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Abstract 

The synthesis of organic molecules can be a challenging and tedious task. These compounds, 

which are not necessarily large or complex, may require long, multi-step syntheses. This 

hampers research and complicates access to important drugs or new materials. Over time, 

strategies have been developed towards shorter, more efficient, and faster accesses to 

molecules of interest. Since the purification of substances accounts for a huge part of the 

work, so-called one-pot reactions were developed, which combine successive reactions 

without intermediate purification. 

In the first part of this thesis, a one-pot reaction has been developed for the substance class 

of cycloparaphenylenes (CPPs). Their synthesis is usually achieved by a multi-step process, 

which relies on the combination of smaller building blocks. The developed method provides 

rapid and selective access to CPPs with different ring sizes via the in-situ formation of 

macrocyclic precursors and their subsequent aromatization in a single flask. However, this 

method is only suitable to obtain small amounts of these compounds. 

To provide access to large amounts of different sized and functionalized CPPs, key building 

blocks for their synthesis have been prepared using continuous flow chemistry. Self-built 

reactors were optimized and utilized to obtain substance quantities on up-to kilogram scale. 

By this, the investigation of known and novel CPPs and related macrocycles is no longer limited 

by multi-step syntheses and the resulting small amounts of material. 



 

 

Continuous flow chemistry can not only be used to produce large quantities of a compound 

but can also be applied to safely handle a hazardous substance. The critical compound will 

only exist in small quantities at a time and is safely contained inside the flow reactor. This 

feature was utilized to synthesize different non-symmetric substituted azobenzenes (ABs) via 

a Baeyer-Mills reaction. The toxic nitrosobenzene was accessed in a continuous flow reactor 

and allowed to react immediately. By this, multiple substituted ABs were obtained in a fast 

and safer way, compared to traditional (multi-step) batch synthesis. 

  



 

 

Zusammenfassung 

Die Synthese organischer Moleküle kann eine herausfordernde und langwierige Aufgabe sein. 

Diese Verbindungen müssen nicht zwangsläufig besonders groß oder komplex sein, um lange, 

mehrstufige Synthesen zu erfordern und somit die Forschung auszubremsen und den Zugang 

zu wichtigen Medikamenten oder neuen Materialien zu erschweren. Daher wurden im Laufe 

der Zeit Strategien entwickelt, um kürzere, effizientere und schnellere Wege für den Zugang 

zu bestimmten Molekülen zu finden. Da insbesondere die Aufreinigung von Substanzen einen 

Großteil des Arbeitsaufwands ausmacht, wurden so genannte Ein-Topf-Reaktionen 

entwickelt, bei denen aufeinanderfolgende Reaktionen ohne zwischenzeitliche Aufreinigung 

kombiniert werden. 

Im ersten Abschnitt dieser Thesis wurde für die Substanzklasse der Cycloparaphenylene 

(CPPs), deren Synthese üblicherweise in einem mehrstufigen Prozess erfolgt, der auf der 

Kombination kleinerer Bausteine beruht, eine Ein-Topf-Reaktion entwickelt. Durch die in-situ 

Darstellung von Makrozyklen und deren direkter Aromatisierung in einem Kolben, ermöglicht 

die entwickelte Methode einen schnelleren und selektiven Zugang zu CPPs mit 

unterschiedlichen Ringgrößen. Allerdings ist diese Methode nur geeignet, um kleine Mengen 

dieser Verbindungen zu erhalten. 

Um Zugang zu großen Mengen unterschiedlich großer und funktionalisierter CPPs zu erhalten, 

wurden die Grundbausteine für deren Synthese mit Hilfe der kontinuierlichen 

Durchflusschemie dargestellt. Selbstgebaute Reaktoren wurden optimiert und eingesetzt, um 



 

 

Bausteine in bis zum Kilogramm-Maßstab zu erhalten. Damit ist die Untersuchung bekannter 

und neuartiger CPPs, ebenso wie verwandter Makrozyklen, nicht mehr durch mehrstufige 

Synthesen und die daraus resultierenden geringen Materialmengen begrenzt. 

Die kontinuierliche Durchflusschemie kann nicht nur für die Herstellung großer 

Substanzmengen eingesetzt werden, sondern auch für den sicheren Umgang mit einem 

gefährlichen Stoff. Die betreffende Verbindung liegt stets in nur geringen Mengen vor und ist 

in dem Durchflussreaktor sicher eingeschlossen. Diese Technik wurde für die Synthese 

verschiedener nicht-symmetrisch substituierter Azobenzole (ABs) mittels Baeyer-Mills-

Reaktion genutzt. Das giftige Nitrosobenzol wurde in einem kontinuierlichen 

Durchflussreaktor zugänglich gemacht und sofort zur Folgereaktion gebracht. Auf diese Weise 

wurden mehrfach substituierte AB im Vergleich zur traditionellen (mehrstufigen) Batch-

Synthese auf schnelle und sichere Weise erhalten. 
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1 Multi-Step Syntheses 

Today’s organic chemistry has its early beginnings in the first half of the 19th century. Starting 

with simple transformations and techniques, a broad field has quickly developed. This has 

become the fundament of organic chemistry in academia, fine chemical industry, and 

medicinal chemistry.[1–3] 

Over the time scientists developed not only single step transformations, but realized multi-

step syntheses of complex molecules.[2,4] By using a large toolbox of different reactions, the 

synthesis of natural products has become an own discipline.[1,3] 

Total synthesis of natural products was pushed forward from the middle of the 20th century 

around famous scientists like Vigneaud, Woodward, Eschenmoser and Corey among others. 

With great effort, hundreds of different natural products have been targeted and obtained by 

their groups.[5–10] For example, vitamin B12 was synthesized over more than 70 steps by the 

groups of Woodward and Eschenmoser (Figure 1).[6,7] The latter also reported the synthesis of 

colchicine over 20 steps.[9] In 1969 Corey published the synthesis of prostaglandin F2α over 17 

linear steps.[10] 

While some natural products are used to cure specific diseases, there are also synthetic active 

pharmaceutical ingredients (APIs), that require long, multi-step syntheses to be obtained. One 

famous example is the synthesis of the antiviral drug (−)-oseltamivir (Tamiflu®). Its first 

scalable synthesis starting from naturally occurring quinic acid or shikimic acid (1) was 

Figure 1: Examples of some selected natural products and the number of synthetic steps during their total synthesis.[6,7,9,10] 
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reported in 1998.[11] The synthesis was slightly modified and is now used for the commercial 

production by Roche (Scheme 1).[12] In recent years, several syntheses of (−)-oseltamivir were 

reported. However, the synthesis by Trost is the only yet reported synthesis with less than 10 

linear steps (8 steps).[13] A huge drawback of long linear multi-step syntheses is the potential 

low yield and excessive work load. According to Roche, the production time is 6 - 8 months, 

which is very long and laborious, if there is the need to react on an urgent scenario.[12] 

Scheme 1: Total synthesis of (−)-oseltamivir phosphate from shikimic acid.[12] 

1.1 Organic Materials 

Multi-step syntheses do not only play a role in medicinal chemistry or natural product 

synthesis. Even small organic molecules, sometime, are only accessible via long syntheses. For 

instance, [1.1.1]propellane (3) contains only five carbon atoms and the same number of steps 

was necessary to synthesize it (Figure 2).[14] 

Figure 2: Examples of other organic molecules and the number of steps of their synthesis.[14-16] 

Although the π-conjugated small molecules 4 and 5 do not appear particularly complex, the 

norbornadiene 4 and the phthalazine 5 require a synthetic procedure with four and six steps, 

respectively.[15,16] 

1.1.1 Conjugated Aromatic Materials 

Conjugated aromatic compounds are of rising interest in material research as molecular 

electronics components or in the context of development of renewable energy conversion 

and storage technology.[17] A compound class of high interest are bent three dimensional 

aromatic structures.[18–20] 
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Cycloparaphenylenes ([n]CPPs, n = number of phenyl rings) are just one example out of 

numerous different compounds.[20] Their synthesis is usually realized via pre-angled building 

blocks. Multiple of those precursors are combined to obtain less strained macrocycles, which 

are aromatized in the final step.[18] By the use of different combinations of building blocks, 

various ring sizes can be realized.[18,21,22] Even though the building block approach saves linear 

steps, the synthesis involves several stages and is labor-intensive. 

The first synthesis of CPPs was realized by Jasti and Bertozzi based on cyclohexadiene 

containing building blocks (Scheme 2).[23] Besides other, predominantly Jasti and his group 

published several synthetic routes towards different sized CPPs using the same building block 

approach in the course of the following years (Figure 3).[22,24–26] Itami and co-workers 

published several syntheses based on cyclohexane-containing building blocks.[27] The group of 

Yamago reported the synthesis of cycloparaphenylenes via macrocycles with planar platinum-

complex as strain reducing unit.[28] A gold mediated synthesis was reported by Tsuchido and 

co-workers in 2020.[29] The gold complexes offer the possibility to form even small 

macrocycles, which were not accessible via planar platinum complexes.[29] While the two 

latter attempts are synthetically concise (2 - 4 linear steps), the more common approaches are 

more elaborate (6 - 9 linear steps). Unfortunately, the macrocyclization of those building 

blocks only succeeds in high dilution and often suffer from low yields.[21] This, and the need 

for cryogenic cooling during multiple reaction steps are the main reasons that prohibit a large-

scale synthesis of such compounds. 

  

Scheme 2: Synthesis of [9]-, [12]-, and [18]CPP by Jasti and Bertozzi in 2008.[23] 
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Another noteworthy multi-step process is the synthesis of the polyaromatic tricyclic 

antidepressant amitriptyline 17, which was originally discovered by Merck in 1958,[30,31] and 

synthesized over 8 steps from benzalphthalid 15 by Protiva et al. in 1961 (Scheme 3).[32–34] 

Driven by the success of this compound class as antidepressant drugs, further research was 

carried out, but limited by the scalability of the synthesis. Thus, further optimization and 

development of the synthetic accessibility for these compounds is required. In an ideal case, 

no work-up and purification steps in between two transformations would be necessary. These 

studies led to a faster and more convenient synthesis as shown by the report of a one-pot 

synthesis of different dibenzosuberones 16, a key intermediate in the synthesis of 

amitriptyline 17 in 1980.[35] 

Figure 3: Overview of different synthesis routs towards [n]CPPs and their characteristics. Adapted from [64]. 

 

Scheme 3: Synthesis of amitriptyline 17 via dibenzosuberone 16.[32-34] 
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2 One-Pot Reactions 

A one-pot reaction is defined, by its very name, as a reaction that is carried out in a single 

vessel. This, of course, includes “cascade”, “domino” and “tandem” reactions, but its 

definition is broader and is not confined to these.[36] 

The successive sequence of reactions within one pot, which is not interrupted by work-ups or 

purification steps, may bring a significant reduction in time effort and costs. However, the 

complexity of these successive reactions makes the planning and implementation more 

challenging and makes these key steps indispensable. 

There are several restrictions which must be considered planning to transfer a multi-step 

synthesis towards a one-pot process. Starting with the type of reaction, which should not 

suffer from side reactions and give high yields. Moreover, all reagents have to be compatible 

with each other or have to be removed during the synthesis (e.g. distillation, quenching).[36,37] 

An example of a successful implementation of a multi-step synthesis in a one-pot process was 

reported by Hayashi (Scheme 4). His group realized the (−)-oseltamivir one-pot synthesis over 

six steps.[38] Starting from (Z)-nitroalkene 19 in chlorobenzene, an enantioselective Michael 

addition was followed by an intramolecular Horner-Wadsworth-Emmons reaction. 

 

Scheme 4: One-pot synthesis of (−)-oseltamivir by Hayashi and co-workers.[38] 

The stereochemistry of the nitro group was controlled by the addition of toluenethiol, which 

was eliminated under basic conditions after the reduction of the nitro group. This one-pot 

method gave a total yield of 28% at a gram scale without the need for solvent exchanges or 
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evaporations, being competitive in yield with commercial or other reported routes.[39] This 

work was the final outcome of enormous optimizations by multiple groups, which 

demonstrates the extent of the preliminary work required for one-pot processes.[40–44] 

A report of the synthesis of prostaglandins is another example of an one-pot reactions by the 

same group (Scheme 5).[45] The synthesis includes a total of nine steps, split up in parts of 

three, one and five reactions, which then are carried out in one vessel.[45] 

 

Scheme 5: One-pot approach towards the synthesis of prostaglandin 31 by Hayashi and co-worker.[45] 

The advantages of one-pot reactions were not only applied for APIs or natural products, but 

also in material science to access key-compounds in a shorter period of time with less 

preparative workload.[36] 

The previously mentioned phthalazines depict a common scaffold in biological active 

compounds.[46,47] Moreover, they are a starting material for multiple reactions including the 

inverse electron demand Diels-Alder reactions,[47–54] and used as ligands in the Sharpless 

asymmetric dihydroxylation.[55] However, their synthesis, especially with specific substitution 

pattern, can be challenging.[53] 

The synthesis of phthalazine derivatives typically involves multistep procedures that conclude 

with ring-closing reactions, ring enlargement, cycloadditions, or aromatization of saturated 

precursors.[56–59] In 1893, Gabriel et al. reported the first synthesis of phthalazine, which 

involved the ring-closing reaction of ortho-carbonylbenzaldehyde or 1,2-bis-

dichloromethylbenzene with hydrazine.[60,61] The ring closure of ortho-dicarbonyl compounds 

with hydrazine is still a common route for the preparation of phthalazines.[62,63] All methods, 

however, are often preceded by many synthetic steps, depending on the degree of 

substitution of the formed phthalazine. 
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The one-pot approach by Kessler and Wegner uses (substituted) aromatic aldehydes as 

starting materials (Scheme 6).[53] In the first step, the aldehyde was converted into a directed 

ortho-metalation group using different lithium amides. Next n-Butyllithium (n-BuLi) was added 

at −20 °C and warmed up to 30 °C. N,N-Dimethylformamide (DMF) was added to the ortho-

lithiated species to generate ortho-bis(amino alkoxide) 37 at temperatures of −78 °C to 0 °C 

and subsequent addition of hydrazine liberated the corresponding phthalazine. This method 

gives access to a broad range different phthalazines in yields of 36% - 91% and, moreover, 

reduces the time and workload drastically.[53] 

 

Scheme 6: One-pot synthesis of phthalazines by Wegner and co-workers.[53] 

By saving multiple steps, the one-pot approach towards phthalazines is a good example of the 

utility of a well-developed one-pot synthesis of an organic molecule, which can be used to 

obtain organic materials. 

Driven by this motivation, we investigated a one-pot synthesis of different sized CPPs 

(Scheme 7).[64] Especially in a scientific context where usually small quantities of a compound 

are required, the advantageous properties of CPPs are imbalanced with the synthetic 

effort.[65–69] The reported work demonstrates the size selective synthesis of two different CPPs 

starting from p-benzoquinone 9 and dibromobiphenyl 11. 

After lithiation of dibromobiphenyl 11 with n-BuLi at −78 °C, p-benzoquinone 9 was added as 

a solid. According to the targeted nanohoop, the reaction temperature was controlled. 



2 One-Pot Reactions 

9 

Depending on the reaction temperature, either [9]CPP (low temperatures, 0.1% yield) or 

[6]CPP (higher temperatures, 0.07% yield) were obtained (Scheme 7). With completion of the 

reaction time (5 - 24 h), a solution of SnCl2 in concentrated aqueous HCl was added to 

aromatize the in-situ formed macrocycles. However, it was also to be expected that large 

quantities of linear by-products would be generated. Therefore, an effective purification 

method was developed. Using the low solubility of CPPs in alkanes, a Soxhlet extraction with 

n-pentane was executed to remove nonpolar by-products and starting materials. An 

additional extraction with toluene and two column chromatographic purifications enabled 

isolation of the pure CPP on a milligram-scale. 

Despite the very low yield, the one-pot approach gives access to different sized CPPs in a single 

reaction step in just 2.5 days. Especially, if only small quantities are necessary for further 

studies, this method is very useful. Moreover, in the pursuit of sustainability, it must also be 

emphasized that this approach does not use any transition metals during synthesis. To further 

use the method for the synthesis of other ring sizes or substitution pattern, it is possible to 

use for example a terphenyl or higher substituted biphenyls as starting materials. 

In this approach the reactivity of the formed lithiated biphenyl was controlled by the reaction 

temperature. The same was applied in the previously mentioned one-pot synthesis of 

dibenzosuberone 16, which relies on lithium-halogen exchanges of compound 40 in the first 

Scheme 7: One-pot synthesis of [6]CPP and [9]CPP starting from benzoquinone 9 and biphenyl 11. Adapted from [64]. 
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step (Scheme 8). To minimize the formation of side products, a temperature as low as −100 °C 

had to be applied. After a Wurtz reaction, the carboxylation using CO2 was carried out at 

−100 °C to 25 °C for 3 h. After a second addition of n-BuLi, the Perham-type cyclization 

occurred. The one-pot procedure was reported to give (substituted) dibenzosuberone in yields 

of (30% -) 56%, being suitable to access dibenzosuberone 16 at gram scale. Still, this synthesis 

is sensitive to higher temperatures and has a low scalability.[31,35] 

Scheme 8: One-pot synthesis of dibenzosuberone 16.[35] 

3 Continuous Flow Chemistry 

Based on the one-pot approach towards dibenzosuberone 16, Kirschning and co-worker 

reported a continuous flow synthesis of amitriptyline 17, having dibenzosuberone 16 as an 

intermediate (Figure 4).[31] Starting from compound 40, the temperature for lithiation and 

Wurtz reaction was first optimized. They reported the highest yield at −50 °C at a residence 

time of 5 s. To enable that short reaction times, rapid mixing was ensured using a narrow T-

shaped mixer. Carbon dioxide was introduced at room temperature via a tube-in-tube reactor, 

followed by a gas removing unit. This reactor, developed by the Ley group, allows gas-liquid 

reactions without the formation of gas-bubbles.[70] The final lithiation and Perham type 

cyclization took place at room temperature in a third reactor. After a total reaction time of 

33 s, dibenzosuberone 16 was isolated in a yield of 76% with a throughput of 127 mg min−1. 

Figure 4: Continuous flow synthesis of dibenzosuberone 16 by the group of Kirschning.[31] 
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Amitriptyline 17 was obtained after a Grignard addition and elimination in a second flow 

reactor in a yield of 71%.[31] Compared with the one-pot procedure by Bradsher and co-

workers, this continuous flow synthesis of 16 is superior in terms of yield and scalability.[35] 

Moreover, it offers a higher practicability due to the increased temperatures and the fact that 

two reaction stages are even carried out at room temperature. 

3.1 Advantages and Disadvantages of Continuous Flow Chemistry 

The scalability of reactions incorporating reactive intermediates (e.g. aryl lithium compounds) 

in traditional batch reactors may be problematic. Cooling or heating a solution in a round 

bottom flask at large scales, is very inefficient and results in a large temperature gradient. 

Therefrom follows a broad energy distribution, which possibly leads to side reactions or 

decomposition.[71] 

Continuous flow chemistry may provide a solution to this issue. It involves pumping and mixing 

two or more reagents continuously, ensuring a constant concentration of reactants at any 

given point in the system. As a result, the reaction time is solely dependent on the flow rate 

of the pumped solutions or reactants and the volume of the reactor. Thus, changes in the total 

runtime of the system do not affect the reaction conditions or percentage yields. Easy 

scalability is possible by increasing the total reactor runtime and flow rate accordingly. The 

reaction itself primarily occurs in tubular reactors, which provide a high surface-to-volume 

ratio that benefits temperature control. This results in a sharper energy distribution and 

increased selectivity against competing reactions (Figure 5).[71,72] 

Figure 5: Schematic energy diagram of two competing reactions and the energy distribution within a batch (broad) and a 
tubular reactor (narrow). Adapted from [72]. 
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In addition to the tubular reactors, there are chip and packed bed reactors (Figure 6). For low 

flow rates and a simple but inflexible set-up, a chip reactor can be used. Tube reactors offer 

better accessibility to reaction time and the possibility of higher flow rates. Both, chip and 

tube reactors allow photochemical reactions due to their construction from glass or 

transparent polymers such as fluorinated ethylene propylene (FEP) polymers. Implementing 

solid reagents into a flow chemistry system can be challenging, but one solution is to use a 

packed bed reactor. The solid is filled into a small pipe, which is then connected to the flow 

system, allowing dissolved reagents to react with the solid while passing through the packed 

bed reactor.[71,73] 

If a solid reagent must be used in an exact stoichiometric ratio, it cannot be packed into a bed 

reactor, but has to be pumped as a solution or slurry. The latter can easily cause clogging of 

the reactor or mixers. However, there are reported procedures and special techniques to 

pump slurries without clogging, such as the use of peristaltic pumps or ultrasonic baths.[74–77] 

Another general downside of flow chemistry is the inevitable and time-consuming effort, to 

optimize the process. But these optimizations are worth the effort if a preparative production 

of a compound (class) is needed frequently. Another obstacle to use flow chemistry are the 

high costs associated with purchasing pumps and reactors.[73,78] 

Nevertheless, flow chemistry offers advantages that justify its use and compensates for all 

efforts. In contrast to reactions in flasks, reactive intermediates exist for a well-defined time 

and are not longer in contact with the starting material, as necessary. Instable reactive 

intermediates may be consumed by a consecutive reaction and are not exposed to the 

previous conditions any longer.[71] Furthermore, it is in the nature of continuous flow 

chemistry that intermediates are only present within the reactor. This leads to increased 

safety, as no direct operator contact can occur, and only small quantities of the potentially 

hazardous substance exist at any one time.[71,79] 

A good example, to be mentioned, is the in-situ generation and reaction of diazomethane in 

continuous flow.[80,81] Maggini and Woehl reported a modular continuous flow platform to 

Figure 6: Schematic drawing of different flow reactor types.  
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produce and use up-to 19 mol diazomethane per day, while limiting the amount of 

diazomethane in the reactor to 6.5 mmol at a time.[81] This opens up the way towards large 

scale processes in chemical or pharmaceutical industries.[78,82] 

The precisely defined reaction times allow the use of other reaction conditions, compared to 

batch reactions. For example, the short residence time of 5 seconds of the lithiated species 

during the synthesis of dibenzosuberone 16 (Figure 4) should be highlighted here.[31,83] By that 

short reaction time, side reactions or decomposition do not occur even at temperatures which 

are 50 °C higher compared to the reported batch synthesis.[31,35] Less cooling or heating leads 

to lower energy consumption. This is one important aspect and especially the chemical 

industry is using flow chemistry for this reason.[78] Additionally, as they need to produce 

specific reagents and commodities all the time, flow chemistry is the method of choice in some 

cases. Due to the lack of available flow chemistry equipment in laboratory scale, the research 

was often disconnected from process chemistry. As this is no longer the case, flow chemistry 

is undergoing a renaissance in recent years, and it was stated that ~50% of the reactions in 

chemical industry could benefit from flow chemistry.[84–86] 

3.2 Continuous Flow Synthesis of Organic Materials  

The high investment costs and perceived complexity has led to a slow growth of the number 

of academic researchers, working with flow chemistry.[73] Due to this, only few examples of 

continuous flow syntheses of novel organic molecules are reported in literature.[87–90] 

One prominent example is the continuous flow-assisted synthesis of [10]CPP by Kim and co-

workers.[91] The synthesis follows the concept of the approach reported by the group of Itami 

in 2009, based on cyclohexane-incorporated macrocycles.[27] The first part of the synthesis is 

the mono-lithiation of dibromobenzene 14 by n-BuLi followed by the addition to 

1,4-cyclohexandione (10, Figure 7). The formed alcoholate is protected as a methoxymethyl 

Figure 7: Continuous flow synthesis of CPP building block 44.[91] 
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(MOM) ether by the addition of MOMBr and stirring in a flask for additional 4 h. The ketone 44 

was obtained in 80% yield and used in the second reactor stage. The reduced cooling to 0 °C, 

is a great advantage compared to the usual −78 °C used in batch lithiations.[27] 

The continuous flow synthesis of the U-shaped building block 45 was realized by the double-

lithiation of dibromobenzene 14 using tert-butyllithium followed by a twofold addition of the 

previously synthesized ketone 44 at 25 °C (Figure 8). After MOMBr addition and stirring in a 

vial for 6 h, MOM protected U-shaped building block 45 was obtained in 68% yield (7.7 g/h). 

The last two synthetic steps toward [10]CPP were conducted using batch reactions. With an 

overall yield of 11%, the synthesis offers access to [10]CPP without the need for cryogenic 

cooling.[91] 

This synthetic approach via cyclohexane suffers from lower yields for aromatization to the 

corresponding CPP.[92–94] Therefore, this approach has not been widely used recently. 

Moreover, unsubstituted CPPs are limited in their applications. As a result, a growing field of 

substituted cycloparaphenylenes or hybrid CPPs has been developed. Multiple of their 

syntheses are based on the same or analogous building blocks.[21,95] An efficient and fast 

access to these building blocks would facilitate the synthesis of these nanohoops and their 

application. Inspired by this circumstance, we have developed self-built flow reactors and 

optimized a continuous synthesis of CPP building blocks, analogous to the work of Jasti's group 

(Scheme 9).[21,96] 

The ketone 47 is usually obtained by oxidation of 4-hydroxyanisole (46) with (diacetoxyiodo)-

benzene (PIDA). However, the purification process is challenging, due to iodobenzene, which 

is formed as a side product. An electrochemical oxidation of anisole 45 was developed in a 

continuous flow cell, providing acetal 47 in high yields and purity. The 2- and 3- membered 

Figure 8: Continuous flow synthesis of CPP building block 45.[91] 
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building blocks were synthesized in separate flow reactors. Analogous to previously reported 

procedures, the lithium-halogen exchanges gave quantitative conversions at temperatures as 

high as 0 °C and a reaction time of 1.6 s. As the high temperature allowed higher 

concentrations of all reagents, n-BuLi (1.6 M in hexanes) was used directly of the commercial 

bottle. Both, less cooling and higher concentrations, in line with high yields ensure a great 

scalability. Syntheses at scales of 100 g (larger building blocks) to a kilogram were realized. 

Those building blocks were combined to an even larger 9-membered building block 51 via a 

continuous flow Suzuki coupling (Scheme 10). In contrast to the reported batch procedure, no 

column chromatography was necessary.[21,96] All of the synthesized building blocks can be used 

to access different sized and functionalized CPPs.[21,26,95–100] 

Scheme 10: Combination of 3-membered building blocks towards larger and macrocyclic precursors and their final 
aromatization to obtain [10]CPP.[96] 

Scheme 9: Building Block approach realized in continuous flow. Adapted from [96]. 



3 Continuous Flow Chemistry 

16 

Furthermore, a packed bed reactor for the synthesis of sodium naphthalenide 55 was 

developed. Usually, the generation of sodium naphthalenide 55 is a labor-intensive and time-

consuming process.[23] By pumping solution of naphthalene 54 in THF through the reactor, 

filled with a sodium coated molecular sieve (SOLVONA®), gave sodium naphthalenide 55 in 

constant concentrations within 30 minutes. To demonstrate the usability of the method, a 10-

membered macrocycle 53 was synthesized by combination of the building blocks. This 

macrocycle was aromatized using in-flow generated sodium naphthalenide 55 in 71% yield.[96] 

The purpose of building a stock of CPP building blocks is to save time during synthesis of 

(novel) nanohoops. Moreover, the continuous flow setup for synthesizing sodium 

naphthalenide is particularly useful for handling a reactive intermediate in a safe and 

convenient manner. 

3.3 Reactive Intermediates in Continuous Flow 

Continuous flow chemistry is a versatile tool for handling reactive intermediates. The already 

mentioned diazomethane synthesis and sodium naphthalenide preparation are just two 

examples. The reactor provides an enclosed space wherein a small amount of the species is 

formed but also separated from the environment.[80,101] 

Azides display a potential risk during the synthesis of (−)-oseltamivir. Therefore, many 

synthetic routes avoid those explosive intermediates during the process. One example is the 

continuous flow synthesis of (−)-oseltamivir by Ogasawara and Hayashi (Figure 9).[102] The 

Figure 9: Continuous flow synthesis of (−)-Oseltamivir by Hayashi and co-worker.[102] 
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synthesis is based on their previously reported one-pot approach.[38] Oseltamivir was obtained 

in a yield of 13% after a total residence time of 310 minutes through a single flow procedure. 

However, the throughput of 3.7 mg per hour is insufficient for an industrial use.[102,103] 

In 2020, Watts and co-worker reported a semi-telescoped flow synthesis of (−)-oseltamivir 

based on azide intermediates (Figure 10).[103] Starting from mesylated shikimic acid 

ethylester 56, azidation agents were screened. Aqueous sodium azide was most efficient, but 

not suitable for a telescoped process. Therefore, water-free conditions using 

diphenylphosphoryl azide (DPPA) in acetonitrile were applied, enabling the in-situ formation 

and consumption of azide 57. The drawback of this telescoped approach are higher reagent 

costs and lower yields. Nevertheless, even carrying out a consecutive reaction of azides in a 

small continuous flow reactor, increases the process safety. Isolated azide 57 undergoes 

formation of hazardous aziridine 58, which was consumed in-situ towards a 3-pentyl ether 59. 

The formed phosphoramidate was cleaved and the amine acetylated in two separate 

continuous flow reactors. A second azide formation was conducted using aqueous sodium 

azide. (−)-Oseltamivir phosphate 2 was obtained after reduction and salt formation in an 

overall yield of 48-54% in only 3.5 min total residence time.[103] 

  

Figure 10: Continuous flow synthesis of azide intermediates by Watts and co-worker.[103] 
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Another poisonous and also thermally instable compound class are diazonium salts.[101,104] 

De Mello's group developed one of the earliest examples of in-situ generation and use of 

reactive diazonium salts in an azo coupling. They reported the continuous diazotation of 

aniline (60) with sodium nitrite in a microchip reactor (Figure 11). The generated diazonium 

chloride 61 was then immediately mixed with a basic solution of β-naphthol 62 in a second 

reactor to obtain an azobenzene derivative (63, Sudan I dye) with a yield of 52%.[105] 

3.4 Azobenzene Synthesis 

Azobenzenes (ABs) were originally known primarily for their use as dyes and even as food 

colorants.[106–108] They have experienced a significant surge in popularity due to their versatile 

applications as molecular switches in recent years.[109–111] These switches can (potential) be 

used in energy and information storage,[112–118] organocatalysis,[119] photobiology and 

photopharmacology[120] to soft robotics[121,122] and molecular machines.[123] Most of these 

applications are primarily based on their isomerization capability, which allows reversible 

conversion between the energetically stable (E)-configuration and the metastable (Z)-isomer 

upon exposure to light, thermal or chemical stimuli.[124,125] Apart of their change in molecular 

geometry, from an extended planar (E)-AB to a twisted (Z)-AB, they also alter their physical 

properties, including dipole moment and polarity during isomerization.[126,127] 

As the AB properties are influenced by substitution, strategies to access various patterns and 

degrees of substitution are essential for their application. When designing the target 

compound, a wide range of methods can be chosen from, and the optimal synthesis method 

must be carefully selected (Scheme 11).[128,129] 

Symmetric ABs are characterized by identical substitutions on both phenyl units. They can be 

accessed by dimerization. For example, oxidative or reductive coupling can be used, in which 

Figure 11: Continuous flow synthesis of Sudan I dye 62 starting from aniline 59.[105] 
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two anilines or nitro-substituted aryl compounds are used as starting materials.[129–134] 

Although these strategies can be used for the synthesis of non-symmetric ABs, a reduction in 

yield is expected due to the potentially coupling toward symmetric compounds. 

 

Scheme 11: Synthetic routes towards symmetric and non-symmetric AB derivatives. 

Other couplings are capable for synthesizing both non-symmetric and symmetric substituted 

AB derivatives. These reactions can be achieved through various methods, such as the Knochel 

method, which involves the reaction between diheteroaryl zinc and aryl diazonium 

salts,[135,136] or Pd-catalyzed couplings of aryl halides with hydrazines followed by 

oxidation.[137] The conventional method for AB synthesis involves the azo coupling of 

diazonium salts with electron-rich aromatic nucleophiles as already mentioned before. This 

substitution occurs in the para or ortho position, which limits the accessible patterns.[105,138] 

A condensation of a nitrosobenzene (67) with an aniline (60) to form a symmetric or non-

symmetric AB (64) is called Baeyer-Mills reaction. Although first published by Baeyer in 

1874,[139] Mills subsequently carried out a more detailed investigation of this reaction.[140] The 

resulting ABs are formed by the nucleophilic attack of aniline on nitrosobenzene under acidic 

or basic conditions, thus best results are observed when using electron-poor nitrosobenzenes 

with electron-rich anilines.[141,142] Nitrosobenzenes, which are essential in this reaction, can be 

easily accessed by oxidation of anilines with agents such as hydrogen peroxide, 

meta-chloroperbenzoic acid, or OXONE®.[143] The latter one tolerates a variety of functional 

groups and is environmental friendly.[144] 
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As ABs are investigated as functional organic materials, it is crucial that the potential 

compounds are not only accessible on a large scale but can also be synthesized fast and 

efficiently.[15,145–151] To circumvent the challenges associated with large scale batch synthesis, 

flow synthesis is proving to be a viable alternative. 

Besides the already mentioned azo coupling in continuous flow, there are reports of a 

continuous flow oxidative coupling of anilines using copper reagents.[130,152,153] The first 

example uses a packed bed reactor filled with copper powder (Figure 12).[152] 

The homocoupling of multiple aniline derivatives was screened. The method was 

demonstrated to give high yields for electron-rich alkyl- or methoxy-substituted starting 

materials. Halides, especially ortho-substituted, gave moderate to poor yields. Probably, not 

Cu0, but Cu(I) or Cu(II) traces on the surface will catalyze the reaction.[130,152] Therefore, the 

reaction may lack in scalability and reproducibility. 

This circumstance can be avoided by using a copper(I) salt. The group around Fang and Guo 

reported a continuous flow synthesis of azobenzene compounds catalyzed by previously 

prepared CuBr (Figure 13).[153] In the first step, copper(II)sulfate was reduced to obtain 

reactive copper(I)bromide. After washing with water and ethanol, the prepared packed bed 

reactor was used in the second step. A solution of aniline 60 and pyridine in toluene was 

pumped through a tube-in-tube reactor to introduce dioxygen into the solution. Afterwards, 

Figure 12: Continuous flow synthesis of symmetric ABs using Cu powder.[152] 

Figure 13: Continuous flow synthesis of CuBr and subsequent synthesis of AB derivatives by Qin and co-workers.[153] 
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the solution passes through the packed bed reactor. This method was suitable for the 

synthesis of different symmetric ABs. Anilines with electron-donating groups performed best, 

while nitro-substituted (electron-withdrawing) ABs could not be obtained with this route.[153] 

To control the substitution pattern of both phenyl rings, a continuous flow Baeyer-Mills 

reaction was targeted by our group. A preliminary study focused on the coupling of 

substituted anilines with parent nitrosobenzene (67).[154] Therefore, temperature and 

residence time were optimized for the synthesis of unsubstituted AB 64. To speed up the 

working procedure, cyclohexane was added in a second mixer after the tube reactor. By this, 

azobenzene 64 was obtained in a reasonable purity after separation of the organic layer and 

solvent removal (Figure 14).[154] 

Using the optimized conditions of 50 minutes reaction time at 70 °C, a scope of more than 20 

different substituted ABs was synthesized. Electron-rich anilines delivered good to excellent 

yields. Furthermore, a large-scale synthesis (72 g in 3 days) of a liquid AB used for molecular 

solar thermal energy storage (MOST) was demonstrated. In most of the presented examples, 

there was no need for further purification. However, the method is not suitable for the 

synthesis of ABs starting from electron-poor anilines.[154] 

To extend the accessible AB scope, in a follow-up study substituted nitrosobenzenes were 

applied. As some nitrosobenzene derivatives are prone to oxidation and are not stable at 

ambient conditions, an in-situ preparation of substituted nitrosobenzenes was developed. 

Using a biphasic oxidation with OXONE®, multiple anilines were efficiently oxidized to their 

nitroso analogues. By an in-line phase separator (Zaiput SEP-10), the aqueous phase was 

removed and the organic phase, containing the target compound was analyzed by an in-line 

IR-spectrometer (Mettler Toledo ReactIR 702L) before being applied to the subsequent 

Baeyer-Mills reaction (Figure 15).[155] 

Figure 14: Continuous flow synthesis of non-symmetric ABs via Baeyer-Mills reaction. Adapted from [154]. 
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The telescoped Baeyer-Mills reaction gave access to multiple ABs in moderate to high yields. 

Electron rich substituted anilines (e.g. alkyl-, methoxy-substituted) provided, as expected, only 

moderate yields and underwent over-oxidation to their nitro-analogues at elevated 

temperatures during the nitrosobenzene formation (reactor R1). The process offers a modular 

and time-saving alternative to the synthesis of azobenzene derivatives, as the selection of 

anilines for nitroso synthesis can be conveniently changed according to their reactivity with 

the desired substrate. This method has proven to be suitable for the synthesis of highly 

substituted non-symmetric ABs.[155] Additionally, this technique provides a safer access to 

different hazardous nitrosobenzenes and can also be used in a variety of other 

transformations apart from AB synthesis.[156] 

  

Figure 15: In-situ oxidation and coupling of anilines towards non-symmetric ABs using flow chemistry.  
Adapted from [155]. 
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4.1 One-Pot Synthesis of Cycloparaphenylenes 

Reference: J. H. Griwatz, H. A. Wegner, Organic Materials 2020, 02, 306. 

DOI:  10.1055/s-0040-1721082 

Reproduced under terms of the CC-BY-NC-ND 4.0 license. Copyright © 2020 The Authors. 

Organic Materials published by Thieme. 

 

 

 

“The preparation of cycloparaphenylenes ([n]CPPs) with their bent π-system poses a long-

standing challenge in organic synthesis. In the current multi-step approaches to access CPPs, 

pre-angulated precursors were combined using transition metal-catalysed or mediated 

coupling reactions. Therefore, there is a long way to the realisation of the idea of an 

‘ideal synthesis’. An easy and efficient synthesis of different [n]CPPs would represent a 

breakthrough, also pushing their incorporation into organic materials. By combining multiple 

steps in a one-pot approach, the overall time and workload can be drastically shortened. 

Herein, we present the application of this concept for the preparation of [6] and [9]CPP as a 

simple and fast alternative to current methods. By tuning the reaction conditions the selective 

synthesis of both [6] and [9]CPP was demonstrated.” 
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4.2 Continuous-Flow Synthesis of Cycloparaphenylene Building Blocks on a Large Scale 

Reference: J. H. Griwatz, M. L. Kessler, H. A. Wegner, Chem. Eur. J. 2023, 29, e202302173. 

DOI:  10.1002/chem.202302173 

Reproduced under terms of the CC-BY-NC-ND license. Copyright © 2023 The Authors. 

Chemistry - A European Journal published by Wiley-VCH GmbH. 

 

 

 

“The synthesis of [n]cycloparaphenylenes ([n]CPPs) and similar nanohoops is usually based on 

combining building blocks to a macrocyclic precursor, which is then aromatized in the final 

step. Access to those building blocks in large amounts will simplify the synthesis and studies 

of CPPs as novel functional materials for applications. Herein, we report a continuous-flow 

synthesis of key CPP building blocks by using versatile synthesis techniques such as 

electrochemical oxidation, lithiations and Suzuki cross-couplings in self-built reactors on up-

to kilogram scale.“ 
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Cover Feature: Continuous-Flow Synthesis of Cycloparaphenylene Building Blocks on a 

Large Scale (Chem. Eur. J. 63/2023) 

Reference: J. H. Griwatz, M. L. Kessler, H. A. Wegner, Chemistry A European J 2023, 29. 

DOI:   10.1002/chem.202303222 

Reproduced with permission. Copyright © 2023 Wiley-VCH GmbH. 
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4.3 Continuous Flow Synthesis of Azobenzenes via Baeyer–Mills Reaction 

Reference: J. H. Griwatz‡, A. Kunz‡, H. A. Wegner, Beilstein J. Org. Chem. 2022, 18, 781. 

‡ equal contribution 

DOI:   10.3762/bjoc.18.78 

Reproduced under terms of the “Beilstein-Institut Open Access License Agreement“ (CC-BY 

4.0) license. Copyright © 2022 The Authors; licensee Beilstein-Institut. 

 

 

 

“Azobenzene, as one of the most prominent molecular switches, is featured in many 

applications ranging from photopharmacology to information or energy storage. In order to 

easily and reproducibly synthesize non-symmetric substituted azobenzenes in an efficient 

way, especially on a large scale, the commonly used Baeyer–Mills coupling reaction was 

adopted to a continuous flow setup. The versatility was demonstrated with a scope of 20 

substances and the scalability of this method exemplified by the synthesis of >70 g of an 

azobenzene derivative applied in molecular solar thermal storage (MOST) systems.” 
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4.4 In-situ Oxidation and Coupling of Anilines towards Unsymmetric Azobenzenes Using 

Flow Chemistry 

Reference: J. H. Griwatz‡, C. E. Campi‡, A. Kunz, H. A. Wegner, ChemSusChem 2024, 

e202301714. 

‡ equal contribution 

DOI:   10.1002/cssc.202301714 

Reproduced under terms of the CC-BY-NC-ND license. Copyright © 2024 The Authors. 

ChemSusChem published by Wiley-VCH GmbH. 

 

 

 

“Molecular switches, especially azobenzenes, are used in numerous applications, such as 

molecular solar thermal storage (MOST) systems and photopharmacology. The Baeyer-Mills 

reaction of anilines and nitrosobenzenes has been established as an efficient synthetic 

method for non-symmetric azobenzenes. However, nitrosobenzenes are not stable, 

depending on their substitution pattern and pose a health risk. An in situ oxidation of anilines 

with Oxone® was optimized under continuous flow conditions avoiding isolation and contact. 

The in-situ generated nitrosobenzene derivatives were subjected to a telescoped Baeyer-Mills 

reaction in flow. That way azobenzenes with a broad substituent spectrum were made 

accessible.“ 
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A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a 

[10]Cycloparaphenylene 

Reference: A. Stergiou, J. Rio, J. H. Griwatz, D. Arčon, H. A. Wegner, C. P. Ewels, N. 

Tagmatarchis, Angew. Chem. Int. Ed. Engl. 2019, 58, 17745. 

DOI:   10.1002/anie.201909126 

Reproduced under terms of the CC-BY-NC license. Copyright © 2019 The Authors. 

Angewandte Chemie International Edition published by Wiley-VCH Verlag GmbH & Co. KGaA. 

 

 

“A major handicap towards the exploitation of radicals is their inherent instability. In the 

paramagnetic azafullerenyl radical C59N., the unpaired electron is strongly localized next to the 

nitrogen atom, which induces dimerization to diamagnetic bis(azafullerene), (C59N)2. 

Conventional stabilization by introducing steric hindrance around the radical is inapplicable 

here because of the concave fullerene geometry. Instead, we developed an innovative radical 

shielding approach based on supramolecular complexation, exploiting the protection offered 

by a [10]cycloparaphenylene ([10]CPP) nanobelt encircling the C59N. radical. Photoinduced 

radical generation is increased by a factor of 300. The EPR signal showing characteristic 14N 

hyperfine splitting of C59N.⊂ [10]CPP was traced even after several weeks, which corresponds 

to a lifetime increase of >108. The proposed approach can be generalized by tuning the 

diameter of the employed nanobelts, opening new avenues for the design and exploitation of 

radical fullerenes.” 
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6 Abbreviations 

AB Azobenzene 

AcOH Acetic acid 

Aq. Aqueous  

Ar Aryl 

n-BuLi n-Butyllithium 

tert-Buli tert-Butyllithium 

Bpin Pinacolborane 

cat. catalyzed 

CPP Cycloparaphenylene 

d Day 

 Chemical shift 

DMF N,N-Dimethylformamide 

DPPA Diphenylphosphoryl azide 

EOx Electrochemical oxidation 

Et- Ethyl- 

e.g. Exempli gratia, for example 

Equiv. Equivalents 

g Gram 

h Hour 

IR Infrared 

L Liter 

m meta 

M Molar 

Me- Methyl- 

min Minute 

MOM Methoxymethyl 

MOST Molecular solar thermal energy storage 

NMR Nuclear magnetic resonance 

O ortho 

PIDA (Diacetoxyiodo)benzene 

R1/R2 Reactor 1/2 
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s Second 

S-Phos Dicyclohexyl(2′,6′-dimethoxy[1,1′-biphenyl]-2-yl)phosphane 

TBAF Tetrabutylammonium fluoride 

THF Tetrahydrofuran 

TMSCl Trimethylsilyl chloride 

us Ultrasonic 

rt Room temperature 

UV Ultraviolet 

VIS Visible 

X Halogen (F, Cl, Br, I) 
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