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1. Introduction and aims 

Continuous production is a long-established strategy in the industry: oil refining, synthetic 

fiber manufacturing, and papermaking have been applying uninterrupted methods for centuries. 

The application of continuous-flow (CF) processes in the synthetic chemistry appeared only 

two decades ago, offering significant advantages over the conventional segmented techniques. 

Owing to their technological possibilities, they allow simple, safe, and precise fine-tuning of 

the reaction conditions. Moreover, the enhanced heat and mass transfer provides an impaired 

level of reaction control. Flow chemistry also offers in-line analysis, purification, and even 

formulation. Thus, CF technology may serve as an avenue towards the technological revolution 

of chemical synthesis. 

Since the first examples, CF synthesis methods have gone through an extraordinary 

progression. Due to their advantages over conventional techniques and applicability in difficult 

and sensitive reactions, CF methods became an impressive tool for synthetic chemistry and 

proved not to be only a transient vogue. The borderline between segmented and flow processes 

has become more apparent, making it straightforward to decide whether the application of a CF 

process is beneficial or unnecessary. Nowadays, performing the entire synthesis of complex 

compounds (such as APIs) as uninterrupted continuous-flow processes is an actual endeavor. 

Our aim was to apply continuous-flow technology, focusing attention on copper-catalyzed 

reactions to explore otherwise hidden parameter spaces from classical batch syntheses and to 

develop efficient, selective, safe, and sustainable synthesis methods. Highlighting its 

applicability in organic chemistry, we investigated the CF technology in three reaction systems: 

(i) highly controlled synthesis of aryl azides and aniline derivatives from haloarenes; (ii) 

extension of the chemical parameter spaces for the oxidative homocoupling of aniline 

derivatives; (iii) two-step in continuo synthesis of 3,5-disubstituted pyrazoles. Each work 

represents a case study how CF processes can improve synthetic reaction technology. 

 

2. Methods 

Reagents and materials were commercially available and used as received. The synthesized 

compounds were separated and purified by column chromatography on silica gel. The 

compounds were characterized by NMR spectroscopy, mass spectrometry. 

Reactions were carried out in “home-made” flow reactors consisting of HPLC pumps, 

stainless steel coils or stainless steel HPLC columns as the active reactor zone, stainless steel 

preheating coil and commercially available backpressure regulators. The parts of the system 
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were connected with stainless steel and PEEK capillary tubing. The stainless steel coil and the 

preheating coil were immersed in a heated oil bath. 

3. Results and discussion 

3.1 Controlled transformations of aryl halides 

Selective synthesis of aryl azides and aniline derivatives was achieved in a continuous-flow 

system using the corresponding aryl halides as practical starting materials. 

For the initial optimization study, the copper-catalyzed reaction of 4-iodoanisole with 

sodium azide was chosen as model reaction. Commercially available copper powder (<425 μm 

particle size) was employed as a cheap, readily available, non-toxic, and reusable catalytic 

source. The reaction conditions were carefully investigated to understand their role on product 

selectivity. 

The investigation of the effect of the solvent, NaN3 and auxiliaries, temperature and flow 

rates led to the conclusion that the product selectivity could be modified through fine-tuning 

the residence time and temperature. It was established that after copper-mediated halogen–azide 

substitution, the azide decomposition/reduction is also dependent on the presence of the 

catalytic metal. 

At the end of the optimization phase, two distinct parameter sets were specified for the 

selective synthesis of either azide 1 or amine 2 using 4-iodoanisole as common starting material 

and the same auxiliaries (Scheme 1). 

 

 

Scheme 1. Optimal reaction parameters for the diversity-oriented synthesis of 1-azido-4-methoxybenzene (1) 

and 4-methoxyaniline (2) from 4-iodoanisole as starting material 

Reaction conditions developed for the model reaction were subsequently utilized for the 

synthesis of a diverse set of aromatic amines 2-15 (Table 1). Both electron-donating and 

electron-withdrawing substituents were nicely tolerated, and anilines were formed in high 

conversion and with excellent chemoselectivity. Even ortho-substituted aryl bromides were 

successfully transformed into the desired derivatives. 
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Table 1. Continuous-flow synthesis of various aryl amines from aryl halides as starting materials 

 

 

Conversions indicated under each compound, selectivities indicated in parentheses. 

 

Synthetically more challenging aryl azides 1, 16-19 were prepared selectively with 

individual optimization of both the temperature and residence time for each substrate (Table 2). 

Minor differences in the substitution pattern of the haloarene led to notable changes in the 

reaction outcome. 

Table 2. Continuous-flow synthesis of various aryl azides from aryl halides as starting materials 

 
Entry Product Conditions Conv.a 

(%) 
Select.a 
(%) 

1 

 

100 °C, 0.1 mL min−1 (10.5 min) 83 94 

2 

 

100 °C, 0.1 mL min−1 (10.5 min) 89 11 

3 120 °C, 0.15 mL min−1 (7.8 min) 87 65 

4 120 °C, 0.2 mL min−1 (5.2 min) 78 90 

5 140 °C, 0.15 mL min−1 (7.8 min) 96 16 

6 

 

100 °C, 0.1 mL min−1 (10.5 min) 70 36 

7 120 °C, 0.2 mL min−1 (5.2 min) 82 82 

8 

 

100 °C, 0.1 mL min−1 (10.5 min) 77 79 

9 100 °C, 0.15 mL min−1 (7.8 min) 65 80 

10 120 °C, 0.2 mL min−1 (5.2 min) 90 71 

11 120 °C, 0.25 mL min−1 (4 min) 71 85 

12 140 °C, 0.25 mL min−1 (4 min) 88 61 

13 80 °C, 0.05 mL min−1 (21 min) 80 75 

14b) 

 

100 °C, 0.1 mL min−1 (10.5 min) 62 100 

15b) 100 °C, 0.05 mL min−1 (21 min) 86 100 

a Determined by 1H NMR spectroscopy of the crude material. b) Due to solubility issues 

DMSO/H2O 5:1 was used as solvent. 
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3.2 New parameter spaces for the oxidative homocoupling of aniline derivatives 

An efficient continuous-flow methodology was developed for the synthesis of aromatic azo 

compounds. 

As model reaction for the optimization study, the oxidative homocoupling of p-anisidine was 

chosen. Commercially available copper powder (<425 μm particle size) was employed as 

catalytic source.  

The novel process window of increased temperature and pressure ranges in combination with 

the application of overheated solvents revealed previously unknown correlations between 

reaction parameters that are not attainable in conventional flask chemistry and afforded a 

remarkable chemical intensification. 

The scope of the method was successfully extended to the synthesis of aromatic azo 

compounds 21-38 (Table 3). Anilines bearing alkyl groups were nicely tolerated irrespective of 

the position of the substituent, and even anilines containing bulky moieties were converted 

quantitatively to the desired product. Di- and trisubstituted aniline derivatives showed excellent 

reactivities and the scope of the method was successfully extended to the reaction of even 

deactivated halogen-substituted anilines. 

 
Table 3. Exploring the reactivity of various aniline derivatives in oxidative homocoupling 

 

 
a 140 °C temperature. Isolated yields indicated under each compound. 
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The synthesis of the azobenzene 20 was scaled out simply as a function of the operation 

time. The 30-fold scale-out resulted 2.36 g of pure product, which corresponded to an overall 

yield of 86% and an excellent throughput of 0.32 g pure product per hour. 

As part of a cooperation, the inherently basic character of a copper-containing layered double 

hydroxide (Cu(II)Fe(III)-LDH) was explored. The application of Cu(II)Fe(III)-LDH 

significantly boosted the reaction rates of the model reaction without any added base. As a result 

of the optimization process, complete conversion of the starting material was registered with 

100% chemoselectivity. 

The extensive investigation of the reactivity of the catalyst led to a set of variously 

substituted azobenzenes. The resulting azobenzenes were achieved with complete 

chemoselectivity and excellent yields in short process times even on preparative scales. 

3.3 Multi-step synthesis of 3,5-disubstituted pyrazoles 

A two-step continuous-flow process was developed for the synthesis of 3,5-disubstituted 

pyrazoles via sequential copper-mediated alkyne homocoupling and Cope-type hydroamination 

of the intermediary 1,3-dialkynes in the presence of hydrazine. 

To explore and optimize the critical reaction parameters, the two reactions were investigated 

separately in a step-by-step manner. For the optimization of the 1,3-diyne synthesis, the 

catalytic dimerization of 4-ethynyltoluene was chosen as model reaction (Scheme 2 A). In case 

of the Cope-type hydroamination, the preformed 1,4-di-p-tolylbuta-1,3-diyne was utilized as 

model compound (Scheme 2 B). 

 

 

Scheme 2. A) Oxidative homocoupling of 4-ethynyltoluene in a continuous-flow reactor B) Arrangement of the 

continuous-flow reactor for the hydroamination of 1,4-di-p-tolylbuta-1,3-diyne 
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After having the necessary knowledge and optimal reaction conditions in hand, a multistep 

telescoped sequence was constructed where the 1,3-diyne intermediate was transformed 

directly into the corresponding pyrazole. 

After an initial step-by-step optimization procedure, individual reaction components were 

organized into an uninterrupted flow sequence where, after in-line copper removal, the 

intermediary diynes were transformed further after being combined with a hydrazine stream 

(Table 4). Applying phenylacetylene, its methyl-substituted derivatives, and 3-

ethynylthiophene as starting alkynes, excellent results were registered, the diyne formation took 

place quantitatively. As a result of the two-step synthesis, pyrazole products were achieved with 

full chemoselectivity, without side-product formation. 

 
Table 4. Exploring the reactivity of different alkynes in the telescoped alkyne homocoupling‒hydroamination/cyclization 

process. 

 

 

Isolated yields indicated under each compound. 

The transformation of 3-ethynylthiophene was scaled out simply by elevating the operation 

time. Thus, the previously optimized conditions were applied without any change in the alkyne, 

ligand, base or hydrazine concentration. The flow system was stable for an extended period of 

16 h. 0.52 g of pure pyrazole 38 was isolated, which corresponded to an overall yield of 81%. 
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