefore placed a 

newly printed CHR12 on the hotplate and gradually began heating it. As there 

was no solvent in its channels, we expected a slightly different behaviour. In 

this case, several cracks started to develop along the edges of the reactor, as 

if it were expanding along its curved edge. The shape of the otherwise flat 

reactor also started to deform and warp slightly. All these changes happened 

as the hotplate reached 75 °C. It is possible that some of these results could 

have occurred due to the non-uniform heating pattern provided by the hotplate 

as it only heated the bottom face of the reactor. We concluded that due to the 

nature of the formulation and its moderate heat tolerance, all future 

experiments conducted should not include temperatures higher than 60 °C. 

We also hypothesized that in the event where heat is to be added to the 

system, the reactor could be immersed in an oil or water bath or if it were to 

be placed on a hotplate, appropriate measures would be taken to ensure that 

the heat is evenly dissipated throughout the reactor. 
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3.6.2. Flow photochemistry 

 

3.6.2.1 C-H Functionalisations 

Having established a working protocol for the printing of the circular hotplate 

reactor and considering its tolerances with regards to heat and pressure, we 

then set out to examine the scope of such a device in photochemical 

applications. Stephenson and co-workers previously reported a photoredox-

mediated direct intermolecular C-H functionalisation of an indole or pyrrole 

with diethyl bromomalonate 179. The use of visible light in this approach was 

investigated mainly due to its neutral conditions and activity at ambient 

temperatures, but also owing to the fact that such reactions showed low 

catalyst loading, functional group tolerance and the potential to be applied in 

flow [170]. The photoredox catalyst Ru(bpy)3Cl2 along with a suitable tertiary 

amine electron donor 4-methoxy-N,N-diphenylanaline, were used in the 

reaction and the authors proposed a mechanism wherein the catalyst in its 

Ru(bpy)3
2+ form absorbs the visible light, exciting it to the Ru(bpy)3

2+* state. 

This is then supposed to be reductively quenched by the amine giving the 

Ru(bpy)3
1+ state. This Ru1+ species then performs a single electron transfer 

between the C-Br bond of the bromomalonate regenerating the Ru(bpy)3
2+ 

species and in turn generating the carbon radical on the malonate species. 

This electron deficient radical couples with the electron rich arene (indole or 

pyrrole) at the C2 position. This is followed by the oxidation and subsequent 

rearomatization affording the desired product (Scheme 68).  

 

Scheme 68: Mechanism showing radical formation on bromomalonate 179 

and C-H functionalization on indole. 
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The reaction with the N-methyl indole was first performed in batch to test the 

lights suggested by the authors of the publication and establish basic working 

conditions that we could then translate to flow. A solution of the indole 182 (1 

equiv.), bromomalonate 179 (2 equiv.), amine 180 (2 equiv.) and tris(2,2′-

bipyridyl)dichlororuthenium(II) hexahydrate 181 (0.01 equiv.) in anhydrous 

DMF (1.5 mL) was prepared in a oven dried round bottom flask. The solution 

was degassed by 3 freeze-pump-thaw cycles Blue LED’s (400W A160 Actinic 

bulbs) were placed around the flask containing the reaction mixture at distance 

of no more than 2.5 cm. The bulbs were turned on and the reaction was 

monitored via TLC to observe consumption of the starting material and the 

formation of a new product spot. After 18 hours the reaction was stopped, 

although it was found that all the starting material had not been consumed. 

Upon working up the reaction and purifying it, a good yield (78%) was obtained 

and this gave us enough information about the reaction to try it in flow. 

As with the batch experiment, a solution of indole 182, bromomalonate 179, 

Ru(bpy)3Cl2 181 and amine 180 in anhydrous DMF was prepared in a flask 

and degassed sufficiently. This was then transferred into a single 2 mL 

injection loop of the Uniqsis FlowSyn flow reactor which had also been 

previously flushed with anhydrous DMF. This solution was made to pass 

through CHR12 disk reactor. The lights were placed directly in front of the 

reactor at a distance of 2.5 cm from the front face. A compressed air tubing 

line was also made to blow over the surface of the reactor so as to dissipate 

the heat produced by the intensity of the light source. The reaction was run at 

0.03 mL/min using a single pump (Pump B) and the tubing exiting the reactor 

was connected to a 100 psi BPR. The solution exiting the tubing was 

partitioned between ethyl acetate and water and once the short work up was 

complete, it was purified by column chromatography yielding the product 183 

in a good yield of 88%.  
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Scheme 69: Reaction of indole 182 and bromomalonate 179 using CHR12 

and 400W lamp. 

Using these conditions we attempted to replicate the procedure on a pyrrole 

184 substrate. All conditions were kept the same and the solution containing 

the reaction mixture was injected into a single loop of the flow system and 

passed through the CHR12 disc reactor. In this example we saw a drop in yield 

(41%), possibly because the reaction required a longer time under these 

conditions. We hypothesized that the reaction could be improved if the reactor 

volume could be increased or if the channel size could be decreased as in a 

microfluidic system.  
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Scheme 70: Reaction of pyrrole 184 and bromomalonate 179 using CHR12 

and 400W lamp. 

 

Upon carrying out reactions such as these as well as test runs with no reacting 

material, we observed several improvements that could be made on these disc 

reactors. The most important point that needs to be considered, is the brittle 

nature of the fully polymerized formulation. Sharp cracks along weak points as 

seen in the initial development as well as cracks caused during experiments 

due to heat and pressure, all add up to us realizing the limits of the reactor 

printed with this given formulation. It is for this purpose that we decided to carry 

out the next phase of experiments in batch and optimize conditions for flow 

before their use in our reactors. All further optimization of the formulation and 

design will be discussed in the final section of this thesis.  
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Figure 73: A) CHR12 under 400W lamp; B) CHR12 setup with Uniqsis flow 

reactor. 

  

  A                                          B 
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3.6.2.2  Flow Decarboxylation 

The concluding work presented in this thesis involved the development of a 

synthetic route towards anti-helminthic drug praziquantel translatable to flow. 

This sequence featured a photodecarboxylation reaction amongst others, 

which was studied in detail (Scheme 71). We aimed initially to investigate the 

various steps and optimise them for a flow based protocol. The ultimate goal 

would be to combine our 3D-printing technologies developed over the past 

years and utilise them wherever possible in this sequence thus demonstrating 

effectively an endpoint to this research.  

Seki and group reported a batch synthesis route to pyrazinoisoquinoline 

skeletons from D-phenylalanine methyl ester hydrochloride which we found 

interesting as it featured a stereocontrolled construction of the molecule [171]. 

In initial experiments D-phenylalanine methyl ester was used however, this 

was switched with the racemic compound for the purpose of examining the 

sequence and testing its robustness. 

 

Scheme 71: Proposed synthetic route for Praziquantel analogue 192 with a 

focus on the decarboxylation reaction of such substrates. 

The first step of this sequence featured a simple substitution type reaction 

where D-phenylalanine methyl ester 142 was treated with chloroacetyl 

chloride 193 in the presence of base (Scheme 72). The authors reported using 
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trimethylamine, however we switched to potassium carbonate due to its 

effectiveness in the reaction and the easy handling of the compound. The 

reaction was also performed in a separating funnel making the step far more 

simple. The crude product 186 obtained from this reaction was taken directly 

through to the next step. 

 

Scheme 72: Synthesis of 188 over two steps from phenylalanine methyl 

ester 142. 

This amination reaction between 186 and aminoacetaldehyde dimethyl acetal 

187 was performed at room temperature and upon its completion as noted by 

TLC, a simple work up afforded the crude product in quantitative yield 

(Scheme 72).  

 

Scheme 73: Pictet-Spengler cyclisation of 188 to give 189. 

The third step featured a Pictet-Spengler cyclisation reaction using 

methanesulfonic acid as a solvent and proton source by heating it with 194 at 

70 °C for 30 minutes (Scheme 73). In experiments where enantiopure D-

phenylalanine methyl ester was used as starting material the N-acyliminium 

ion intermediate generated as a result underwent a diastereoselective 

cyclisation affording the cyclised product 189. In our experiments we observed 

a dr of 92:8 for this reaction as seen in the 1H NMR spectrum shown below 

(Figure 74). In order to obtain the clean product, the solution of the Brønsted 
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acid was simply neutralised by the addition of 1M NaOH and extracted with 

DCM. This crude material was taken through to the next step.  

 

Figure 74: 1H NMR spectrum showing the diastereomeric ratio of highlighted 

protons of cyclized product 189. 

The next three steps in the sequence were a hydrolysis, decarboxylation and 

acylation. The acid catalyzed hydrolysis of 189 (Scheme 74) was performed 

by heating under reflux with hydrochloric acid and the product from this 

reaction was obtained by trituration with a 10:1 solution of ethyl acetate and 

ethanol. The crude product from the reaction was used in the subsequent step 

without further purification.  

 

Scheme 74: Acid catalyzed hydrolysis of 189. 
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The next step in the synthesis route featured a thermally promoted 

decarboxylation reaction. We hoped to explore the scope of such a reaction 

and its potential to be applied in a flow-based protocol.  Almqvist reported a 

solvent-free microwave assisted decarboxylative procedure for carboxylic acid 

functionalized bicyclic 2-pyridones using N-methylpyrrolidinone (NMP) [172].  

 

Scheme 75: Decarboxylation of 190 using NMP and microwave irradiation. 

 

This article seemed particularly interesting as we hypothesized its applicability 

in a flow system with an added microwave insert. The reaction was repeated 

in a sealed microwave vial (Scheme 75) however, removing the NMP from the 

reaction mixture proved to be unsuccessful even after following the 

recommended workup procedure. An additional acidic wash was carried out 

on the organic residue in order to reintroduce the desired product into the 

aqueous phase. When separated, the aqueous phase was made alkaline 

again and re-extracted with DCM. This too, unfortunately did not yield the 

desired product and an observation of the 1H NMR spectrum showed an 

absence of any aromatic protons and only traces of solvents and NMP.  

The reaction was repeated a second time and no work up procedure was 

carried out. Instead, the solution was simply concentrated by using a high 

vacuum pump in order to better elucidate the effectiveness of the reaction. The 

1H NMR spectrum (Figure 75) showed only the starting material and a 

significant amount of NMP.  
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Figure 75: 1H NMR spectrum showing trace amounts of strating material 190 

and NMP. 

The authors of the paper also reported another method using copper cyanide  

in NMP at 220 °C. Initially, it was decided to investigate whether copper 

acetate would be a suitable copper source for the decarboxylation reaction. 

The reaction was again carried out in a microwave and was heated to 220 °C 

for 10 minutes (Scheme 76) however no product was observed. Upon 

purifying the crude material by column chromatography, it was evident that the 

reaction did not work as the starting material appeared to have decomposed.  

 

Scheme 76: Decarboxylation of 190 using NMP, copper acetate and 

microwave irradiation. 

In the next approach to perform the decarboxylation reaction, we decided to 

swap the solvent from NMP to DMSO as we were having trouble separating it 
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from the crude material and we observed that it continued to persist even in 

purified fractions. In addition to this, we also decreased the temperature of the 

reaction to 120 °C to avoid decomposition of the product or starting material 

(Scheme 77). The reaction was again carried out in a sealed microwave 

vessel and checked for product formation in 10 minute intervals. After 30 

minutes, the reaction was stopped and an aqueous workup afforded the crude 

material. The 1H NMR spectrum confirmed that this reaction too, like the others 

did not work as no product was observed. 

 

Scheme 77: Decarboxylation of 190 using DMSO, copper acetate and 

microwave irradiation. 

After the failed reactions with copper acetate we decided to try the reaction 

with copper cyanide as literature suggested. A solution of the carboxylic acid 

and copper cyanide in NMP was irradiated in the microwave at 220 °C for 10 

minutes (Scheme 78). However, it was quite evident from the TLC and crude 

1H NMR spectrum that no product was observed.  

 

Scheme 78: Decarboxylation of 190 using NMP, copper cyanide and 

microwave irradiation. 

While designing this sequence, we also investigated the effect of performing 

the second acylation step prior to the hydrolysis and decarboxylation steps 

and the reaction scheme is shown below (Scheme 79). In this series of 

reactions, racemic phenylalanine methyl ester was used as a starting material. 

The reaction between cyclized pyrazinoisoquinoline 189 and 

cyclohexanecarbonyl chloride 195 was performed in a biphasic solution of 
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DCM and water. The persistence of excess cyclohexanecarbonyl chloride in 

the crude material despite additional washes with a saturated solution of 

sodium bicarbonate led us to eventually remove it by column chromatography. 

Although we had hoped to avoid a purification step for this acylation reaction, 

it was important for us to get the product ready for the next step and continue 

to study the decarboxylation reaction. The yield obtained from this reaction 

was lower than expected (52%). 

 

Scheme 79: Acylation of 189 using cyclohexanecarbonyl chloride 195.  

 

Figure 76: 1H NMR spectrum showing acylated product 196. 

 

When the hydrolysis reaction was performed on the acylated product 196, it 

had to be carried out in a solution of THF. In reactions where no THF was 
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added, loss of the cyclohexylcarbonyl group was observed. After the reaction 

was completed, the solution was made neutral by the addition of a saturated 

solution of sodium bicarbonate before extracting with DCM affording the crude 

material in good yield (65%).  

 

Scheme 80: Acid catalyzed hydrolysis of 196 in THF. 

After failed attempts to perform the decarboxylation reaction using a thermally 

promoted route, we shifted our attention towards investigating a 

photogenerated radical route. The work published by Hatanaka and group 

describe a photogenerated cationic radical of phenanthrene (Phen) combined 

with 1,4-dicyanoebenzene (DCB) reacting with the carboxylic acid thus 

forming the initial radical fragment and eventually affording the reduced 

product in the presence of a thiol, which acts as an hydrogen donor [173]. This 

is a slightly different approach as compared to the classic Barton 

decarboxylation [174], wherein the decomposition of the thiohydroxamic ester 

into radical fragments is achieved by heat or light in the presence of a 

hydrogen donor such as a thiol or tributyltin hydride (Scheme 81).  

 

Scheme 81: Barton decarboxylation v/s decarboxylation using 

photogenerated cation radical of Phenanthrene. 
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This route seemed to be a relatively easy way to decarboxylate our analogue 

however it required the use of a 400 W high-pressure mercury lamp and a 6 

hour reaction time (Scheme 82). The reaction time could potentially be 

lowered when optimizing in flow however, the need for a high energy light 

source such as the mercury lamp is what drove us to look back at the literature.  

 

Scheme 82: Photo-decarboxylation of 198 using 400 W lamp as light source. 

When phenanthrene was swapped with an acridinium photoredox catalyst, as 

in the work reported by Wallentin [175] it was found that the energy required in 

the system to generate the initial radical fragment was far lower. In this case, 

8 W blue LEDs with a max of 440 nm were sufficient to carry out the 

hydrodecarboxylation of protected amino acid derivative 198. The authors 

selected this catalyst as it had a greater oxidation potential than that of the 

carboxylic acid. This was important as they hypothesized that the initial 

reaction seen in the system would be a photoinduced single electron transfer 

between the carboxylic acid and the excited state of the photocatalyst. This 

photoredox/thiol catalysis method is initiated by the photoexcitation of Mes-

Acr to Mes-Acr* and the subsequent oxidation of the deprotonated carboxylic 

acid generating the alkyl radical. The thiyl radical formed from the excitation of 

the dithiol DDDS (bis(4-chlorophenyl)disulfide) reoxidizes the reduced catalyst 

and regenerates the hydrogen atom donor after protonation (Scheme 83). 
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Scheme 83: Proposed mechanism for the photocatalytic decarboxylation of 

Boc-protected phenylalanine Boc-Phe-OH 198. 

In order to test the reaction, we used the same starting material as the paper 

reported. However, the disulfide used in this case was diphenyl disulfide 200. 

All other conditions were kept the same, including the light source which 

according to the publication were 8 W blue LEDs. The reaction was carried out 

in batch however, even after 14 hours only a small amount of product was 

observed as the reaction did not seem to go to completion (Scheme 84).  

 

Scheme 84: Photocatalytic decarboxylation of 198 using 8W blue LEDs.  

Under these conditions a conversion of 49% was observed. The reaction was 

repeated and an aliquot was taken out after 20 hours. Upon observation of a 

considerable amount of product the temperature was increased to 30 °C and 

the reaction was continued for an additional 25 hours. The reaction mixture 

was concentrated after this time and upon the observation of the 1H NMR 

spectrum, it was evident that the conversion to product was still only 68% 

(Figure 77). 
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Figure 77: 1H NMR spectrum showing Boc-PheOH 198 starting material 

stacked against reaction after 51 hours giving 68% conversion. 

The reaction was repeated yet again and in order to reduce the time taken for 

it to proceed to completion, a second set of GU10 8 W blue LEDs were placed 

directly below the reaction vessel and it was left for 18 hours. Upon 

concentrating the reaction mixture and observing the 1H NMR spectrum after 

this time we were able to significantly improve the reaction by getting a 

conversion of 82%. We hoped to improve the efficiency even further by 

exploring the scope of the same reaction using different thiols. When either 

1,2-bis(4-nitrophenyl)disulfane or 1,2-bis(4-chlorophenyl)disulfane (DDDS) 

were used using the exact same conditions the reaction surprisingly did not 

proceed as expected. The reaction with DDDS only showed 38% product after 

14 hours. The reaction with 1,2-bis(4-nitrophenyl)disulfane showed mainly 

starting material even after a duration of 14 hours.  

Having established a basic protocol that could potentially be applied in to flow 

using our 3D-printed reactors, we decided to test the reaction on the original 

substrate (D-phenylalanine methyl ester). As seen in Scheme 85, the cyclized 

product 189 was reacted with acetyl chloride 193. Given the fact that we 

wanted to eliminate any steps requiring purification at this stage, we switched 
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from cyclohexylcarbonyl chloride to acetyl chloride and reduced the number of 

equivalents used (1.1 equiv.). After a workup, the acylated crude product was 

concentrated under reduced pressure and used immediately in the hydrolysis 

step. We found through the course of such reactions that the acid hydrolysis 

step was efficient but risked the cleavage of the acetyl group and also required 

a long time under acidic conditions. We therefore performed a basic hydrolysis 

for this particular step. 202 was stirred in a solution of sodium hydroxide in 

THF at 0 °C for one hour. The solution was acidified to precipitate the product 

and further extracted with DCM. The crude product from this reaction was 

found to be clean enough to perform the final decarboxylation step.  

   

 

Scheme 85: Acylation of 189 followed by base hydrolysis to give the 

corresponding carboxylic acid 203. 

Upon observing the 1H NMR spectrum of 202, the dr had significantly changed 

to 70:30. This was an unexpected result for the reaction however we decided 

to proceed to the next step. 
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Figure 78: 1H NMR spectrum of crude mixture of compound 202 showing 

change in dr to 70:30. 

 

As seen in Scheme 86, the reaction of the carboxylic acid 203 to give the 

decarboxylated product 192 proceeded with the addition of two GU10 8 W 

LED lamps which were placed directly in front of the flask. After a period of 18 

hours, a small workup followed by column chromatography afforded the 

product, albeit with a low yield of 26%.  

 

Scheme 86: Photocatalytic decarboxylation of 203 using 8W LEDs. 
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4.0 Conclusions and Future Work 

The foregoing work presented in this thesis has shown the significance of 3D-

printing not only as a manufacturing technique but also as a valid tool when 

implemented in organic synthesis. Its combination with flow chemistry has 

been effectively demonstrated through the development of polypropylene 

reactors and their use in the synthesis of fused bicyclic and heterocyclic 

compounds related to the Erythrina and Lycorane natural product families.  

 

Scheme 87: Polypropylene reactor used in the synthesis of fused bicyclic 

and heterocyclic compounds 133a-j and 141a-d.  

 

The importance of flow chemistry as a self-sufficient technique has been 

shown in the development of the quinoxalinone analogues. The combined use 

of thermal conditions provided by the flow chemistry apparatus along with 

packed-bed reactor technology in the hydrogenation assisted flow apparatus 

has shown to significantly improve on the synthesis of such molecules. This 

comprises of reduction in the number of steps as well as the use of green 

reagents and solvents and a drastic reduction in reaction time and lastly, a 

lowered side-product profile and reduction in purification steps.  
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Scheme 88: Combined two step process for the synthesis of quinoxalinone 

analogues 144a-j using flow coil and hydrogenation apparatus (H-Cube). 

The use of SLA 3D-printing has been studied in detail and stirrer bead devices 

for batch synthesis applications have also been developed herein. This 

required the development of a formulation applicable to such a printing method 

as well as inertness to the reaction the device was to be involved in. The 

introduction of three different types of catalysts within these devices has been 

showcased and their efficacy in reactions have been verified through the 

synthesis of a range of analogues with each of these catalyst containing 

beads. The first catalyst to be incorporated within these stirrer beads was p-

TsOH and the utility of such a method has been showcased by the synthesis 

of Hantzsch polyhydroquinoline analogues. The second catalytic containing 

device was a transition metal palladium tetrakis(triphenylphosphine) 

(Pd(PPh3)4) that was successfully developed into stirrer bead devices for both 

thermal and microwave reactions. Using such devices, a range of coupling 

chemistry to form biaryls was performed in a relatively easy manner.  The third 

catalyst used in such systems was a Lewis acid yttrium triflate Y(OTf)3 which 

was primarily developed into stirrer bead devices for microwave reactions and 

used for the protection of carbonyl groups in a range of aldehydes and a 

ketone. A catalytic monolith was also developed and used in the same reaction 

when repeated under flow conditions. 
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Scheme 89: Reactions using catalytic stirrer beads to perform Hantzsch, 

Suzuki and Lewis acid protection chemistry.  

The concluding work presented in this thesis included the development of an 

inert flow reactor using SLA 3D-printing and its use in flow photochemistry. 

The optimisation of the conceptual prototype has been described and the limits 

of its tolerance have been evaluated through the C-H functionalisation 

chemistry. Although the reactions with these circular disk reactors proceeded 

to completion when used with 400 W Actinic bulbs in a flow based protocol, 

further development on its formulation would be required as the stresses 

caused by the intense light and heat generated on its surface often caused 

them to crack. Hence, a revision of the formulation would be necessary to 

avoid such problems and a significant improvement of the mechanical 

properties of such a device would be essential.  
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Scheme 90: Reaction between N-methyindole 182 and bromomalonate 179 

using circular disk reactor CHR12 coupled to Uniqsis FlowSyn and 400W 

lamp. 

A synthetic route towards the N-acetyl analogue of antimalarial drug 

praziquantel was developed in an attempt to utilise the newly designed circular 

disk reactor in its chemical sequence. D/L-phenylalanine methyl ester was 

selected as the starting material for this reaction. The route showcased an 

acylation and amination reaction followed by a Pictet-Spengler cyclisation, 

which allowed for a chirality transfer to the cyclised intermediate. The next 

steps were a simple hydrolysis followed by a decarboxylation reaction which 

was studied in detail and featured the use of our circular disk reactor.  A final 

acylation of this decarboxylated product would effectively yield the 

praziquantel analogue however in the sequence which eventually yielded the 

product, this acylation step was carried out immediately after the cyclisation. 

Initial attempts were made towards a thermally assisted batch mediated 

procedure to carry out the decarboxylation as those seen in previous 

microwave assisted reactions with N-methylpyrrolidinone. However, a switch 

to a radical approach using an acridinium photoredox catalyst (Mes-Acr) was 

made as it gave us the opportunity to explore the scope of this photoredox 

reaction in flow and use our disk reactor in the process. Selecting this 

particular catalyst over phenanthrene systems was advantageous as a lower 
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energy requirement was necessary to generate the initial radical fragment. 

Hence a swap from conventional 400W Hg lamps to 8W blue LED’s was 

sufficient to initiate the radical process.  We hoped to develop this approach 

at a later stage by working with chiral starting materials so as to develop a 

steterocontrolled method for the synthesis of praziquantel. 

 

Scheme 91: Six step synthesis of 192 from phenylalanine methyl ester 142 

including the light induced photodecarboxylation reaction. 

 

A good endpoint to this research would be using the developed formulation to 

print a circular hotplate reactor and develop the chemistry of the 

decarboxylation further such that we could optimize the step for flow 
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conditions. The acylation step would also involve the use of 

cyclohexylcarbonyl chloride to produce Praziquantel as seen in Scheme 92. 

 

Scheme 92: Extrapolated synthesis of praziquantel 204 from phenylanaline 

methyl ester 142 showing the use of cyclohexylcarbonyl chloride 195 in the 

last acylation step.  
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5.0 Experimental 

5.1 General Methods 

 

All reactions requiring the use of dry conditions were carried out under an 

atmosphere of nitrogen and all glassware was pre-dried in an oven (110 C) 

and cooled under nitrogen prior to use. Stirring was by internal magnetic 

follower unless otherwise stated. All reactions were followed by TLC and 

organic phases extracted were dried with anhydrous magnesium sulfate. 

Diethyl ether, tetrahydrofuran, dichloromethane, toluene, methanol, 

acetonitrile and triethylamine were purchased as anhydrous solvents from 

Sigma-Aldrich chemical company, UK. 

All experiments using a microwave reactor were carried out using Biotage 

Initiator+ fourth generation microwave synthesizer. Purification was carried out 

by column chromatography using the flash column chromatography technique 

reported by Biotage IsoleraTM Prime automatic purification.  The silica gel used 

was Merck 60 (230-400 mesh).  Thin layer chromatographic analysis was 

carried out using Merck aluminium-backed plates coated with silica gel 60 F254. 

Components were visualised using combinations of ultraviolet light and iodine 

stain. 

Infrared spectra were recorded on a Perkin Elmer 1605 FT-IR 

spectrophotometer. Melting points were determined using open glass 

capillaries on a Stuart Scientific SMP3 apparatus and are uncorrected. 1H 

NMR and 13C NMR were recorded on a Bruker AV400, operating at 400 MHz 

for proton and 101 MHz for carbon, or a Bruker AV500 spectrometer operating 

at 500 MHz for proton and 126 MHz for carbon.  

Chemical shifts (H and C) are quoted as parts per million downfield from 0.  

The multiplicity of a 1H NMR signal is designated by one of the following 

abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, 

sept = septet, br = broad and m = multiplet.  Coupling constants (J) are 

expressed in Hertz.  
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High resolution mass spectra were carried out at the UCL School of Pharmacy.  

Mass spectra carried out at using an Agilent Micromass Q-TOF premier 

Tandem Mass Spectrometer from Micromass utilising electrospray. All 

samples were run under Electrospray ionization mode using 50% acetonitrile 

in water and 0.1% formic acid as solvent. 
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5.1.1 General procedure A: 

A: Synthesis of 133a - 133j 

1-Benzyl-4,5-dihydrocyclopenta[b]pyrrol-2(1H)-one 133a [121] 

 

Boron trifluoride diethyl etherate (0.10 mL, 0.74 mmol) was added to a mixture 

of 2-(benzyl(cyclopent-1-en-1-yl)amino)-2-oxoethane-1,1-diyl diacetate (0.05 

g, 0.15 mmol) in anhydrous dichloroethane (1.01 mL). The reagents were 

passed through the flow reactor (0.1 mL/min) at 80 °C. The residue was 

washed with water (10 mL), extracted with DCM (2 × 10 mL) and dried over 

Na2SO4, filtered and concentrated under reduced pressure to give the crude 

product. The residue was purified via automated flash chromatogrphy (3:1 

Hexane : EtOAc; Zip 10 g column) to give 1-benzyl-4,5-

dihydrocyclopenta[b]pyrrol-2(1H)-one 133a (0.011 g, 34%) as a pale yellow 

semi-solid; νmax (neat) 3032 (C–H), 1699 (C=O), 818 (C=CH); δH (500 MHz, 

CDCl3) 7.29 - 7.35 (3H, m, ArH), 7.22 - 7.27 (2H, m, ArH), 5.73 (1H, s, COCH), 

5.42 (1H, br.s., NCCH), 4.81 (2H, s, NCH2), 2.80 (2H, d, J 3.5, NCCHCH2), 

2.68 - 2.76 (2H, m, NCCCH2); δC (126 MHz, CDCl3) 175.4 (CO), 161.9 (C), 

146.4 (C), 137.3 (C), 128.6 (CH), 127.6 (CH), 127.4 (CH), 113.2 (CH), 109.3 

(CH), 44.3 (CH2), 35.0 (CH2), 23.9 (CH2); m/z (NSI) Found 212.1070 ([M+H]+ 

C14H14NO requires 212.1068). 
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1-Benzyl-5,6-dihydro-1H-indol-2(4H)-one 133b [121] 

According to general procedure A compound 133b was 

obtained as a colorless solid (0.035 g, 51%); mp 74 – 

75 °C; νmax (neat) 3031, 2924  (C–H), 1677 (C=O), 801 

(C=CH); δH (500 MHz, CDCl3) 7.28 - 7.34 (2H, m, ArH), 

7.20 - 7.28 (3H, m, ArH), 5.82 (1H, s, COCH), 5.53 (1H, 

br. s., NCCH), 4.77 (2H, s, NCH2), 2.64 (2H, t, J = 6.1 Hz, NCCCH2), 2.27 (2H, 

d, J = 5.4 Hz, NCCHCH2), 1.77 - 1.84 (2H, m, CH2CH2CH2); δC (126 MHz, 

CDCl3) 170.3 (CO), 147.6 (C), 139.7 (C), 137.6 (C), 128.5 (CH), 127.2 (CH), 

127.1 (CH), 115.5 (CH), 110.9 (CH), 42.5 (CH2), 24.3 (CH2), 24.2 (CH2), 23.4 

(CH2); m/z (NSI) Found 226.1126 ([M+H]+ C15H16NO requires 226.1127). 

 

1-Benzyl-4,5,6,7-tetrahydrocyclohepta[b]pyrrol-2(1H)-one 133c [121] 

According to general procedure A compound 133c was 

obtained as an orange oil (0.047 g, 70%); νmax (neat) 

3029, 2927 (C–H), 1670 (C=O) δH (500 MHz, CDCl3) 

7.28 - 7.34 (2H, m, ArH), 7.21 - 7.26 (1H, m, ArH), 7.18 

(2H, d, J = 7.6 Hz, ArH), 6.00 (1H, s, COCH), 5.60 (1H, 

t, J = 5.7 Hz, NCCH), 4.82 (2H, s, NCH2), 2.73 - 2.83 

(2H, m, NCCCH2), 2.39 (2H, q, J = 5.8 Hz, NCCHCH2), 1.73 - 1.83 (4H, m, 

CH2CH2CH2CH2); δC (126 MHz, CDCl3) 175.7 (CO), 151.7 (C), 140.2 (C), 

137.7 (C), 128.5 (CH), 127.0 (CH), 126.7 (CH), 120.3 (CH), 117.1 (CH), 42.5 

(CH2), 29.9 (CH2), 28.2 (CH2), 27.5 (CH2), 24.6 (CH2); m/z (NSI) Found 

240.1383 ([M+H]+ C16H18NO requires 240.1382). 
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1-Benzyl-1H-benzo[f]indol-2(4H)-one 133d [121] 

According to general procedure A compound 133d was 

obtained as an orange solid (0.03 g, 43%); mp 157 - 158 

°C; νmax (CDCl3) 3032 (CH), 1707 (C=O),; δH (500 MHz, 

CDCl3) 7.80 (1H, d, J = 8.5 Hz, ArH), 7.73 (1H, d, J = 

8.5 Hz, ArH), 7.69 (1H, d, J = 8.2 Hz, ArH), 7.51 (1H, t, 

J = 7.6 Hz, ArH), 7.34 (5H, quin, J = 7.8 Hz, ArH), 7.24 

- 7.30 (1H, m, ArH), 7.05 (1H, d, J = 8.5 Hz, ArH), 5.04 

(2H, s, NCH2), 3.92 (2H, s, COCH2); δC (126 MHz, CDCl3) 175.7 (CO), 141.8 

(C), 136.0 (C), 129.9 (C), 129.6 (C), 129.0 (CH), 128.8 (CH), 128.7 (CH), 127.6 

(CH), 127.3 (CH), 127.2 (CH), 123.9 (CH), 122.5 (CH), 117.8 (C), 110.4 (CH), 

43.8 (CH2), 34.9 (CH2); m/z (NSI) Found 274.1126 ([M+H]+ C19H16NO requires 

274.1124). 

 

1-(4-Methoxybenzyl)-4,5-dihydrocyclopenta[b]pyrrol-2(1H)-one 133e [121] 

According to general procedure A compound 133e was 

obtained as a dark brown semi-solid (0.013 g, 13%); 

νmax (neat) 3075 (C–H), 1672 (C=O); δH (500 MHz, 

CDCl3) 7.20 (2H, d, J = 7.9 Hz, ArH), 6.85 (2H, d, J = 

7.6 Hz, ArH), 5.71 (1H, br.s, COCH), 5.42 (1H, br.s., 

NCCH), 4.74 (2H, s, NCH2), 3.79 (3H, s OCH3), 2.80 

(2H, br.s, NCCHCH2), 2.72 (2H, br.s, NCCCH2); δC (126 MHz, CDCl3) 175.4 

(CO), 161.7 (C), 158.9 (C), 146.3 (C), 129.4 (C), 129.1 (CH), 113.9 (CH), 113.2 

(CH), 109.3 (CH), 55.2 (CH3), 43.8 (CH2), 35.1 (CH2), 23.8 (CH2); m/z (NSI) 

Found 242.1176 ([M+H]+ C15H16NO2 requires 242.1173). 
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1-(4-Methoxybenzyl)-5,6-dihydro-1H-indol-2(4H)-one 133f [121] 

According to general procedure A compound 133f was 

obtained as an orange oil (0.047 g, 61%); νmax (neat) 

3005, 2935 (C–H),  1675 (C=O); δH (500 MHz, CDCl3) 

7.15 (2H, d, J = 8.5 Hz, ArH), 6.83 (2H, d, J = 8.5 Hz, 

ArH), 5.81 (1H, s, COCH), 5.55 (1H, t, J = 4.4 Hz, 

NCCH), 4.69 (2H, s, NCH2), 3.78 (3H, s, OCH3), 2.61 

(2H, t, J = 6.5 Hz, NCCCH2), 2.26 (2H, q, J = 5.4 Hz, NCCHCH2), 1.79 (2H, 

quin, J = 6.1 Hz, CH2CH2CH2); δC (126 MHz, CDCl3) 170.4 (CO), 158.7 (C), 

147.5 (C), 139.6 (C), 129.7 (C), 128.4 (CH), 115.4 (CH), 113.9 (CH), 111.1 

(CH), 55.2 (CH3), 42.0 (CH2), 24.3 (CH2), 24.2 (CH2), 23.4 (CH2); m/z (NSI) 

Found 256.1332 ([M+H]+ C16H18NO2 requires 256.1335).  

 

1-(4-Methoxybenzyl)-4,5,6,7-tetrahydrocyclohepta[b]pyrrol-2(1H)-one 

133g [121] 

According to general procedure A compound 133g 

was obtained as a dark brown semi-solid (0.056 g, 

47%); νmax (neat) 2859 (O–C), 1675 (C=O); δH (500 

MHz, CDCl3) 7.12 (2H, d, J = 8.5 Hz, ArH), 6.83 (2H, 

d, J = 8.5 Hz, ArH), 5.96 (1H, s, COCH), 5.61 (1H, t, J = 5.7 Hz, NCCH), 4.74 

(2H, s, NCH2), 3.78 (3H, s, OCH3), 2.72 - 2.78 (2H, t, J = 5.7 Hz, NCCCH2), 

2.39 (2H, q, J = 5.7 Hz, NCCHCH2), 1.69 - 1.81 (4H, m, NCCHCH2CH2); δC 

(126 MHz, CDCl3) 169.6 (CO), 158.6 (C), 151.5 (C), 140.2 (C), 129.8 (C), 

128.0 (CH), 120.3 (CH), 116.9 (CH), 113.7 (CH), 55.2 (CH3), 41.9 (CH2), 29.9 

(CH2), 28.2 (CH2), 27.5 (CH2), 24.6 (CH2); m/z (NSI) Found 270.1489 ([M+H]+ 

C17H20NO2 requires 270.1487). 
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1-(2-Fluorobenzyl)-5,6-dihydro-1H-indol-2(4H)-one 133h [121] 

According to general procedure A compound 

133h was obtained as a brown semi-solid (0.045 

g, 40%); νmax 3045, 2863 (C–H), 1682 (C=C), 

1654 (C=O); δH (500 MHz, CDCl3) 7.15 - 7.25 

(2H, m, ArH), 7.00 - 7.10 (2H, m, ArH), 5.82 (1H, 

s, COCH), 5.61 (1H, br. s., NCCH), 4.82 (2H, s, 

NCH2), 2.64 (2H, t, J = 6.0 Hz, NCCCH2), 2.29 

(2H, d, J = 4.7 Hz, NCCHCH2), 1.75 - 1.86 (2H, m, CH2CH2CH2); δC (101 MHz, 

CDCl3) 170.4 (CO), 160.1 (C, d, J = 243.7 Hz), 147.7 (C), 139.3 (C), 124.5 (C. 

d, J = 13.7 Hz), 129.4 (CH, d, J = 3.7 Hz), 128.8 (CH, d, J = 7.5 Hz), 124.3 

(CH, d, J = 3.7 Hz), 115.1 (CH, d, J = 21.2 Hz), 115.46 (CH), 110.87 (CH), 

35.62 (CH2), 24.31 (CH2), 24.18 (CH2), 23.37 (CH2); m/z (ASAP) Found 

244.1132 ([M+H]+ C15H15FNO requires 244.1132).  

 

1-(4-Fluorobenzyl)-5,6-dihydro-1H-indol-2(4H)-one 133i [121] 

According to general procedure A compound 133i 

was obtained as an orange oil (0.051 g, 77%); 

νmax 2934 (C–H), 1675 (C=C), 1604 (C=O); δH 

(500 MHz, CDCl3) 7.15 - 7.21 (2H, m, ArH), 6.99 

(2H, t, J = 8.5 Hz, ArH), 5.81 (1H, s, COCH), 5.52 

(1H, t, J = 4.6 Hz, NCCH), 4.72 (2H, s, NCH2), 

2.63 (2H, t, J = 6.5 Hz, NCCCH2), 2.27 (2H, q, J 

= 5.4 Hz, NCCHCH2), 1.80 (2H, quin, J = 6.1 Hz, CH2CH2CH2); δC (126 MHz, 

CDCl3) 170.3 (CO), 162.1 (C, d, J = 245.0 Hz), 147.8 (C), 139.6 (C), 133.5 (C, 

d, J = 2.5 Hz), 128.8 (CH, d, J = 7.9 Hz), 115.6 (CH), 115.4 (CH), 111.0 (CH), 

41.9 (CH2), 24.3 (CH2), 24.2 (CH2), 23.4 (CH2); m/z (ASAP) Found 244.1132 

([M+H]+ C15H15FNO requires 244.1135). 
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1-Phenethyl-5,6-dihydro-1H-indol-2(4H)-one 133j  

According to general procedure A compound 133j 

was obtained as a brown semi-solid (0.043 g, 32%); 

νmax (CHCl3) 3346, 2993 (C–H), 1769 (C=C), 1639 

(C=O); δH (500 MHz, CDCl3) 7.30 - 7.35 (2H, m, ArH), 

7.22 - 7.26 (3H, m, ArH), 5.79 (1H, s, NCOCH), 5.52 

(1H, t, J = 4.7 Hz, NCCH), 3.75 - 3.84 (2H, m, 

NCH2CH2), 2.85 - 2.95 (2H, m, NCH2), 2.65 (2H, t, J = 

6.5 Hz, NCCCH2), 2.32 (2H, q, J = 5.4 Hz, NCCHCH2), 1.84 (2H, quin, J = 6.2 

Hz, CH2CH2CH2); δC (126 MHz, CDCl3) 170.1 (CO), 147.1 (C), 139.7 (C), 

138.9 (C), 128.8 (CH), 128.4 (CH), 126.4 (CH), 115.7 (CH), 109.9 (CH), 40.5 

(CH2), 35.2 (CH2), 24.3 (CH2), 24.2 (CH2), 23.4 (CH2); m/z (NSI) Found 

240.1383 ([M+H]+ C16H18NO requires 240.1385). 

 

1-(4-(Trifluoromethyl)benzyl)-5,6-dihydro-1H-indol-2(4H)-one 133k [121] 

According to general procedure A compound 

133k was obtained as an orange oil (0.036 g, 

37%); νmax 3042, 2855 (C–H), 1365 (C-F), 1649 

(C=O); δH (500 MHz, CDCl3) 7.51 - 7.61 (2H, m, 

ArCH), 7.29 - 7.35 (2H, m, ArCH), 5.84 (1H, d, J 

= 1.5 Hz, COCH), 5.49 (1H, dt, J = 1.6, 4.6 Hz, 

NCCH), 4.81 (2H, s, NCH2), 2.60 - 2.71 (2H, m, 

NCCCH2), 2.24 - 2.32 (2H, m, NCCHCH2), 1.76 - 

1.88 (2H, m, CH2CH2CH2); δC (126 MHz, CDCl3) 170.3 (CO), 147.9 (C), 141.6 

(C), 139.4 (C), 129.5 (C, d, J = 25.2 Hz) 127.3 (CH), 125.6 (CH), 124.1 (C, d, 

J = 219.2 Hz), 115.5 (CH), 111.0 (CH), 42.1 (CH2), 24.3 (CH2), 24.2 (CH2), 

23.4 (CH2); m/z (NSI) Found 294.1100 ([M+H]+ C16H15F3NO requires 

294.1099). 
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1-(Benzo[d][1,3]dioxol-5-ylmethyl)-5,6-dihydro-1H-indol-2(4H)-one 133l 

[121] 

According to general procedure A compound 133l 

was obtained as a colourless solid (0.059 g, 85%); 

νmax 3080, 2918, 2851, 2788 (CH), 1674 (C=C), 1602 

(C=ON); δH (400 MHz, CDCl3) 6.67 - 6.78 (m, 3H, 

ArH), 5.93 (s, 2H, OCH2O), 5.80 (d, J = 1.8 Hz, 1H, 

NCOCH), 5.52 - 5.57 (m, 1H, NCCH), 4.67 (s, 2H, 

NCH2), 2.60 - 2.67 (m, 2H, CH2CH2CH2C), 2.24 - 2.32 (m, 2H, CH2CH2CH2C), 

1.76 - 1.85 (m, 2 H, CH2CH2CH2C); δC (500 MHz, CDCl3) 170.31 (C=O), 

148.00 (C), 147.72 (C), 146.81 (C), 139.70 (C), 131.69 (C), 120.43 (CH), 

115.58 (CH), 111.08 (CH), 108.25 (CH), 107.91 (CH), 101.10 (CH2), 42.60 

(CH2), 24.43 (CH2), 24.33 (CH2), 23.51 (CH2); m/z (NSI) 270.1125 ([M+H]+, 

C16H15NO3 requires 270.1127. 
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5.1.2 General procedure B: 

B: Synthesis of 141a - 141d 

10,11-Dimethoxy-5-oxo-1,2,3,3a,4,5,7,8-

octahydrocyclopenta[2,3]pyrrolo[2,1-a]isoquinolin-4-yl acetate 141a [122] 

 

Boron trifluoride diethyl etherate (0.084 ml, 0.667 mmol) was added to a 

mixture of 2-(cyclopent-1-en-1-yl(3,4-dimethoxyphenethyl)amino)-2-

oxoethane-1,1-diyl diacetate (0.05 g, 0.13 mmol) in anhydrous dichloroethane 

(0.95 mL) and the reagents were passed through the flow reactor (0.1 mL/min) 

at 80 °C. The residue was washed with water (10 mL), extracted with DCM (2 

× 10 mL), dried over Mg2SO4 and filtered. The solution was then concentrated 

under reduced pressure to give the crude product. The residue was purified 

via automated flash chromatogrphy (3:2 Hexane : EtOAc; Zip 5 g column) 

togive 10,11-dimethoxy-5-oxo-1,2,3,3a,4,5,7,8-

octahydrocyclopenta[2,3]pyrrolo[2,1-a]isoquinolin-4-yl acetate 141a (0.004 g, 

9%) as a brown semi-solid; νmax (neat) 2954, 2921 (C–H), 1718 (C=O); δH (500 

MHz, CDCl3) 6.60 (0.19H, s, ArH), 6.55 (1H, s, ArH), 6.50 (0.81H, s, ArH), 5.29 

(0.19H, d, J = 9.8 Hz, NCOCH), 5.06 (0.81H, d, J = 4.1 Hz, NCOCH), 4.38 

(1H, dd, J = 5.8, 12.5 Hz, 1 × NCH2), 3.88 (1.14H, s, 2 × OCH3), 3.86 (4.86H, 

s, 2 × OCH3), 2.91 - 3.24 (2H, m, 1 × NCH2, 1 × NCH2CH2), 2.66 (1H, dd, J = 

15.3, 3.6 Hz, 1 × NCH2CH2), 2.60 (1H, dd, J = 7.7, 4.3 Hz, NCCH), 2.31 (1H, 

dd, J = 12.9, 5.4 Hz, 1 × NCCHCH2), 2.18 (1H, d, J = 6.3 Hz, 1 × NCCH2), 2.10 

- 2.16 (1H, m, 1 × NCCHCH2), 2.08 (3H, s, COCH3), 1.91 - 1.98 (1H, m, 1 × 

NCCH2CH2), 1.77 (1H, m, 1 × NCCH2), 1.61 - 1.69 (1H, m, 1 × NCCH2CH2); 

δC (126 MHz, CDCl3) 170.6 (C=O), 168.2 (C=O), 148.2 (C), 148.0 (C), 133.6 

(C), 125.2 (C), 111.2 (CH), 107.4 (CH), 78.6 (CH), 70.9 (C), 56.1 (CH3), 55.9 
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(CH3), 53.5 (CH), 42.4 (CH2), 36.4 (CH2), 33.7 (CH2), 27.5 (CH2), 25.3 (CH2), 

20.9 (CH3); m/z (NSI) Found 346.1649 ([M+H]+  C19H24NO5 requires 

346.1649). Unable to obtain dr for this sample. 

 

11,12-Dimethoxy-6-oxo-2,3,4,4a,5,6,8,9-octahydro-1H-indolo[7a,1-

a]isoquinolin-5-yl acetate 141b [122] 

According to general procedure B compound 

141b was obtained as a colourless solid (0.065 g, 

45%); mp 133 - 135 °C; νmax (neat) 3469, 2934 (C–

H), 1744 (C=O), 1698 (OC=O); δH (500 MHz, 

CDCl3) 6.94 (1H, s, ArH), 6.63 (1H, s, ArH), 5.68 

(1H, d, J = 10.1 Hz, NCOCH), 4.01 (1H, td, J = 

12.6, 6.0 Hz, 1 × NCH2), 3.87 (6H, 2 × s, 2 × OCH3), 3.24 - 3.37 (1H, m, 1 × 

NCH2), 2.89 - 3.00 (1H, m, 1 × NCH2CH2), 2.76 - 2.87 (1H, m, 1 × NCH2CH2), 

2.45 - 2.57 (1H, m, NCCH), 2.09 - 2.19 (4H, m, 1 × NCCHCH2CH2, COCH3), 

1.96 - 2.09 (2H, m, NCCH2CH2), 1.76 - 1.89 (1H, m, 1 × NCCH2), 1.60 - 1.75 

(3H, m, 1 × NCCH2, 1 × NCCHCH2CH2, 1 × NCCHCH2), 1.47 - 1.60 (1H, m, 1 

× NCCHCH2); δC (126 MHz, CDCl3) 170.6 (C=O), 167.7 (C=O), 147.9 (C), 

147.3 (C), 134.1 (C), 125.3 (C), 111.9 (CH), 108.2 (CH), 72.3 (CH), 59.0 (C), 

56.1 (CH3), 55.8 (CH3), 45.2 (CH), 37.2 (CH2), 35.5 (CH2), 27.4 (CH2), 23.9 

(CH2), 20.9 (CH3), 20.4 (CH2), 19.9 (CH2); m/z (NSI) Found 360.1802 ([M+H]+  

C20H26NO5 requires 360.1805).  
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12,13-dimethoxy-7-oxo-1,2,3,4,5,5a,6,7,9,10-

decahydrocyclohepta[2,3]pyrrolo[2,1-a]isoquinolin-6-yl acetate 141c [122] 

According to general procedure B compound 

141c was obtained as a colourless solid (0.081 g, 

54%); mp 151 - 153 °C; νmax (neat) 3393, 2921 (C–

H), 1711 (C=O), 1666 (OC=O); δH (500 MHz, 

CDCl3) 6.73 (1H, s, ArH), 6.52 (1H, s, ArH), 5.84 

(1H, d, J = 8.8 Hz, NCOCH), 4.28 - 4.41 (1H, m, 1 

× NCH2), 3.88 (3H, s, OCH3), 3.85 (3H, s, OCH3), 

2.98 - 3.13 (2H, m, 1 × NCH2CH2, 1 × NCH2), 2.70 (1H, t, J = 7.3 Hz, 

NCOCHCH), 2.59 - 2.66 (1H, m, 1 × NCH2CH2), 2.24 (1H, dd, J = 8.5, 15.4 

Hz, 1 × NCCH2), 2.12 - 2.19 (1H, m, 1 × NCCHCH2), 2.10 (3H, s, COCH3), 

2.02 - 2.09 (1H, m, 1 × NCCHCH2), 1.87 - 2.00 (3H, m, 1 × NCCH2CH2CH2, 2 

× NCCHCH2CH2), 1.83 (1H, dd, J = 15.6, 10.9 Hz, 1 × NCCH2), 1.61 - 1.72 

(1H, m, 1 × NCCH2CH2), 1.32 - 1.44 (1H, m, 1 × NCCH2CH2CH2), 1.06 - 1.19 

(1H, m, 1 × NCCH2CH2); δC (126 MHz, CDCl3) 170.6 (C=O), 169.4 (C=O), 

147.9 (C), 136.5 (C), 124.2 (C), 111.5 (CH), 107.3 (CH), 72.0 (CH), 65.9 (C), 

56.1 (CH3), 55.8 (CH3), 50.5 (CH), 40.0 (CH2), 34.4 (CH2), 31.0 (CH2), 27.6 

(CH2), 27.3 (CH2), 24.5 (CH2), 23.5 (CH2), 20.9 (CH3); m/z (FTMS + NSI) 

Found 374.1692 ([M+H]+ C21H28NO5 requires 374.1958). 

 

11,12-Dimethoxy-6-oxo-1,2,4,4a,5,6,8,9-octahydrothiopyrano 

[4',3':2,3]pyrrolo[2,1-a]isoquinolin-5-yl acetate 141d 

According to general procedure B compound 

141d was obtained as a tan solid (0.019 g, 

19%); mp 133 - 135 °C; νmax (neat) 3009, 2993 

(C–H), 1744 (C=O), 1695 (OC=O); δH (500 

MHz, CDCl3) 6.79 (1H, s, ArH), 6.59 (1H, s, 

ArH), 6.07 (1H, d, J = 7.9 Hz, NCOCH), 4.27 

(1H, dd, J = 6.3, 12.9 Hz, 1 × NCH2), 3.88 (6H, 

2 × s, 2 × OCH3), 3.49 (1H, d, J = 14.2 Hz, 1 × NCCHCH2), 3.07 - 3.15 (1H, 

m, 1 × NCH2), 2.97 - 3.07 (1H, m, 1 × NCH2CH2), 2.94 (1H, d, J 13.9, 1 × 
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NCCHCH2), 2.78 - 2.84 (1H, m, NCOCHCH), 2.66 - 2.77 (2H, m, 1 × 

NCCH2CH2, 1 × NCH2CH2), 2.59 (1H, t, J = 11.2 Hz, 1 × NCCH2CH2), 2.30 - 

2.40 (1H, m, 1 × NCCH2), 2.19 (1H, dd, J = 7.3, 14.5 Hz, 1 × NCCH2), 2.12 

(3H, s, COCH3); δC (126 MHz, CDCl3) 170.4 (C=O), 169.1 (C=O), 148.3 (C), 

147.9 (C), 133.7 (C), 125.0 (C), 111.9 (CH), 107.5 (CH), 72.8 (CH), 59.2 (C), 

56.2 (CH3), 55.9 (CH3) 46.6 (CH), 34.85 (CH2), 34.92 (CH2), 27.5 (CH2), 25.2 

(CH2), 20.9 (CH3), 20.4 (CH2); m/z (NSI) Found 394.1320 ([M+OH]+ 

C19H24NO6S requires 394.1319). Unable to obtain dr for this sample. 
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5.1.3 General procedure C: 

C: Synthesis of 146a-146j 

2-((4-(Methoxycarbonyl)-2-nitrophenyl)amino)-3-phenylpropanoic acid 

146a 

 

A solution of (D/L-phenylalanine) 2-amino-3-phenylpropanoic acid (0.050 g, 

0.303 mmol), methyl 4-fluoro-3-nitrobenzoate (0.060 g, 0.303 mmol) and 

Hünig's Base (0.058 mL, 0.333 mmol) in 2-propanol (1 mL) and water (0.5 mL) 

was made. It was placed inside a microwave reactor for 30 minutes after which 

the solution was checked using TLC to indicate disappearance of starting 

materials. The solution was then concentrated under reduced pressure to give 

the crude material. This residue was taken up in EtOAc (20 mL), washed with 

0.2 M HCl (2 × 10 mL) and brine (10 mL). The organic layers were collected 

and dried over MgSO4, filtered and concentrated under reduced pressure to 

give 2-((4-(methoxycarbonyl)-2-nitrophenyl)amino)-3-phenylpropanoic acid 

(0.106 g, 102 %) as a yellow oil; δH (400 MHz, CDCl3) 8.87 (1H, d, J = 2.0 Hz, 

ArH), 8.66 (1H, d, J = 7.6 Hz, NH), 8.02 (1H, dd, J = 1.9, 9.0 Hz, ArH), 7.28 - 

7.36 (3H, m, ArH), 7.23 - 7.27 (2H, m, ArH), 6.69 (1H, d, J = 8.8 Hz, ArH), 4.59 

(1H, dt, J = 5.1, 7.5 Hz, NHCH), 3.90 (3H, s, OCH3), 3.41 (1H, dd, J = 4.9, 14.0 

Hz, 1 × CHCH2), 3.25 (1H, dd, J = 7.6, 13.9 Hz, 1 × CHCH2); δC (101 MHz, 

CDCl3) 175.5 (CO), 165.5 (CO), 146.2 (C), 136.4 (CH), 134.8 (C), 132.2 (C), 

129.4 (CH), 129.2 (2 × CH), 129.0 (2 × CH), 127.7 (CH), 118.5 (C), 113.5 (CH), 

56.9 (CH), 52.2 (CH3), 38.3 (CH2); m/z (FTMS + NSI) 345.1085 ([M+H]+ 

C17H17N2O6 requires 345.1081). 
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1-(4-(Hydroxy(methoxy)methyl)-2-nitrophenyl)pyrrolidine-2-carboxylic 

acid 146b 

According to general procedure C compound 

146b was isolated as a yellow oil (0.121 g, 

94%); δH (400 MHz, CDCl3) 8.38 (1H, d, J = 2.3 

Hz, ArH), 7.99 (1H, dd, J = 2.1, 9.0 Hz, ArH), 

6.83 (1H, d, J = 8.8 Hz, ArH), 4.50 (1H, dd, J = 

6.4, 7.7 Hz, NHCH), 3.90 (3H, s, OCH3), 3.54 

(1H, td, J = 7.3, 10.1 Hz, 1 × NCH2), 3.17 - 3.28 (1H, m, 1 × NCH2), 2.47 - 2.56 

(1H, m, 1 × NCHCH2), 2.10 - 2.27 (2H, m, 1 × NCHCH2, 1 × NCH2CH2), 1.92 

- 2.06 (1H, m, 1 × NCH2CH2); δC (101 MHz, CDCl3) 175.9 (CO), 165.5 (CO), 

143.9 (C), 133.6 (CH), 128.7 (CH), 118.9 (C), 116.0(CH), 61.8 (CH), 52.2 

(CH3), 51.5 (CH2), 30.8 (CH2), 24.6 (CH2). 

 

2-((4-(Methoxycarbonyl)-2-nitrophenyl)amino)-3-methylpentanoic acid 

146d 

According to general procedure C compound 

146d was isolated as a yellow oil (0.095 g, 80%); 

δH (400 MHz, CDCl3) 8.91 (1H, d, J = 2.0 Hz, 

ArH), 8.74 (1H, d, J = 7.6 Hz, NH), 8.07 (1H, dd, 

J = 2.0 Hz, 8.8, ArH), 6.78 (1H, d, J = 9.1 Hz, 

ArH), 4.26 (1H, dd, J = 5.1, 7.8 Hz, NHCH), 3.91 

(3H, s, OCH3), 2.14 (1H, dt, J = 2.1, 4.6 Hz, CHCH3), 1.61 - 1.75 (1H, m, J = 

4.8, 6.8, 6.8 Hz, 1 × CH2CH3), 1.36 - 1.51 (1H, m, 1 × CH2CH3), 1.10 (3H, d, J 

= 6.8 Hz, CHCH3), 1.03 (3H, t, J = 7.3 Hz, CH2CH3); δC (101 MHz, CDCl3) 

175.6 (CO), 165.5 (CO), 146.7 (C), 136.6 (CH), 132.2 (C), 129.6 (CH), 118.3 

(C), 113.4 (CH), 60.1 (CH), 52.2 (CH3), 37.7 (CH), 25.4 (CH2), 15.7 (CH3), 11.5 

(CH3); m/z (FTMS + NSI) 311.1241 ([M+H]+ C14H19N2O6 requires 311.1238). 
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2-((4-(Methoxycarbonyl)-2-nitrophenyl)amino)-4-methylpentanoic acid 

146e 

According to general procedure C compound 146e 

was isolated as a yellow oil (0.106 g, 90%); 

δH (400 MHz, CDCl3) 8.91 (1H, d, J = 2.0 Hz, ArH), 

8.49 (1H, d, J = 7.3 Hz, NH), 8.08 (1H, dd, J = 2.0, 

8.8 Hz, ArH), 6.79 (1H, d, J = 8.8 Hz, ArH), 4.28 - 

4.35 (1H, m, NHCH), 3.92 (3H, s, OCH3), 1.83 - 1.95 (3H, m, CH3CHCH2), 

1.05 (3H, d, J = 6.3 Hz, CH3CH), 0.97 (3H, d, J = 6.3 hz, CH3CH); δC (101 

MHz, CDCl3) 177.0 (CO), 165.4 (CO), 146.5 (C), 136.7 (CH), 132.2 (C), 129.5 

(CH), 118.5 (C), 113.4 (CH), 54.2 (CH), 52.2 (CH3), 41.3 (CH2), 25.0 (CH), 

22.7 (CH3), 21.9 (CH3); m/z (FTMS + NSI) 311.1243 ([M+H]+ C14H19N2O6 

requires 311.1238). 
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5.1.4 General procedure D: 

D: Synthesis of 144a-144j 

Methyl 2-benzyl-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 144a 

 

A solution of 2-amino-3-phenylpropanoic acid (0.05 g, 0.303 mmol), methyl 4-

fluoro-3-nitrobenzoate (0.060 g, 0.303 mmol) and Hunig's Base (0.058 mL, 

0.332 mmol) in 2-propanol (1 mL) and water (0.5 mL) was prepared. A 1mL 

injection was passed through the flow reactor at 90 °C with a flow rate of 0.45 

mL/min for 30 minutes. The solution was checked using TLC (disappearance 

of SM). The total solution was then passed through the H-Cube using a 10% 

Pd/C cartridge at 80 °C with a flow rate of 0.5 mL/min. The resulting colourless 

solution was concentrated under reduced pressure. The residue was purified 

via automated flash chromatography (2:1 Hex/EtOAc; Zip 5 g column) to give 

methyl 2-benzyl-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 144a 

(0.042 g, 71%) as a colorless solid; mp (ethyl acetate) 183.5 - 184 °C (lit 

(methanol) 198 – 201 °C [176]); νmax (neat) 3339 (N–H), 1673 (OC=O), 1613 

(NC=O), 1538 (C=C); δH (400 MHz, CDCl3) 8.09 (1H, s, NHCO), 7.62 (1H, dd, 

J = 8.2, 1.9 Hz, ArH), 7.45 (1H, d, J = 1.8 Hz, ArH), 7.28 - 7.41 (3H, m, ArH), 

7.19 - 7.23 (2H, m, ArH), 6.57 (1H, d, J = 8.1 Hz, ArH), 4.15 - 4.22 (2H, m, 

ArNH, NHCH), 3.89 (3H, s, OCH3), 3.34 (1H, dd, J = 13.6, 3.0, 1 × ArCH2), 

2.86 (1H, dd, J = 13.4, 10.9 Hz, 1 × ArCH2); δC (126 MHz, CDCl3) 167.1 (CO), 

166.7 (CO), 136.9 (C), 136.2 (C), 129.4 (CH), 129.1 (CH), 127.3 (CH), 126.4 

(CH), 124.4 (C), 120.9 (C), 116.5 (CH), 113.5 (CH), 57.4 (CH), 51.9 (CH3), 

38.4 (CH2); m/z (NSI) Found 297.1234 ([M+H]+ C17H17N2O3 requires 

297.1237). 
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Methyl 4-oxo-1,2,3,3a,4,5-hexahydropyrrolo[1,2-a]quinoxaline-7-

carboxylate 144b 

According to general procedure D 

compound 144b was obtained as a 

colourless solid (0.070 g, 99%); mp 183 - 

184 °C (lit 182 – 192 °C [176]); νmax (neat) 2977 

(C–H), 1703 (OC=O), 1679 (NHC=O), 1535 

(C=C); δH (400 MHz, CDCl3) 7.70 (1H, dd, J 

= 8.3, 1.8 Hz, ArH), 7.65 (1H, br.s, NH), 7.40 

(1H, d, J = 1.8 Hz, ArH), 6.54 (1H, d, J = 8.4 

Hz, ArH), 3.97 - 3.84 (1H, m, NHCOCH), 3.87 (3H, s, OCH3), 3.53 (1H, ddd, J 

= 9.5, 7.8, 6.1 Hz, 1 × NCH2), 3.38 (1H, td, J = 9.5, 4.7 Hz, 1 × NCH2), 2.44 - 

2.31 (1H, m, 1 × NHCOCHCH2), 2.26 - 1.97 (3H, m, 1 × NHCOCHCH2, 

NCH2CH2), δC (126 MHz, CDCl3) 166.89 (CO), 166.63 (CO), 138.45(C), 

126.69 (CH), 125.69 (C), 119.31 (C), 115.80 (CH), 110.81 (CH), 59.86 (CH), 

51.86 (CH3), 46.48 (CH2), 27.45 (CH2), 22.37 (CH2). 

 

Methyl 2-hydroxy-4-oxo-1,2,3,3a,4,5-hexahydropyrrolo[1,2-

a]quinoxaline-7-carboxylate 144c 

According to general procedure D compound 

144c was obtained as a colourless solid (0.066 

g, 99%); mp Decomposed at 197 °C; νmax (neat) 

3401 (br, O–H), 2960 (C–H), 1656 (OC=O), 

1602 (NHC=O), 1535 (C=C); δH (400 MHz, 

CD3OD) 7.64 (1H, dd, J = 8.4, 1.9 Hz, ArH), 7.46 

(1H, d, J = 1.9 Hz, ArH), 6.60 (1H, d, J = 8.4 Hz, 

ArH), 4.63 - 4.53 (1H, m, OCH), 4.20 (1H, dd, J = 10.8, 5.9 Hz, 1 × NCH2), 

3.84 (3H, s, OCH3), 3.78 (1H, dd, J = 11.0, 5.5 Hz, 1 × NCH2), 3.29 (1H, d, J 

= 1.9 Hz, NHCOCH), 2.31 - 2.12 (2H, m, CH2); δC (101 MHz, CD3OD) 169.1 

(CO), 168.9 (CO), 140.0 (C), 127.9 (C), 127.7 (CH), 120.2 (C), 117.2 (CH), 

111.8 (CH), 69.9 (CH), 59.2 (CH), 57.1 (CH2), 52.4 (CH3), 39.2 (CH2); m/z 

(NSI) Found 263.1026 ([M+H]+ C13H15N2O4 requires 263.1029). 
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Methyl 2-(sec-butyl)-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 

144d 

According to general procedure D compound 

144d was obtained as a colourless solid (0.047 

g, 71%); mp 227 - 228 °C (lit 225 – 227 °C [176]); 

νmax (neat) 3340 (N–H), 2960 (C–H), 1698 

(OC=O), 1682 (NHC=O), 1500 (C=C); δH (400 

MHz, CD3OD) 7.51 (1H, dd, J = 8.4, 1.9 Hz, 

ArH), 7.36 (1H, d, J = 1.8 Hz, ArH), 6.69 (1H, d, 

J = 8.4 Hz, ArH), 3.89 (1H, d, J = 4.6 Hz, NHCH), 3.82 (3H, s, OCH3), 1.86 

(1H, m, NHCHCHCH3), 1.54 (1H, m, 1 × CH3CH2), 1.31 - 1.12 (1H, m, 1 × 

CH3CH2), 0.99 (3H, d, J = 7.0 Hz, NHCHCHCH3), 0.89 (3H, t, J = 7.4 Hz, 

CH3CH2); δC (101 MHz, CD3OD) 173.61 (CO), 172.50 (CO), 168.81 (C), 

140.48 (C), 127.43 (CH), 119.37 (C), 117.18 (CH), 112.81 (CH), 61.93 (CH), 

52.14 (CH3), 40.91 (CH), 25.77 (CH2), 15.58 (CH3), 11.97 (CH3); m/z (NSI) 

Found 263.1390 ([M+H]+ C14H19N2O3 requires 263.1392). 

Methyl 2-isobutyl-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 

144e 

According to general procedure D compound 

144e was obtained as a colourless solid (0.041 

g, 63%); mp 214 - 215 °C (lit 212 – 215 °C [176]); 

νmax (neat) 3345 (N–H), 1649 (OC=O), 1695 

(NHC=O), 2921 (C–H); δH (400 MHz, CDCl3) 

7.61 (1H, dd, J = 8.2, 1.8 Hz, ArH), 7.57 (1H, s, 

NH), 7.37 (1H, d, J = 1.8 Hz, ArH), 6.66 (1H, d, 

J = 8.3 Hz, ArH), 4.28 (1H, s, NH), 4.05 (1H, ddd, J = 9.2, 4.4, 1.8 Hz, NHCH), 

3.87 (3H, s, OCH3), 1.75 (2H, ddd, J = 15.1, 9.4, 4.6 Hz, NHCHCH2), 1.68 - 

1.59 (1H, m, CH(CH3)2), 1.05 - 0.90 (6H, m, CH(CH3)2); δC (126 MHz, CDCl3) 

167.85 (CO), 166.80 (CO), 137.21 (C), 126.43 (CH), 124.51 (C), 120.88 (C), 

116.51 (CH), 113.31 (CH), 54.58 (CH), 52.05 (CH3), 41.21 (CH2), 24.41 (CH3), 

23.32 (CH), 21.66 (CH3); m/z (NSI) Found 263.1390 ([M+H]+ C14H19N2O3 

requires 263.1391). 
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Methyl 2-((1H-indol-3-yl)methyl)-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-

carboxylate 144f 

According to general procedure D compound 

144f was obtained as a colourless solid (0.042 g, 

77%); mp 119 - 120 °C; νmax (neat) 3443 (N–H), 

1694 (OC=O), 1635 (NHC=O), 1521 (C=C); δH 

(400 MHz, CD3OD) 7.53 (1H, dt, J = 7.9, 1.0 Hz, 

ArH), 7.43 (1H, dd, J = 8.3, 1.8 Hz, ArH), 7.32 - 

7.26 (2H, m, ArH), 7.10 - 6.94 (3H, m, ArH), 6.53 

(1H, d, J = 8.3 Hz, ArH), 4.86 - 4.76 (3H, m, OCH3), 4.25 (1H, dd, J = 7.9, 4.0 

Hz, COCH), 3.24 - 3.06 (2H, m, CHCH2); δC (101 MHz, CD3OD) 170.1 (CO), 

168.9 (CO), 139.8 (C), 138.2 (C), 129.0 (C), 127.3 (CH), 125.6 (C), 125.3 (CH), 

122.5 (CH), 120.0 (CH), 119.9 (C), 119.5 (CH), 117.2 (CH), 113.8 (CH), 112.3 

(CH), 110.4 (C), 58.4 (CH), 52.3 (CH3), 30.6 (CH2); m/z (NSI) Found 336.1343 

([M+H]+ C19H18N3O3 requires 336.1345). 

 

Methyl 3-oxo-2-phenyl-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 144g  

According to general procedure D compound 

144g was obtained as a colourless solid (0.061 

g, 99%); mp 207 - 208 °C (lit (racemic) 215 °C 

[177]); νmax (neat) 3305 (N–H), 1692 (OC=O), 

1671 (NHC=O), 1599 (C=C); δH (400 MHz, 

CDCl3) 7.72 (1H, s, NH), 7.66 (1H, dd, J = 8.3, 

1.8 Hz, ArH), 7.43 - 7.29 (6H, m, ArH), 6.72 (1H, 

d, J = 8.2 Hz, ArH), 5.17 (1H, d, J = 1.8 Hz, NHCH), 4.65 (1H, s, NH), 3.88 

(3H, s, OCH3); δC (101 MHz, CDCl3) 166.72 (CO), 165.52 (CO), 138.79 (C), 

137.11 (C), 129.16 (CH), 128.96 (CH), 127.12 (CH), 126.73 (CH), 123.88 (C), 

120.98 (C), 116.69 (CH), 112.92 (CH), 60.68 (CH), 52.09 (CH3); m/z (NSI) 

Found 283.1077 ([M+H]+ C16H15N2O3 requires 283.1079). 
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Methyl 2-butyl-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-carboxylate 144h 

According to general procedure D compound 

144h was obtained as a colourless solid (0.046 

g, 69%); mp 197 - 198 °C; νmax (neat) 3351 (N–

H), 2934 (C–H), 1681 (OC=O), 1615 (NHC=O),; 

δH (400 MHz, CDCl3) 7.69 (1H, s, NH), 7.61 (1H, 

dd, J = 8.2, 1.8 Hz, ArH), 7.37 (1H, d, J = 1.8 

Hz, ArH), 6.65 (1H, d, J = 8.3 Hz, ArH), 4.30 

(1H, br.s, NH), 4.03 (1H, ddd, J = 7.6, 4.7, 1.8 

Hz, NHCH), 3.87 (3H, s, OCH3), 1.92 - 1.70 (2H, m, NHCHCH2), 1.40 (4H, m, 

CH3CH2CH2), 0.91 (3H, t, J = 7.1 Hz, CH3CH2CH2); δC (101 MHz, CDCl3) 

167.56 (CO), 166.81 (CO), 137.43 (C), 126.49 (CH), 124.28 (CH), 120.68 (C), 

116.48 (CH), 113.04 (CH), 56.37 (CH), 52.04 (CH3), 32.68 (CH2), 27.33 (CH2), 

22.58 (CH2), 14.07 (CH3); m/z (NSI) Found 263.1390 ([M+H]+ C14H19N2O3 

requires 263.1394).  

 

Methyl 2-(4-methoxybenzyl)-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-

carboxylate 144i 

According to general procedure D compound 

144i was obtained as a colourless solid 

(0.043 g, 77%); mp 176 - 179 °C; νmax (neat) 

3323 (N–H), 1682 (OC=O), 1613 (NC=O), 

1536 (C=C); δH (101 MHz, CDCl3) 7.83 (1H, 

s, NH), 7.61 (1H, dd, J = 8.4, 1.7 Hz, ArH), 

7.41 (1H, d, J= 1.6 Hz, ArH), 7.13 - 7.09 (2H, 

m, ArH), 6.93 - 6.86 (2H, m, ArH), 6.57 (1H, 

d, J = 8.3 Hz, ArH), 4.20 (1H, s, NH), 4.11 

(1H, ddd, J = 11.1, 3.2, 1.8 Hz, NHCH), 3.88 

(3H, s, COOCH3), 3.82 (3H, s, ArOCH3), 3.26 (1H, dd, J = 13.7, 3.2 Hz, 1 × 

NHCHCH2), 2.79 (1H, dd, J = 13.7, 10.9 Hz, 1 × NHCHCH2); δC (101 MHz, 

CDCl3) 167.19 (CO), 166.76 (CO), 159.01 (C), 136.95 (C), 130.53 (CH), 
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128.16 (C), 126.56 (CH), 124.54 (C), 121.01 (C), 116.56 (CH), 114.63 (CH), 

113.62 (CH), 57.73 (CH), 55.48 (COOCH3), 52.08 (ArOCH3), 37.67 (CH2). 

Methyl 2-(2-fluorobenzyl)-3-oxo-1,2,3,4-tetrahydroquinoxaline-6-

carboxylate 144j 

According to general procedure D compound 

144j was obtained as a colourless solid (0.028 

g, 49%); mp 190 - 192 °C; νmax (neat) 3339 

(N–H), 1689 (OC=O), 1614 (NHC=O), 1500 

(C=C); δH (400 MHz, CDCl3) 7.88 (1H, br.s, 

NH), 7.60 (1H, dd, J = 8.3, 1.7 Hz, ArH), 7.37 

(1H, d, J = 1.9 Hz, ArH), 7.20 (1H, m, ArH), 

7.14 - 7.02 (3H, m, ArH), 6.58 (1H, d, J = 8.3 

Hz, ArH), 4.28 (1H, ddd, J = 9.1, 3.8, 1.7 Hz, NHCH), 4.23 (1H, s, NH), 3.87 

(3H, s, OCH3), 3.42 - 3.34 (1H, m, 1 × NHCHCH2), 2.98 (1H, dd, J = 13.8, 9.2 

Hz, 1 × NHCHCH2); δC (101 MHz, CDCl3) 166.79 (CO), 166.75 (CO), 161.60 

(C, d, J = 245.7 Hz), 136.93 (C), 131.97 (CH, d, J = 4.4 Hz), 129.40 (CH, d, J 

= 8.0 Hz), 126.50 (CH), 124.64 (CH, d, J = 3.4 Hz), 124.33 (C), 123.36 (C, d, 

J = 15.6 Hz), 120.98 (C), 116.57 (CH), 115.83 (CH, d, J = 21.9 Hz), 113.53 

(CH), 56.54 (CH), 52.07 (CH3), 32.35 (CH2); m/z (NSI) Found 315.1139 

([M+H]+ C17H16FN2O3 requires 315.1142). 
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5.1.5 General Procedure E: 

E: Synthesis of 150a – 150r 

Ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate 150a 

 

Benzaldehyde (0.182 mL, 1.78 mmol), 5,5-dimethylcyclohexane-1,3-dione 

(0.250 g, 1.78 mmol), ethyl 3-oxobutanoate (0.228 mL, 1.78 mmol), 

ammonium acetate (0.137 g, 1.78 mmol) and a p-TsOH stirrer bead (General 

Procedure D1) were added to ethanol (6.99 mL). The reaction was stirred for 

4 hours then concentrated under reduced pressure.The residue was purified 

via automated flash chromatography (3:2 Hex/EtOAc; Zip 30 g column) to give 

ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate 150a (0.424 g, 70%) as a yellow solid; mp 212 - 214 °C (lit 217 – 

219 °C [178]); νmax (neat) 3286 (N–H), 1691 (C=O), 1651 (OC=O), 1607 (C=C); 

δH (400 MHz, CDCl3) 7.28 - 7.34 (2H, m, ArH), 7.19 (2H, t, J = 7.6 Hz, ArH), 

7.06 - 7.12 (1H, m, ArH), 6.81 (1H, br. s., NH), 5.06 (1H, s, NHCCCH), 4.07 

(2H, q, J = 7.1 Hz, OCH2CH3), 2.33 (3H, s, CH3CNH), 2.11 - 2.32 (4H, m, 

COCH2, NHCCH2), 1.20 (3H, t, J = 7.1 Hz, CH3CH2O), 1.06 (3H, s, 

CH3CCH2CO), 0.93 (3H, s, CH3CCH2CO); δC (101 MHz, CDCl3) 195.4 (CO), 

167.4 (CO), 147.9 (C), 147.0 (C), 143.3 (C), 128.0 (CH), 127.9 (CH), 126.0 

(CH), 112.2 (C), 106.1 (C), 59.8 (CH2), 50.7 (CH2), 41.1 (CH2), 36.5 (CH3), 

32.7 (C), 29.4 (CH3), 27.1 (CH), 19.4 (CH3), 14.2 (CH3); m/z (NSI) Found 

340.1907 ([M+H]+ C21H26NO3 requires 340.1907). 
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Ethyl 4-(4-methoxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150b 

According to general procedure E compound 150b 

was obtained as a colourless solid (0.595 g, 73%); mp 

252 - 254 °C (lit 251 – 252 °C [179]), νmax (neat) 3274 (N–

H), 1699 (C=O), 1648 (OC=O), 1603 (C=C); δH (400 

MHz, CDCl3) 7.22 (2H, d, J = 8.8 Hz, ArH), 6.74 (2H, 

d, J = 8.5 Hz, ArH), 6.21 (1H, s, NH), 5.00 (1H, s, 

NHCCCH), 4.07 (2H, q, J = 7.3 Hz, OCH2CH3), 3.73 (3H, s, OCH3), 2.36 (3H, 

s, CH3CNH), 2.12 - 2.33 (4H, m, COCH2, NHCCH2), 1.21 (3H, t, J = 7.1 Hz, 

CH3CH2O), 1.07 (3H, s, CH3CCH2CO), 0.94 (3H, s, CH3CCH2CO); δC (101 

MHz, CDCl3) 195.6 (CO), 167.5 (CO), 157.7 (C), 148.0 (C), 143.1 (C), 139.6 

(C), 128.9 (CH), 113.2 (CH), 112.3 (C), 106.3 (C), 59.8 (CH2), 55.1 (CH3), 50.7 

(CH2), 41.0 (CH2), 35.7 (CH), 32.7 (C), 29.4 (CH3), 27.1 (CH3), 19.4 (CH3), 

14.2 (CH3); m/z (NSI) Found 370.1813 ([M+H]+ C22H28NO4 requires 370.2004).  

Ethyl 4-(2-bromophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150c 

According to general procedure E compound 150c 

was obtained as a colourless solid (0.559 g, 75%); 

mp 205 - 206 °C (lit 209 – 211 °C [180]); νmax (neat) 

3277 (N–H), 1695 (C=O), 1607 (C=C); δH (400 MHz, 

CDCl3) 7.45 (1H, dd, J 1.3, 8.1, ArH), 7.37 (1H, dd, J 

=  7.7,1.6 Hz, ArH), 7.16 (1H, dt, J = 1.3, 7.5 Hz, ArH), 6.90 - 6.99 (1H, m, 

ArH), 5.63 - 5.72 (1H, br.s, NH), 5.38 (1H, s, NHCCCH), 4.07 (2H, dd, J = 9.1, 

7.1 Hz, OCH2CH3), 2.35 (3H, s, CH3CNH), 2.13 - 2.32 (4H, m, COCH2, 

NHCCH2), 1.18 (3H, t, J = 7.1 Hz, CH3CH2O), 1.09 (3H, s, CH3CCH2CO), 0.97 

(3H, s, CH3CCH2CO); δC (101 MHz, CDCl3) 195.2 (CO), 167.1 (CO), 147.7 

(C), 145.7 (C), 143.1 (C), 133.1 (CH), 132.0 (CH), 127.5 (CH), 126.9 (CH), 

123.4 (C), 111.7 (C), 106.0 (C), 59.8 (CH2), 50.6 (CH2), 41.4 (CH2), 38.0 (CH), 

32.6 (C), 29.2 (CH3), 27.4 (CH3), 19.2 (CH3), 14.3 (CH3); m/z (NSI) Found 

418.1012 ([M+H]+ C21H25BrNO3 requires 418.1009). 
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Ethyl 4-(4-fluorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150d 

According to general procedure E compound 150d 

was obtained as a colourless solid (0.417 g, 65%); mp 

194 - 195 °C (lit (ethanol) 184 – 187 °C [181]); νmax 

(neat) 3273 (N–H), 1705 (C=O), 1646 (OC=O), 1601 

(C=C); δH (400 MHz, CDCl3) 7.44 (1H, s, NH), 7.24 - 

7.32 (2H, m, ArH), 6.83 - 6.92 (2H, m, ArH), 5.06 (1H, 

s, NHCCCH), 4.04 - 4.16 (2H, m, OCH2CH3), 2.34 

(3H, s, CH3CNH), 2.11 - 2.32 (4H, m, COCH2, NHCCH2), 1.22 (3H, t, J = 7.2 

Hz, CH3CH2O), 1.06 (3H, s, CH3CCH2CO), 0.93 (3H, s, CH3CCH2CO); δC (101 

MHz, CDCl3) 195.4 (CO), 167.3 (CO), 161.2 (C, d, J = 244.7 Hz), 147.8 (C), 

143.3 (C), 142.8 (d, J 3.66, C), 129.4 (CH. d, J = 8.25 Hz), 114.5 (CH, d, J = 

21.08 Hz), 112.2 (C), 106.1 (C), 59.8 (CH2), 50.7 (CH2), 41.1 (CH2), 36.0 (CH), 

32.7 (C), 29.4 (CH3), 27.1 (CH3), 19.4 (CH3), 14.2 (CH3); m/z (NSI) Found 

358.1813 ([M+H]+ C21H25FNO3 requires 358.1813). 

Ethyl 2-methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate 150e 

According to general procedure E compound 150e 

was obtained as a colourless solid (0.506 g, 73%); mp 

257 - 259 °C (250 – 252 °C [182]); νmax (neat) 3280 (N–

H), 1689 (C=O), 1642 (OC=O), 1605 (C=C); δH (400 

MHz, CDCl3) 7.28 - 7.34 (2H, m, ArH), 7.18 - 7.24 (2H, 

m, ArH), 7.08 - 7.13 (1H, m, ArH), 5.78 (1H, br. s., NH), 

5.11 (1H, s, NHCCCH), 4.06 (2H, q, J = 7.2 Hz, OCH2CH3), 2.41 - 2.48 (2H, 

m, NCCH2), 2.40 (3H, s, CH3CNH), 2.30 - 2.38 (2H, m,  COCH2CH2), 1.89 - 

2.05 (2H, m, COCH2CH2), 1.19 (3H, t, J = 7.1 Hz, CH3CH2O); δC (101 MHz, 

CDCl3)  195.6 (CO), 167.4 (CO), 149.2 (C), 147.1 (C), 143.2 (C), 128.0 (CH), 

127.9 (CH), 126.0 (CH), 113.6 (C), 106.1 (C), 59.8 (CH2), 37.0 (CH2), 36.4 

(CH), 27.6 (CH2), 21.0 (CH2), 19.4 (CH3), 14.2 (CH3); m/z (NSI) Found 

312.1594 ([M+H]+ C19H22NO3 requires 312.1595). 
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Ethyl 4-(4-methoxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150f 

According to general procedure E compound 150f was 

obtained as a colourless solid (0.389 g, 51%); mp (ethyl 

acetate) 217 - 220 °C (lit (ethanol) 209 – 211 °C [183]); 

νmax (neat) 3280 (N–H), 1690 (C=O), 1645 (OC=O), 

1605 (C=C); δH (400 MHz, CDCl3) 7.20 - 7.25 (2H, m, 

ArH), 6.72 - 6.78 (2H, m, ArH), 5.84 (1H, br. s., NH), 

5.05 (1H, s. NHCCCH), 4.07 (2H, q, J = 7.2 Hz, OCH2CH3), 3.75 (3H, s, OCH3), 

2.40 - 2.50 (2H, m, NCCH2), 2.39 (3H, s, CH3CNH), 2.29 - 2.38 (2H, m, 

COCH2CH2), 1.89 - 2.04 (2H, m, COCH2CH2), 1.20 (3H, t, J = 7.1 Hz, 

CH3CH2O); δC (101 MHz, CDCl3) 195.7 (CO), 167.5 (CO), 157.8 (C), 149.1 

(C), 142.9 (C), 139.7 (C), 129.0 (CH), 113.7 (C), 113.3 (CH), 106.3 (C), 59.8 

(CH2), 55.1 (CH2), 37.0 (CH2), 35.5 (CH), 27.5 (CH2), 21.0 (CH2), 19.4 (CH3), 

14.2 (CH3); m/z (NSI) Found 342.1700 ([M+H]+ C20H24NO3 requires 342.1694). 

Ethyl 4-(2-bromophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150g 

According to general procedure E compound 150g 

was obtained as a yellow solid (0.552 g, 63%); mp 206 

- 207 °C; νmax (neat) 3300 (N–H), 1693 (C=O), 1608 

(C=C); δH (400 MHz, CDCl3) 7.45 (1H, dd, J = 8.0, 1.1 

Hz, ArH), 7.38 (1H, dd, J = 7.7, 1.6 Hz, ArH), 7.16 (1H, 

dt, J = 7.5, 1.3 Hz, ArH), 6.95 (1H, m, ArH), 5.95 (1H, 

br. s., NH), 5.39 (1H, s, NHCCCH), 4.02 - 4.12 (2H, m, OCH2CH3), 2.38 - 2.45 

(2H, m, NHCCH2), 2.33 (3H, s, CH3CNH), 2.27 - 2.32 (2H, m, COCH2), 1.87 - 

2.03 (2H, m, COCH2CH2), 1.18 (3H, t, J = 7.2 Hz, CH3CH2O); δC (101 MHz, 

CDCl3) 195.5 (CO), 167.4 (CO), 149.8 (C), 145.9 (C), 143.1 (C), 133.0 (CH), 

132.2 (CH), 127.5 (CH), 127.0 (CH), 123.3 (C), 112.8 (C), 105.7 (C), 59.8 

(CH2), 38.0 (CH), 37.0 (CH2), 27.6 (CH2), 21.0 (CH2), 19.4 (CH3), 14.3 (CH3); 

m/z (NSI) Found 390.0699 ([M+H]+ C19H21BrNO3 requires 390.0698). 
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Ethyl 4-(4-fluorophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-

3-carboxylate 150h 

According to general procedure E compound 150h 

was obtained as a yellow solid (0.368 g, 50%); mp 

Decomposed at 256 °C; νmax (neat) 3288 (N–H), 1695 

(C=O), 1646 (OC=O), 1603 (C=C); δH (400 MHz, 

CDCl3) 7.24-7.29 (2H, m, ArH), 6.84 - 6.92 (2H, m, 

ArH), 5.73 (1H, br. s., NH), 5.08 (1H, s, NHCCCH), 

4.06 (2H, qd, J 7.2, 1.3 Hz, OCH2CH3), 2.41 - 2.49 (2H, m, NCCH2), 2.40 (3H, 

s, CH3CNH), 2.30 - 2.39 (2H, m,  COCH2CH2), 1.88 - 2.07 (2H, m, 

COCH2CH2), 1.18 (3H, t, J 7.1, CH3CH2O); δC (126 MHz, CDCl3) 195.6 (CO), 

167.5 (CO), 160.9 (C, d, J = 243.8 Hz), 149.3 (C), 143.2 (C), 143.0 (C, d, J = 

2.8 Hz), 129.4 (CH, d, J = 7.3 Hz), 114.6 (CH, d, J = 20.2 Hz), 113.5 (C), 106.1 

(C), 59.8 (CH2), 37.0 (CH2), 35.8 (CH), 27.5 (CH2), 21.0 (CH2), 19.4 (CH3), 

14.2 (CH3); m/z (NSI) Found 330.1500 ([M+H]+ C19H21FNO3 requires 

330.1500).   

Ethyl 4-(4-chlorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150i 

According to general procedure E compound 150i was 

obtained as a colourless solid (0.327 g, 49%); mp 241 

- 242 °C; νmax (neat) 3272 (N–H), 1704 (C=O), 1647 

(OC=O), 1602 (C=C); δH (400 MHz, CDCl3) 7.23 - 7.26 

(2H, m, ArH), 7.14 - 7.19 (2H, m, ArH), 5.74 (1H, br. 

s., NH), 5.04 (1H, s, NHCCCH), 4.06 (2H, q, J = 7.1 

Hz, OCH2CH3), 2.39 (3H, s, CH3CNH), 2.12 - 2.37 (4H, m, COCH2, NHCCH2), 

1.19 (3H, t, J = 7.2 Hz, CH3CH2O), 1.09 (3H, s, CH3CCH2CO), 0.94 (3H, s, 

CH3CCH2CO); δC (101 MHz, CDCl3) 195.3 (CO), 167.2 (CO), 147.8 (C), 145.5 

(C), 143.5 (C), 131.6 (C), 129.4 (CH), 128.0 (CH), 112.0 (C), 105.8 (C), 59.9 

(CH2), 50.6 (CH2), 41.2 (CH2), 36.2 (CH), 32.7 (C), 29.4 (CH3), 27.1 (CH3), 

19.5 (CH3), 14.2 (CH3); m/z (NSI) Found 374.1517 ([M+H]+ C21H25ClNO3 

requires 374.1517). 
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Ethyl 2-methyl-4-(4-nitrophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-

3-carboxylate 150j 

According to general procedure E compound 150j 

was obtained as a yellow solid (0.490 g, 62%); mp 

Decomposed at 218 °C; νmax (neat) 3294 (N–H), 1727 

(C=O), 1700 (OC=O), 1648 (C=C), 1517 (NO2); δH 

(400 MHz, CDCl3) 8.07 (2H, d, J = 8.6 Hz, ArH), 7.48 

(2H, d, J = 8.8 Hz, ArH), 6.52 (1H, s, NH), 5.18 (1H, 

s. NHCCCH), 4.05 (2H, q, J = 7.1 Hz, OCH2CH3), 2.42 - 2.49 (2H, m, 

NHCCH2), 2.40 (3H, s, CH3CNH), 2.30 - 2.37 (2H, m, COCH2), 2.01 (1H, m, 1 

× CH2CH2CH2), 1.83 - 1.95 (1H, m, 1 × CH2CH2CH2), 1.17 (3H, t, J = 7.1 Hz, 

OCH2CH3); δC (101 MHz, CDCl3) 195.7 (CO), 166.8 (CO), 154.5 (C), 150.5 

(C), 146.1 (C), 144.4 (C), 128.9 (CH), 123.3 (CH), 112.2 (C), 104.8 (C), 60.0 

(CH2), 37.0 (CH), 36.8 (CH2), 27.3 (CH2), 20.9 (CH2), 19.3 (CH3), 14.1 (CH3); 

m/z (NSI) Found 357.1445 ([M+H]+ C19H21N2O5 requires 357.1445). 

Ethyl 2,7,7-trimethyl-4-(4-nitrophenyl)-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150k 

According to general procedure E compound 150k was 

obtained as a yellow solid (0.678 g, 99%); mp 239 - 240 

°C; νmax (neat) 3274 (N–H), 1701 (C=O), 1648 (OC=O), 

1604 (C=C), 1516 (NO2); δH (400 MHz, CDCl3) 8.08 

(2H, d, J = 8.8 Hz, ArH), 7.49 (2H, d, J = 8.8 Hz, ArH), 

6.09 (1H, s, NH), 5.16 (1H, s, NHCCCH), 4.05 (2H, qd, 

J = 7.1, 1.4 Hz, OCH2CH3), 2.41 (3H, s, CH3CNH), 2.11 - 2.40 (4H, m, COCH2, 

NHCCH2), 1.18 (3H, t, J = 7.1 Hz, OCH2CH3), 1.09 (3H, s, CH3CCH2CO), 0.91 

(3H, s, CH3CCH2CO); δC (101 MHz, CDCl3) 195.3 (CO), 166.8 (CO), 154.3 

(C), 148.4 (C), 146.2 (C), 144.3 (C), 128.9 (CH), 123.3 (CH), 111.2 (C), 105.0 

(C), 60.1 (CH2), 50.5 (CH2), 41.1 (CH2), 37.2 (CH), 32.7 (C), 29.3 (CH3), 27.0 

(CH3), 19.5 (CH3), 14.2 (CH3); m/z (NSI) Found 385.1758 ([M+H]+ C21H25N2O5 

requires 385.1756). 
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Isopropyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150l 

According to general procedure E compound 150l was 

obtained as a colourless solid (0.458 g, 73%); mp 234 - 

235 °C; νmax (neat) 3284 (N–H), 1694 (C=O), 1642 

(OC=O), 1607 (C=C); δH (500 MHz, CDCl3) 7.31 (2H, d, 

J = 6.9 Hz, ArH), 7.19 (2H, t, J = 7.6 Hz, ArH), 7.07 - 

7.11 (1H, m, ArH), 5.95 (1H, br. s., NH), 5.04 (1H, s, NHCCCH), 4.91 (1H, p, 

J = 6.2 Hz, OCH(CH3)2), 2.37 (3H, s, CH3CNH), 2.13 - 2.35 (4H, m, NHCCH2, 

COCH2), 1.23 (3H, d, J = 6.3 Hz, OCHCH3), 1.08 (3H, s, CH3CCH2CO), 1.06 

(3H, d, J = 6.3 Hz, OCHCH3), 0.94 (3H, s, CH3CCH2CO); δC (126 MHz, CDCl3) 

195.4 (CO), 166.9 (CO), 147.8 (C), 147.1 (C), 143.0 (C), 128.2 (CH), 127.7 

(CH), 125.9 (CH), 112.2 (C), 106.6 (C), 67.0 (CH), 50.7 (CH2), 41.2 (CH2), 36.7 

(CH), 32.7 (C), 29.4 (CH3), 27.2 (CH3), 22.1 (CH3), 21.6 (CH3), 19.4 (CH3); m/z 

(NSI) Found 354.2064 ([M+H]+ C22H28NO3 requires 354.2063). 

Isopropyl 4-(2-bromophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150m 

According to general procedure E compound 150m 

was obtained as a colourless solid (0.483 g, 63%); mp 

215 - 216°C; νmax (neat) 3275 (N–H), 1697 (C=O), 

1647 (OC=O), 1602 (C=C); δH (500 MHz, CDCl3) 7.43 

(1H, dd, J = 8.0, 1.3 Hz, ArH), 7.39 (1H, dd, J = 7.8, 

1.7 Hz, ArH), 7.15 (1H, td, J = 7.5, 1.3 Hz, ArH), 6.93 

(1H, td, J = 7.7, 1.7 Hz, ArH), 5.73 (1H, s, NH), 5.33 (1H, s, NHCCCH),  4.95 

(1H, m, OCH(CH3)2), 2.33 (3H, s, CH3CNH), 2.32 - 2.09 (4H, m, CH3CCH2CO, 

NHCCH2), 1.25 (3H, d, J = 6.2 Hz, OCH(CH3)2), 1.07 (3H, s, CH3CCH2CO), 

1.00 (3H, d, J = 6.3 Hz, OCH(CH3)2), 0.95 (3H, s, CH3CCH2CO); δC (126 MHz, 

CDCl3) 195.42 (CO), 167.07 (CO), 148.05 (C), 145.56 (C), 143.12 (C), 133.26 

(CH), 132.69 (CH), 127.60 (CH), 126.91 (CH), 123.49 (C), 111.57 (C), 106.08 

(C), 67.34 (CH), 50.82 (CH2), 41.50 (CH2), 38.41 (CH), 32.66 (C), 29.35 (CH3), 

27.56 (CH3), 22.07 (CH3), 21.66 (CH3), 19.76 (CH3); m/z (NSI) Found 

432.1169 ([M+H]+ C22H27BrNO3 requires 432.1163). 
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Isopropyl 4-(2-bromophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150n 

According to general procedure E compound 150n 

was obtained as a colourless solid (0.586 g, 65%); mp 

246 - 247 °C; νmax (neat) 3273 (N–H), 1695 (C=O), 

1645 (OC=O), 1605 (C=C); δH (400 MHz, CDCl3) 7.42 

(2H, ddd, J = 13.5, 7.9, 1.5 Hz, ArH), 7.16 (1H, m, 

ArH), 6.95 (1H, m, ArH), 6.21 (1H, br. s., NH), 5.36 (1H, s, NHCCCH), 4.95 

(1H, m, OCH(CH3)2), 2.35 - 2.43 (2H, m, NCCH2), 2.25 - 2.33 (5H, m, 

CH3CNH, COCH2), 1.84 - 2.01 (2H, m, CH2CH2CH2), 1.25 (3H, d, J = 6.3 Hz, 

OCHCH3), 1.01 (3H, d, J = 6.3 Hz, OCHCH3); δC (101 MHz, CDCl3) 195.6 

(CO), 167.0 (CO), 150.3 (C), 145.6 (C), 143.1 (C), 133.1 (CH), 132.7 (CH), 

127.4 (CH), 126.8 (CH), 123.3 (C), 112.3 (C), 105.8 (C), 67.1 (CH), 38.3 (CH), 

37.1 (CH2), 27.5 (CH2), 21.9 (CH3), 21.5 (CH3), 20.9 (CH2), 19.4 (CH3); m/z 

(NSI) Found 404.0856 ([M+H]+ C20H23BrNO3 requires 404.0864). 

Isopropyl 2-methyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate 150o 

According to general procedure E compound 150o was 

obtained as a yellow solid (0.396 g, 55%); mp 

Decomposed at 245 °C; νmax (neat) 3289 (N–H), 1693 

(C=O), 1645 (OC=O), 1605 (C=C); δH (400 MHz, 

CDCl3) 7.29 - 7.34 (2H, m, ArH), 7.17 - 7.23 (2H, m, 

ArH), 7.07 - 7.13 (1H, m, ArH), 5.82 (1H, br. s., NH), 

5.08 (1H, s, NHCCCH), 4.93 (1H, m, OCH(CH3)2), 2.40 - 2.50 (2H, m, NCCH2), 

2.39 (3H, s, CH3CNH), 2.26 - 2.38 (2H, m, COCH2), 1.88 - 2.04 (2H, m, 

CH2CH2CH2), 1.23 (3H, d, J = 6.3 Hz, OCHCH3), 1.04 (3H, d, J = 6.3 Hz, 

OCHCH3); δC (101 MHz, CDCl3) 195.6 (CO), 166.9 (CO), 149.4 (C), 147.2 (C), 

142.9 (C), 128.2 (CH), 127.8 (CH), 125.9 (CH), 113.5 (C), 106.5 (C), 67.1 

(CH), 37.0 (CH2), 36.6 (CH), 27.5 (CH2), 22.1 (CH), 21.6 (CH3), 21.0 (CH2), 

19.3 (CH3); m/z (NSI) Found 326.1751 ([M+H]+ C20H24NO3 requires 326.1750). 
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Ethyl 4-(4-chlorophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-

3-carboxylate 150p 

According to general procedure E compound 150p 

was obtained as a colourless solid (0.396 g, 55%); mp 

226 - 228 °C; νmax (neat) 3279 (N–H), 1696 (C=O), 

1646 (OC=O), 1604 (C=C); δH (400 MHz, CDCl3) 7.22 

- 7.26 (2H, m, ArH), 7.15 - 7.19 (2H, m, ArH), 6.06 (1H, 

br. s., NH), 5.07 (1H, s, NHCCCH), 4.03 - 4.10 (2H, m, 

OCH2CH3), 2.40 - 2.46 (2H, m, NCCH2), 2.39 (3H, s, CH3CNH), 2.29 - 2.37 

(2H, m, COCH2), 1.86 - 2.06 (2H, m, CH2CH2CH2), 1.19 (3H, t, J = 7.2 Hz, 

OCH2CH3); δC (101 MHz, CDCl3) 195.6 (CO), 167.2 (CO), 149.5 (C), 145.7 

(C), 143.5 (C), 131.6 (C), 129.4 (CH), 128.0 (CH), 113.2 (C), 105.7 (C), 59.9 

(CH2), 37.0 (CH2), 36.1 (CH), 27.4 (CH2), 21.0 (CH2), 19.4 (CH3), 14.2 (CH3); 

m/z (NSI) Found 346.1204 ([M+H]+ C19H21ClNO3 requires 346.1202). 

Isopropyl 4-(4-fluorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150q 

According to general procedure E compound 150q 

was obtained as a colourless solid (0.399 g, 60%); mp 

213 - 214 °C; νmax (neat) 3283 (N–H), 1687 (C=O), 

1643 (OC=O), 1606 (C=C); δH (400 MHz, CDCl3) 7.24 

- 7.30 (2H, m, ArH), 6.87 (2H, t, J = 8.7 Hz, ArH), 6.07 

(1H, br. s, NH), 5.01 (1H, s, NHCCCH), 4.93 (1H, m,  

OCH(CH3)2), 2.37 (3H, s, CH3CNH), 2.12 - 2.35 (4H, m, NCCH2, COCH2), 1.23 

(3H, d, J = 6.3 Hz, OCHCH3), 1.07 (3H, s, CH3CCH2CO), 1.05 (3H, d, J = 6.0 

Hz, OCHCH3), 0.93 (3H, s, CH3CCH2CO); δC (101 MHz, CDCl3) 195.5 (CO), 

166.8 (CO), 161.2 (C, d, J = 243.7 Hz), 147.8 (C), 143.1 (C), 142.9 (C, d, J = 

2.7 Hz), 129.6 (CH, d, J = 8.2 Hz), 114.4 (d, J = 21.1 Hz), 112.0 (C), 106.4 (C), 

67.1 (CH), 50.7 (CH2), 41.0 (CH2), 36.1 (CH), 32.7 (C), 29.4 (CH3), 27.1 (CH3), 

22.1 (CH3), 21.6 (CH3), 19.3 (CH3); m/z (NSI) Found 372.1969 ([M+H]+ 

C22H27FNO3 requires 372.1967).  

 



Zenobia X Rao                                                                                 Experimentaltal 

 

212 
 

Isopropyl 4-(4-methoxyphenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate 150r 

According to general procedure E compound 150r was 

obtained as a colourless solid (0.494 g, 72%); mp 261 

- 262 °C; νmax (neat) 3272 (N–H), 1697 (C=O), 1647 

(OC=O), 1602 (C=C); δH (400 MHz, CDCl3) 7.20 - 7.24 

(2H, m, ArH), 6.71 - 6.77 (2H, m, ArH), 6.04 (1H, s, 

NH), 4.98 (1H, s, NHCCCH), 4.93 (1H, td, J = 6.3, 12.6 

Hz, OCH(CH3)2), 3.74 (3H, s, OCH3), 2.36 (3H, s, CH3CNH), 2.10 - 2.33 (4H, 

m, NCCH2, COCH2CH2), 1.23 (3H, d, J = 6.3 Hz, OCHCH3), 1.04 - 1.11 (6H, 

m, OCHCH3, CH3CCH2CO), 0.94 (3H, s, CH3CCH2CO); δC (101 MHz, CDCl3) 

195.5 (CO), 167.0 (CO), 157.7 (C), 147.8 (C), 142.7 (C), 139.7 (C), 129.1 

(CH), 113.1 (CH), 112.3 (C), 106.7 (C), 67.0 (CH), 55.1 (CH), 50.7 (CH2), 41.1 

(CH2), 35.8 (CH3), 32.7 (C), 29.4 (CH3), 27.2 (CH3), 22.1 (CH3), 21.7 (CH3), 

19.3 (CH3); m/z (NSI) Found 384.2169 ([M+H]+ C23H30NO4 requires 384.2169). 
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5.1.6 General Procedure F: 

F: Synthesis of 154a – 154o 

1-([1,1'-Biphenyl]-4-yl)ethanone 154a 

 

Phenylboronic acid (0.071 g, 0.586 mmol) and 1-(4-iodophenyl)ethanone 

(0.131 g, 0.532 mmol) were added to a 0.5% w/w Pd(PPh3)4 stirrer bead 

(General Procedure D2A) and a solution of sodium carbonate (0.113 g, 1.065 

mmol) in ethanol (8 mL) and water (2 mL) and the resulting mixture heated at 

65 °C for 18 hours. The stirrer was washed with DCM and the combined 

mixture concentrated under reduced pressure. The crude mixture was 

partitioned between water (15 mL) and DCM (15 mL) and the aqueous phase 

extracted with DCM (3 × 15 mL) and the combined organic extracts dried 

(MgSO4), filtered and solvent removed under reduced pressure to give 1-([1,1'-

biphenyl]-4-yl)ethanone 154a (0.101 g, 97%) as a colourless solid; mp 119 - 

120 °C (lit 115 - 117 °C [176]); νmax (neat) 3069, 2921 (C–H), 1676 (C=O); δH 

(400 MHz, CDCl3) 8.04 (2H, d, J = 8.4 Hz, ArH), 7.69 (2H, d, J = 8.4 Hz, ArH), 

7.65 – 7.62 (2H, m, ArH), 7.48 (2H, t, J = 7.5 Hz, ArH), 7.41 (1H, t, J = 7.4 Hz, 

ArH), 2.64 (3H, s, COCH3); δC (101 MHz, CDCl3) 197.80 (CO), 145.87 (C), 

139.98 (C), 135.99 (C), 129.06 (CH), 129.01 (CH), 128.34 (CH), 127.37 (CH), 

127.32 (CH), 26.73 (CH3); m/z (NSI) Found 197.0961 ([M+H]+ C14H13O 

requires 197.0960). 
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1-([1,1'-Biphenyl]-4-yl)ethanone 154a 

According to general procedure F compound 154a 

was also obtained using 1-(4-

bromophenyl)ethanone 153b (0.105 g, 76%). 

Identical spectral data to that obtained previously. 

 

 

1-(4'-Chloro-[1,1'-biphenyl]-4-yl)ethanone 154b 

According to general procedure F compound 

154b was obtained as a colourless solid (0.088 g, 

85%) as a colourless solid; mp 94 - 95 °C (lit 101 

– 102 °C [177]); νmax (neat) 2922 (C–H), 1669 

(C=O); δH (400 MHz, CDCl3) 8.01 (2H, d, J = 8.3 

Hz, ArH), 7.63 (2H, d, J = 8.4 Hz, ArH), 7.53 (2H, 

d, J = 8.5 Hz, ArH), 7.42 (2H, d, J = 8.5 Hz, ArH), 2.62 (3H, s, COCH3); δC(101 

MHz, CDCl3) 197.63 (CO), 144.47 (C), 138.34 (C), 136.19 (C), 134.52 (C), 

129.21 (CH), 129.06 (CH), 128.55 (CH), 127.10 (CH), 26.69 (CH3); m/z (NSI) 

Found 231.0571 ([M+H]+ C14H12ClO requires 231.0572). 

 

1-(4'-Chloro-[1,1'-biphenyl]-4-yl)ethanone 154b 

. According to general procedure F compound 

154b was also obtained using 1-(4-

bromophenyl)ethanone 153b (0.076 g, 47%). 

Identical spectral data to that obtained previously. 
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1-(4'-Methoxy-[1,1'-biphenyl]-4-yl)ethanone 154c 

According to general procedure F compound 154c 

was obtained as a colourless solid (0.099 g, 98%) 

as a colourless solid; mp 152 - 153 °C (lit 156 – 158 

°C [178]); νmax (neat) 2957 (C–H), 1672 (C=O),; δH 

(400 MHz, CDCl3) 8.00 (2H, d, J = 8.4 Hz, ArH), 

7.63 (2H, d, J = 8.4 Hz, ArH), 7.59 – 7.55 (2H, m, 

ArH), 7.01 – 6.97 (2H, m, ArH), 3.85 (3H, s, OCH3), 2.62 (3H, s, COCH3); δC 

(101 MHz, CDCl3) 197.74 (CO), 160.03 (C), 145.41 (C), 135.38 (C), 132.29 

(C), 129.01 (CH), 128.42 (CH), 126.65 (CH), 114.51 (CH), 55.43 (CH3), 26.64 

(CH3); m/z (NSI) Found 227.1067 ([M+H]+ C15H15O2 requires 227.1068). 

 

1-(3'-Methoxy-[1,1'-biphenyl]-4-yl)ethanone 154d 

According to general procedure F compound 154d 

was obtained as a colourless solid (0.094 g, 93%) 

as a colourless solid; mp 52 - 53 °C (lit 51 – 52 °C 

[179]); νmax (neat) 2996 (C–H), 1673 (C=O),; δH (500 

MHz, CDCl3) 8.03 – 8.00 (2H, m, ArH), 7.68 – 7.65 

(2H, m, ArH), 7.38 (1H, t, J = 7.9 Hz, ArH), 7.21 

(1H, d, J = 7.7 Hz, ArH), 7.17 – 7.14 (1H, m, ArH), 

6.97 – 6.92 (1H, m, ArH), 3.87 (3H, s, OCH3), 2.63 (3H, s, COCH3); δC (126 

MHz, CDCl3) 197.76 (CO), 160.16 (C), 145.69 (C), 141.43 (C), 136.08 (C), 

130.06 (CH), 128.95 (CH), 127.33 (CH), 119.81 (CH), 113.63 (CH), 113.17 

(CH), 55.41 (CH3), 26.69 (CH3); m/z (NSI) Found 227.1067 ([M+H]+ C15H15O2 

requires 227.106). 
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1-(3'-Methoxy-[1,1'-biphenyl]-4-yl)ethanone 154d 

According to general procedure F compound 154d 

was also made using 1-(4-bromophenyl)ethanone 

153b (0.11 g, 69%). Identical spectral data to that 

obtained previously. 

 

 

 

1-(4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-yl)ethanone 154e 

According to general procedure F compound 

154e was obtained as a colourless solid (0.113 g, 

96%) as a colourless solid; mp 119 - 120 °C (lit 

118 – 119 °C [180]); νmax (neat) 2924 (C–H), 1683 

(C=O),; δH (500 MHz, CDCl3) 8.06 (2H, d, J = 8.3 

Hz, ArH), 7.72 (4H, s, ArH), 7.69 (2H, d, J = 8.3 

Hz, ArH), 2.65 (3H, s, COCH3); δC (101 MHz, 

CDCl3) 197.72 (CO), 163.09 (C, d, J = 248.1 Hz), 144.78 (C), 136.07 (C, d, J 

= 3.1 Hz), 135.95 (C), 129.05 (CH), 128.96 (CH), 127.13 (CH), 115.99 (CH, d, 

J = 21.4 Hz), 26.68 (CH3); m/z (NSI) Found 265.0840 ([M+H]+ C15H12F3O 

requires 265.0845). 

 

1-(4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-yl)ethanone 154e 

According to general procedure F compound 

154e was also made using 1-(4-

bromophenyl)ethanone 153b (0.109 g, 58%). 

Identical spectral data to that obtained 

previously. 
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1-(2'-Methoxy-[1,1'-biphenyl]-4-yl)ethanone 154f 

According to general procedure F compound 154f 

was obtained as a colourless solid (0.061 g, 60%) 

as a colourless solid; mp 107 - 108 °C (lit 105 – 106 

°C [181]); νmax (neat) 3000 (C–H), 1669 (C=O); δH 

(400 MHz, CDCl3) 8.01 (2H, d, J = 8.3 Hz, ArH), 

7.65 (2H, d, J = 8.3 Hz, ArH), 7.40 – 7.32 (2H, m, 

ArH), 7.06 (1H, t, J = 7.5 Hz, ArH), 7.02 (1H, d, J = 

8.2 Hz, ArH), 3.83 (3H, s, OCH3), 2.64 (3H, s, COCH3); δC (101 MHz, CDCl3) 

197.90 (CO), 156.58 (C), 143.69 (C), 135.61 (C), 130.79 (CH), 129.81 (CH), 

129.58 (CH), 128.15 (CH), 121.06 (CH), 111.48 (CH), 55.64 (CH3), 26.69 

(CH3); m/z (NSI) Found 227.1067 ([M+H]+ C15H15O2 requires 227.1067). 

1-(4'-Fluoro-[1,1'-biphenyl]-4-yl)ethanone 154g 

According to general procedure F compound 

154g was obtained as a colourless solid (0.061 

g, 60%) as a colourless solid; mp 100 - 101 °C (lit 

103 – 104 °C [182]); νmax (neat) 2921 (C–H), 1679 

(C=O),; δH (500 MHz, CDCl3) 8.02 (2H, d, J = 8.3 

Hz, ArH), 7.62 (2H, d, J = 8.5 Hz, ArH), 7.60 – 

7.56 (2H, m, ArH), 7.18 – 7.12 (2H, m, ArH), 2.63 (3H, s, COCH3); δC (101 

MHz, CDCl3) 197.65 (CO), 163.01 (C, d, J = 248.1 Hz), 144.7 (C), 135.99 (C, 

d, J = 3.2), 135.87 (C), 128.97 (CH), 128.88 (CH), 127.05 (CH), 115.91 (CH, 

d, J = 21.5 Hz), 26.60 (CH3); m/z (NSI) Found 215.0872 ([M+H]+ C14H12FO 

requires 215.0800). 
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1-(4'-Fluoro-[1,1'-biphenyl]-4-yl)ethanone 154g 

According to general procedure F compound 

154g was also made using 1-(4-

bromophenyl)ethanone 153b (0.085 g, 56%). 

Identical spectral data to that obtained 

previously. 

 

1-(4'-Nitro-[1,1'-biphenyl]-4-yl)ethanone 154h 

According to general procedure F compound 

154h was obtained as a colourless solid (0.104 

g, 94%) as a colourless solid; mp 151 - 152 °C 

(lit. 150.2 – 152.1 °C [183]); νmax (neat) 3012 (C–

H), 1679 (C=O), 1595 (NO2); δH (400 MHz, 

CDCl3) 8.31 (2H, d, J = 8.6 Hz, ArH), 8.07 (2H, d, 

J = 8.2 Hz, ArH), 7.77 (2H, d, J = 8.6 Hz, ArH), 7.71 (2H, d, J = 8.2 Hz, ArH), 

2.65 (3H, s, COCH3); δC (101 MHz, CDCl3) 197.50 (CO), 147.74 (C), 146.30 

(C), 143.18 (C), 137.21 (C), 129.22 (CH), 128.18 (CH), 127.72 (CH), 124.30 

(CH), 26.79 (CH3); m/z (NSI) Found 242.0817 ([M+H]+ C14H12NO3 requires 

242.0817). 

 

4-Methoxy-1,1'-biphenyl 154i 

According to general procedure F and using 1-iodo-

4-methoxybenzene 153c compound 150i was 

obtained as a colourless solid (0.078 g, 99%) as a 

colourless solid; mp 86 - 87 °C (lit. 88 – 89 °C [184]); 

νmax (neat) 3064 (C–H), 1246 (O–C); δH (400 MHz, 

CDCl3) 7.62 – 7.55 (4H, m, ArH), 7.46 (2H, dd, J = 

10.5, 4.8 Hz, ArH), 7.37 – 7.31 (1H, m, ArH), 7.05 – 6.98 (2H, m, ArH), 3.88 

(3H, s, OCH3); δC (101 MHz, CDCl3) 159.30 (C), 140.97 (C), 133.92 (C), 
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128.85 (CH), 128.27 (CH), 126.86 (CH), 126.78 (CH), 114.35 (CH), 55.45 

(CH3); m/z (NSI) Found 185.0966 ([M+H]+ C13H13O requires 185.0958). 

4-Chloro-4'-methoxy-1,1'-biphenyl 154j 

According to general procedure F and using 1-

iodo-4-methoxybenzene 153c compound 154j 

was obtained as a colourless solid (0.088 g, 94%) 

as a colourless solid; mp 108 - 110 °C (lit 109 – 

111 °C [185]); νmax (neat) 3010 (C–H), 1287 (O–C); 

δH (400 MHz, CDCl3) 7.53 – 7.46 (4H, m, ArH), 

7.42 – 7.37 (2H, m, ArH), 7.01 – 6.96 (2H, m, ArH), 3.86 (3H, s, OCH3); δC 

(101 MHz, CDCl3) 159.52 (C), 139.39 (C), 132.80 (C), 132.60 (C), 1128.96 

(CH), 128.12 (CH), 128.04 (CH), 114.45 (CH), 55.45 (CH3); m/z (NSI) Found 

218.0498 ([M]+ C13H11OCl requires 218.0497). 

 

3,4'-Dimethoxy-1,1'-biphenyl 154k 

According to general procedure F and using 1-

iodo-4-methoxybenzene 153c compound 154k 

was obtained as a colourless solid (0.080 g, 87%) 

as a colourless solid; mp 56 - 58 °C (lit 59 °C [186]); 

νmax (neat) 3010 (C–H), 1217 (O–C); δH (400 MHz, 

CDCl3) 7.60 – 7.54 (2H, m, ArH), 7.37 (1H, t, J = 

7.9 Hz, ArH), 7.19 (1H, dt, J = 7.7, 1.3 Hz, ArH), 

7.14 (1H, t, J = 2.1 Hz, ArH), 7.04 – 6.98 (2H, m, ArH), 6.90 (1H, dd, J = 8.1, 

2.5 Hz, ArH), 3.89 (3H, s, OCH3), 3.87 (3H, s, OCH3); δC (101 MHz, CDCl3) 

160.08 (C), 159.39 (C), 142.47 (C), 133.72 (C), 129.81 (CH), 128.29 (CH), 

119.39 (CH), 114.29 (CH), 112.66 (CH), 112.14 (CH), 55.41 (CH3), 55.35 

(CH3); m/z (NSI) Found 215.1072 ([M+H]+ C14H15O2 requires 215.1070). 
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4-Methoxy-4'-nitro-1,1'-biphenyl 154l 

According to general procedure F and using 1-

iodo-4-methoxybenzene 153c compound 154l 

was obtained as a yellow solid (0.030 g, 30%); 

mp 108 - 109 °C (lit 104 – 105 °C [187]); νmax (neat) 

3062 (C–H), 1595 (NO2); δH (400 MHz, CDCl3) 

8.29 – 8.24 (2H, m, ArH), 7.72 – 7.66 (2H, m, 

ArH), 7.61 – 7.55 (2H, m, ArH), 7.04 – 6.99 (2H, m, ArH), 3.88 (3H, s, OCH3); 

δC (101 MHz, CDCl3) 160.62 (C), 147.35 (C), 146.72 (C), 131.23 (C), 128.70 

(CH), 127.21 (CH), 124.27 (CH), 114.77 (CH), 55.57 (CH3); m/z (NSI) Found 

230.0812 ([M+H]+ C13H12NO3 requires 230.0805).  

 

4-Methoxy-4'-nitro-1,1'-biphenyl 154l 

According to general procedure G and using 1-

iodo-4-nitrobenzene 153d compound 154l was 

also obtained as a yellow solid (0.081 g, 83%). 

Identical spectral data to that obtained previously. 

 

 

4-Nitro-1,1'-biphenyl 154m 

According to general procedure F and using 1-

iodo-4-nitrobenzene 153d compound 154m was 

obtained as a colourless solid (0.058 g, 73%) as 

a colourless solid; mp 110 - 112 °C (lit 110 – 111 

°C [188]); νmax (neat) 3074 (C–H), 1592 (NO2); δH 

(400 MHz, CDCl3) 8.32 – 8.26 (2H, m, ArH), 7.77 

– 7.70 (2H, m, ArH), 7.66 – 7.60 (2H, m, ArH), 7.54 – 7.42 (3H, m, OCH3); δC 

(101 MHz, CDCl3) 147.73 (C), 147.23 (C), 138.88 (C), 129.27 (CH), 129.04 

(CH), 127.90 (CH), 127.49 (CH), 124.20 (CH); m/z (NSI) Found 200.0712 

([M+H]+ C12H10NO2 requires 200.0715). 
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4-Fluoro-4'-nitro-1,1'-biphenyl 154n 

According to general procedure F and using 1-

iodo-4-nitrobenzene 153d compound 154n was 

obtained as a colourless solid (0.070 g, 81%) as 

a colourless solid; mp 125 - 126 °C (lit 122 – 124 

°C [189]); νmax (neat) 3074 (C–H), 1592 (NO2); δH 

(400 MHz, CDCl3) 8.32 – 8.26 (2H, m, ArH), 7.72 

– 7.66 (2H, m, ArH), 7.63 – 7.56 (2H, m, ArH), 7.22 – 7.15 (2H, m, ArH); δC 

(101 MHz, CDCl3) 147.73 (C), 147.23 (C), 138.88 (C), 129.27 (CH), 129.04 

(CH), 127.90 (CH), 127.49 (CH), 124.20 (CH); m/z (NSI) Found 218.0617 

([M+H]+ C12H9FNO2 requires 218.0623). 
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5.1.7 General Procedure G: 

G: Synthesis of 156a – 156d 

3-Phenylpyridine 156a 

 

Phenylboronic acid (0.065 g, 0.537 mmol) and 3-iodopyridine (0.1 g, 0.488 

mmol) were taken in a reaction vial containing a 0.5% w/w Pd(PPH3)4 stirrer 

bead (General Procedure D2A) adapted for microwave reactions. Ethanol (2 

mL) was added to it and lastly a solution of sodium carbonate (0.103 g, 0.976 

mmol) in water (1 mL). The resulting mixture was heated at 130 °C for 20 

minutes in the microwave. The stirrer was washed with DCM and the residue 

was concentrated under reduced pressure. The crude mixture was partitioned 

between water (15 mL) and DCM (15 mL) and the aqueous phase extracted 

with DCM (3 x 15 mL). The combined organic extracts dried (MgSO4), filtered 

and solvent removed under reduced pressure to give the crude material. The 

residue was purified via automated flash chromatography (9:1 Hex/EtOAc; Zip 

10 g column) to give 3-phenylpyridine 156a (0.052 g, 69 % ) as a colourless 

oil; νmax (neat) 3030 (C–H), 1336 (C–N); δH (500 MHz, CDCl3) 8.85 (1H, d, J = 

2.3 Hz, NCH), 8.59 (1H, dd, J = 4.8, 1.6 Hz, NCH), 7.87 (1H, dt, J = 7.9, 2.0 

Hz, ArH), 7.60 - 7.55 (2H, m, ArH), 7.48 (2H, dd, J = 8.4, 6.9 Hz, ArH), 7.43 - 

7.38 (1H, m, ArH), 7.36 (1H, dd, J = 7.9, 4.8 Hz, ArH); δC (126 MHz, CDCl3) 

148.57 (CH), 148.43 (CH), 137.92 (C), 136.71 (C), 134.43 (CH), 129.16 (CH), 

128.18 (CH), 127.24 (CH), 123.63 (CH); m/z (NSI) Found 156.0808 ([M+H]+ 

C11H10N requires 156.0811). 
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3-Phenylpyridine 156a 

According to general procedure G compound 156a 

was also obtained using 3-bromopyridine 155b in 

120 minutes (0.32 g, 33%). Identical spectroscopic 

data to that obtained previously. 

 

 

3-(4-Methoxyphenyl)pyridine 156b 

According to general procedure G compound 156b 

was obtained in 20 minutes as a colourless semi-

solid (0.062 g, 69%); νmax (neat) 3008 (C–H), 1281 

(C–N); δH (500 MHz, CDCl3) 8.81 (1H, d, J = 2.5 

Hz, NCH), 8.54 (1H, dd, J = 4.8, 1.7 Hz, NCH), 

7.81 (1H, dt, J = 7.9, 2.0 Hz, ArH), 7.56 - 7.45 (2H, 

m, ArH), 7.32 (1H, dd, J = 7.9, 4.8 Hz, ArH), 7.04 - 6.95 (2H, m, ArH), 3.85 

(3H, s, OCH3); δC (126 MHz, CDCl3) 159.83 (C), 148.07 (CH), 147.96 (CH), 

136.31 (C), 133.91 (CH), 130.31 (C), 128.29 (CH), 123.58 (CH), 114.62 (CH), 

55.45 (CH3); m/z (NSI) Found 186.0913 ([M+H]+ C12H12NO requires 

186.0910). 
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3-(4-Fluorophenyl)pyridine 156c 

According to general procedure G compound 156c 

was obtained in 20 minutes as a colourless oil 

(0.062 g, 73%);  νmax (neat) 3043 (C–H), 1336 (C–

N); δH (500 MHz, CDCl3) 8.80 (1H, d, J 2.3, NCH), 

8.58 (1H, dd, J = 4.8, 1.6 Hz, NCH), 7.82 (1H, dt, 

J = 7.9, 2.0 Hz, ArH), 7.57 - 7.49 (2H, m, ArH), 7.35 

(1H, dd, J = 8.0 Hz, 4.9, ArH), 7.16 (2H, t, J = 8.6 Hz, ArH); δC (126 MHz, 

CDCl3) 163.01 (C, d, J = 247.7 Hz), 148.43 (CH, d, J = 43.9 Hz), 135.82 (C), 

134.33 (CH), 134.04 (C, d, J = 3.3 Hz), 128.92 (CH, d, J = 8.2 Hz), 123.68 

(CH), 116.26 (CH), 116.09 (CH); m/z (NSI) Found 174.0714 ([M+H]+ C11H9FN 

requires 174.0710);  

3-(3-Methoxyphenyl)pyridine 156d 

According to general procedure G compound 

156d was obtained in 20 minutes as a colourless 

oil (0.070 g, 77%); νmax (neat) 3031 (C–H), 1299 

(C–N); δH (500 MHz, CDCl3) 8.84 (1H, d, J = 2.3 

, NCH), 8.59 (1H, dd, J = 4.9, 1.6 Hz, NCH), 7.88 

- 7.78 (1H, m, ArH), 7.39 (1H, t, J = 8.0 Hz, ArH), 

7.35 (1H, dd, J = 7.9, 4.8 Hz, ArH), 7.16 (1H, dt, 

J = 7.6, 1.2 Hz, ArH), 7.10 (1H, t, J = 2.1 Hz, ArH), 6.94 (1H, dd, J = 8.2, 2.5 

Hz, ArH), 3.86 (3H, s, OCH3); δC (126 MHz, CDCl3) 160.20 (C), 148.69 (CH), 

148.44 (CH), 139.37 (C), 136.59 (C), 134.48 (CH), 130.22 (CH), 123.61 (CH), 

119.66 (CH), 113.47 (CH), 113.02 (CH), 55.42 (CH3); m/z (NSI) Found 

186.0913 ([M+H]+ C12H12NO requires 186.0909). 
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1-([1,1'-Biphenyl]-4-yl)ethanone 154a 

According to general procedure G compound 154a 

was also obtained using 1-(4-

bromophenyl)ethanone 153b by heating in a 

microwave at 120 °C for 30 minutes (0.80 g, 99%). 

Identical spectroscopic data to that obtained 

previously.  

 

1-(4'-Chloro-[1,1'-biphenyl]-4-yl)ethanone 154b 

According to general procedure G compound 

154b was also obtained using 1-(4-

bromophenyl)ethanone 153b by heating in a 

microwave at 120 °C for 60 minutes (0.112 g, 

97%). Identical spectroscopic data to that 

obtained previously. 

 

1-(4'-Fluoro-[1,1'-biphenyl]-4-yl)ethanone 154g 

According to general procedure G compound 

154g was also obtained using 1-(4-

bromophenyl)ethanone 153b by heating in a 

microwave at 120 °C for 60 minutes (0.100 g, 

93%). Identical spectroscopic data to that 

obtained previously. 
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4-Methoxy-4'-nitro-1,1'-biphenyl 154l 

According to general procedure G compound 

154l was also obtained using 1-iodo-4-

methoxybenzene 153c by heating in the 

microwave at 120 °C for 40 minutes  (0.081 g, 

83%) as a yellow solid. Identical spectroscopic 

data to that obtained previously.  
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5.1.8 General Procedure H: 

H: Synthesis of 178a – 178i 

2-Phenyl-1,3-dithiane 178a 

 

A solution of benzaldehyde (0.481 ml, 4.71 mmol) and propane-1,3-dithiol 

(0.567 ml, 5.65 mmol) in acetonitrile (4.34 mL) was prepared. The solution was 

heated in a microwave reactor at 120 °C for  10 min with a 10% Y(OTf)3 stirrer 

bead (General Procedure D2B). The reaction was monitored via TLC. After 

completion, the solution was concentrated under reduced pressure. The 

residue was taken up in DCM (20 mL). This was washed with a solution of 

0.1M NaOH (20 mL) and dried over Na2SO4, filtered and concentrated under 

reduced pressure to give 2-phenyl-1,3-dithiane 178a as a colourless solid 

(0.843 g, 91%); mp 72 - 73 °C (lit 72 – 74 °C [190]); νmax (neat) 2947, 2890 (C–

H); δH (500 MHz, CDCl3) 7.47 (2H, dd, J = 7.3, 1.7 Hz, ArH), 7.37 - 7.27 (3H, 

m, ArH), 5.17 (1H, s, SCHS), 3.07 (2H, ddd, J = 14.8, 12.5, 2.4 Hz, 

SCH2CH2CH2S), 2.91 (2H, dt, J = 14.2, 3.9 Hz, SCH2CH2CH2S), 2.17 (1H, dtt, 

J = 14.0, 4.6, 2.4 Hz, 1 × SCH2CH2CH2S), 2.01 - 1.87 (1H, m, 1 × 

SCH2CH2CH2S); δC (126 MHz, CDCl3) 139.22 (C), 128.86 (CH), 128.57 (CH), 

127.87 (CH), 51.61 (CH), 32.23 (CH2), 25.23 (CH2); m/z (NSI) Found 197.0459 

([M+H]+ C10H13S2 requires 197.0459). 
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2-(4-Bromophenyl)-2-methyl-1,3-dithiane 178b 

According to general procedure H compound 

178b was obtained using 1-(4-

bromophenyl)ethanone 70b after heating in the 

microwave at 120 °C for 90 minutes as a 

colourless solid (0.262 g, 36%); mp 84 - 85 °C; 

νmax (neat) 2963, 2897 (C–H); δH (500 MHz, 

CDCl3) 7.86 - 7.80 (2H, m, ArH), 7.51 - 7.46 (2H, m, ArH), 2.77 - 2.62 (4H, m, 

SCH2CH2CH2S), 1.94 (2H, m, SCH2CH2CH2S), 1.75 (3H, s, SCCH3S); δC (126 

MHz, CDCl3) 143.27 (C), 131.77 (CH), 129.98 (CH), 121.33 (C), 53.71 (C), 

32.99 (CH3), 28.19 (CH2), 24.64 (CH2); m/z (NSI) Found 288.9712 ([M+H]+ 

C11H14BrS2 requires 288.9720). 

 

2-(4-Fluorophenyl)-1,3-dithiane 178c 

According to general procedure H compound 

178c was obtained after heating in the microwave 

at 100 °C for 10 minutes as a colourless solid 

(0.860 g, 99%); mp 100 - 103 °C (lit. 102 – 104 °C 

[191]); νmax (neat) 3051, 2903 (C–H), 1220 (C–F); δH 

(500 MHz, CDCl3) 7.44 (2H, dd, J = 8.6, 5.4 Hz, 

ArH), 7.02 (2H, t, J = 8.6 Hz, ArH), 5.14 (1H, s, SCHS), 3.05 (2H, ddd, J 14.7, 

12.5, 2.4, 1 × CH2CH2CH2, 1 × SCH2), 2.90 (2H, m, 1 × CH2CH2CH2, 1 × 

SCH2), 2.16 (1H, ddt, J 11.5, 4.4, 2.3, 1 × SCH2), 1.97 - 1.89 (1H, m, 1 × 

SCH2); δC (126 MHz, CDCl3)  162.61 (C, d, J = 247.3 Hz), 135.11 (C, d, J = 

3.6 Hz), 129.63 (CH, d, J = 8.3 Hz), 115.75 (CH, d, J = 22.0 Hz), 50.58 (CH), 

32.17 (CH2), 25.07 (CH2); m/z (NSI) Found 215.0364 ([M+H]+ C10H12FS2 

requires 215.0367). 
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2-(4-Methoxyphenyl)-1,3-dithiane 178d 

According to general procedure H compound 

178d was obtained after heating in the microwave 

at 80 °C for 30 minutes as a colourless solid 

(0.835 g, 99%); mp 116 - 117 °C (lit 118 – 120 °C 

[190]); νmax (neat) 3005, 2901 (C–H), 1246 (C–O); 

δH (500 MHz, CDCl3) 7.40 (2H, d, J = 8.6 Hz, ArH), 6.86 (2H, d, J = 8.7 Hz, 

ArH), 5.13 (1H, s, SCHS), 3.78 (3H, s, OCH3), 3.04 (2H, ddd, J = 14.8, 12.5, 

2.5 Hz, SCH2CH2CH2S), 2.88 (2H, ddd, J = 14.3, 4.3, 2.9 Hz, SCH2CH2CH2S), 

2.21 - 2.09 (1H, m, 1 × SCH2CH2CH2S), 1.98 - 1.84 (1H, m, 1 × 

SCH2CH2CH2S); δC (126 MHz, CDCl3) 159.60 (C), 131.36 (C), 128.98 (CH), 

114.13 (CH), 55.35 (CH3), 50.78 (CH), 32.24 (CH2), 25.12 (CH2); m/z (NSI) 

Found 227.0564 ([M+H]+ C11H15OS2 requires 227.0568). 

 

2-Phenyl-1,3-dithiolane 178e 

According to general procedure H compound 178e 

was obtained after heating in the microwave at 120 

°C for 60 minutes as a colourless oil (0.606 g, 

93%); δH (400 MHz, CDCl3) 7.56 - 7.50 (2H, m, 

ArH), 7.36 - 7.26 (3H, m, ArH), 5.65 (1H, s, SCHS), 

3.55 - 3.47 (2H, m, SCH2CH2S), 3.41 - 3.32 (2H, m, 

SCH2CH2S); m/z (NSI) Found 181.0146 ([M-H]- C9H9S2 requires 181.0150). 
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2-(2-Bromophenyl)-1,3-dithiolane 178f  

According to general procedure H compound 178f 

was obtained after heating in the microwave at 120 

°C for 20 minutes as a colourless oil (0.89 g, 99%); 

νmax (neat) 3055, 2919 (C–H); δH (400 MHz, CDCl3) 

7.85 (1H, dd, J = 7.9, 1.7 Hz, ArH), 7.53 (1H, dd, J 

= 7.9, 1.2 Hz, ArH), 7.31 (1H, td, J = 7.6, 1.3 Hz, ArH), 7.11 (1H, td, J = 7.6, 

1.7 Hz, ArH), 6.06 (1H, s, SCHS), 3.50 - 3.42 (2H, m, SCH2CH2S), 3.42 - 3.33 

(2H, m, SCH2CH2S); δC (101 MHz, CDCl3) 140.46 (C), 132.92 (CH), 129.54 

(CH), 129.29 (CH), 127.86 (CH), 124.10 (C), 55.17 (CH), 39.90 (CH2); m/z 

(NSI) Found 260.9402 ([M+H]+ C9H10BrS2 requires 260.9407).  

 

2-(2-Bromophenyl)-1,3-dithiolane 178f  

According to general procedure H compound 178e 

was also obtained after heating in the microwave at 

80 °C for 10 minutes as a colourless oil (0.677 g, 

76%). Identical spectroscopic data to that obtained 

previously. 

 

2-(4-Fluorophenyl)-1,3-dithiolane 178g 

According to general procedure H compound 

178g was obtained after heating in the microwave 

at 100 °C for 50 minutes as a colourless oil (0.606 

g, 94%); νmax (neat) 3067, 2923 (C–H), 1220 (C–

F); δH (400 MHz, CDCl3) 7.55 - 7.44 (2H, m, ArH), 

7.04 - 6.95 (2H, m, ArH), 5.62 (1H, s, SCHS), 3.55 

- 3.45 (2H, m, SCH2CH2S), 3.40 - 3.31 (2H, m, SCH2CH2S); δC (126 MHz, 

CDCl3) 162.51 (C, d, J = 247.0 Hz), 136.08 (C, d, J = 2.8 Hz), 129.81 (CH, d, 

J = 8.3 Hz), 115.49 (CH, d, J = 21.6 Hz), 55.72 (CH), 40.41 (CH2); m/z (NSI) 

Found 199.0051 ([M-H]- C9H8FS2 requires 199.0056). 
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2-(4-Methoxyphenyl)-1,3-dithiolane 178h 

According to general procedure H compound 

178h was obtained after heating in the microwave 

at 100 °C for 50 minutes as a colourless solid 

(0.700 g, 99%); mp 63 - 64 °C (60 – 61 °C [192]); 

νmax (neat) 3000, 2917 (C–H), 1028 (C–O); δH 

(400 MHz, CDCl3) 7.48 - 7.42 (2H, m, ArH), 6.88 - 6.81 (2H, m, ArH), 5.64 (1H, 

s, SCHS), 3.80 (3H, s, OCH3), 3.55 - 3.46 (2H, m, SCH2CH2S), 3.39 - 3.29 

(2H, m, SCH2CH2S); δC (126 MHz, CDCl3) 159.53 (C), 131.93 (C), 129.29 

(CH), 114.00 (CH), 56.19 (CH), 55.47 (CH3), 40.36 (CH2); m/z (NSI) Found 

213.0408 ([M+H]+ C10H13OS2 requires 213.0408).  

 

2-(4-Nitrophenyl)-1,3-dithiolane 178i 

According to general procedure H compound 

178i was obtained after heating in the microwave 

at 100 °C for 50 minutes as a yellow soild (0.559 

g, 74%); mp 80 - 81 °C (lit 78 – 79 °C [193]); νmax 

(neat) 3011, 2918 (C–H), 1514 (N–O);  δH (500 

MHz, CDCl3) 8.16 (2H, d, J = 8.8 Hz, ArH), 7.77 - 

7.57 (2H, m, ArH), 5.65 (1H, s, SCHS), 3.57 - 3.48 (2H, m, SCH2CH2S), 3.44 

- 3.36 (2H, m, SCH2CH2S); δC (126 MHz, CDCl3) 148.68 (C), 147.43 (C), 

128.87 (CH), 123.78 (CH), 54.93 (CH), 40.53 (CH2); m/z (NSI) Found 

228.0153 ([M+H]+ C9H10NO2S2 requires 228.0156). 
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5.1.9 Synthesis of 183 and 185 

Diethyl 2-(1-methyl-1H-indol-2-yl)malonate 183 [170]   

 

1-Methyl-1H-indole (0.019 mL, 0.152 mmol), tris(2,2′-

bipyridyl)dichlororuthenium(II) hexahydrate (1.140 mg, 1.52 µmol), 4-

methoxy-N,N-diphenylaniline (0.084 g, 0.30 mmol) and diethyl 2-

bromomalonate (0.051 mL, 0.30 mmol) were added to a oven dried round 

bottom flask. DMF (1.5 mL) was added to the mixture and the resulting solution 

was degassed via three repeated cycles of freezing the flask with liquid 

nitrogen and allowing the frozen reaction mixture to thaw under vacuum. The 

solution was injected into a 2 mL injection loop of Pump B of the Uniqsis 

FlowSyn previously flushed with anhydrous DMF. The solution was passed 

through the CHR12 and irradiated with blue LEDs (400W A160 Actinic bulbs) 

at 0.05 mL/min. A tube with compressed air was directed at the reactor to allow 

for the heat to dissipate. The product  solution was collected and checked for 

completion via TLC. It was then poured into ethyl acetate (10 mL) and water 

(10 mL). The layers were separated and the aqueous layer was extracted with 

ethyl acetate (3 × 10 mL). The combined organic extracts were washed with 

water (25 mL) and brine (25 mL) and dried over Na2SO4, after which it was 

filtered and concentrated under reduced pressure to give the crude. This 

residue was purified via automated flash chromatography (95:5 Hex/EtOAc; 

Zip 10 g column) to give diethyl 2-(1-methyl-1H-indol-2-yl)malonate (0.119 g, 

78%) as a colourless oil; νmax (CDCl3) 2958, 2928 (C–H), 1731 (C=O), 1367 

(C–N); δH (500 MHz, CDCl3) 7.60 (1H, d, J = 7.9 Hz Hz, ArH), 7.32 (1H, d, J = 

8.4 Hz, ArH), 7.26 - 7.21 (1H, m, ArH), 7.11 (1H, t, J = 7.4 Hz, ArH), 6.60 (1H, 

s, OCOCH), 4.94 (1H, s, NCCH), 4.35 - 4.22 (4H, m, 2 × COOCH2CH3), 3.73 

(3H, s, NCH3), 1.30 (6H, t, J = 7.1 Hz, 2 × COOCH2CH3); m/z (NSI) Found 

290.1387 ([M+H]+ C16H20NO4 requires 290.1387) 
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Diethyl 2-(3-acetyl-1-methyl-1H-pyrrol-2-yl)malonate 185 [170] 

 

1-(1-Methyl-1H-pyrrol-3-yl)ethanone (0.038 mL, 0.406 mmol), Tris(2,2′-

bipyridyl)dichlororuthenium(II) hexahydrate (3.04 mg, 4.06 µmol), 4-methoxy-

N,N-diphenylaniline (0.224 g, 0.812 mmol) and diethyl 2-bromomalonate 

(0.138 ml, 0.81 mmol) were added to a oven dried round bottom flask. DMF 

(1.5 mL) was added to the mixture and the resulting solution was degassed 

via three repeated cycles of freezing the flask with liquid nitrogen and allowing 

the frozen reaction mixture to thaw under vacuum. The solution was injected 

into a 2 mL injection loop of Pump B previously flushed with anhydrous DMF. 

The solution was passed through the CHR12 and irradiated with blue LEDs 

(400W A160 Actinic bulbs) at 0.03 mL/min. A tube with compressed air was 

directed at the reactor to allow for the heat to dissipate. The solution was 

poured into ethyl acetate (10 mL) and water (10 mL). The layers were 

separated and the aqueous layer was extracted with ethyl acetate (3 × 10mL). 

The combined organic extracts were washed with water (25 mL) and brine 

(25mL) and dried over Na2SO4, after which it was filtered and concentrated. 

This residue was purified via automated flash chromatography (95:5 

Hex/EtOAc; Zip 10 g column) to give diethyl 2-(3-acetyl-1-methyl-1H-pyrrol-2-

yl)malonate (0.047 g,  41%) as a colourless solid; νmax (neat) 2982, 2928 (C–

H), 1734 (C=O), 1363 (C–N); δH (500 MHz, CDCl3) 6.62 (1H, s, NCCH), 6.56 

(1H, d, J = 3.0 Hz, ArH), 6.51 (1H, d, J = 3.0 Hz, ArH), 4.30 - 4.16 (4H, m, 2 × 

OCH2CH3), 3.64 (3H, s, NCH3), 2.41 (3H, s, COCH3), 1.28 (6H, t, J = 7.1 Hz, 

2 × OCH2CH3); δC (126 MHz, CDCl3) 195.70 (CO), 167.73 (CO), 127.96 (C), 

123.84 (CH), 122.66 (C), 110.54 (CH), 62.12 (CH2), 48.63 (CH3), 35.43 (CH3), 

28.60 (CH), 14.18 (CH3); m/z (NSI) Found 282.1336 ([M+H]+ C14H20NO5 

requires 282.1335). 
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5.1.10 Synthesis of 192 

 

 

 

 

 

 

 

 



Zenobia X Rao                                                                                 Experimentaltal 

 

235 
 

Methyl 2-(2-chloroacetamido)-3-phenylpropanoate 186 [171] 

 

A solution of D-methyl 2-amino-3-phenylpropanoate (0.5 g, 2.79 mmol) in 

DCM (20 mL) and water (20 mL) was placed in a separating funnel and  

potassium carbonate (1.157 g, 8.37 mmol) added and shaken for 5 minutes. 

A solution of 2-chloroacetyl chloride (0.22 mL, 2.79 mmol) in DCM (5 mL) was 

added to the separating funnel and it was shaken for an additional 10 minutes. 

The layers were separated and the organic layer was washed with 0.2M HCl 

(50 mL). The organic layer was separated, dried over Na2SO4, filtered and 

concentrated under reduced pressure to give methyl 2-(2-chloroacetamido)-3-

phenylpropanoate (0.61 g, 86%) as a colourless solid. The crude mixture was 

used in the following step without further purification; δH (400 MHz, CDCl3)  

7.24 - 7.35 (3H, m, ArH), 7.12 - 7.16 (2H, m, ArH), 7.08 (1H, d, J = 8.0 Hz, 

NH), 4.89 (1H, dt, J = 8.0, 6.0 Hz, NHCH), 4.01 (2H, s, CH2Cl), 3.74 (3H, s, 

OCH3), 3.08 – 3.26 (2H, m, ArCH2); m/z (NSI) Found 256.0735 ([M+H]+ 

C12H15ClNO3 requires 256.0738). 
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Methyl 2-(2-((2,2-dimethoxyethyl)amino)acetamido)-3-phenylpropanoate 

188 [171] 

 

A solution of methyl 2-(2-chloroacetamido)-3-phenylpropanoate (0.610 g, 2.39 

mmol) and sodium iodide (0.358 g, 2.39 mmol) in DCM (50 mL) was prepared 

and 2,2-dimethoxyethanamine (0.780 mL, 7.16 mmol) was added dropwise to 

it. The reaction mixture was stirred at room temperature for 12 hours. The 

solution was washed with H2O (1 × 30 mL), and extracted with DCM (2 × 20 

mL). The combined organic layers were dried over Na2SO4, filtered and 

concentrated under reduced pressure to give methyl 2-(2-((2,2-

dimethoxyethyl)amino)acetamido)-3-phenylpropanoate (0.764 g, 99%) as a 

colourless oil. The crude mixture was used in the following step without further 

purification; δH (400 MHz, CDCl3) 7.62 (1H, d, J = 8.4 Hz, NHCO), 7.28 - 7.33 

(2H, m, ArH), 7.26 (1H, d, J = 5.6 Hz, ArH), 7.12 - 7.16 (2H, m, ArH), 4.89 (1H, 

td, J = 8.3, 6.1 Hz, NHCHCH2), 4.32 (1H, t, J = 5.3 Hz, NHCH2CH), 3.73 (3H, 

s, COOCH3), 3.35 (3H, s, OCH3), 3.34 (3H, s, OCH3) 3.27 (2H, d, J = 5.3 Hz, 

NHCH2CH), 3.07 - 3.23 (2H, m, NHCOCH2), 2.58 - 2.70 (2H, m, ArCH2); m/z 

(NSI) Found 325.1758 ([M+H]+ C16H25N2O5 requires 325.1761). 
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Methyl 4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-

carboxylate 189 [171] 

 

Methyl 2-(2-((2,2-dimethoxyethyl)amino)acetamido)-3-phenylpropanoate (0.1 

g, 0.31 mmol) in methanesulfonic acid (1.5 mL, 23.10 mmol) was stirred at 70 

°C for 30 minutes. The reaction mixture was quenched with a solution of 1M 

NaOH. The neutral solution was extracted with DCM (2 × 20 mL), dried over 

Na2SO4, filtered and concentrated under reduced pressure to give methyl 4-

oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-carboxylate 

(0.053 g, 66%) as a brown solid. The crude mixture was used in the following 

step without further purification; δH (400 MHz, CDCl3) 7.25 - 7.11 (4H, m, ArH), 

5.73 (1H, dd, J = 3.6, 6.2 Hz, NCHCOOCH3), 5.01 (1H, dd, J = 10.2, 4.2 Hz, 

NCHCH2NH), 3.82 - 3.70 (2H, m, 1 × NCOCH2NH, 1 × NCHCH2NH), 3.66 (3H, 

s, OCH3), 3.62 (1H, d, J = 17.6 Hz, 1 × NCOCH2NH), 3.30 - 3.12 (2H, m, 1 × 

ArCH2, 1 × NCHCH2NH), 3.00 - 2.91 (1H, m, 1 × ArCH2); m/z (NSI) Found 

261.1234 ([M+H]+ C14H17N2O3 requires 261.1237). 
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Methyl 2-acetyl-4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-

a]isoquinoline-6-carboxylate 202 

 

Methyl 4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-

carboxylate (0.786 g, 3.02 mmol) in DCM (13 mL) and sodium bicarbonate 

(0.761 g, 9.06 mmol) in water (10 mL) were stirred for 10 minutes. A solution 

of acetyl chloride (0.237 mL, 3.32 mmol) in DCM (5 mL) was added to the 

reaction mixture and the solution was stirred for 15 minutes. The layers were 

separated and the organic layer was washed with a saturated solution of 

sodium bicarbonate (5 × 25 mL). The combined organic layers were dried over 

Na2SO4, filtered and concentrated under reduced pressure to give the methyl 

2-acetyl-4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-

carboxylate (0.726 g, 80%); The crude mixture was used in the following step 

without further purification; δH (101 MHz, CD3OD) 7.43 - 7.19 (4H, m, ArH), 

5.58 (1H, ddd, J = 13.3, 5.7, 3.1Hz, NHCOO), 5.19 (0.5H, ddd, J = 11.3, 3.6 

Hz, NCHCH2N), 5.01 (0.5H, dd, J = 10.7, 3.5 Hz), 4.75 (0.5H, d, J = 3.7 Hz) 

4.33 (0.5H, dd, J = 12.7, 3.8 Hz), 3.60 (3H, s 1.5H × COOCH3, s 1.5H × 

COOCH3), 3.46 - 3.01 (4H, m, ), 2.19 (3H, s 1.5H × NCOCH3,  s 1.5H × 

NCOCH3).  
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2-Acetyl-4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-

6-carboxylic acid 203 

 

Sodium hydroxide (4.66 ml, 4.66 mmol) was added to a mixture of methyl 2-

acetyl-4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-

carboxylate (0.612 g, 2.02 mmol) in THF (20.24 mL) and the reaction mixture 

was stirred at 0 °C for one hour. The mixture was made acidic (pH 4) with 1M 

HCl. A precipitate was obtained and the product was extracted with DCM (2 × 

20 mL). The precipitate was dissolved in MeOH and concentrated under 

reduced pressure to give the first fraction (0.091 g).The organic extract was 

dried over Na2SO4, filtered and concentrated under reduced pressure to give 

second fraction (0.131 g). The aqueous fraction was acidified with 1M HCl until 

the precipitation stopped and this was filtered to give the third fraction (0.021 

g). The fractions were combined to give 2-acetyl-4-oxo-2,3,4,6,7,11b-

hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-carboxylic acid (0.243 g, 42%). 

The crude mixture was used in the following step without further purification; 

δH (400 MHz, CD3OD) 7.43 – 7.17 (4H, m, ArH), 5.57 (1H, ddd, J 9.0, 5.9, 3.0, 

NCHCOO), 5.12 (1H, ddd, J= 7.6, 11.0, 3.7 Hz, NCHCH2N), 4.79 – 4.69 (m, 

1H), 4.57 – 4.18 (m, 2H), 3.51 – 2.97 (m, 6H), 2.19 (3H, s 1.5H ×  NCOCH3 s 

1.5H × NCOCH3); m/z (NSI) Found 287.1037 ([M-H]- C15H15N2O4 requires 

287.1037). 
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2-Acetyl-2,3,6,7-tetrahydro-1H-pyrazino[2,1-a]isoquinolin-4(11bH)-one 

192 

 

2-Acetyl-4-oxo-2,3,4,6,7,11b-hexahydro-1H-pyrazino[2,1-a]isoquinoline-6-

carboxylic acid (0.114 g, 0.40 mmol), 1,2-diphenyldisulfane (8.63 mg, 0.04 

mmol), 9-mesityl-10-methylacridin-10-ium tetrafluoroborate (3.16 mg, 7.91 

µmol) and 2,6-dimethylpyridine (9.21 µl, 0.08 mmol) were added to an oven-

dried round bottom flask. The internal atmosphere was exchanged with 

nitrogen via three repeated cycles of vacuum-refill. Anhydrous DCE (7.9 mL) 

and methanol (7.9 mL) were added and the reaction mixture was sparged with 

nitrogen for 20 minutes. This was then irradiated with 8W GU10 blue light 

lamps for 18 hours. The solution was concentrated under reduced pressure. 

The residue was taken up in DCM (50 mL), washed with 0.1M NaOH (2 × 50 

mL) and 0.5M HCl (2 × 50mL). The organic extracts were separated, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude 

residue was purified via automated flash chromatography (1:1 Pet-Ether : 

EtOAc and then 10% DCM : MeOH ; Zip 10 g column) to give 2-acetyl-2,3,6,7-

tetrahydro-1H-pyrazino[2,1-a]isoquinolin-4(11bH)-one (0.025 g, 26%) as an 

orange oil;  δH (500 MHz, CD3OD) 7.19 - 7.40 (4H, m, ArH), 5.04 (0.5H, dd, J 

= 10.6, 3.8 Hz, NCH), 4.97 (0.5H, dd, J = 13.3, 3.9, 1 × COCH2), 4.87 (0.5H, 

dd, J = 10.5, 3.9 Hz, NCH), 4.67 - 4.74 (1H, m, 1 × NCH2CH2), 4.64 (0.5H, d, 

J = 18.4 Hz, 1 × COCH2), 4.48 (0.5H, d, J = 3.8 Hz,1 × NCHCH2), 4.43 (0.5H, 

d, J = 18.2 Hz, 1 × NCHCH2), 4.17 (0.5H, d, J = 17.4 Hz, 1 × NCHCH2), 3.88 

(0.5H, d, J = 18.2 Hz, 1 × COCH2), 3.33 - 3.41 (0.5H, m, 1 × NCHCH2), 2.91 - 

2.99 (2.5H, m, 1 × COCH2, 1 × NCH2CH2,  1 × CONCH2), 2.78 - 2.87 (1H, m, 

1 × CONCH2), 2.25 (1.5H, s, COCH3), 2.16 (1.5H, s, COCH3); δC (126 MHz, 

CD3OD) 172.1 (CO), 172.0 (CO), 167.7 (CO), 166.8 (CO), 136.7 (C), 136.5 
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(C), 134.2 (C), 133.9 (C), 130.4 (CH), 128.7 (CH), 128.2 (CH), 127.0 (CH), 

126.7 (CH), 56.6 (CH), 56.2 (CH), 51.1 (CH2), 50.4 (CH2), 46.9 (CH2), 46.2 

(CH2), 40.5 (CH2), 40.4 (CH2), 29.8 (CH2), 29.7 (CH2), 21.4 (CH3), 21.2 (CH3); 

m/z (NSI) Found 245.1285 ([M+H]+ C14H17N2O2 requires 245.1287. 
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5.1.11 3D-Printing: Catalytic Stirrer Bead Development 

P1: Preparation of 1st generation catalytically active 3D-printed objects 

Design Software: The device was designed using the freeware web-based 

application - Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL 

(standard tessellation language) file and uploaded to FormLabs PreForm 

Software 2.10.3 before printing. Support structures to aid printing were 

automatically generated by PreForm Software 2.10.3.  

Stirrer Bead Design: The stirrer bar holder design was based upon a 

commercial overhead stirrer[176] with a large surface area which, when spun at 

high speeds, would cause 1) a high flow of liquid over the surface of the stirrer 

and 2) high turbulence to ensure efficient mixing. A slot to hold a 10 mm x 3 

mm magnetic flea was added. 

Preparation of p-TsOH-doped photopolymerizable resin: Freshly ground 

p-toluene sulfonic acid monohydrate (5% w/w) and diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (1.9% w/w) were dissolved in isobornyl 

acrylate (31.35% w/w) in the absence of light with the aid of sonication. 

Trimethylolpropane triacrylate (14.25% w/w) and bisphenol A ethoxylate 

diacrylate (47.5% w/w) were added and the mixture stirred for 15 h. The 

photopolymerizable resin was poured into the tray of a Formlabs Form 1+ SLA 

3D-printer.  

Figure 79: Design and shape of 1st generation RBF stirrer beads. 

Device Fabrication: The photopolymerizable resin was poured into the tray of 

the Formlabs Form 1+ SLA 3D-printer. The .STL file of the model was loaded 
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using the PreForm software for use with a Formlabs 3D-printer. The stirrer bar 

holders were printed with a layer height of 0.1 mm using the Clear02 resin 

setting. The print time for an individual object was approximately 35 minutes 

(120 layers). After printing, the objects were removed, soaked in isopropanol 

for 10 minutes and left to dry and cured in natural light for 24 hours. A magnetic 

flea (10 mm x 3 mm) was added and to secure it, additional catalyst-doped 

photopolymerizable resin was added and the objects placed in natural sunlight 

for 24 hours to cure the resin. The objects were finally rinsed with isopropanol 

and dried. 
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P2: Preparation of 2nd generation catalytically active 3D-printed objects 

A. Preparation of Pd(PPh3)4-doped photopolymerizable resin: Palladium 

tetrakis(triphenylphosphine) Pd(PPh3)4 (0.5% w/w) and diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (1.463% w/w) were dissolved in 

poly(ethylene glycol) diacrylate (Mn 250) (98.03%) in the absence of light. 

When dissolution was complete the photopolymerizable resin was poured into 

the tray of a Formlabs Form 1+ SLA 3D-printer. The devices were fabricated 

as discussed in earlier examples and fitted with the appropriate magnetic 

stirrer. 

 

 

 

 

 

Figure 80: Design and shape of 2nd generation RBF stirrer beads. 

Device Fabrication: The photopolymerizable resin was poured into the tray of 

the Formlabs Form 1+ SLA 3D-printer. The .STL file of the model was loaded 

using the PreForm software for use with a Formlabs 3D-printer. The stirrer bar 

holders were printed with a layer height of 0.1 mm using the Black01 resin 

setting. The print time for an individual object was approximately 30 minutes 

(100 layers). After printing, the objects were removed, rinsed with isopropanol 

and left to dry and cured in the Form Cure UV curing oven for 20 minutes after 

which the supports were removed and the 10 mm magnetic flea was fitted into 

the cavity.  
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B. Preparation of Y(OTf)3-doped photopolymerizable resin: Yttrium triflate 

Y(OTf)3 (10% w/w) and diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide 

(1.323% w/w) were dissolved in poly(ethylene glycol) diacrylate (Mn 250) 

(88.677%) in the absence of light. When dissolution was complete the 

photopolymerizable resin was poured into the tray of a Formlabs Form 1+ SLA 

3D-printer. The devices were fabricated as discussed in earlier examples and 

fitted with the appropriate magnetic stirrer.  

 

Figure 81: Design and shape of 2nd generation microwave stirrer beads. 

Device Fabrication: The photopolymerizable resin was poured into the tray of 

the Formlabs Form 1+ SLA 3D-printer. The .STL file of the model was loaded 

using the PreForm software for use with a Formlabs 3D-printer. The stirrer bar 

holders were printed with a layer height of 0.1 mm using the Clear01 resin 

setting. After printing, the objects were removed, rinsed with isopropanol and 

left to dry and cured in the Form Cure UV curing oven for 30 minutes after 

which the supports were removed and the 8 mm magnetic flea was fitted into 

the cavity. 

All designs were uploaded on the PreForm software and printed in groups of 

16 or 9 depending on the size of the object. 
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Figure 82: Design on the FormLabs software, printed on the build plate and 

with support and removed support showing. 
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5.1.12 3D-Printing: Reactor Development 

3D-Printing of Reactor Design CHR1 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

 

 

 

 

 

Figure 83:  Design size and shape of CHR1. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (777 layers) giving the object a total volume of 27.19 mL. 
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Figure 84: Printing of CHRs in FormLabs Form 1+ printer. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR2 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 85: Design size and shape of CHR2. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (641 layers) giving the object a total volume of 27.68 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR3 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3. 

 

Figure 86: Design size and shape of CHR3. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (669 layers) giving the object a total volume of 29.78 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR4 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 87: Design size and shape of CHR4. 

 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (738 layers) giving the object a total volume of 27.56 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR5 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3. 

 

Figure 88: Design size and shape of CHR5. 

 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (777 layers) giving the object a total volume of 26.36 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR6 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 89: Design size and shape of CHR6. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (646 layers) giving the object a total volume of 27.50 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR7 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 90: Design size and shape of CHR7. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (735 layers) giving the object a total volume of 29.61 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR8 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 91: Design size and shape of CHR8. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (718 layers) giving the object a total volume of 29.55 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR9 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 92: Design size and shape of CHR9. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (726 layers) giving the object a total volume of 29.53 mL. 

  

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR10 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

 

 

 

 

 

Figure 93: Design size and shape of CHR10. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 1 hours 

and 15 minutes (448 layers) giving the object a total volume of 14.08 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR11 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

    

Figure 94: Design size and shape of CHR11. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (706 layers) giving the object a total volume of 39.37 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Reactor Design CHR12 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

 

 

 

 

 

Figure 95: Design size and shape of CHR12. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 98.53% (33.3 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 1.47% (0.5 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 2 hours 

and 30 minutes (668 layers) giving the object a total volume of 39.91 mL. 

 Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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3D-Printing of Glass Chip Reactor 

 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 96: Design size and shape of Chip Reactor. 

3D-Printing of the device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 99.5% (30 g) and 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 0.5% (0.15 g) were 

dissolved at room temperature and transferred to a Form1+ 3D Printer. The 

device design was uploaded and printed using the Clear 01 setting at a 45 

degree angle with the supports attached to it’s rear face. The layer height was 

adjusted to 100-micron layer height with a print time of approximately 3 hours 

(784 layers) giving the object a total volume of 47.63 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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5.1.13 3D-Printing: Catalytic Monolith Development 

 

3D-Printing of Monoliths 

The device was designed using the freeware web-based application - 

Tinkercad (Autodesk) software (Supp. Fig. 1), exported as an STL (standard 

tessellation language) file and uploaded to FormLabs PreForm Software 

2.10.3 before printing. Support structures to aid printing were automatically 

generated by PreForm Software 2.10.3.  

 

Figure 97: Design size and shape of Monolith. 

3D-Printing of Pd(PPh3)4-doped device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 99.09% (49.95 g), 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 0.4% (0.2 g), 2,5-bis-

(5-tert-butyl-benzoxazole-2-yl)thiophene (BBT) 0.01% (0.005 g) and Pd 

Tetrakis(triphenylphosphine) 0.5% (0.25 g) were dissolved at room 

temperature and transferred to a Form1+ 3D Printer. The device design was 

uploaded and printed vertically using the Black 01 setting with the supports 

attached on the upper edge of the device. The resolution was adjusted to 

0.025 mm with a print time of approximately 3 and a half hours (1486 layers) 

giving the final object a total volume of 0.82 mL. 
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Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  

3D-Printing of Y(OTf)3- doped device 

Poly(ethylene glycol) diacrylate (PEGDA) Mn 250 89.19% (44.59 g), 

diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) 0.8% (0.4 g), 2,5-bis-

(5-tert-butyl-benzoxazole-2-yl)thiophene (BBT) 0.01% (0.005 g) and yttrium 

triflate 10% (5.0 g) were dissolved at room temperature and transferred to a 

Form1+ 3D Printer. The device design was uploaded and printed vertically 

using the Clear 01 setting with the supports attached on the upper edge of the 

device. The resolution was adjusted to 0.025 mm with a print time of 

approximately 3 and a half hours (1486 layers) giving the final object a total 

volume of 0.82 mL. 

Following printing, designs were removed, washed (isopropanol), and post-

cured under UV light in vacuo. Following curing, supports were removed from 

each object and devices stored at room temperature.  
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