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Abbreviations 

 

Ac acetyl 

Ar arene 

Bn benzyl 

bpy 2,2’-bipyridine 

Bu butyl 

c concentration/ cyclo-/ centi- 

Cbz benzyloxycarbonyl 

COX cyclooxygenase 

∆ elevated temperature 

d day 

DME dimethoxyethane 

DMF N,N-dimethylformamide 

DNA deoxyribonucleic acid 

E electrophile 

equiv equivalents 

Et ethyl 

FEP fluorinated ethylene propylene 

g gram 

HIV human immunodeficiency viruses 

i iso 

λ wavelength 

LG leaving group 

m meta-/ milli-/ meter 

M molar (mol/L)/ mega-/metal 

µ micro- 

Me methyl 

Mes mesityl 

MFC mass flow controller 

min minute 

NMR nuclear magnetic resonance 

Nu nucleophile 

[O] oxidation 

p piko 

Ph phenyl  
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Pr propyl 

R rest 

rt room temperature 

t time/tert 

T temperature 

TBAF tetrabutylammonium fluoride 

TBAT tetrabutylammonium triphenyldifluorosilicate 

TBS tert-butyldimethyl silyl 

Tf trifluoromethanesulfonyl 

THF tetrahydrofuran 

Ts para-toluenesulfonyl 

X halogenide 
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Zusammenfassung 

In dieser Arbeit wurde eine modulare Fluss-Plattform entworfen und für die Synthese von 

Naturstoffen und für zwei methodische Arbeiten verwendet. Der etablierte, flüssigkeitsgetriebene 

Fluss weist diverse Nachteile auf und geht vor allem mit dem Auftreten von Dispersions-

Phänomenen zwischen Lösungsmitteln und Reagenzlösungen einher, die zu großen 

Reagenzverlusten führen. Deshalb wurde das neue Konzept des Argon-getriebenen Flusses 

verfolgt. Dadurch können Dispersions-Phänomene unterdrückt werden, was neue Wege bei der 

Handhabung von wertvollen Intermediaten im Fluss, vor allem im kleinen Maßstab, eröffnet. Um 

standardmäßige, nicht nachhaltige Trocknungsprotokolle von Flussreaktoren zu vermeiden, 

wurden „Schlenk-im-Fluss“-Prozeduren entwickelt, die die verbreiteten Schlenk-Techniken für 

die Chemie im Fluss adaptieren. Um diese Konzepte zu realisieren, stellte sich der starke Einsatz 

vom 3D-Druck als Schlüsseltechnik heraus, der die Fertigung von maßgeschneiderten 

Komponenten ermöglichte. 

Als Beweis des Konzeptes wurden unter Verwendung der Fluss-Plattform zwei Intermediate von 

Naturstoffsynthesen in reproduzierbaren Ausbeuten dargestellt. Weiterhin wurde eine neue 

Methode zur Dekawolframat-katalysierten, seitenselektiven C–H-Chlorierung von (+)-Sklareolid 

entwickelt, die im Fluss mit einer besseren Skalierbarkeit und einer höheren 

Reaktionsgeschwindigkeit realisiert wurde. 

 

Scheme 1: Eine modulare Fluss-Plattform, die auf einem Argon-getriebenem Fluss und 3D-gedruckten 
Komponenten basiert, wurde verwendet, um Ferrocenylazide (rot), Intermediate in Naturstoffsynthesen 
(grün) und Benzotriazole (blau) zu synthetisieren. 

Außerdem wurde eine generelle Methode zur Synthese von funktionalisierten Ferrocenylaziden 

und -aminen im Kolben und im Fluss entwickelt. Durch Halogen-Lithium-Austausch von 

Ferrocenylhalogeniden und anschließendem Abfangen mit Tosylazid wurde eine Reihe von 
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Ferrocenylaziden erhalten. Im Fluss konnten aufgrund besserer Durchmischung der Halogen-

Lithium-Austausch und die Reaktion mit Tosylazid signifikant schneller durchgeführt werden. 

Auch die folgende Thermolyse von Ferrocenyltriazenen konnte bei erhöhten Temperaturen im 

Fluss beschleunigt werden, da Schlauchreaktoren einen gesteigerten Wärmetransfer aufweisen, 

während die thermische Belastung von gefährlichen Ferrocenylaziden reduziert werden konnte. 

Ausfallende para-Toluylsulfinate wurden in einem dreiphasigen Flussregime effizient im Fluss 

gehalten. Das überlegene Sicherheits- und Skalierbarkeitsprofil des Flussprozesses wurde im 

Grammmaßstab demonstriert. In einem Staudingerprotokoll wurden die Ferrocenylazide in 

durchgängig guten Ausbeuten zu den entsprechenden Ferrocenylaminen reduziert. 

Unter Verwendung der Fluss-Plattform und einiger der zuvor dargestellten Ferrocenylazide 

wurde ein Protokoll zur schnellen und skalierbaren Synthese von Benzotriazolen durch [3+2]-

Zykloaddition von Aziden und Arinen entwickelt. Im Fluss konnte der Prozess bei erhöhten 

Temperaturen durchgeführt werden, wobei die sichere Handhabung von potentiell explosiven 

Aziden und die vorteilhafte Reaktionskontrolle von hochreaktiven Arinen im Fluss ausgenutzt 

wurde. Dadurch konnten höhere Reaktionsgeschwindigkeiten und eine gesteigerte Produktivität 

erreicht werden. Die Skalierbarkeit des Flussprotokolls wurde für die Synthese eines 

antibakteriellen und antiviralen Benzotriazols im Grammmaßstab demonstriert. 
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Abstract 

In this work, a modular flow platform was designed and employed in the synthesis of natural 

products and for two methodology projects. As the established liquid-driven flow shows several 

disadvantages, in particular the occurrence of dispersion phenomena between solvent and 

reagent solutions resulting in high reagent losses, the new concept of an argon-driven flow was 

pursued. In this way, dispersion phenomena were suppressed, opening up new ways for the 

handling of valuable intermediates in flow on small scale. To avoid common, unsustainable drying 

protocols of flow reactors, “Schlenk-in-flow” procedures were developed adopting well-

established Schlenk techniques to flow chemistry. To realize these concepts, the extensive use of 

3D-printing to enable the manufacturing of tailormade equipment turned out as a key technique. 

As a proof of concept, two intermediates in natural product synthesis were prepared in 

reproducible yields slightly higher than in batch. In addition, a new method for the site-selective 

C–H chlorination of (+)-sclareolide by decatungstate catalysis was developed, allowing improved 

scalability and higher reaction rates in flow. 

 

Scheme 2: Using the modular flow platform based on argon-driven flow and 3D-printed parts, ferrocenyl 
azides (red), intermediates in natural product synthesis (green) and benzotriazoles (blue) were 
synthesized. 

Furthermore, a general method for the synthesis of functionalized ferrocenyl azides and amines 

was developed in batch and flow. By halogen-lithium exchange of ferrocenyl halides and 

subsequent trapping with tosyl azide, a variety of ferrocenyl azides was obtained. In flow, the 

halogen-lithium exchange and the reaction with tosyl azide proceeded significantly faster due to 

improved mixing. Also, the subsequent thermolysis of ferrocenyl triazene intermediates could be 

accelerated at elevated temperature in flow as a result of the enhanced heat-transfer in tube 

reactors, while thermal strain of hazardous ferrocenyl azides could be minimized. Precipitating 

para-tolyl sulfinates were efficiently kept in turbid flow by utilizing a triphasic flow regime. The 
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advantageous safety and scalability profile of the flow process was demonstrated on gram scale. 

Using a Staudinger protocol, ferrocenyl azides were reduced in consistently good yields to the 

corresponding ferrocenyl amines. 

Employing the flow platform and a selection of the prepared ferrocenyl azides, a protocol for the 

rapid and scalable synthesis of benzotriazoles via [3+2] cycloaddition of azides and arynes was 

developed. By making use of the advantages of flow chemistry in the safe handling of potentially 

explosive azides and the improved reaction control of highly reactive arynes, the process could be 

performed at elevated temperature providing faster reactions and an increased productivity. The 

scalability of the flow protocol was demonstrated for the synthesis of an antibacterial and 

antifungal benzotriazole on gram scale. 
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1 Introduction 

1.1 Flow Chemistry 

Since the dawn of organic chemistry, the synthesis of organic molecules has evolved as a central 

science for modern society. May it be for the development of agrochemicals, of pharmaceuticals 

in the fight against diseases, or for more aesthetic interests as cosmetics and fragrances, synthetic 

organic chemistry plays a central role. Over time, organic synthesis was consistently enriched by 

innovative technologies such as spectroscopy or chromatography opening up new research areas 

and pushing the frontiers of synthetic chemistry.[1–4] 

In the last decades, flow technology has entered the field of organic chemistry.[5–82] Originally, 

continuously operating reactors were developed in petrochemical industry to achieve higher 

productivity and scalability. Today, literally all petrochemical processes, beginning with the 

heating of crude oil, then cracking, refining, and production of bulk chemicals are performed in 

continuous flow.[83] Even in the production of pharmaceuticals and other fine chemicals, more and 

more reactions are conducted in flow offering improved scalability, higher purity of products, and 

decreased manufacturing costs.[84–92] 

For many years, flow chemistry seemed to be a prerogative of process chemists and engineers. 

This changed in particular when Steven Ley started a research program for the systematic 

application of flow chemistry in methodology and natural product synthesis.[93–99] Confronted 

with underdeveloped equipment, impractical flow procedures, and other limitations, many 

pioneering – and sometimes highly artificial – technologies were developed in the Ley 

laboratories.[100–115] 

In the last decade, flow chemistry has been increasingly applied as a technology to expand 

synthetic options, while continuous process technology has been emphasized as a key technology 

for sustainable manufacturing.[116–118] In general, flow reactors show many advantages including:  

- enhanced heat-, mass-, and photon transfer  

- improved safety profile 

- broad scalability 

- higher sustainability 

The advances of fast heat- and mass transfer were exploited especially by Yoshida and coworkers, 

coining the term “flash chemistry” for reactions that are essentially diffusion limited and 

completed within milliseconds when proper mixing is ensured.[119–121] Applying flash chemistry, 

chemical transformations previously considered impossible were realized in flow.[119,122–135]  

One impressive example for the application of flash chemistry is the generation of organolithiums 

in the presence of ketones by Yoshida and coworkers (Scheme 3).[135] After reaction of mesityl 

bromide and n-butyl lithium, the formed mesityl lithium is mixed with acyliodobenzene 1 
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generating organolithium species 2 by iodine-lithium exchange at –70 °C. After a residence time 

of only 3 ms the highly instable intermediate 2 is trapped with an electrophile (E-X) forming 

substituted ketones 3 in good to excellent yields. Those transformations are only possible due to 

the ultrafast mixing of reagents and the almost perfect cooling provided by microreactors.[135] 

 

Scheme 3: Flash chemistry approach for the generation of organolithium 2 in presence of a ketone followed 
by trapping with various electrophiles leading to substituted ketones 3. The iodine-lithium exchange is 
performed with mesityl lithium prepared from mesityl bromide and n-butyl lithium in flow. 

In analogy to the increased heat- and mass transfer, also the significantly higher photon transfer 

is a key advantage of flow reactors.[6,136] This is a consequence of the Lambert–Beer law, describing 

that the attenuation of light A (also expressed as the logarithm of the ratio of the initial power of 

light I0 and the power of transmitted light I) is dependent on the molar attenuation coefficient of 

a molecule ε, the concentration of a attenuating species c and the optical path length l (Eq. 1). 

 

𝐴 = 𝑙𝑜𝑔10

𝐼0

𝐼
= 𝜀𝑐𝑙 (Eq. 1) 

 

In the case of a species with a high molar attenuation coefficient such as the important 

photocatalyst tris(bipyridine)ruthenium(II) chloride [Ru(bpy)3]Cl2 in a concentration of 0.5 mM, a 

significant amount of the incident light is already absorbed after passing a path length of only 

0.2 cm (Figure 1). Hence, even in a small reaction vial with a diameter of 1 cm, the major part of 

the reaction mixture is not irradiated.[6,136] 
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Figure 1: Transmittance of light plotted against the path length for [Ru(bpy)3]Cl2 with a concentration of 
c = 0.5 mM in methanol (ε = 14600 M-1 cm-1). The dashed vertical line represents the inner diameter 
(1/32” ≈ 0.08 cm) of a common FEP tube employed in flow chemistry. Transmittance = 10–(εcl).[6] 

As a result, scaling up photoreactions in large reaction vessels results in very long reaction times 

potentially leading to increased side reactions due to over-irradiation – a limitation which can 

easily be overcome in flow.[137,138] As in many academic flow reactors tubes with an inner diameter 

of 0.08 cm are used, the light intensity in the tubes is significantly higher. Consequently, many 

photochemical reactions can be enormously accelerated in flow, while the continuous removal of 

the reaction mixture from the light source can reduce degradation of the product.[139–142] 

Very recently, Noël and coworkers made use of the efficient irradiation in flow for the C(sp3)–H 

functionalization of gaseous hydrocarbons.[139] The reaction is catalyzed by decatungstate 

([W10O32]4-), which forms upon irradiation with light (UV-A, ~365 nm) the excited state [W10O32]4–

* which decays within 30 ps to an extremely reactive transient species.[143,144] This species reacts 

by capturing an electron or a hydrogen atom from virtually any organic substrate, making 

decatungstate a versatile hydrogen atom transfer (HAT) photocatalyst with growing applications 

in organic synthesis.[140,145–157] Noël and coworkers extended the scope of organic substrates 

activated by decatungstate to light hydrocarbons such as ethane and methane (Scheme 4). By 

premixing gaseous methane and a solution of decatungstate and electron-poor olefins 4, a 

pressurized reaction mixture is formed that can be safely handled in flow. This mixture is then 

irradiated with LED light with a wavelength of 365 nm to initiate C–H functionalization of methane 

providing the C–C coupled products 5.[139] 
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Scheme 4: C-C coupling of methane with electron-poor olefins 4 via decatungstate catalyzed C(sp3)–H 
functionalization in flow. 

This work showcases the benefits of flow chemistry for photoreactions offering not only short 

reaction times and better scalability, but also improved safety when pressurized reaction 

mixtures are handled.[139] 

Although dangers of hazardous reactions are sometimes belittled in academia, there is pervasive 

emphasis and awareness of safety in industrial laboratories.[158] Therefore, a significant number 

of industrial reactions and processes have been translated into continuous flow. The precise 

reaction control and the comparable small dimensions of flow reactors make flow processes 

attractive for taming poisonous chemicals, e.g., phosgene or fluorine, or explosive compounds, 

such as diazonium salts or azides, especially when upscaling is the purpose.[159–163] 

Probably, one of the most dangerous reagents in organic synthesis is diazomethane.[47] This yellow 

gas is a valuable methylating agent primarily used for Arndt–Eistert reactions, but also shows high 

toxicity and explosiveness limiting its use on larger scale.[164] Already the discoverer of 

diazomethane, Hans von Pechmann, noted in 1895, while suffering from the complications of a 

diazomethane intoxication that this reagent would only find applications “where operations are 

carried out in smallest quantities” (“... wo es sich um Operationen im kleinsten Maassstab [sic] 

handelt”).[165] More than 100 years later, Proctor and Warr from Phoenix Chemicals noted that 

diazomethane was indispensable for the ton scale production of the HIV protease inhibitor 

nelfinavir mesylate 10 (Scheme 5A). In the course of the synthesis, the mixed anhydride 6 was 

reacted with diazomethane in a modified Arndt–Eistert reaction to afford diazo compound 7 

which is treated with hydrogen chloride leading to chloromethyl ketone 8 and subsequently 

reduced to alcohol 9.[166] 
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Scheme 5: A) Industrial synthesis of nelfinavir mesylate 10 involving reaction of mixed anhydride 6 with 
diazomethane in continuous flow. B) Preparation of diazomethane from diazald® (11) and potassium 
hydroxide under formation of potassium para-toluenesulfonate (12) in flow. 

To realize this reaction on ton scale fulfilling all safety requirements, the process is conducted in 

continuous flow. Thus, diazomethane is generated in a mixture of dimethyl sulfoxide and water 

by reaction of diazald® (11) with potassium hydroxide at 40 °C producing 90–93 g diazomethane 

per hour (Scheme 5B). A stream of nitrogen is employed for continuously stripping diazomethane 

from the reaction mixture which is then carried into a solution of mixed anhydride 6 where the 

introduced diazomethane is continuously consumed (Scheme 5A). In this way, an overall 

inventory of diazomethane of less than 80 g at any time is ensured, demonstrating the virtue of 

flow chemistry for controlling hazardous chemicals in large scale processes.[166] Following this 

blueprint, numerous other methods for the safe generation of diazo compounds in flow were 

developed in the following years.[167–180] 

Although flow chemistry is a valuable tool to extend the borders of organic synthesis, translating 

reactions in flow frequently requires dealing with technological limitations.[6] Furthermore, flow 

reactors show some disadvantages that do not (or only to a small degree) exist in batch. One of 

the most important problems of flow reactors is the occurrence of dispersion phenomena when 

e.g., a reagent solution is introduced in a stream of pure solvent.[6] Due to the concentration 

difference between the reagent solution and the solvent, a gradient is formed resulting in leaching 

of the reagent into the solvent slug (Figure 2). The axial dispersion is primarily depending on the 

flow speed (the higher the flow speed, the higher the dispersion) and on the time (the dispersion 
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increases with time).[181] Only within a part of the introduced reagent solution the initial 

concentration is retained reflecting the so-called “steady-state conditions”. Therefore, typically, 

only the part of the reaction under steady state conditions is collected while the pre- and postrun 

are discarded.[6] The resulting material loss is relatively high, when small reagent slugs are 

introduced, in particular in combination with reactions that are performed in large tube reactors 

and with high flow rates leading to a high dispersion. It has been outlined that dispersion 

phenomena are a significant issue in flow chemistry, especially for small scale operations of 

valuable substrates and for multi-step sequences resulting in dispersion losses with each step.[107]  

 

Figure 2: Simplified representation of dispersion between solvent and reagent directly after introduction 
of a reagent slug (t0) and after a given time (t1). 

To address these shortcomings, the concept of the segmented gas-liquid flow has been developed 

by Jansen and coworkers. Reagent solutions are mixed with a stream of a carrier gas resulting in 

the formation of alternating liquid and gas slugs, while the gas slugs act as barriers between the 

liquid volumes. In this way, a direct contact between a reagent solution and pure solvent is 

avoided and dispersion phenomena are minimized.[182–188] Very recently, this concept has been 

adopted by Gilmore and coworkers to design an automated synthesizer for multistep sequences 

in flow.[189] 

Another common problem in flow chemistry are suspensions caused either by insoluble reagents 

or precipitation formed during a reaction. As they tend to block tubes or movable parts (valves, 

pumps, etc.), performing reactions with suspensions in flow is still challenging. To suppress 

sedimentation of solids, concepts including continuous mechanical agitation or sonication using 

ultrasound were developed.[111,190–193] Recently, Gilmore and coworkers presented a simple and 

elegant solution by pumping suspensions in a segmented flow (Figure 3).[194]  

 

Figure 3: A) Formation of toroidal currents between liquid and argon bubbles in a triphasic flow regime. B) 
Picture of a pumped suspension in segmented flow. 
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The suspension is mixed with argon to form a triphasic flow regime in which strong toroidal 

currents continuously resuspend the solids within the liquid segments preventing clogging of the 

tubes. Using this technique, decarboxylative fluorinations mediated by an insoluble photocatalyst 

were realized in flow.[194]  

To deal with such engineering challenges frequently customized solutions must be found, 

resulting in the development of specially designed flow equipment.[189,195–198] Recently, 

engineering tasks were enormously simplified by the evolvement of 3D-printing. By using 

software for computer aided design (CAD) and an inexpensive 3D-printer to manufacture 

prototypes, the development of simple solutions for complex engineering problems is 

significantly accelerated.[199–208] 

However, printing of materials that are resistant against different organic solvents is challenging 

and requires much more expensive industrial printers.[206,209,210] 3D printing of reactors and other 

so called “labware” with only moderately resistant polymers such as polypropylene as invented 

by Cronin and coworkers is rarely practical, restricting their applicability on relatively few organic 

reactions.[211–213] Therefore, 3D-printing is not a one-fits-all solution to replace established 

technologies or inexpensive lab equipment but rather a supporting tool and an enabling technique 

for prototyping.[206,208,214] For instance, 3D printing of highly chemical resistant materials such as 

stainless steel 316L or titanium enabled the construction of tailor-made reactors with superior 

mixing properties.[215] 

As 3D printing lowers the barrier for inventing technological solutions, more recently, it also 

facilitated the adaption of flow processes for automation and high-throughput optimization 

processes.[216–218] This is of great importance, since reactions in flow require usually stricter 

supervision and consequently more time at the lab bench than batch processes.[219] Additionally, 

in most cases it is necessary to reconfigure the flow system when different types of reactions are 

performed. To overcome these limitations, many flow chemists and engineers focused on the 

development of partially automated and autonomous flow systems or modular approaches that 

simplify switching between different reaction types.[220]  

Among the different areas of organic chemistry, the total synthesis of natural products has the 

highest demand on the flexibility and modularity of a flow system. To approach structurally 

complex natural products, various reaction types are regularly conducted, including fast reactions 

at low temperatures, slow reactions at elevated temperatures, reactions involving gases under 

pressure and photochemical reactions. Besides these requisites on flexibility, natural product 

synthesis calls for broad scalability, reaching from decagrams in the early steps of a synthesis to 

milligrams in the “end game”. Therefore, designing such a flow system is both a chemical and an 

engineering challenge.[8,40,93,221] 
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1.2 Natural Product Synthesis and Late-Stage Transformations 

Nature is an almost infinite source of molecules with an enormous structural diversity. Most of 

them are secondary metabolites meaning that these compounds are not necessarily required for 

survival but may help the organism for instance to defend itself against predators or to attract 

insects for pollination.[222–224] However, these natural products are of great importance for human 

civilization as they are frequently used to treat diseases (65% of the newly approved small 

molecule drugs have been natural products or derivatives thereof) or to serve as flavors and 

fragrances.[225–227] 

The use (and misuse) of opium as an analgesic and anesthetic was already described by “the father 

of medicine”, Hippokrates of Kos (460–377 BC).[228] In 1803, one of the most important opiates, 

(−)-morphine (13), was isolated by Sertürner, which was, in fact, the first isolation of an alkaloid 

from a plant.[229] Today, (−)-morphine (13) is on the World Health Organization’s list of essential 

medicines – and is still isolated from the opium poppy in quantities of ~500 t/a.[230,231] 

 

Figure 4: The essential opioids (−)-morphine (13) and its antagonist naloxone (14). 

However, the structure of (−)-morphine (13) was unknown at that time and could only be 

elucidated by the first total synthesis of (−)-morphine (13) in 1952 by Gates and Tschudi.[232,233] 

For many decades, one of the primary motivations for the natural product synthesis was to 

determine their structure. This has been changed in the last fifty years, in particular due to the 

achievements in NMR spectroscopy and X-ray crystallography,[221] but even today, the total 

synthesis of a natural product occasionally leads to a revision of its proposed structure.[234–236] 

Nevertheless, after solving the structure of (−)-morphine (13) by total synthesis, many other 

syntheses followed.[237–254] This may be rationalized by achieving independency of natural 

sources,[255] but also to demonstrate the virtue of new synthetic methods for the preparation of an 

attractive target such as morphine (13).[256] 

To understand the structure-activity relationship and to identify molecules that show enhanced 

pharmacological profiles, derivatization of natural products is of great interest.[257] Thus, total 

synthesis of natural products can serve as an access hub to a plethora of derivatives. In particular, 

as a result of the tremendous achievements in C–H functionalization in recent years, which allow 
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activation even of the strongest C(sp3)–H bonds in a molecule, late stage-functionalization of 

natural products receives more and more attention.[258,259]  

Already the first derivatives of morphine (13) have been prepared by functionalization of 

morphine (13) in a semisynthetic fashion before its first total synthesis was completed.[230] A 

breakthrough in the synthesis of opioid drugs was the synthesis of naloxone (14), which is 

obtained from morphine (13) in few steps.[260] It is a competitive opioid receptor antagonist able 

to block the effect of other opioids and saves lives in case of an opioid overdose. Consequently, 

naloxone (14) was also included in the World Health Organization’s list of essential medicines.[261] 

Beside the importance of natural products for medicine, they have found numerous applications 

as odorants. In modern perfumery, animal notes such as amber, musk, and civet are employed as 

base notes in almost any fragrance. The primary odorous constitute of natural ambergris is (–)-

ambroxan (18), adding a slightly sweet, woody, and fresh note to a perfume (a high concentration 

is used in e.g., Dior Sauvage). Due to its full and pleasant smell, it is even sold as a single-ingredient 

fragrance (e.g., Escentric Molecules: Molecule 02).[226,262,263]  

As natural ambergris is only produced in very small amounts by sperm whales, the need for 

(−)-ambroxan (18) cannot be covered by natural sources. Therefore, it is produced in a combined 

scale of ~100 t/a, typically by semi-synthesis starting from sclareol (15), a diterpene that is 

isolated from clary sage (Scheme 6).[226,263] Sclareol (15) is oxidized by chromium(VI) oxide in 

acetic acid to provide (+)–sclareolide (16), which is then reduced to the corresponding diol 17 

and cyclized to (−)-ambroxan (18) using naphthalene-2-sulfonic acid.[263] In the last step, careful 

reaction control is necessary to suppress formation of the thermodynamically more stable 9b-epi-

ambroxan (19). Alternative synthetic routes towards (–)-ambroxan (18) including biocatalytic 

processes were developed, but most of them are still semi-synthetic approaches.[226,264–266]  

 

Scheme 6: Industrial synthesis of (–)-ambroxan (18) by oxidation of sclareol (15) to (+)–sclareolide (16) 
followed by reduction and cyclization of diol 17 under acidic conditions. 
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As a good reaction control is not only important for the industrial synthesis of (–)-ambroxan (18), 

but also for natural product synthesis in academia, the advantageous reaction control of flow 

reactors is more and more utilized in organic synthesis.[8] 

During the studies on the synthesis of 3,4-dioxygenated quinolin-2-one natural products, a 

general strategy for the concise synthesis of their heterocyclic core was envisaged. This was 

realized by insertion of arynes generated in situ from precursors 20 into the C–N bond of 

unsymmetric imides 21 leading to benzophenones 22 followed by intramolecular aldol reaction 

providing quinolinones 23 (Scheme 7). As the aryne insertion reaction was found to be quite 

sensitive to the reaction temperature and mixing of the reagents, this reaction was translated into 

a flow process offering stable reaction conditions and, as a result, higher yields compared to the 

batch procedure.[267] 

 

Scheme 7: Synthesis of 3,4-dioxygenated quinolin-2-ones 23 by reaction of aryne precursors 20 and 
unsymmetric imides 21 in flow leading to benzophenones 22 followed by aldol cyclization. In two 
additional steps, the structurally more complex natural product peniprequinolone (24) was prepared. 
TBAT = tetrabutylammonium triphenyldifluorosilicate. 

Following this general strategy, seven natural products were synthesized, including structurally 

more complex natural products such as the nematicidal peniprequinolone (24).[267,268] Shortly 

after, this synthetic strategy was also employed for the synthesis of yaequinolones J1 and J2 in five 

steps, which was significantly shorter than the previously reported 18-step synthesis.[269] 
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1.3 Ferrocenyl Derivatives as Versatile Building Blocks 

The discovery of ferrocene in 1951 is one of the most popular events in organometallic chemistry. 

Already the structural elucidation of ferrocene led to a scientific debate recognized beyond the 

borders of chemistry, prompting Laszlo and Hoffmann to re-narrate the years of discovery and its 

structural elucidation fifty years later.[270,271] 

Initially, the structure of ferrocene was described as an iron(II) center coordinated by two η1-

cyclopentadienyl ligands ([Fe(η1-C5H5)2]), but was revised shortly afterwards. Wilkinson and 

Woodward and, independently, Fischer and Pfab suggested a “sandwich-type” or “double-cone” 

structure, respectively. One year later, their structural proposal was proven unambiguously by X-

ray crystallography. While Woodward coined the name “ferrocene” underlining its aromaticity in 

analogy to benzene, Wilkinson and Fischer as key protagonists in the early history of metallocenes 

were honored with the Nobel prize in chemistry in 1973.[271]  

 

Figure 5: The structures of 1,1’-bis(diphenylphosphino)ferrocene (25, dppf), and the chiral catalysts 
josiphos (26) and mandyphos (27).  

Over the last decades, ferrocene derivatives have found numerous applications in almost all areas 

of chemistry due to the striking combination of unique redox properties, high chemical and 

physical stability, and simple methods for their preparation.[270] In homogeneous catalysis, 

ferrocene serves as a stable backbone for ligands such as 1,1’-bis(diphenylphosphino)ferrocene 

(25, dppf). Since ferrocenes bearing at least two different substituents on one cyclopentadienyl 

rings are planar chiral, ferrocene derivatives have been utilized as platform for an array of chiral 

ligands, e.g., josiphos (26) or mandyphos (27) which are employed for asymmetric catalysis, even 

on industrial scale.[272–277] 

One of the most intriguing properties of ferrocene is its reversible oxidation from ferrocene 

(iron(II)) to the ferrocenium cation (iron(III)).[270] Due to the high stability of the ferrocenium 

cation in many organic solvents, the ferrocene/ferrocenium couple is frequently used as internal 

standard for electrochemical measurements but also as redox mediator in preparative 

electrochemistry.[278–281] In addition, ferrocene derivatives are further utilized as redox switches 

for inorganic materials and molecular electronics.[282–285] If more than one ferrocene unit is 

present in the molecule, the redox state of each ferrocenyl unit can be switched separately or 

cooperatively, allowing the controlled switch of polarity, charge, or color.[277,286–299] 
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For the synthesis of these compounds, easily accessible and versatile ferrocenyl building blocks 

are required. Therefore, new methods for the functionalization of ferrocene are developed until 

today. Despite the aromaticity of ferrocene, many substitution reactions which are commonly 

used for aromatic compounds cannot be applied to ferrocene derivatives, as under oxidizing 

reaction conditions the ferrocene moiety is readily oxidized changing its reactivity.[277] More 

recently, methods for the directed C–H functionalization of ferrocene derivatives using transition 

metal catalysis have been reported.[300–305] Nevertheless, most functional groups are typically 

introduced to ferrocene derivatives using stoichiometric organometallics. Especially ferrocenyl 

lithiums 28 have been established as versatile precursors (Scheme 8). They are commonly 

prepared by lithiation or by halogen-lithium exchange of ferrocenyl halides.[277]  

 

Scheme 8: Overview of reactions of ferrocenyl lithiums 28 with selected electrophiles to the corresponding 
functionalized ferrocene derivatives. 

In general, ferrocenyl lithiums 28 can be reacted with a variety of electrophiles for the 

construction of C–C bonds and the introduction of heteroatoms. Trapping of 28 with N,N-

dimethylformamide (DMF) provides the corresponding aldehyde 29,[306] while reaction with ethyl 

chloroformate leads to ester 30.[307] By introduction of gaseous carbon dioxide to a solution of 

ferrocenyl lithiums 28 at low temperatures, ferrocenyl carboxylic acids 31 can easily be 

prepared.[308] The preparatively useful ferrocenyl halides 32 are accessed by reaction with 

electrophilic halogen sources such as para-toluenesulfonyl chloride, 1,2-dibromoethane, or 

iodine.[309–311] 
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By formal oxidation of the C–Li bond with bis(trimethylsilyl)peroxide, the oxygen-labile 

ferrocenols 33 can be synthesized,[312] while reaction of ferrocenyl lithiums 28 with gaseous 

dinitrogen oxide gives access to the deep violet azoferrocenes 34.[313] One of the most important 

reactions of ferrocenyl lithiums 28 is the reactions with chlorophosphines to phosphines 35, 

introducing a donor-functionality present in many ferrocene based ligands.[310,314–316] In addition, 

ferrocenyl lithiums 28 can undergo salt metathesis with e.g., zinc chloride, affording the 

corresponding ferrocenyl zinc species 36 which are primarily employed in Negishi cross coupling 

reactions.[317,318]  

Based on these methods, countless ferrocene building blocks were prepared resulting in a broad 

spectrum of applications. However, for the installation of some versatile functionalities such as 

azides and amines, reliable synthetic methods are underexplored.[314,319]  

The synthetic value of azides was already demonstrated by Staudinger and Curtius, however, only 

recently, organic azides have emerged as one of the most important compound classes in 

chemistry and biochemistry.[320–322] This elevation was initiated by the simultaneous and 

independent discovery of Sharpless and Fokin that the copper-catalyzed azide alkyne 

cycloaddition (CuAAC) forms exclusively the 1,4-regioisomers of 1,2,3-triazoles in contrast to the 

uncatalyzed, thermal Huisgen cycloaddition of azides and alkynes resulting in mixtures of the 1,4- 

and the 1,5-triazoles.[323] As the CuAAC reliably offers also high yields and a broad tolerance of 

functional groups and solvents, it has been outlined as a premier example of a “click” reaction, a 

term coined by Sharpless to characterize “nearly perfect” bond-forming reactions to create 

covalent links between diverse building blocks.[324] Already in the years after its discovery, the 

CuAAC crossed traditional disciplinary borders and found broad applications in biochemistry, 

medicinal chemistry, polymer and material sciences as well as inorganic chemistry.[325–330] 

Shortly after, the first examples of ferrocenyl-substituted 1,2,3-triazoles were presented, merging 

the unique redox properties of ferrocene with the synthetic possibilities opened up by click 

chemistry to access unprecedented ligands, complexes, and molecular electronics.[294–296,328]  

 

Scheme 9: The redox switchable gold(I) catalyst 37. By oxidation of the ferrocene moiety, the catalytically 
active cationic complex 38 is formed. Reduction of 38 leads back to the catalytically inactive neutral 
complex 37. 
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For instance, in the gold(I)-complex 37, the ferrocenyl substituent serves as a stable redox-switch 

while the 1,2,3-triazole-5-ylidene (a mesoionic carbene) derived from the corresponding 1,2,3-

triazole coordinates to the gold(I) center (Scheme 9).[285,331]  

Typically, the gold(I) catalyst is activated by removing the anionic counter ion (e.g., using silver(I) 

salts), to obtain a cationic gold(I) catalyst. In contrast, complex 37 can be activated for the gold(I) 

catalyzed synthesis of heterocycles by oxidizing the ferrocenyl moiety. As the oxidation of 

ferrocene is completely reversible, the oxidized species 38 can be reduced leading back to the 

native form 37 which also shuts down the catalytic activity, rendering complex 37 the first redox-

switchable gold(I) catalyst.[285] 

To construct ferrocenes such as catalyst 37, ferrocenyl azides are required as precursors to forge 

the 1,2,3-triazole heterocycle via CuAAC. Although ferrocenyl azides have found numerous 

applications as building blocks, no general methods for the synthesis of ferrocenyl azides have 

been developed. Among the published procedures for the synthesis of ferrocenyl azides, in 

particular three approaches have been employed.[314] 

 

Scheme 10: Selected examples for the synthesis of ferrocenyl azides. A) Copper mediated nucleophilic 
substitution of bromoferrocene. B) Lithiation of ferrocene with subsequent electrophilic trapping using 
2,4,6-triisopropylbenzenesulfuonyl azide (41). C) Bromine-litihum exchange of ferrocenyl bromide 42 
followed by reaction with tosyl azide. 

In the first approach, azidoferrocene (40) is prepared by the copper-mediated nucleophilic 

substitution of bromoferrocene (39) with sodium azide (Scheme 10A). Typically, stoichiometric 

amounts of copper(I) or copper(II) mediators are employed, resulting in the formation of highly 

explosive copper azides as intermediates. As the functional group tolerance under these 
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conditions is limited, this approach is primarily used for the synthesis of unfunctionalized 

ferrocenyl azides such as azidoferrocene (40) or 1,1’-diazidoferrocene.[319,332] 

In the second approach stoichiometric amounts of organolithium bases are used for the C–H 

lithiation of ferrocene, followed by trapping with 2,4,6-triisopropylbenzenesulfonyl azide (41, 

Scheme 10B).[333] The monolithiation of ferrocene requires the use of the extremely strong 

Lochmann-Schlosser base while dilithiation of ferrocene is achieved using n-butyl lithium in 

combination with N,N,N’,N’-tetramethylethylenediamine.[310] However, metalation of ferrocenes 

bearing directing groups can be performed under milder conditions.[275,309]  

In the third approach, the functionalized ferrocenyl azide 43 is generated by bromine-lithium 

exchange of 42 and subsequently reacted with tosyl azide (Scheme 10C). This approach has 

recently been used for the preparation of silver(I)- and gold(I) complexes with ferrocenyl 

isocyanide ligands.[314]  

All three approaches have in common that they prepare ferrocenyl azides via hazardous 

intermediates, leading to safety concerns in particular on larger scale. Notably, ferrocenyl azides 

are – in contrast to other aryl azides – relatively unstable compounds that are light sensitive, 

decompose at ambient temperature, and can be even prone to explosion.[319,334] Although the 

reason for the unusual instability of ferrocenyl azides is still under debate, it has been suggested 

that the iron(II) center facilitates decomposition processes. Either via non-bonding electrons of 

the iron atom, or by σ-π carbon-iron hyperconjugation, nitrene intermediates could be stabilized, 

thus lowering the kinetic barrier for fragmentation of the azide.[335] 

Frequently, ferrocenyl azides are reduced to the corresponding ferrocenyl amines, which have 

found numerous applications for the preparation of biologically active compounds, 

chromophores, peptides and especially as platform for ligands.[336] For instance, after 

hydrogenation of 1,1’-diazidoferrocene under palladium catalysis, the thus-obtained 1,1’-

diaminoferrocene was used to prepare titanium (IV) complex 44 (Scheme 11). Upon treatment 

with the strong Lewis acid triphenylmethylium tetrakis(pentafluorophenyl)borate 

([Ph3C][B(C6F5)4]) the cationic titanium (IV) complex 45 was obtained. Further reaction with 

dichloromethane led to the dimer 46 which could be crystallized and analyzed by X-ray diffraction 

revealing a short Fe–Ti distance of 2.49 Å which is similar to the sum of the covalent radii of iron 

and titanium for Fe–Ti single bonds. Thus, the iron(II) center of the ferrocene moiety can be 

considered as a Lewis base that coordinates within the complex to the Lewis acidic titanium (IV) 

moiety.[337,338] 
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Scheme 11: Synthesis of the dimeric complex 46 with a dative Fe–Ti bond. 

Relatively often, complexes with ferrocene-based ligands show unique features and superior 

catalytic properties.[282] In many cases, they are functionalized with additional donating groups, 

especially nitrogen heterocycles, such as pyridines,[333,339–342] triazoles,[285,328,333,343] or 

benzotriazoles.[344–347] 
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1.4 Benzotriazoles 

Benzotriazoles constitute a versatile class of aromatic heterocycles with applications in synthetic 

organic chemistry and medicine.[348] Katritzky and coworkers established benzotriazole as a 

synthetic auxiliary, which is easily introduced, activates the molecule towards various 

transformations and can then be removed under mild conditions.[349–351] Interestingly, a 

benzotriazole substituent is able to guide functionalizations both via ionic and radical pathways 

allowing a plethora of transformations (Scheme 12).[349] Alkyl benzotriazoles 47 bearing a good 

leaving group can form the cationic intermediate 48 which is stabilized by conjugation with the 

benzotriazole moiety (Scheme 12A). For instance, 48 can be attacked by electron-rich arenes in a 

Friedel–Crafts type reaction leading to the α-arylated species 49. If the functionality in α-position 

to the benzotriazole is an electron donating group such as an amine, ether, or sulfide, the 

benzotriazole 50 acts as a leaving group leading to 51 which can be attacked by e.g., 

organomagnesiums providing the C–C coupling product 52 (Scheme 12B).[349] 

 

Scheme 12: The benzotriazole auxiliary activates the adjacent carbon atom. A) By stabilization of α-cations 
enabling reactions with arenes. B) By behaving as a leaving group in the reaction with organomagnesiums. 

Alternatively, alkylated benzotriazoles 53 can be lithiated in α-position due to the electron-

withdrawing effect of the adjacent heterocycle providing organolithium 54 and subsequently be 

trapped with various electrophiles to give benzotriazoles 55 (Scheme 13A). Precursor 53 can also 

be reduced by strong reducing agents e.g., samarium diiodide, to generate either anionic 

intermediates 56 which can attack carbonyls to afford alcohols 57 (Scheme 13B) or radical 

species 58 that can be trapped for example with alkenes (Scheme 13C).[349,352] 
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Scheme 13: Further modes of activation by a benzotriazole substituent. A) By facilitating lithiation and 
subsequent reaction with electrophiles. B) By reduction to generate anions which are reacted with 
electrophiles. C) By forming radicals allowing radical trapping reactions. 

When the benzotriazole moiety serves as an auxiliary and is not replaced in the course of the 

transformation (Scheme 12A and Scheme 13A), the benzotriazole can easily be removed under 

acidic or reductive conditions, afterwards. Utilizing benzotriazole as a directing group, Katritzky 

and coworkers disclosed an access for the preparation of pharmaceutically valuable 2,3-

disubstituted benzothiophenes 63 from o-sulfanylphenyl ketones 59 (Scheme 14). By 

deprotonation of 59 and reaction with benzotriazole-substituted alkyl chlorides 60 the sulfides 

61 were obtained. Upon treatment with lithium diisoproylamide the sulfides 61 undergo a 

benzotriazole-directed α-lithiation leading to the cyclization products 62. Without further 

purification, these intermediates were treated with a low-valent titanium species prepared from 

lithium and titanium(III) chloride in dimethoxyethane (DME) providing the 2,3-disubstituted 

benzothiophenes 63 under removal of the benzotriazole moiety.[353]  

Given the ability of benzotriazole to enable various chemical transformations, a broad spectrum 

of functionalized benzotriazoles and related heterocycles were synthesized, which are 

particularly important for the development of new pharmaceuticals.  
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Scheme 14: Synthesis of 2,3-disubstituted benzothiophenes 63 utilizing a benzotriazole moiety as directing 
group. 

In recent years, more and more microbes were identified that are resistant against common azole-

based pharmaceuticals. Thus, there is a growing demand for analogs of established drugs utilizing 

related heterocycles such as benzotriazoles for antibacterial and antiviral agents. As a result, 

benzotriazoles have evolved as valuable substitutes for antibacterial and antiviral agents.[354–358]  

One of the most prominent benzotriazole derivatives is vorozole (64), a third generation 

aromatase inhibitor able to cause a selective, reversible inhibition of intratumoral cytochrome 

P450 aromatase in postmenopausal breast cancer. Compared to previously developed drugs for the 

treatment of breast cancer such as aminoglutethimide, a significantly better quality of life of the 

patients was associated with vorozole (64).[359–361] As aromatase is a catalyst in estrogen 

biosynthesis, mediating the aromatization of the A ring of e.g., testosterone to estradiol, the 

activity of aromatase has been associated with neurophysiological and behavioral functions 

including aggression and sexual behavior. Therefore, 11C radiolabeled vorozole (64) was also used 

to investigate the distribution of aromatase in the human brain by positron emission 

tomography.[362] More recently, in a systematic screening of thiadiazole-based drugs, the 

benzotriazole substituted compound 65 was found to be an anticonvulsant and a COX-2 inhibitor 

showing an anti-inflammatory activity almost as potent as ibuprofen.[363] 
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Figure 6: The structures of the antineoplastic agent vorozole (64) and of the thiadiazole 65 with anti-
inflammatory activity. 

Hence, methods for the preparation of functionalized benzotriazoles are of great interest and are 

continuously investigated.[364–369] More recently, Buchwald and coworkers developed a multistep 

synthesis of 1-substituted benzotriazoles in flow (Scheme 15).[367] Starting from ortho-

chloronitroarenes 66, the corresponding diamines 67 are formed via nucleophilic aromatic 

substitution or palladium catalyzed amination depending on the electronic properties of the 

ortho-chloronitroarene 66 and subsequent palladium-catalyzed hydrogenation. In a diazotization 

and cyclization sequence, a spectrum of functionalized benzotriazoles 68 with various N-

substituents were regiospecifically accessed in good to excellent yields.[367] 

 

Scheme 15: Synthesis of benzotriazoles 68 from ortho-chloronitroarenes 66 by amination, hydrogenation 
and diazotization with subsequent cyclization.  

This flow procedure represents an interesting and readily scalable alternative to the established 

methods for the preparation of 1-substituted benzotriazoles via N-functionalization of 

benzotriazoles or via [3+2] cycloaddition of azides and in situ generated arynes.[370–376] 
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1.5 Synthetic Applications of Arynes 

Among all intermediates in organic synthesis, arynes are energetically near the top. Formally, they 

are obtained by removal of two adjacent substituents from an aromatic system leading to a highly 

strained cyclic alkyne.[377,378] As the alkyne moiety cannot adopt a linear geometry, it can be 

imagined that one π-bond is formed by overlap of two sp2-orbitals resulting in an extremely weak 

triple bond with a small HOMO-LUMO gap.[379] Once regarded as laboratory curiosities, arynes 

have been evolved as versatile intermediates for countless reactions with applications in the 

synthesis of natural products and pharmaceuticals.[377,380–395] 

Due to their enormous reactivity, arynes allow transformations that are impossible with almost 

all other alkynes. Therefore, unless trapped at low temperatures in a matrix, arynes are transient 

species and have to be generated in situ.[396] In the last century, more than 30 different types of 

aryne precursors have been developed and the search for the “ideal” aryne precursor continues 

until today (Scheme 16).[377] One of the oldest preparation methods is the reaction of 1,2-dihalides 

with alkali or earth alkali metals, forming arynes 69 by elimination of metal salts.[397] Later, this 

access was extended to precursors of type 70 bearing a good leaving group and either a bromide 

or an iodide in ortho-position capable of undergoing a halogen-metal exchange with 

organolithiums or organomagnesiums.[398] More recently, this approach has found rejuvenated 

interest for the generation of arynes in flow.[130]  

 

Scheme 16: Selected methods for the generation of arynes. 

A related method is the directed ortho-deprotonation of arenes 71 bearing good leaving groups 

such as halides or triflates.[399] As this method requires strong bases limiting the functional group 

tolerance, diazonium carboxylates 72 were developed which can be obtained by diazotization of 

anthranilic acid derivatives. Upon thermolysis, 72 release nitrogen and carbon dioxide forming 
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arynes 69.[400] Alternatively, upon oxidation of aminobenzotriazoles 73 with strong oxidants such 

as lead tetraacetate, presumably a nitrene intermediate is formed which rapidly disintegrates 

with the loss of two equivalents of nitrogen to give arynes 69.[401–403] Similarly, the 

benzothiadiazole dioxide 74 generates arynes 69 under formation of nitrogen and sulfur dioxide 

even at temperatures around 0 °C.[404–407] Interestingly, it was found that also the structurally 

related platinum complex 75, formed by reaction of 74 with 

tetrakis(triphenylphophine)platinum(0), is capable to form arynes 69 by photolysis.[408] 

However, as aryne precursors 72–75 release gases in exothermic reactions, they are potentially 

explosive compounds. In particular, diazonium carboxylates 72 are reportedly extremely 

dangerous and display “shock sensitivity when isolated”.[160,409] 

More recently, the generation of arynes from non-aromatic triynes 76 has received great interest. 

Upon thermal activation, these precursors undergo cycloaromatization in a hexadehydro-Diels–

Alder (HDDA) reaction forging an aryne.[410–412] This approach has the great advantage to form 

structurally complex arynes by thermal activation (typically at temperatures around ~100 °C) 

without any reagents and is not accompanied by the formation of gases.[413,414]  

The most important aryne precursors are ortho-trimethylsilylaryl triflates 77 that are also 

frequently called “Kobayashi aryne precursors”, named after their discoverer.[377,415] In 

comparison, it was found that when related precursors 78 with a chloride as leaving group are 

employed, the elimination step proceeds comparably slow (Scheme 17).[415,416] Thus, the anionic 

species 80 is persistent enough to react as a base with either traces of water or with acidic protons 

of the solvents, reagents, or intermediates.  

 

Scheme 17: Reaction of aryne precursors 77 and 78 leads to carbanions 79 and 80, respectively, which 
undergo elimination to arynes 69. In the case of intermediate 79 the elimination is very fast and undesired 
side reactions of the carbanion are minimized. 

In 1983, it was realized by Kobayashi and coworkers that by changing the leaving group from 

chlorides to the superior triflates, the elimination is significantly accelerated and undesired side 

reactions of the corresponding carbanion 79 are substantially reduced.[415] In fact, ortho-

trimethylsilylaryl triflates 77 successfully generate arynes even in the presence of stoichiometric 

amounts of water.[267,417–419] After the seminal work of Kobayashi, related aryne precursors with 

other leaving groups, other silyl groups and alternative protocols for cleaving the silyl group have 

been developed.[420–425] As ortho-trimethylsilylaryl triflates can be readily prepared from phenols, 

are mostly bench-stable, and generate arynes under mild reaction conditions with fluoride ions, 

they are by far the most frequently used aryne precursors. However, very recently, it has been 
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outlined that the most distinct advantage of Kobayashi aryne precursors is actually their ability to 

generate arynes continuously at relatively low concentration. Thus, typical side reactions of 

arynes such as the trimerization of arynes in a [2+2+2] cycloaddition, are reduced. In fact, the 

tremendous progress of aryne chemistry in the last two decades can be mainly attributed to the 

application of Kobayashi aryne precursors.[377]  

Given the broad range of aryne precursors and the various transformations that arynes can 

undergo, the scope of products accessible by aryne chemistry is consistently expanding. As arynes 

contain an electron poor triple bond, they are attacked by various nucleophiles, while the formed 

carbanionic intermediates can be trapped with a broad array of electrophiles. As demonstrated 

by Knochel and coworkers, nucleophilic attack of phenylmethyl amide (81) followed by trapping 

with benzaldehyde gives the ortho-functionalized arene 82 (Scheme 18).[398] 

In the case that a single substrate consists both of a nucleophilic and an electrophilic moiety, the 

aryne can react in a formal σ-bond insertion. For instance, Stoltz and coworkers described the 

insertion of arynes into β-ketoesters 83 leading to acyl-alkylated arenes 84. In analogy, cyclic β-

ketoesters could be expanded to carbocycles that would otherwise be laborious to prepare.[426] 

 

Scheme 18: Selected examples for the reaction of arynes. A) Nucleophilic attack of amide 81 with arynes 
followed by electrophilic trapping with benzaldehyde. B) σ-Insertion of arynes into β-ketoester 83. C) Diels–
Alder reaction of arynes and phosphinine 85. 

However, the earliest, and, until today most well-investigated applications of arynes are pericyclic 

reactions. Due to the small HOMO-LUMO gap of an aryne, it is an extremely reactive dienophile in 

[4+2] cycloadditions that can even react with benzene in a Diels–Alder reaction.[389] For example, 

the same reactivity can be adopted to 2,4,6-triphenylphosphinine (85) leading to the 

corresponding phosphabarrelene 86.[427] These phosphor(III) compounds were later employed as 

unique ligands for coordination chemistry and catalysis.[428–434] 
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In addition, numerous 1,3-dipolar cycloadditions were studied with formal [3+2] cycloadditions 

of arynes and 1,3-dipoles including, e.g., diazo compounds,[435–439] azides,[370–375] nitrones[440–443] 

and hydrazones.[444,445] For these reactions, Kobayashi aryne precursors 77 are employed very 

frequently, since they generate arynes under mild conditions and thus allow a variety of 1,3-

dipoles to be used.[377] As described by Larock and coworkers, arynes can be reacted with diazo 

compounds to indazoles in high yields under mild conditions (cesium fluoride in acetonitrile at 

room temperature, Scheme 19). In the reaction of monosubstituted diazomethane derivatives 87, 

the corresponding 1H-indazoles 88 are formed via [3+2] cycloaddition in moderate to very good 

yields.[435]  

 

Scheme 19: 1,3-Dipolar cycloaddition of arynes with mono- and disubstituted diazo compounds. 

In contrast, when disubstituted diazo compounds 89 are employed under slightly different 

reaction conditions, the intermediate 91 is formed which reacts in a carbonyl migration to 1-acyl 

and 1-alkoxycarbonyl indazoles in very good to excellent yields.[435] This example demonstrates 

not only the value of arynes to construct heterocycles but is also a testament for the countless 

unexpected reactions and mechanistic pathways serendipitously discovered in aryne 

chemistry.[377] 
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1.6 Scientific Goal 

Motivated by the advantages of flow chemistry, a new platform should be designed and applied 

for the synthesis of natural products, ferrocenyl azides, and benzotriazoles (Figure 7). As most 

commercially available flow systems are based on a liquid-driven flow resulting in dispersion 

phenomena between solvent and reagent solution, a gas-driven flow platform should be 

developed. In this way, dispersion effects would be minimized, and valuable substrates could be 

preserved.  

 

 

Figure 7: Concept sketch of the flow platform for the synthesis of natural product intermediates in an 
argon-driven flow utilizing 3D-printed components. 

Adhering to the idea of sustainable manufacturing, solvent- and reagent demanding drying 

procedures should be overcome by the adaption of common Schlenk techniques to efficient drying 

procedures in flow. Confronted with the broad spectrum of reaction conditions that are typically 

used in organic synthesis, the flow platform should be constructed of interchangeable and 

independent modules offering more flexibility. In addition, the platform should be suitable for 

screening reactions on small scale as well as for large scale processes without circumstantial 

modifications. As it was expected that these technical ambitions would be hard to realize 

employing only commercially available components, it was envisaged to use 3D-printing for the 

manufacturing of tailormade prototypes. 

Finally, it should be demonstrated that the developed flow platform can be applied for the 

substrate economical handling of valuable intermediates in natural product syntheses while 

offering reproducible yields on small and large scale. Thus, key steps in the total synthesis of 

(+)-darwinolide and aspidodispermine should be performed in flow. Additionally, a flow protocol 

for the scalable decatungstate catalyzed C–H chlorination of (+)-sclareolide was envisaged. 
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After this proof of concept, it was planned to utilize selected modules of the flow platform for the 

synthesis of ferrocenyl azides via halogen-lithium exchange of functionalized ferrocenyl halides 

followed by trapping with aryl sulfonyl azides (Scheme 20). The influence of the superior mixing 

and cooling in flow reactors on yields and selectivities should be investigated by preparing a 

variety of functionalized ferrocenyl azides in batch and in flow allowing a direct comparison. To 

avoid accumulation of hazardous intermediates and to overcome resulting scalability limitations, 

a flow protocol should be developed that allows the safe synthesis of ferrocenyl azides on gram 

scale. Intrigued by the numerous applications of ferrocenyl amines, in addition, a reliable and 

functional group tolerant protocol for the reduction of ferrocenyl azides to the corresponding 

amines should be developed. 

 

Scheme 20: Intended transformation of ferrocenyl bromides and iodides to ferrocenyl lithiums and 
subsequent reaction ferrocenyl azides in batch and flow. 

To further emphasize the benefits of flow chemistry for reactions of organic azides, a flow protocol 

for the synthesis of benzotriazoles by [3+2] cycloaddition of azides and arynes should be 

developed (Scheme 21). In order to provide a rapid and scalable access to benzotriazoles, the 

reaction should be performed at elevated temperature exploiting the safe handling of potentially 

explosive azides in flow. It was planned to investigate the scope of the reaction with respect to a 

broad variety of functional groups. Due to the importance of benzotriazoles in medicinal 

chemistry, the scalability of the process should be demonstrated on gram scale for a biologically 

active benzotriazole. 

 

Scheme 21: Planned reaction of in situ generated arynes with azides leading to functionalized 
benzotriazoles in flow. 
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2.2 Illustration Credits 

Figure 1, p. 11 

Drawn with OriginPro 2020. 

Figure 2, p. 14 

Drawn with ChemDraw Professional 16.0. 

Figure 3, p. 14 

A: Drawn with ChemDraw Professional 16.0. B: A part of Figure 2B in the cited publication was 

used. Reprinted with permission from (B. Pieber, M. Shalom, P. H. Seeberger, K. Gilmore, Angew. 

Chem. Int. Ed. 2018, 57, 9976–9979, © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 

(License No.: 5092971461238) 

Figure 4, p. 16; Figure 5, p. 19; Figure 6, p. 28 

Drawn with ChemDraw Professional 16.0. 

Figure 7, p. 33 

Drawn with ChemDraw Professional 16.0, showing also a picture (grey box, “3D printed 

components”) taken from Autodesk Fusion 360. 
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General Information 

1.1 Materials and Methods 

Unless otherwise noted, all reactions and workups were performed open to air. All compounds sensitive 

to water and oxygen were handled under an argon atmosphere using standard Schlenk techniques and 

oil pump vacuum. Room temperature (rt) refers to 23 °C.  

Anhydrous THF was distilled under an atmosphere of argon over sodium/benzophenone and stored over 

activated 3 Å mol sieves. Anhydrous MeCN was obtained from ACROS and stored over 3 Å mol sieves. 

Anhydrous HNiPr2 was distilled from KOH and stored over activated 3 Å mol sieves.  

EtOAc, Et2O, n-pentane, and n-hexane were purified by distillation on a rotary evaporator. All other 

solvents and commercially available reagents were used without further purification unless otherwise 

stated.  

3 Å mol sieves were activated by drying in an oven at 250 °C and 10–3 mbar for 2–3 h.  

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-

Flash Rf or a TELEDYNE ISCO Combi-Flash Rf200 using prepacked SiO2 columns and cartridges 

from TELEDYNE. UV response was monitored at 254 nm and 280 nm. As eluents, cyclohexane 

(99.5%+ quality) and EtOAc (HPLC grade) were used. 

For column chromatography, silica 60 M (0.040-0.063 mm) from MACHERY-NAGEL was used. 

Concentration under reduced pressure was performed by rotary evaporation at 40 °C and the appropriate 

pressure. 

The following compounds were prepared according to the literature: 4,[1] 5,[1] 7,[2] [nBu4N]4[W10O32],[3] 

S5,[4] 11.[4] 

A zip file including 3D-printing files (.stl files, necessary to print the 3D-printed parts), LabVIEW 

software (.vi file) and Arduino code (.ino file, both necessary to control the flow platform) can be 

obtained from the corresponding author (philipp.heretsch@fu-berlin.de) upon request. 
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1.2 Analysis 

Reaction monitoring: Reactions were monitored by TLC carried out on Merck Silica Gel 50 F254 plates 

and visualized by fluorescence quenching under UV light (λ = 254 nm) or by using a stain of vanillin 

(6 g vanillin, 1.5 mL 96% aq. H2SO4, 100 mL EtOH) and heat as developing agent. 

NMR spectroscopy: All NMR spectra were acquired on a JEOL ECP 500 (500 MHz), a Bruker Avance 

500 (500 MHz), a Varian INOVA 600 (600 MHz), or a Bruker Avance 700 (700 MHz) in the reported 

deuterated solvents. Chemical shifts are reported in parts per million (ppm) with reference to the residual 

solvent peaks. The given multiplicities are phenomenological, thus, the actual appearance of the signals 

is stated and not the theoretically expected one. The following abbreviations were used to designate 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet. In case no multiplicity 

could be identified, the chemical shift range of the signal is given (m = multiplet).  

Karl-Fischer titration: Karl-Fischer titrations were performed using a METLER TOLEDO DL312 

Karl-Fischer Coulometer. 
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1.3 Flow Equipment and Hardware 

All flow experiments were carried out using the following equipment: 

 

Flow equipment 

Material Provider 

FEP tube (outer diameter 1/16”, inner diameter 1/32”) BOLA 

PTFE tube (outer diameter 1/16”, inner diameter 1.0 mm) BOLA 

PTFE tube (outer diameter 1/8”, inner diameter 1/16”) BOLA 

T-mixers (stainless steel 316L) VICI 

Coned 10-32 UNF fittings (stainless steel 316L) UPCHURCH SCIENTIFIC 

Flat bottom ¼-28 UNF gripper fittings (PP) DIBAFIT 

Adapters for ¼-28 UNF (PP or PTFE) UPCHURCH SCIENTIFIC 

Manual 6-way-valves (stainless steel 316L) KNAUER 

Low pressure valves (4-port T-configuration, PTFE/PCTFE) OMNIFIT (DIBA) 

Low pressure valves (5-port 5 positions, PTFE/PCTFE) OMNIFIT (DIBA) 

Gastight glass syringe VWR 

Adjustable back pressure regulator ZAIPUT 

 

 

Electronics 

All kind of tools (pliers, screwdrivers, soldering bolts, saw, etc.) were obtained from BAUHAUS. 

Material Provider 

Pressure sensor Walfront3crb1gv75x, 0-12 bar, 0.5-4.5 V VDC, 

G1 

WALFRONT 

Shrinking tube in different sizes CHILITEC 

Threading tap for ¼-28 UNF GSR PROFI 

M2-M5 Screws, flat washers, and nuts (stainless steel) BAUHAUS 

60 mm PC fan NOISEBLOCKER 

140 mm PC fan Arctic F14 ARCTIC  

Linear guide 8 mm x 500 mm ROBOMALL 

Linear bearing LM8UU UEETEK 

M8 threaded bolt BAUHAUS 

Perforated plate 500x250x1.5 mm (anodized aluminum) BAUHAUS 

Aluminum rod (outer diameter = 6 mm, inner diameter = 4 mm) BAUHAUS 

Flexible shaft coupling (5 mm to 8 mm)  

  

UEETEK 
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Luster terminal KOPP 

Circuit board 40x60 mm VKTECH 

4-Pin wire FOXNOVO 

1-Pin wires CONRAD ELECTRONICS 

Resistors CONRAD ELECTRONICS 

4 channel fan controller 12 V RICHER-R 

Coaxial power supply WENTRONIC 

Power adapter 1000 mA Goobay 59031 GOOBAY 

Nema stepper motors (12 V, 1.7 A, 40 Ncm) TOPDIRECT 

Arduino Uno R3 + CNC engraver shield + 4 A4988 stepper 

drivers 

KUMAN 

Cable Conduit 5 m CALLSTEL 

140 mm Fan Grill AAB Cooling 

LED stripe (12 V, LED 2835, 385−400 nm)  DEEPDREAM 

LED stripe (24 V, LED 2835, 365 nm) LUXALIGHT 

 

 

3D-Printing 

In general, 3D-printing was performed with a Creality CR-10 Prusa using PLA as filament at 

200 °C/65 °C (extruder/heat bed) on a glass bed sprayed with a fine layer of hair spray. PLA filament 

was stored in a “dry box” containing silica gel orange as desiccant. A zip file including 3D-printing files 

(.stl files) can be obtained from the corresponding author (philipp.heretsch@fu-berlin.de) upon request. 

 

Material Provider 

3D-printer Creality CR10-S CREALITY 

Hair spray today Glanz&Halt PENNY MARKT 

PLA filament AMZ3D 

 

 

3D-printed files 

A list of the 3D printed files and the respective infill used. 

3D-file (.stl) Infill 

ArduinoCase_Backplate 25% 

ArduinoCase_Case 25% 

ArduinoCase_CoverTop 25% 

Connector_tube_to_UNF14-28 

  

100% 
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FlexValves_Mounts 50% 

FlexValves_Clips 100% 

FlexValves_Sledge_HPLC_valves 25% 

FlexValves_Sledge_LP_valves 25% 

MFC_Mount 40% 

Photoreactor_Body 50% 

Photoreactor_Body2 50% 

Photoreactor_Ground 50% 

Photoreactor_TubeReactor 50% 

Photoreactor_Curve 50% 

SyringePump_Body 50% 

SyringePump_Sledge 50% 

 

 

(Selected) Specifications of the used mass flow controllers (MFCs) 

Bronkhorst EL-FLOW Prestige 

vflow =°0.076...10 mLn/min (±0.5% onset scale, ±0.1% full scale) 

Medium: Argon 

Operating temperature: 20 °C 

Operating pressure (in): 30 bar 

Operating pressure (out): 0 bar 

Sealing: Viton 51415 

Plunger: FFKM 

Process fittings: G1/8 female 
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1.4 General Remarks and Advices for Performing Experiments 

Tubes 

Tubes for flow chemistry are typically made from PTFE, PFA, or FEP. All polymers show excellent 

chemical resistance. In fact, there are slight differences (PTFE is chemically more resistant than FEP or 

PFA), however, these differences are not significant for most reactions in flow. Typically, 1/16” tubes 

of PTFE have an inner diameter of 1.0 mm; tubes of FEP have an inner diameter of 0.8 mm, PFA have 

an inner diameter of 0.75 mm. In order to reduce dead volume between wetted parts, tubes with smaller 

inner diameter are preferable. 

PTFE is a relatively stiff polymer that is easy to cut. FEP and PFA are more flexible making it more 

difficult to equip them with ferrules. On the other hand, they have the large advantage to be more 

permeable to light. Therefore, impurities (primarily solids!) are easier to detect. Because of their superior 

translucence and their smaller inner diameter, we use typically FEP tubes. 

For additional tips about assembling a flow system, see the literature.[5] 

 

Blockages 

Blockages are a big problem when performing flow chemistry. In general, the undesired formation of 

solids in tubes, valves, and connectors should be avoided. Especially, when moisture-sensitive 

organometallics are used, problems can arise. After passing a solution of organolithiums or 

organomagnesiums through a flow system, it is problematic to wash the system with water afterwards. 

In our experience, it is better to wash the system first one time (= volume of the sample loop; otherwise 

1–2 mL) with iso-propanol, then with deionized water and finally two more times with iso-propanol to 

remove the water. 

A good way to remove blockages is to wash the system with a solution of AcOH/MeOH/H2O (0.1:1:1) 

as recommended by Williams et al.[6] If this does not work, tubes and connectors can be sonicated in a 

bath of deionized water, iso-propanol for some minutes removing most of the solids. 

To prevent blockages, only clear solutions of the reagents should be pumped in flow. Even small 

particles can lead to blockages. When possible, reagent solutions should be filtered through a plug of 

glass wool or using syringe filters.  

 

 

Treatment of parts made from stainless steel 316L 

Many parts that are used in HPLC and flow chemistry are made from stainless steel 316L. Although this 

steel shows broad chemical resistance, it is relatively sensitive against acids and, especially, chlorides. 

In general, components made from stainless steel 316L should never be treated with hydrochloric acid. 

If diluted solutions of chloride in organic solvents (such as magnesium chloride, when Grignard 

reactions are performed), or of compounds that can generate hydrochloric acid (such as titanium 
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tetrachloride) come in contact with components made from stainless steel 316L, it is recommended to 

wash these components as soon as possible with iso-propanol, deionized water and one more time with 

iso-propanol in order to prevent salt formation and corrosion. 

 

 

Keeping the flow system in “stand-by” for longer times 

After each flow experiment, all wetted parts should be washed thoroughly with an appropriate solvent. 

In most cases, iso-propanol can be used, as it dissolves both organic and inorganic residues and most 

polymers (even PLA) are chemically resistant against iso-propanol. 

In the case, the flow platform is not used for several weeks, all wetted parts should be flushed with iso-

propanol and stored with iso-propanol for the “stand-by” time. Equally recommendable are ethanol or 

acetonitrile instead of iso-propanol. However, prolonged contact of wetted parts with solvents such as 

tetrahydrofuran or dichloromethane should be avoided. 

When tubes, mixers, or other wetted components are not used for a foreseeable time, they should be 

thoroughly flushed with iso-propanol. In order to dry these components, they can be stored in a drying 

cabinet at 50–90 °C also for longer time. 

 

 

3D-Printing of wetted parts from polypropylene 

3D-Printed components for chemical reactions are typically printed from polypropylene. Polypropylene 

shows a higher chemical resistance than PLA (polylactic acid) or PETG (polyethylene terephthalate, 

glycol-modified), but cannot compete with fluorinated polymers such as PTFE, FEP, or PFA. Hence, it 

has to be noted that these printed components are not suitable for a broad range of chemical reactions. 

Due to good, but still limited chemical resistance of polypropylene, typical solvents such as diethyl 

ether, tetrahydrofuran, dichloromethane, or 1,2-dichloroethane are not recommended.[7]  

We performed a test concerning the chemical resistance of a polypropylene filament (3dkTop kindly 

provided by 3dk.berlin): 

The filament (10.0 g) was cut in 2–5 mm parts. The parts were transferred in a flask equipped with a 

reflux condenser and treated with THF (50 mL) at 65 °C for 3 h. After some minutes, the polymer started 

to swell. After 1 h, most of the THF was absorbed by the filament. On the walls of the flask, colorless 

gel deposited.  
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Left: The cut filament before treatment with THF. Right: Boiling the filament in THF. 

 

 

Left: After 1 h, swelling of the filament was observed. Right: Colorless gel deposited on the walls of 

the flask after cooling to room temperature. 

 

After these experiments, we stopped our efforts to employ 3D-printed components as reactors. 
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Unfortunately, printing of chemically more resistant polymers (PEEK, FEP, PFA) is challenging (for 

PTFE, it is not possible).[8] In the case that specially designed components offering a high chemical 

resistance are required, we recommend to order these components from professional 3D-printers, either 

made from stainless steel 316L, or titanium (both metals can be printed).  
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2. Construction of the Flow Platform 

2.1 Hardware 

For a list of used materials, see 1.3. 

 

Cutting of tubes and equipping tubes with ferrules and connectors 

Introduction of tubes (1/16“ outer diameter) through a septum. 

 

Left: A small piece of a tube with an outer diameter of 1/16“ is pulled over a short canula. Right: The 

canula equipped with the tube. 

 

 

Left: The equipped canula is pierced through the septum. Right: The canula is removed, while the tube 

remains in the septum. 
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The tube to be introduced to the septum is pushed directly on the end of the pulled tube piece.  

 

Fittings and ferrules: 

 

Left: The tube (outer diameter 1/16“) is equipped with a fitting (flat bottom ¼-28 UNF gripper fitting). 

Right: The end of the tube is carefully cut in a slight angle. 

 

 

Left: The ferrule is pulled on the tube. Right: The ferrule is further pulled on the tube by using a long-

nose pliers.  
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Left: The overhanging tube is cut to provide a plane surface on the end of the ferrule. Right: The tube 

equipped with fitting and ferrule. 

 

 

Left: In the same way, tubes (outer diameter 1/16“) are equipped with HPLC fittings (10-32 UNF fitting) 

and conical ferrules Right: A tube equipped with fitting and ferrule. 
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Assembly of the controller board 

The controller board consists of valves arranged on a commercially available perforated plate made from 

anodized aluminum. The plate has a size of 500x250x1.5 mm and screwing holes with an inner diameter 

of 4 mm suitable for M4 screws and are assembled in a distance of 15 mm from center to center.  

 

The perforated plate with an internal distance between each screwing hole of 15 mm and holes with an 

internal diameter of 4 mm for M4 screws. 
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Mounting of the controller board in a fume hood 

The controller board can be mounted in a fume hood using stands and cross sleeves. To do so, four 

holders were installed on the edges of each perforated plate. A holder consists of a M4x80 countersunk 

screw made from nickel plated brass, three M4 flat washers made from stainless steel, one M4 nut and 

a rod (outer diameter = 6 mm, inner diameter = 4 mm) made from anodized aluminum to armor the 

screw of the countersunk screw.  

  

Left: Assembly of all material and tools used for the holders of the controller board. Right: Shortening 

of the aluminum rod with a jab saw. 

 

The aluminum rod was shortened to four small rods with a length of approximately 65 mm using a jab 

saw. Afterwards, the ends of each rod were filed with a metal file and polished using sand paper. The 

ends of the rod should have a plane and smooth surface. This is important to allow direct contact between 

the rod and the flat washers. 
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Left: Each aluminum rod was filed... Center: ...and subsequently polished. Right: Assembly of the 

countersunk screw, the rod, the flat washers, and the nut. The perforated plate will be mounted between 

the two flat washers (bottom). 

 

Then, the holder is mounted on the perforated plate. First, the countersunk screw is equipped with one 

flat washer. Then, the countersunk screw is introduced through the perforated plat and the second flat 

washer is put on the other side to hold the perforated plate between the flat washers. The screw of the 

countersunk screw is covered with the aluminum rod. On the end of the screw, the third flat washer is 

placed, followed by the M4 brass nut to tighten the holder on the board. 

 

Tightening of the holders on the perforated plate. 
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The board equipped with the four holders is then placed in a fume hood using cross sleeves. It is 

important to apply mechanical pressure only on the part of the holders that are covered by the aluminum 

rod. 

  

Left: Mounting of the controller board in a fume hood using cross sleeves to secure the holders. Right: 

The controller board connected on four points to the stand of a fume hood.  
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Assembly of the photoreactor 

A self-made photoreactor was constructed from 3D-printed parts (white PLA, 25% infill), a 140 mm 

computer fan, a LED stripe (12 V, LED 2835, 385−400 nm) and FEP tube (outer diameter 1/16”, inner 

diameter 1/32”). The 140 mm fan is used to cool both the LEDs and the reaction mixture in the FEP 

tube and is powered by a universal power supply.  

 

 

Left: The body of the photoreactor printed from white PLA. Right: The bottom of the body. 

 

 

Left: The LED stripe is secured with a clip on the top of the body of the photoreactor. Right: The LED 

stripe is coiled inside of the body. 
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Left: The bottom plate of the photoreactor printed from white PLA. Right: The body of the photoreactor 

is placed on the bottom plate. 

 

 

Left: The bottom plate and the fan are connected with a M4x16 screw. Right: The fan is equipped with 

a M4x30 screw. These screws serve as “foots” for the photoreactor to allow a proper air stream for the 

fan. 
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Left: The tube cage is equipped with FEP tube of the appropriate length. To secure the tube, it is threaded 

through some holes of the tube cage. When the tube is secured, the remaining tube is winded up on the 

tube cage. Right: The tube-cage equipped with 24 m (V = 12 mL) FEP tube. 

 

 

Left: The complete photoreactor. Right: Alternatively, the air is sucked from the ground through the 

photoreactor using a curved tube equipped with two 140 mm computer fans (analogously constructed 

as described above). 
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Assembly of the syringe pumps 

The syringe pumps consist of 3D-printed parts (PLA, 50% infill), threaded bolt, rods, linear bearings, 

and Nema 17 stepper motors (1.7 A, 40 Ncm) that are typically used for 3D-printers. The syringe pumps 

are specifically designed for 10 mL gastight glass syringes from VWR. 

 

  

Left: Shortening of the linear rods and the threaded bolt using an angle grinder. Right: The ends of the 

linear rods and the threaded bolt are grinded using an electronic grindstone. 

 

  

Left: The body (left) and the sledge (right) of a syringe pump. Right: The linear bearings are pressed 

in the sledge using a parallel vise. It is important, that the linear bearings are fixed precisely in the sledge. 

However, if the holes of the sledge are too tight and the linear bearings are pressed with too much 

pressure, the sledge can break. In this case, the holes of the sledge should be polished with a file or 

sandpaper before introducing the linear bearings. 
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Left: The sledge is equipped with a M8 hexagonal nut. Right: The sledge with the linear guides and the 

hexagonal nut in the middle. 

 

  

Left: The sledge with the linear rods and a M8 threaded bolt in the middle. Both the threaded bolt and 

the linear rods were shortened by a jab saw. Right: The sledge placed in the body of the syringe pump. 
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Left: The stepper motor is equipped with a flexible shaft coupling. Right: The threaded bolt and the 

stepper motor are connected using the flexible shaft coupling. 

 

  

Left: The stepper motor is mounted with a M3x12 screw and a M3 washer. Right: The stepper motor 

mounted with four screws. 
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Left: The complete syringe pump. Right: The syringe pump equipped with a gastight glass syringe. 
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Electronic configuration of the Arduino 

The MFC’s and the Arduino Uno are connected to a computer via serial ports. For time reading, a 

circuit board was manufactured. Resistors with 10 kΩ or more are used. 
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Assembly of the controller box 

The microcontrollers are assembled in a 3D-printed controller box (PLA, 50% infill) to protect the 

electronics. One microcontroller is connected to a CNC shield with three stepper drivers that controls 

up to three syringe pumps. Since the stepper drivers heat up, they are cooled with a 60 mm computer 

fan from the side. 

 

  

Left: The 3D-printed case of the controller box. Right: The 3D-printed side cover. 

 

  

Left: The 3D-printed top cover. Right: The case is equipped with the 60 mm fan using M3x12 screws 

with washers. 
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Left: A coaxial power supply is equipped with two wires. Right: The coaxial power supply is mounted 

on the side cover. 

 

  

Left: An Arduino Uno equipped with CNC shield and three stepper drivers (positioned at X,Y,Z; A is 

free). Right: Both Arduinos are mounted in the case using M3x6 screws. The side cover is attached. 

Typically, Arduinos are connected with wires using crimp connections. Therefore, wires need to be 

terminated with crimp connectors. Detailed instructions can be found online. 

 

 

Left: A 4-conductor cable. Right: The wires are skinned using a wire stripper. 
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Left: The stripped 4-conductor cable. Right: The ends of the stranded wires are terminated with crimp 

connections using a crimp clamp. 

 

 

Left: The wires terminated with crimp connectors. Right: The crimp connectors are introduced in a 

Dupont connector. 

 

Left: The complete controller box. Right: The controller box equipped with cables. 
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Assembly of the modular valve system 

It is practical, when all valves can be easily disconnected from the controller board. In this way, cleaning 

of the valves or changing tubes becomes much easier. To allow as much flexibility as possible, we 

designed a modular valve system. Thus, the low pressure valves and the HPLC injection valves are 

mounted on 3D-printed mounts having a unified size. On the controller board, 3D-printed sockets are 

secured. The mounts of the valves can be placed in the sockets and further secured by using two 3D-

printed clamps on the top of each socket. 

 

 

Left: The 3D-printed socket. Center: The 3D-printed hooks are secured using M4 screws. Right: The 

socket equipped with two hooks. 

 

 

Left: The low-pressure valves are secured on the low-pressure valve mounts using M3 screws. Right: 

The HPLC injection valves are secured on the corresponding mounts using M4 screws. 

 



 

88 
 

 

Left: A mount equipped with a low pressure valve is introduced to the socket. Right: The mount is 

secured using the hooks. 

 

 

Left: A small collection of the three different valves placed in the valve sockets. Right: The sockets are 

mounted on the controller board using M4 screws. 
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The controller board equipped with three sockets and valves. 

 

 

  



 

90 
 

Mounting of the MFCs 

3D-printed mounts for the MFCs were designed to attach the MFCs to the controller board.  

 

  

Left: The mount is designed to be connected with the MFC from the one and with the controller board 

from the other side. Right: M4x14 screws are screwed in the mount.  

 

  

Left: A MFC is secured to the mount. Right: A fully equipped MFC secured via the mount to the 

controller board. 
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3D-printed connectors between the flow platform and a Schlenk line 

To connect the flow platform with a standard laboratory Schlenk line, 3D-printed connectors (PLA, 

100% infill) were designed connecting a pipe nozzle (10 mm diameter) on one side and a ¼-28 UNF 

thread on the other side. To enable tight contact between the connector and a ¼-28 UNF fitting, a small 

piece of shrink tube is employed as seal. 

 

 

Left: A connector printed on a small raft. Right: The raft is removed using pliers. 

 

 

Left: Using a ¼-28 UNF screw tap, a thread is drilled. Right: A tube equipped with a ¼-28 UNF fitting.  
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Left: The ferrule is covered with a shrink tube of appropriate size. Right: The shrink tube is shortened 

using a cutter and shrunk employing a heat gun. 

 

 

Left: The ferrule equipped with a small piece of shrink tube that serves a seal between the connector 

and the fitting. Right: The connector equipped with the fitting providing a vacuum tight connection 

between a Schlenk line and typical flow tubes. 
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The complete flow platform:  

 

The complete flow platform consisting of two setups. 1: Schlenk line. 2: Connector between Schlenk 

line and flow platform. 3: MFC. 4: Vacuum/argon module. 5: Reagent module. 6: Inert sample loading 

module. 
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Detailed pictures 

 

Left: The vacuum/argon module. 1: To pressure sensor. 2: To Schlenk line. 3: To HPLC injection valve. 

4: To MFC. Right: The reagent module. 1: To the vacuum/argon module. 2: To reactor. 3: To sample 

loop I. 4: To the inert sample loading module. 5: To waste. 6: To sample loop II. 

 

 

The inert sample load module. 1: To HPLC injection valve. 2: To Schlenk line. 3: To solution I. 4: To 

solution II. 5. To syringe (the tube is connected on the backside of the 5-port 5 positions valve). 
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2.2 Software 

2.2.1 LabVIEW Software 

In order to establish a defined flow rate, the MFCs are adjusted by a LabVIEW-based software. The 

mass flow rate of the MFC must also be correlated with the measured pressure in order to yield the 

desired volumetric flow rate. Thus, the software also reads the pressure at each individual MFC via 

analog pressure sensors that are connected to an Arduino Uno unit. Furthermore, the HPLC injection 

valves are also connected to the Arduino and act as a trigger to start a stopwatch. The Arduino® is 

implemented into the LabVIEW software by using the graphical LabVIEW interface for Arduinos. 

The Bronkhorst MFC’s are implemented into the software by using the Flow-BUS VI’s developed by 

Bronkhorst. The program is depicted below and is available for download at https://www.ni.com.  
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2.2.2 Arduino Script for Controlling the Syringe Pumps 

 

The following script is a modified version of a script provided by Michael B. Spano and can be copied 

in Arduino IDE (free of charge available at https://www.arduino.cc/). It uses Mike McCauley’s 

AccelStepper library which can be downloaded for free via Arduino IDE. 

 

/////////////////////////////////////////////////////////////////////// 

//                    Freie Universität Berlin                       // 

//                 Merlin Kleoff, Johannes Schwan                    // 

//                          October/2020                             // 

//                                                                   // 

//                                                                   // 

//                      Based on a script by:                        // 

//             University of North Carolina Greensboro               // 

//                     Croatt Research Group                         // 

//                    Division of Flow Chemistry                     // 

//                        Michael B. Spano                           // 

//                        brzusa@gmail.com                           // 

//                           March/2016                              // 

/////////////////////////////////////////////////////////////////////// 

//  Go to our homepage for info on how to build your own system      // 

//           https://chem.uncg.edu/croatt/flow-chemistry/            // 

//                                                                   // 

//////////////////////DESCRIPTION OF THIS CODE///////////////////////// 

//                                                                   // 

//   This program controls 3 syringe pumps simultaneously with the   // 

//   aid of Mike McCauley's AccelStepper library.                    // 

//                                                                   // 

//   The pumps can be controlled via a USB connection to the arduino // 

//   and sending commands via the Serial Monitor ( ctr + shft + m ). // 

//                                                                   // 

/////////////////////COMMANDS (USE SERIAL MONITOR)///////////////////// 

//    * The pound symbol (#) represents an arbitrary number          // 

//    * The percent sign (%) represents a number from 1 to 6         // 

//                                                                   // 

//  #,#,#,#,#,# - Sets the flowrate for all 6 pumps.                 // 

//  set%]##] - Sets the current volume that is in stepper[%]         // 
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//  reset] - Makes the current position correspond to 0mL            // 

//  volumes] - Returns how many mL are in the syringe                // 

//  diamater%]##] - Changes the internal diamater of syringe %       // 

//  help] - Displays SPM, Diameters and Volumes                      // 

//                                                                   // 

/////////////////////////////////////////////////////////////////////// 

 

 

              

#include <AccelStepper.h> //Includes the functions found in the AccelStepper library used to control 

the stepper motors.  

 

AccelStepper stepper[6]; // Six instances of the AccelStepper are instantiated with their default 

constructors. 

 

String inputString = "", command;  

boolean stringComplete = false, protect = false, bounce = false; 

boolean rebound = false, sufficientSolvent, sufficientReagents;  

//////////////////////////////////////////////////////////////////////// 

int i; 

float ThreadDensity = 0.8; // Thread density of lead screw, Unit: [Revolutions per millimeter]. This 

can be changed if a different lead screw was used to build the pumps. 

float stepAngle = 0.1125; // This is the stepper motor step angle. 

float Position[7]; 

float position1, position2, position3, rate1, rate2, stoich1 = 1.0, stoich2 = 1.0; 

float Diameter[7] = {14.5,14.5,14.5,14.5,14.5,14.5}; // The default value for syringe diameter is 

20.0mm 

float commandval; 

float Rate[7]; 

float Limit[7]; 

int commaIndex[6]; 

int bracketIndex[3]; 

unsigned int startT, nowT;  

float spm[7]; // spm is a acronym for 'Steps Per Milliliter' 

// spm is calculated during void setup() and will differ based on  

// Diameter, ThreadDensity and StepAngle  

/////////////////////////////////////////////////////////////////////// 
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void setup() { 

  startT = millis(); 

  Serial.begin(9600); 

  inputString.reserve(50); 

  for(i=0; i<3; i++){ // The instances of AccelStepper are constructed as DRIVER on pins 2,3; 4,5; 6,7; 

8,9; 10,11; 12,13. 

  stepper[i] = AccelStepper(1,2+i,5+i); 

  stepper[i].setMaxSpeed(4000); 

  stepper[i].setMinPulseWidth(20); 

  stepper[i].setEnablePin(8); 

  stepper[i].disableOutputs();  

  spm[i] = (ThreadDensity*(360/stepAngle))/(3.1415*square(Diameter[i]/2.0)/1000.0);  

  // ThreadDensity[revolutions/mm]*200[steps/revolution]/{Pi*r^2/1000}[mL/mm} 

  } 

} 

/////////////////////////////////////////////////////////////////////// 

void refreshPositions(){ 

  for(i=0; i<3; i++){ 

   Position[i] = stepper[i].currentPosition();    

  } 

} 

 

/////////////////////////////////////////////////////////////////////// 

void printVolumes(){ 

  refreshPositions(); 

  Serial.print(F("V")); 

  for( i=0; i<3; i++){ 

    Serial.print(-milliliters(Position[i], i)); 

    Serial.print(',');      

  } 

  Serial.println(); 

} 

/////////////////////////////////////////////////////////////////////// 

float flowToStepRate(float flowRate, int x){ 

 return flowRate*spm[x]/60; // Accepts a flowrate ##.## mL and converts it to an int steps/s 

} 

/////////////////////////////////////////////////////////////////////// 
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float volumetosteps(float mL, int x){ 

//Accepts a volume ##.## and returns the corresponding integer of steps 

//the motor must take make. 

  float s = mL * spm[x];  

  return s; 

} 

/////////////////////////////////////////////////////////////////////// 

float milliliters(float motorposition, int x ){  //spm is steps per milliliter 

  return motorposition / spm[x];  

} 

/////////////////////////////////////////////////////////////////////// 

// This function creates a string 'inputString' by compound addition 

// of the characters stored in the serial buffer. The global boolean 

// 'stringComplete' is then set to true to tell the main loop that  

// a new user input is available. 

 

void serialEvent() { 

  while (Serial.available()) { 

    // get the new byte: 

    char inChar = (char)Serial.read(); 

    // add it to the inputString: 

    inputString += inChar; 

    // if the incoming character is a newline, set a flag 

    // so the main loop can do something about it: 

    if (inChar == '\n') { 

      stringComplete = true; 

    } 

  } 

} 

/////////////////////////////////////////////////////////////////////// 

void loop() { 

  // First check the global boolean 'stringComplete' 

  if (stringComplete) { 

     

    // If there is a new user input, find where the five commas are.   

    // Store their position in commaIndex[]. 
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    for(int n = 0; n<6; n++){ 

      if(n == 0){ 

        commaIndex[n] = inputString.indexOf(','); 

      } 

      else { 

        commaIndex[n] = inputString.indexOf(',',commaIndex[n-1]+1); 

      } 

    }  

     

    // Now store the position of the brackets in the bracketIndex[]. 

     

     bracketIndex[0] = inputString.indexOf(']'); 

     bracketIndex[1] = inputString.indexOf(']', bracketIndex[0]+1); 

      

    // Now split the inputString at each commaIndex 

    // Convert the strings to a floats and store them in Rate[] 

         

    for(int j=0; j<6; j++){ 

      if(j == 0){ 

        String tempString = inputString.substring(j,commaIndex[j]); 

        Rate[j] = tempString.toFloat(); 

      } 

      else{ 

        String tempString = inputString.substring(commaIndex[j-1]+1,commaIndex[j]); 

        Rate[j] = tempString.toFloat(); 

      } 

    } 

 

     // Do the same for the bracket indexes 

     // Store the first as a String type variable and the second as a Float type 

         

    String command = inputString.substring(0,bracketIndex[0]); 

    commandval = inputString.substring(bracketIndex[0]+1, bracketIndex[1]).toFloat();  

 

    // Now the original 'inputString' is cleared  

    // The global boolean 'stringComplete; is set to false. 
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    inputString = "";  

    stringComplete = false; 

     

    // Now that the user input has been processed the code 

    // proceeds to manage the stepper motors. First thing 

    // is to refresh where each stepper is with respect to 

    // it's initial position. 

     

    refreshPositions(); 

 

    // Now begins a multitude of 'if' statements to check what 

    // the program should do with the users input. Most procedures 

    // are evident in their functionality.  

     

    if (command == "volumes" )printVolumes();     

    if (command == "reset" ){ 

      for(int g = 0; g<6; g++){  

      stepper[g].setCurrentPosition(0); 

      Diameter[g] = 20.0;    

      } 

      refreshPositions(); 

      Serial.println(F("reset")); 

    } 

 

    // Ceck if the command string contains "set" and change the appropriate volume if so. 

    // Remember the steppers are zero indexed but the pumps are one indexed.  

     

    if(command.substring(0,3) == "set"){ 

      command.replace("set",""); 

      int r = command.toInt()-1; 

      stepper[r].setCurrentPosition(-volumetosteps(commandval,r));   

      printVolumes(); 

    } 

 

    // Ceck if the command string contains "diameter" and change both the appropriate diameter 

    // and the spm[] calculation for that pump. 
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    // Remember the steppers are zero indexed but the pumps are one indexed.  

     

    if (command.substring(0,8) == "diameter"){ 

      command.replace("diameter",""); 

      int r = command.toInt()-1; 

      Diameter[r] = commandval;  

      spm[r] = ThreadDensity*200.0/(3.1415*square(Diameter[r]/2.0)/1000.0);  

    } 

     

    if (command == "help"){ 

      Serial.println(F("spm")); 

      for(int y=0; y<6; y++){ 

        Serial.println(spm[y]); 

      } 

      Serial.println(F("diameters")); 

      for(int y=0; y<6; y++){ 

        Serial.println(Diameter[y]); 

      } 

      printVolumes(); 

      }                   

  }   

/////////////////////////////////////////////////////////////////////// 

//                Done handling the Serial Event                     // 

/////////////////////////////////////////////////////////////////////// 

    nowT = millis(); 

    if(nowT-startT >= 1000){ 

      printVolumes(); 

      startT=nowT; 

    } 

    // Now that the serial event has been handled the motors must be polled  

    // This is done using the functions from the AccelStepper Class 

       

    for(int z = 0; z<6; z++){ 

      if(stepper[z].currentPosition() > 0)Rate[z]=0; 

      //if(stepper[z].currentPosition() < Limit)Rate[z]=0; 

      stepper[z].setSpeed(flowToStepRate(Rate[z],z)); 

      stepper[z].runSpeed(); 
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    } 

 

} 
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3. Handling of the Flow Platform 

3.1 Functions of the Modules 

3.1.1 Vacuum/Argon Module 

 

The vacuum/argon module allows switchable connection to either a MFC or a vacuum/argon manifold. 

The heart of the module is a 4-port-T-valve.  

 

Mode 1: idle 

 

 

 

 

 

 

In this mode, the MFC feeds an argon flow to the vacuum/argon manifold, while the next module is 

disconnected. The pressure is measured by the pressure sensor. This mode is good for the warm-up 

period of the MFC (~30 min). 

 

Mode 2: drying/flushing mode (“Schlenk-in-flow” (SiF) mode) 

 

 

 

 

 

 

In this mode, the MFC is disconnected and has to be switched to a mass flow of 0 mL/min to avoid the 

build-up of pressure. The pressure sensor, the vacuum/argon manifold, and the next module are 

connected. By using the vacuum/argon manifold, the next module can be evacuated, solvents can be 

evaporated or the next module can be flushed with argon. This mode allows the “Schlenk-in-flow” (SiF) 

techniques. The pressure sensors are quite resistant against most solvents and can be easily replaced as 

they are relatively inexpensive. 
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Mode 3: not recommended! 

 

 

 

 

 

 

This mode works in the same way as mode 2. In this mode, the MFC has to be switched to a mass flow 

of 0 mL/min, to allow a proper vacuum. The build-up of pressure is avoided in this mode, but the MFC 

is connected to the next module and can be damaged by solvent or reagent vapors. 

 

Mode 4: Reaction mode 

 

 

 

 

 

 

This mode enables the argon-driven flow of reagents. The MFC, the pressure sensor and the next module 

are connected. The argon stream provided by the MFC is corrected by continuous measurement of the 

system pressure. The argon stream is directed to the next module, while the vacuum/argon manifold is 

disconnected. 
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3.1.2 Vacuum/Argon Module Connected to the Reagent Module 

Typically, the vacuum/argon module is connected to the reagent module. The reagent module consists 

of a HPLC injection valve (6-port-2-ways) and is equipped with a sample loop for storage of reagent 

solutions. 

 

Mode 1: drying/flushing mode (SiF mode) 

 

 

 

 

 

 

 

 

 

In this mode, the vacuum/argon manifold is connected to the sample loop and the reactor. Thus, the 

sample loop and the reactor can be dried in vacuum and flushed with argon. To allow evacuation of the 

reactor, the end of the reactor is either a) sealed with plunger; b) is equipped with a canula and the canula 

is introduced through a septum of a closed (Schlenk-)flas; or c) is connected with a valve that switches 

between a plunger and an outlet in a collection flask. 

 

Mode 2: sample loading mode 

 

 

 

 

 

 

 

 

 

In this mode, the MFC flushes the reactor consistently with argon, while the sample loop can be loaded 

with a reagent solution. 
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Mode 3: reaction mode 

 

 

 

 

 

 

 

 

 

The HPLC injection valve is switched to the injection-position and a liquid slug of the reagent solution 

is inserted in the argon flow provided by the MFC. 

 

3.1.3 Inert Sample Loading Module 

This module is important for SiF. It allows to load a reagent solution from a bottle or a Schlenk flask on 

a syringe. Then, the reagent solution can be loaded on a sample loop. Alternatively, the syringe can be 

pushed by a syringe pump to pump the reagent solution to another module or a reactor for flow reactions. 

This module allows also safe quenching or washing procedures. 

 

Mode 1: idle 

 

 

 

 

 

 

When the valve is switched to this position, the syringe is connected with the vacuum/argon manifold. 

Thus, the syringe can be evacuated and flushed with argon. In this way, argon can be loaded on the 

syringe. 
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Mode 2: loading 

Left: In this position, argon from the syringe can be pushed through the tubes (grey) in order to remove 

oxygen and moisture from the tubes. Center: Then, the tube is connected to the reagent bottle or Schlenk 

flask under a flush of argon provided by the syringe. Right: The reagent solution is loaded on the 

syringe. 

 

Mode 3: injection 

 

 

 

 

 

 

 

In this position, the reagent solution is injected in the next module. 

 

Mode 4: quenching/washing 

 

 

 

 

 

 

 

In this position, the syringe and the tubes can be quenched with a quenching solution. Afterwards, the 

syringe and the tubes can be washed with pure solvents. By removing the tube from the reagent solution 

bottle and switching to mode 3, the tube can be washed. 
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3.2 How to Set up a Reaction Using all Modules (“Schlenk in Flow” (SiF) 

techniques) 

When all three modules are connected to each other, flow reactions can be set up under argon using SiF. 

For drying of tubes, reactors and valves, they are evacuated in vacuum for ~5 min and subsequently 

flushed with argon for at least 30 s. It has to be noted that drying of long tube reactors requires more 

time. Flushing an evacuated tube with a length of 10 m (FEP, outer diameter 1/16”, inner diameter 1/32”) 

with argon takes several minutes. 

 

Step 1: warm-up period, drying of tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MFC is warming up feeding argon in the vacuum/argon manifold. The HPLC injection valve is in 

load position. The sample loop is evacuated and flushed with argon via the connection of the waste with 

the vacuum/argon manifold. The 4-port selection valve is switched to the vacuum/argon manifold to 

evacuate and flush the disposable syringe with argon. 
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Step 2: warm-up period, drying of tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MFC is switched to a flow rate of 0 mL/min. The 4-port-T-valve is switched, and the reactor is 

evacuated and flushed with argon. To do so, the end of the reactor is either sealed with plunger. 

Alternatively, the end of the reactor tube is equipped with a canula and the canula is introduced through 

a septum of a closed (Schlenk-)flask. It is also possible to connect the end of the reactor with a valve 

that switches between a plunger and an outlet in a collection flask. 

 

Step 3: idle mode 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port-T-valve is switched and the MFC is switched to a flow rate of approximately 5 mL/min 

feeding argon through the reactor. The disposable syringe is loaded with argon. 
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Step 4: flushing of the reagent tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched, and the disposable syringe is pushed to flush the argon inside of 

the syringe through the tube. In this way, the short tube between valve and reagent solution bottle is 

flushed with argon. Then, the 4-port selection valve is switched to the vacuum/argon manifold, the 

syringe loaded with argon, the 4-port selection valve is again switched to the reagent position and the 

argon inside the syringe pushed through the tubes. For very sensitive reagents, this procedure should be 

repeated an additional 1–3 times. 

 

Step 5: loading of the reagent solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reagent tube is introduced to the bottle of the reagent solution. The solution is loaded on the syringe. 
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Step 6: loading of the reagent solution on the sample loop 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched directing the reagent solution to the HPLC injection valve. The 

reagent solution is loaded on the sample loop by using the syringe. 

 

Step 7: running a reaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reaction is started by switching the HPLC injection valve from the LOAD to the INJECTION 

position. The argon stream provided by the MFC is pumping the reagent solution from the sample loop 

to the reactor. 
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Step 8: removing remaining reagent solution I 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched to the reagent solution and the canula reaching in the reagent 

solution is removed from the solution reaching in the gas space above the solution. The syringe is 

withdrawn to remove remaining reagent solution from the tubes. 

 

Step 9: removing remaining reagent solution II 

 

 

 

 

 

 

 

 

 

 

 

 

 

The canula is removed from the reagent solution. 
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Step 10: removing remaining reagent solution III 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reagent solution in the syringe is pumped to the waste by pushing the syringe. 

 

Step 11: washing the system I 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched to the vacuum/argon manifold, the syringe loaded with argon, the 

4-port selection valve is switched to the injection position and remaining reagent solution in the syringe 

and the tubes is pushed to the waste. 
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Step 12: washing the system II 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched to the quenching solution and the solution is loaded on the syringe. 

The quenching solution can be e.g. iso-propanol for quenching organometallic reagents, but in most 

cases, it is recommended to use pure solvent, which should be the same as the one used for the reagent 

solution. When washing is performed with more “aggressive” solvents such as CH2Cl2 or 

tetrahydrofuran, at least one subsequent wash with iso-propanol or acetonitrile should be performed.  

 

Step 13: washing the system III 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 4-port selection valve is switched to the quenching solution. The quenching solution is loaded on 

the syringe. The HPLC injection valve is switched to the LOAD position. The quenching solution is 

loaded on the sample loop by using the syringe. 
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Step 14: washing the system IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

The HPLC injection valve is switched to the inject position and the quenching solution is pumped 

through the sample loop. Steps 12–14 are repeated at least two times. 
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3.3 Using the LabVIEW Interface 

To control the MFCs and to monitor system pressure and time reading of the HPLC injection valves, a 

graphical user interface for the LabVIEW software (LabVIEW 2016) was written. 

 

 

After opening LabVIEW, the script is started. 

 

 

By clicking on the marked button (execute), the script is run. 
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The graphical user interface: 1. The flow rate is set by using the arrows or by entering the desired flow 

rate [x,y]. 2. The valve timers are starting when the valve is manually switched from load to inject, 

which is also displayed in the interface. The timer is reseted by switching the valve back to load. 3. The 

LabVIEW Script is stopped by clicking this button. 4. This diagram shows the measured pressure (y-

axis) versus the time (x-axis). In addition, the corrected flow rate for both MFCs is showen separately. 

5. The current pressure measured on the outlets of both MFCs is displayed separately and updated every 

second. 

 

 

The counter of a HPLC injection valve is started by switching manually the corresponding HPLC 

valve from load to inject.  
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4. Experimental Procedures 

4.1 Experiments to Check Oxygen-free Conditions Using SiF 

To investigate the efficiency of SiF, the oxygen content of solutions in the flow system was monitored 

employing a commonly used titanium(III) metallocene complex as colorimetric indicator.[9] 

 

Scheme S1: Schematic presentation of the titanium(III) and titanium (IV) species formed in the 

colorimetric oxygen indicator solution. By reduction of titanocene dichloride (TiCp2Cl2) with zinc dust, 

the green Cl-bridged complex Cp2Ti(µ-Cl)2TiCp2 is formed, which further reacts to blue 

Cp2Ti(III)(NCMe)2 (1). Both Cp2Ti(µ-Cl)2TiCp2 and Cp2Ti(III)(NCMe)2 are readily oxidized by trace 

amounts of oxygen to give yellow Cp2Ti(IV)(NCMe)2 (2).[9,10] 

 

Procedure for preparing and using of the indicator solution: 

A Schlenk tube was charged with MeCN (20 mL, HPLC grade) and the solvent was purged with argon 

for 5 min. Then, titanocene (II) dichloride (80−100 mg) and zinc dust (4−5 g) were added in an argon 

flush. The resulting red suspension was stirred with a large magnetic stirring bar until the suspension 

turned dark blue. The stirring was stopped to allow the solids to settle. The supernatant blue solution 

was loaded via syringe on a sample loop (V = 2.2 mL; FEP tube, outer diameter 1/16”, inner diameter 

1/32”). 
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Experiment 1: Loading of a sample loop with SiF 

 

  

Left: The colorimetric indicator solution in a Schlenk tube. Right: The indicator solution loaded on a 

syringe. 

 

   

Left: The indicators solution ~30 seconds after loading on the sample loop. Center: After 30 min. 

Right: After 60 min. 

 

This experiment indicates that the indicator solution can be loaded under exclusion of air and moisture 

on the sample load enabled by SiF. However, completely anaerobic conditions cannot be maintained 

over a longer period of time very probably due to the oxygen permeability of the tubes consisting of 

fluorinated polymers.[11] Therefore, very oxygen-sensitive reactions should be set up and realized within 

minutes or by using tubes made from stainless steel 316L or comparable materials. 
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Experiment 2: Loading of a sample loop without SiF 

 

Left: The indicator solution loaded on a syringe. Center: The indicator solution ~30 seconds after 

loading on the sample loop. Right: After 10 min. 

 

Experiment 3: Loading of a sample loop without SiF, flushing the tubes with argon for 5 min 

(vflow = 5 mL/min) 

    

Left: The indicator solution ~30 seconds after loading on the sample loop. Center: After 10 min. Right: 

After 30 min. 

 

Experiment 4: Passing a solution of indicator complex 1 through a 10 mL reactor using SiF 

 

In another experiment, the indicator solution was loaded on the sample loop and pumped using a MFC 

(vflow = 1 mL/min) through a 10 mL tube reactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”, 

20 m length), which was previously deoxygenated using SiF. 
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Left: The indicators solution directly after entering the reactor. Center: After a residence time 

tr ≈ 2 min. Right: After a residence time tr ≈ 10 min, the reaction mixture is still green-blue while the 

solution leaving the reactor immediately colors orange. 
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4.2 Karl Fischer Titration Experiments 

Experiments to investigate the efficiency of established anhydrous conditions 

General procedure (GP01) for determining the drying efficiency of SiF: 

Anhydrous THF (<5 ppm residual water) was obtained by distillation from sodium/benzophenone 

followed by storing over activated MS 3 Å for at least 72 h before use.[12] Anhydrous THF was loaded 

on a sample loop (V = 5.0 mL; FEP tube, outer diameter 1/16”, inner diameter 1/32”), using SiF. The 

sample loop was not washed with anhydrous THF prior use, as this could dry the sample loop. Then, the 

loaded THF was driven by an argon flow using MFCs with a flow rate of vflow = 1 mL/min through a 

tube reactor (V = 4.0 mL, PTFE tube, outer diameter 1.6 mm, inner diameter 1 mm). At the end of the 

reactor, the THF was collected in a dry Schlenk tube. The collected THF was then directly analyzed by 

Karl Fischer titration. All experiments were performed twice, the collected THF was analyzed six times. 

 

Table S1: Results of the Karl Fischer titration experiments. 

Entry Abbreviations from the general procedure GP01: Residual water 

1 none 12–15 ppm 

2 Without SiF, tubes flushed with argon[a] 35–45 ppm 

3 Without SiF, tubes flushed with argon[b] 19–24 ppm 

4 After flushing the tubes with iPrOH, without SiF, tubes dried with THF 

(1 x 5 mL) 

44–48 ppm 

5 After flushing the tubes with iPrOH, without SiF, tubes dried with THF 

(2 x 5 mL) 

18–20 ppm 

6 After flushing the tubes with iPrOH, then SiF 16–18 ppm 

7 After flushing the tubes with iPrOH, then flushing with argon[a]  68–101 ppm 

8 After flushing the tubes with H2O, then SiF 14–18 ppm 

9 After flushing the tubes with H2O, then flushing with argon[a] >2000 ppm 

[a] Flushing with argon was performed for 5 min using a flow rate of vflow = 5 mL/min. [b] Flushing 

with argon was performed for 15 min using a flow rate of vflow = 5 mL/min. 

 

Control experiment 01 

Anhydrous THF (5 mL) were placed in a dry Schlenk tube. The THF was transferred via a FEP tube 

(V = 5.0 mL) in another dry Schlenk tube using a positive pressure of argon. Prior transferring the THF, 

the tube was flushed with argon for 5 min. 

Residual water: 12–13 ppm. 
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Control experiment 02 

Anhydrous THF (5 mL) was loaded on a disposable 6 mL syringe. The THF was stored on the syringe 

for 1 min, then transferred in a dry Schlenk tube and analyzed. 

Residual water: 90–106 ppm. 

 

Control experiment 03 

Anhydrous THF (5 mL) was loaded on a disposable 6 mL syringe. The THF was stored on the syringe 

for 1 min, then pushed through a tube FEP tube (V = 1.0 mL) and the outcoming THF (4 mL) was 

collected in a dry Schlenk tube and analyzed. 

Residual water: 118–136 ppm. 

 

Control experiment 04 

A disposable 6 mL syringe was dried by pulling argon on the syringe and pushing it out for 3 times, as 

it is commonly done before using the syringe for moisture-sensitive applications. The THF was stored 

on the syringe for 1 min, then pushed through a tube FEP tube (V = 1.0 mL), which was prior flushed 

with argon for 5 min. The outcoming THF (4 mL) was collected in a dry Schlenk tube and analyzed. 

Residual water: 16–20 ppm. 

 

These experiments lead us to the following conclusions: 

- The use of disposable syringes and FEP tubes for transfer processes lead to a slight increase of 

the residual water content (control experiments 01–04). 

- Using SiF, sufficient anhydrous conditions can be realized (table S1, entries 1, 3, and 5).  

- Even without using SiF, the residual water in the tubes is relatively small (table S1, entry 2). 

This is probably because the tubes are in any case flushed with argon by the MFCs (for 

comparison, see control experiments 03 and 04). 

- When the tubes were wetted with iPrOH, the SiF provides better drying of the tubes (table S1, 

entry 3) compared to only flushing the tubes with argon (entry 4). 

- When the tubes were wetted with H2O, SiF still provides anhydrous conditions (table S1, entry 

5), while flushing the tubes with argon fails in doing so (entry 6). 

In summary, SiF provides anhydrous conditions reliably in the flow reactor and should be used when 

exclusion of moisture is important for the success of the reaction or when the tubes were previously 

washed with solvents such as iPrOH or H2O. 
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4.3 Synthesis of Amides from Isocyanates and Grignard Reagents to Check 

Air- and Moisture Free Conditions 

To prove that air- and moisture sensitive reactions can be performed in flow using SiF without wasting 

large amounts of solvents or reagents, a water-sensitive reaction involving a Grignard reagent was used 

as reference. For comparison, the reaction was performed one time according to the literature with a 

classical setup using syringe pumps. Drying and equilibration of the reactor is reached by discarding a 

prerun of three residence times, as it is typically done in flow chemistry.[6] Then, the reaction was 

performed using our flow platform and SiF. With the syringe pump setup a yield of 72% (lit.: 76%)[6] 

was obtained, while using our flow platform gave a comparable yield of 68%. 

Using a syringe pump setup, a total amount of at least 8.85 mL anhydrous THF is used to dry the reactor. 

For the preparation of 1 mmol of product (based on a yield of 100%), in total 1.76 mmol of product are 

discarded due to prerun (equilibration period) and postrun (compensation of dead volume of the reactor) 

of the reaction. This means, that only 36% of the theoretically formed product is collected in this way. 

Based on the total amount of reagents that are employed in the flow reaction using a syringe pump setup, 

the corrected yield is only 28%. 

Although the yield of product is slightly lower (68%) using our flow platform and SiF, the corrected 

yield involving all employed material is significantly higher (62% compared to 28%) as only small 

amounts of reagents are lost due to dead volume of tubes, connectors, valves etc.  

It has to be noted, that the loss of reagents is only significant for small scale reactions, which are, 

however, quite important for natural product synthesis and late-stage applications. On multi-gram scale, 

the amount of reagents that are lost in drying and equilibration processes is comparably small and can 

sometimes be even neglected (see e.g. the multi-gram experiment in ref. 6). 

 

 

Amide synthesis with a syringe pump setup 
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This procedure was performed according to the literature.[6] 

Directly prior use, the 1.77 mL tube reactor was flushed with anhydrous THF (5 residence time, 

8.9 mL). 

In a dry Schlenk tube, anhydrous CuBr2 (11.2 mg, 50.0 µmol) was placed and the tube was evacuated 

and backfilled with argon (3x). Then, benzyl isocyanate S1 (666 mg, 5.00 mmol) and anhydrous THF 

were added to prepare 10 mL of a 0.5 M solution in THF. This solution was sonicated for 2 min, and 

then loaded on a gas tight syringe and placed on syringe pump 01 (SP01). 

In another dry Schlenk tube, iPrMgCl S2 (2.50 mL, 5.00 mmol; 2.0 M in THF) was placed and diluted 

with anhydrous THF (7.5 mL) to give 10 mL of a 0.5 M solution in THF. This solution was loaded on a 

gas tight syringe and placed on syringe pump 02 (SP02). Then, both solutions were mixed at 23 °C with 

a flow rate of vflow01 = vflow02 = 5.0 mL/min in a T-piece and pumped through the 1.77 mL tube reactor 

(FEP tube, outer diameter 1/16”, inner diameter 1/32”) with a residence time tr = 10.6 s. A prerun of 

three residence times (30 s, 5 mL) was discarded to allow drying and equilibration of the system. Then, 

a sample (24 s, 4 mL) of the reaction mixture was collected in a collection flask containing NH4Cl (sat. 

aq., 10 mL). The mixture was diluted with EtOAc (10 mL) and NaCl (sat. aq., 10 mL) and the aqueous 

layer was separated and extracted with EtOAc (2x20 mL). The combined organic layers were dried 

(MgSO4), filtered, and concentrated under reduced pressure. MPLC (cyclohexane/EtOAc 2:1) gave 

amide S03 (128 mg, 722 µmol, 72% [lit.: 76%][6]) as a colorless solid. 

The yield is based on the actual reacted reagent solutions: solution 1 (1.0 mL; benzyl isocyanate S01 

(134 mg, 1.00 mmol, 1.0 equiv) and CuBr2 (2.2 mg, 0.10 µmol, 1 mol%)) and solution 2 (1.0 mL; 

iPrMgCl (1.00 mmol, 1.0 equiv)). 

 

 

Calculation of solvent and product waste based on the reported procedure[6] 

 

Tube reactor with a reactor volume 𝑉𝑅 = 1.77 mL; flow rates 𝑣1 = 𝑣2 = 5.0 mL/min. Residence time 

𝑡𝑟 =
𝑉𝑅

(𝑣1+𝑣2)
=

1.77 mL

10 mL/min
= 0.177 min ≙ 10.62 s. 

 

“Prior to performing Grignard reactions, the system was flushed with dry THF, for at least 5 residence 

times.” 

Thus, the amount of anhydrous THF used to flush the reactor can be calculated as: 

5 ⨯ 𝑉𝑅 = (5 ⨯ 1.77)mL = 8.85 mL 

 

“An equilibration period of 3 residence times was allowed, then samples of 1 mmol (4 mL combined 

flow volume) were collected.” 
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This means that 1 mmol of product corresponds to a reaction volume of 4 mL (based on a theoretical 

yield of 100%). Therefore, in an equilibration period of 3 residence times, the theoretical amount of 

wasted product can be calculated as: 

 

4 mL ≙ 1 mmol product 

3 ⨯ 𝑉𝑅 = (3 ⨯ 1.77) mL = 5.31 mL ≙ 1.32 mmol product 

 

As the reagents are not driven by gas or by pure solvent and the reactor has a dead volume of 1.77 mL, 

in addition a reaction mixture of at least 1.77 ml (corresponding to ≈0.44 mmol product) remains in the 

tube reactor (the dead volume of the mixing unit, syringes etc. was neglected). Therefore, the total loss 

of product is: 

 

(1.32 + 0.44) mmol = 1.76 mmol 

 

As according to the procedure 1 mmol of product is collected, the amount of collected product from the 

total amount of theoretically formed product, including equilibration period and dead volume, is: 

 

1.00 mmol

(1.76 + 1.00) mmol
=

1.00

2.76
≈ 36% 

 

In conclusion, 8.85 mL of anhydrous THF and 1.76 mmol of product for the preparation of 1 mmol 

product are wasted, meaning that only 36% of the theoretically formed product can be isolated. The 

example reaction proceeds with a reported yield of 76%. Based on the amount of reagents that are 

actually employed in the reaction, the corrected yield can be calculated as: 

 

0.36 ⨯ 0.76 ≈ 0.28 ≙ 28% 

 

Thus, according to the reported procedure and based on the amount of reagents that are actually 

employed on a 1 mmol scale, the corrected yield is 28%. 

 

The loss of reagents and solvents due to the dead volume of syringes, the mixing unit and connectors 

was neglected as it ranges typically below <0.5 mL (combined). Also, the waste of washing solutions 

and solvents that are used to clean the reactor, the mixing unit and the connectors were neglected. 
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Amide synthesis using the flow platform 

 

 

 

In a dry Schlenk tube, anhydrous CuBr2 (11.2 mg, 50.0 µmol) was placed and the tube was evacuated 

and backfilled with argon (3x). Then, benzyl isocyanate S1 (666 mg, 5.00 mmol) and anhydrous THF 

were added to prepare a total of 10 mL of a 0.5 M solution in THF. This solution was sonicated for 

2 min, and then loaded on sample loop 01 SL01 (V = 2.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). 

In another dry Schlenk tube, iPrMgCl S2 (2.50 mL, 5.00 mmol; 2.0 M in THF) was placed and diluted 

with anhydrous THF (7.5 mL) to give 10 mL of a 0.5 M solution in THF. This solution was loaded on 

sample loop 02 SL02 (V = 2.0 mL, FEP tube, outer diameter 1/16”, inner diameter 1/32”). Then, both 

solutions were mixed at 23 °C with a flow rate of vflow01 = vflow02 = 5.0 mL/min in a T-piece and pumped 

through the 1.77 mL tube reactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”) with a 

residence time tr = 10.6 s. The end of the reactor is equipped with a small canula and the reaction mixture 

was collected in a collection flask containing NH4Cl (sat. aq., 10 mL). The mixture was diluted with 

EtOAc (10 mL) and NaCl (sat. aq., 10 mL) and the aqueous layer was separated and extracted with 

EtOAc (2x20 mL). The combined organic layers were dried (MgSO4), filtered, and concentrated under 

reduced pressure. MPLC (cyclohexane/EtOAc 2:1) gave amide S3 (121 mg, 683 µmol, 68%) as a 

colorless solid. 

The yield is based on the actual reacted reagent solutions: solution 1 (2.0 mL; benzyl isocyanate S01 

(134 mg, 1.00 mmol, 1.0 equiv) and CuBr2 (2.2 mg, 0.10 µmol, 1 mol%)) and solution 2 (2.0 mL; 

iPrMgCl (1.00 mmol, 1.0 equiv)). 
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Rf = 0.28 (cyclohexane/EtOAc 2:1) 

1H NMR (700 MHz, DMSO-d6) δ [ppm] = 8.23 (t, J = 6.1 Hz, 1H), 7.33 – 7.30 (m, 2H), 7.24 – 7.21 (m, 

3H), 4.25 (d, J = 6.0 Hz, 2H), 2.42 (hept, J = 6.8 Hz, 1H), 1.03 (d, J = 6.9 Hz, 6H). 

13C NMR (176 MHz, DMSO-d6) δ [ppm] = 176.0, 139.8, 128.2, 127.0, 126.6, 41.8, 34.0, 19.6. 

The spectroscopic data are consistent with those reported previously in the literature.[6] 

 

Calculation of solvent and product waste using our flow platform and SiF 

 

No solvents are used to dry the reactor and neither a pre- nor a postrun are discarded. The tubes, 

connectors and syringes that are used to load a reagent solution on the sample loop have a dead volume 

of ~0.2 mL. Thus, for each reagent solution, 2.2 mL are employed from which 2.0 ml are actually 

reacted. So, for the preparation of 1 mmol product (corresponding to a combined volume of 4.0 mL), in 

total, 4.4 mL of reagent solutions are employed, which can be expressed as: 

 

4.0 𝑚𝐿

4.4 𝑚𝐿
≈ 0.91 ≙ 91% 

 

As described above, the corrected yield for the amount of reagents that are actually employed is: 

 

0.91 ⨯ 0.68 ≈ 0.62 ≙ 62% 

 

The amount of consumed argon (typically a few hundred milliliters for each experiment) and the waste 

of washing solutions and solvents that are used to clean the reactor, the mixing unit etc. were neglected. 
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4.4 Aldol Reaction of the Key Intermediates Aldehyde 4 and Ester 5 of (+)–

Darwinolide in Flow 

Preliminary Screening of reaction conditions for the aldol reaction of deprotonated ester 5 and 

aldehyde 4 

In preliminary studies, ester 5 was deprotonated in batch. The deprotonated species and aldehyde 4 were 

then mixed in a flow reactor. It was found that when sodium bis(trimethylsilyl)amide was employed as 

base, the subsequent aldol coupling process was relatively slow leading to almost no conversion under 

the reaction conditions. When freshly prepared LiN(iPr)2 was used as base, aldol coupling proceeded 

much faster, providing β-hydroxy ester 6 in acceptable yields. However, it has to be noted that increasing 

reaction times did not improve the yield. This is in accordance with our previous observations.[1] 
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Table S2: Screening of different reaction conditions in flow. 

Entry Base Vflow_tot [mL/min][a]
 tr [min] Yield[b] 

1 NaHMDS 2 4.5 n.d.[c] 

2 LiN(iPr)2 2 4.5 42% 

3 LiN(iPr)2 3 3 41% 

4 LiN(iPr)2 6 1.5 26% 

NaHMDS = sodium bis(trimethylsilyl)amide. LiN(iPr)2 was freshly prepared from HN(iPr)2 and nBuLi 

in THF at 0 °C. [a] Vflow_tot = Vflow01 + Vflow02; Vflow01 = Vflow02. [b] Isolated yield. [c] No conversion 

according to TLC. 

 

In a dry Schlenk tube, a solution of ester 5 in THF (1.2 mL) was treated at 0 °C with base and stirred at 

this temperature for 5 min. Then, the reaction mixture was loaded on sample loop 01 (SL01, V = 1.0 mL, 

FEP tube, outer diameter 1/16”, inner diameter 1/32”). 

In another dry Schlenk tube, 1.2 mL of a 0.083 M solution of aldehyde 4 (29.8 µg, 100 µmol) was 

prepared in THF and loaded on sample loop 02 SL02 (V = 1.0 mL, FEP tube, outer diameter 1/16”, 

inner diameter 1/32”). 

Then, both solutions were driven by an argon flow using MFC01 (vflow01 [mL/min]) and MFC02 (vflow01 

[mL/min]). Both solutions were passed through a precooling tube (FEP tube, outer diameter 1/16”, inner 

diameter 1/32”,V = 0.2 mL), then mixed in a T-piece at 0 °C and pumped through a cooled 9.0 mL tube 

reactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”) at 0 °C with a residence time tr [min]. 

At the end of this reactor, the reaction mixture was collected in a collection flask containing sat. aq. 

NH4Cl (20 mL). The mixture was diluted with EtOAc (20 mL), the aqueous layer was separated, and 

extracted with EtOAc (2x20 mL). The combined organic layers were dried (MgSO4), filtered, and 

concentrated under reduced pressure. Flash column chromatography (SiO2, npentane/Et2O 3:1) gave β-

hydroxy ester 6 as a colorless oil. 
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Deprotonation of ester 4 and aldol reaction with aldehyde 4 in flow 

 

In a dry Schlenk tube, 6 mL of a 0.09 M solution of LiN(iPr)2 in THF was prepared by addition of nBuLi 

(220 µL, 546 µmol, 2.5 M in nhexane) to a solution of HN(iPr)2 (60.0 mg, 84.0 µL, 600 µmol) in 

anhydrous THF (5.7 mL) at 0 °C followed by stirring at this temperature for 5 min. This solution was 

loaded on sample loop 02 (SL02, V = 1.0 mL, FEP tube, outer diameter 1/16”, inner diameter 1/32”). 

In another dry Schlenk tube, 1.2 mL of a 0.083 M solution of ester 5 (36.0 mg, 100 µmol) was prepared 

in THF and loaded on sample loop 01 (SL01, V = 1.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). 

In a third dry Schlenk tube, 1.2 mL of a 0.083 M solution of aldehyde 4 (29.8 µg, 100 µmol) was 

prepared in THF and loaded on a gas tight syringe. 

Then, both solutions were driven by an argon flow using MFC01 (vflow01 = 1.0 mL/min) and MFC02 

(vflow01 = 1.0 mL/min). Both solutions were passed through a precooling tube (FEP tube, outer diameter 

1/16”, inner diameter 1/32”,V = 0.2 mL), then mixed in a T-piece at 0 °C and pumped through a 

precooled 1.0 mL tube reactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”) at 0 °C with a 

residence time of tr = 30 s. At the end of this reactor, the reaction stream was mixed with a solution of 

aldehyde 4 after passing through a precooling tube (FEP tube, outer diameter 1/16”, inner diameter 

1/32”, V = 0.2 mL). The combined reaction stream was then pumped through a cooled 9.0 mL tube 
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reactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”) at 0 °C with a residence time of 

tr = 3.0 min. At the end of this reactor, the reaction mixture was collected in a collection flask containing 

sat. aq. NH4Cl (20 mL). The mixture was diluted with EtOAc (20 mL), the aqueous layer was separated, 

and extracted with EtOAc (2x20 mL). The combined organic layers were dried (MgSO4), filtered, and 

concentrated under reduced pressure. Flash column chromatography (SiO2, npentane/Et2O 3:1) gave β-

hydroxy ester 6 (24.8 mg, 37.4 µmol, 45%) as a colorless oil along with reisolated aldehyde 4 (11.9 mg, 

39.6 µmol, 48%) as colorless oil and ester 5 (13.8 mg, 38.1 µmol, 46%) as colorless oil. 

The yield is based on the actual reacted reagent solutions loaded on SL01 (ester 5 (30.0 mg, 83.0 µ, 1.0 

equiv)), SL02 (1.0 mL; LiN(iPr)2 1.0 mL, 91.0 µmol, 1.1 equiv; 0.09 M in THF) and the solution of 

aldehyde 4 (24.9 mg, 83.0 µmol, 1.0 equiv) reaching the reaction stream (1.0 mL). 

Rf = 0.36 (n-pentane/Et2O 3:1). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.34 – 7.31 (m, 5H), 5.63 (ddd, J = 10.1, 6.0, 2.2 Hz, 1H), 5.33 

(ddd, J = 10.1, 2.6, 1.4 Hz, 1H), 4.90 (d, J = 6.5 Hz, 1H), 4.83 (s, 1H), 4.49 (d, J = 12.1 Hz, 1H), 4.45 

(d, J = 12.1 Hz, 1H), 4.07 – 4.04 (m, 1H), 3.59 (s, 3H), 3.59 – 3.56 (m, 2H), 3.48 (s, 3H), 3.47 – 3.43 

(m, 1H) 3.36 (s, 3H), 3.35 – 3.34 (m, 1H), 3.07 (dt, J = 12.0, 6.5 Hz, 1H), 2.75 (d, J = 6.8 Hz, 1H), 2.59 

(dd, J = 11.9, 3.8 Hz, 1H), 2.26 (ddd, J = 12.0, 6.6, 2.7 Hz, 1H), 1.85 – 1.79 (m, 1H), 1.77 (dt, J = 16.8, 

2.6, 1H), 1.69 (dddd, J = 16.7, 6.0, 2.4, 0.9 H, 1H), 1.59 (d, J = 5.2 Hz, 1H), 1.58 – 1.50 (m, 2H), 1.45 

(td, J = 5.0, 2.8 Hz, 1H), 1.27 – 1.25 (m, 3H), 1.19 (ddd, J =14.1, 2.6, 1.3 Hz, 1H), 1.07 (s, 3H), 0.95 (d, 

J = 1.3 Hz, 6H), 0.88 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 173.1, 138.8, 134.6, 128.4, 127.8, 127.5, 125.3, 108.3, 

107.8, 72.8, 71.6, 69.5, 61.8, 56.0, 54.8, 51.8, 51.1, 49.4, 45.5, 44.9, 44.8, 40.1, 38.5, 33.1, 30.1, 29.2, 

28.5, 26.7, 26.0, 25.6, 18.4, –5.3, –5.3. 

The spectroscopic data are consistent with those reported in the literature.[1] 
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4.5 Ramberg Bäcklund Rearrangement of α-Chlorinated Sulfoxide 7 in 

Flow 

Screening of different reaction conditions for the Ramberg-Bäcklund rearrangement of α-

chlorinated sulfoxide 7 in flow 

 

Table S3: Screening of different reaction conditions in flow. 

Entry T [°C] tr [min] Vflow_tot [mL/min][a] Yield [%][b] 

1 60 30 0.6 49 

2 70 30 0.6 42 

3 55 45 0.4 55 

4 50 75 0.2 46 

[a] Vflow_tot = Vflow01 + Vflow02; Vflow01 = Vflow02. [b] Isolated yield.  

 

In a dry Schlenk tube, α-chlorinated sulfoxide 7 (12.5 mg, 48.1 µmol) was placed and the tube was 

evacuated and backfilled with argon (3x). Then, anhydrous and degassed THF (2.5 mL) was added. The 

resulting solution was loaded on sample loop SL01 (V = 2.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). In another dry Schlenk tube, KOtBu (27.0 mg, 241 µmol) was placed and the tube was 
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evacuated and backfilled with argon (3x). Then, anhydrous and degassed THF (2.5 mL) was added. The 

resulting solution was loaded on sample loop SL02 (V = 2.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). Then, both solutions were driven by an argon flow using MFC01 and MFC02 with the 

flow rate (vflow_tot = vflow01 + vflow02; vflow01 = vflow02) indicated. Both solutions were mixed in a T-piece 

and then pumped through a preheated 28 mL tube reactor (PTFE tube, outer diameter 1/8”, inner 

diameter 1/16”) at the temperature indicated. At the end of the reactor, the reaction mixture was 

pressurized using a ZAIPUT back pressure regulator BPR (set to p = 5 bar) and then collected in a 

50 mL collection flask containing a stirred solution of HCl (1 M, aq., 10 mL). The mixture was diluted 

with EtOAc (20 mL). The aqueous layer was separated and extracted with EtOAc (2x20 mL). The 

combined organic layers were washed with NaHCO3 (sat. aq., 25 mL), NaCl (sat. aq., 25 mL), dried 

(Na2SO4), filtered, and concentrated under reduced pressure. Flash column chromatography 

(cyclohexane/EtOAc 1:2) gave cyclobutene 8 as a yellow oil. 

Yields are based on the actual reacted reagent solutions loaded on SL01 (2.0 mL; α-chlorinated 

sulfoxide 7, 10.0 mg, 38.0 µmol, 1.0 equiv) and SL02 (2.0 mL; KOtBu, 21.6 mg, 192 µmol, 5.0 equiv). 

 

Ramberg Bäcklund rearrangement of α-chlorinated sulfoxide 7 under optimized conditions in 

flow 
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In a dry Schlenk tube, α-chlorinated sulfoxide 7 (30.0 mg, 115 µmol) was placed and the tube was 

evacuated and backfilled with argon (3x). Then, anhydrous and degassed THF (6.0 mL) was added. The 

resulting solution was loaded on sample loop SL01 (V = 5.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). In another dry Schlenk tube, KOtBu (64.8 mg, 577 µmol) was placed and the tube was 

evacuated and backfilled with argon (3x). Then, anhydrous and degassed THF (6.0 mL) was added. The 

resulting solution was loaded on sample loop SL02 (V = 5.0 mL, FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). Then, both solutions were driven by an argon flow using MFC01 (vflow01 = 0.2 mL/min) 

and MFC02 (vflow01 = 0.2 mL/min). Both solutions were mixed in a T-piece and then pumped through 

a preheated 28 mL tube reactor (PTFE tube, outer diameter 1/8”, inner diameter 1/16”) at 55 °C for 

45 min. At the end of the reactor, the reaction mixture was pressurized using a ZAIPUT back pressure 

regulator BPR (set to p = 5 bar) and then collected in a 50 mL Erlenmeyer flask containing a stirred 

solution of HCl (1 M, aq., 10 mL). The mixture was diluted with EtOAc (20 mL). The aqueous layer 

was separated and extracted with EtOAc (2x20 mL). The combined organic layers were washed with 

NaHCO3 (sat. aq., 25 mL), NaCl (sat. aq., 25 mL), dried (Na2SO4), filtered and concentrated under 

reduced pressure. Flash column chromatography (cyclohexane/EtOAc 1:2) gave cyclobutene 8 

(9.50 mg, 54.2 µmol, 56%) as a yellow oil. 

The yield is based on the actual reacted reagent solutions loaded on SL01 (5.0 mL; α-chlorinated 

sulfoxide 7 (25.0 mg, 96.0 µmol, 1.0 equiv)) and SL02 (5.0 mL; KOtBu (54.0 mg, 481 µmol, 

5.0 equiv)). 

Rf = 0.40 (cyclohexane/EtOAc 1:2). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 6.49 (d, J = 2.5 Hz, 1H), 6.09 (t, J = 2.9 Hz, 1H), 4.09 (ddt, 

J = 13.0, 4.2, 1.8 Hz, 1H), 3.93 (d, J = 4.6 Hz, 1H), 2.90 (dt, J = 3.5, 1.8 Hz, 1H), 2.71 (dd, J = 17.4, 

8.2 Hz, 1H), 2.60 (td, J = 12.4, 3.1 Hz, 1H), 2.49 (ddd, J = 7.6, 4.7, 1.8 Hz, 1H), 2.27 (d, J = 17.4 Hz, 

1H), 1.84 (ddd, J = 15.0, 12.3, 5.6 Hz, 1H), 1.75 (ddt, J = 15.0, 4.4, 1.9 Hz, 1H), 1.61 – 1.47 (m, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 175.0, 143.8, 138.8, 59.0, 55.9, 52.4, 39.9, 36.5, 34.6, 27.2, 

23.2. 

The spectroscopic data are consistent with those reported in the literature.[2] 
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4.6 C–H Chlorination of (+)–Sclareolide in Flow 

Screening of different reaction conditions for the C–H chlorination of (+)–sclareolide (9) 

 

Table S4: Screening of reaction conditions. 

Entry Cl+ (equiv) mol% conc. (9) vflow [min/mL][a] T [°C] tr [min] Yield[b] 

1 NCS (1.2) 5 0.1 M 0.1 30 100 11% 

2 NCS (1.2) 5 0.2 M 0.1 30 100 17% 

3 NCS (1.5) 7 0.2 M 0.1 30 100 24% 

4 S4 (1.5) 10 0.2 M 0.1 30 100 19% 

5 S5 (1.5)[c] 10 0.2 M 0.1 30 100 6% 

6 11 (1.5) 10 0.2 M 0.1 30 100 29% 

7[d] 11 (1.5) 10 0.2 M 0.1 30 100 5% 

8 11 (1.5) 10 0.2 M 0.2 30 50 20% 

9 11 (1.5) 10 0.2 M 0.1 10 100 41% 

[a] Vflow_tot = Vflow01 + Vflow02; Vflow01 = Vflow02. [b] Isolated yield. [c] Limited solubility of the Cl+ source 

in MeCN. [d] 2-Methyl-2-butene (0.5 equiv) was used as additive. 
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In a vial, 2.5 mL of a solution of (+)-sclareolide (9, 1.0 equiv), [nBu4N]4[W10O32] and the Cl+ source in 

MeCN (HPLC grade) were prepared. The solution was swirled, to achieve homogeneity and, if 

necessary, filtered through a plug of cotton in a Pasteur pipette. Then, the solution was purged with 

argon for 5 min and loaded on the sample loop SL (V = 2.0 mL; FEP tube, outer diameter 1/16”, inner 

diameter 1/32”). Then, the solution was driven by an argon flow using the MFC with the flow rate vflow 

indicated through a 10 mL photoreactor (FEP tube, outer diameter 1/16”, inner diameter 1/32”) at the 

temperature indicated. At the end of the reactor, the reaction mixture was collected in a collection flask, 

diluted with EtOAc (10 mL) and loaded on Celite®. MPLC (cyclohexane/EtOAc 19:1 to 9:1) gave the 

title compound 10 as a colorless solid. 
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Gram scale C–H chlorination of (+)–sclareolide 

 

In a vial, 20 mL of a solution of (+)-sclareolide (9, 1.00 g, 3.99 mmol, 1.0 equiv), [nBu4N]4[W10O32] 

and 1-chloro-3,3,4,4-tetramethylpyrrolidine-2,5-dione (11, 1.14 g, 5.99 mmol, 1.5 equiv) in MeCN 

(HPLC grade) was prepared. The solution was swirled to achieve homogeneity and filtered through a 

plug of cotton using a Pasteur pipette in a 25 mL sample flask SF (V = 25 mL). The sample flask SF 

was sealed with a rubber septum, purged with argon for 5 min and connected with the 6-way valve 6WV 

using two connection tubes with canulas. Then, the solution was driven by an argon flow using the MFC 

(vflow = 0.1 mL/min) through a 10 mL photoreactor (FEP tube, outer diameter 1/16”, inner diameter 

1/32”) at 10°C. At the end of the reactor, the reaction mixture was collected in a collection flask, diluted 

with MeCN (50 mL), and loaded onto Celite®. MPLC (cyclohexane/EtOAc 19:1 to 9:1) gave compound 

10 (436 mg, 1.53 mmol, 38%) as a colorless solid. 

Rf = 0.30 (cyclohexane/EtOAc 7:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 4.23 (tt, J = 12.2, 4.2 Hz, 1H), 2.43 (dd, J = 16.2, 14.7 Hz, 1H), 

2.28 (dd, J = 16.2, 6.5 Hz, 1H), 2.10 (dt, J = 12.0, 3.3 Hz, 1H), 2.05 – 1.97 (m, 3H), 1.93 – 1.87 (m, 

1H), 1.74 – 1.67 (m, 1H), 1.53 (t, J = 12.7 Hz, 1H), 1.41 – 1.34 (m, 2H), 1.33 (d, J = 1.0 Hz, 3H), 0.97 

(s, 3H), 0.96 (s, 3H), 0.89 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ [ppm] = 176.3z, 86.0, 58.7, 55.9, 54.0, 52.5, 49.8, 38.5, 38.3, 36.0, 33.0, 

28.7, 21.8, 21.5, 20.3, 15.9. 

The spectroscopic data are consistent with those reported in the literature.[13] 
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The flow setup for the photochemical gram scale C–H chlorination of (+)–sclareolide (9). 

 

 

Left: The photoreaction was cooled by placing the photoreactor on a Dewar with liquid nitrogen. The 

evaporating nitrogen is drawn by two 140 mm PC fans through the photoreactor. The temperature is 

measured with a thermometer on the outlet of the photoreactor. By controlling the fan speed of the fans 



 

142 
 

with a fan control, the temperature in the photoreactor can be controlled. Right: A 25 mL round bottom 

flask is used a sample flask equipped with a septum and canulas to provide a connection between the 

flask and the HPLC injection valve. 

 

 

Over the course of the reaction (start on the top of the photoreactor, end on the bottom of the 

photoreactor), the chlorinating agent is continuously consumed. Thus, at the end of the reaction, the 

decatungstate deep blue anion H+[W10O32]5- is not reoxidized to the colorless decatungstate [W10O32]4- 

anymore, resulting in a blue reaction mixture at the end of the reaction. 
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5. NMR Spectra of Synthesized Compounds 
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ABSTRACT: A scalable access to functionalized ferrocenyl azides
has been realized in flow. By halogen−lithium exchange of
ferrocenyl halides and trapping with tosyl azide, a variety of
functionalized ferrocenyl azides were obtained in high yields. To
allow a scalable preparation of these potentially explosive
compounds, a flow protocol was developed accelerating the
reaction time to minutes and circumventing accumulation of
potentially hazardous intermediates. The corresponding ferrocenyl
amines were then prepared by a reliable reduction process.

Since the discovery of ferrocene in 1951,1 its derivatives
have found innumerable applications in chemistry. The

intriguing redox properties of ferrocenes led to applications in
coordination chemistry,2 inorganic materials,3 molecular wires
and sensors.4 Their unique stability make ferrocenes useful in
medicinal research5 and as privileged ligands in many
catalysts.6 Frequently, these ferrocene based compounds are
derived from ferrocenyl azides7 or amines.8 As organic azides
can be readily reduced to the corresponding amines, ferrocenyl
azides are the access hub to a large number of N-substituted
ferrocenes. Owing to thermal lability and shock-sensitivity,9 the
obvious synthetic potential of ferrocenyl azides has not been
fully realized. For their preparation, copper mediated
substitution of ferrocenyl bromides9a,10 and boronic acids11

with sodium azide (Scheme 1A) was employed; however, this
required the use of explosive copper azide. Alternatively,
ferrocenyllithiums, prepared by lithiation of C−H bonds in
ferrocenes, are reacted with aryl sulfonyl azides (Scheme
1B).6e,12 While for the former process inconsistent yields were
reported, the latter suffers from low functional group
tolerance.10 More recently, a single functionalized ferrocenyl
azide was prepared by halogen−lithium exchange of the
corresponding ferrocenyl halide.13 The azidation of aryl halides
through bromine−lithium exchange and trapping with tosyl
azide has been realized in flow very recently by Yoshida and
Nagaki.14,15

Fast chemical transformations immensely benefit from
precise reaction control in a continuous flow setup.16

Enhanced heat and mass transfer has enabled organic reactions
previously viewed impossible.14,15,17 Vice versa, slow reactions
can be significantly accelerated by fast heating, frequently

rendering a flow process more efficient and sustainable than a
batch process.18 Herein, we describe the flow-enabled
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Scheme 1. Synthesis of Functionalized Ferrocenyl Azides

Letterpubs.acs.org/OrgLett

© 2020 American Chemical Society
902

https://dx.doi.org/10.1021/acs.orglett.9b04450
Org. Lett. 2020, 22, 902−907

D
ow

nl
oa

de
d 

vi
a 

FR
E

IE
 U

N
IV

 B
E

R
L

IN
 o

n 
Fe

br
ua

ry
 1

2,
 2

02
0 

at
 0

8:
59

:5
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Merlin+Kleoff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Schwan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+Boeser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bence+Hartmayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathias+Christmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biprajit+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Heretsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Heretsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.9b04450&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04450?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04450?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


development of a general method for the safe and scalable
synthesis of functionalized ferrocenyl azides (Scheme 1C)
through azidation of ferrocenyllithiums.
In preliminary batch experiments we first investigated the

propensity of halogen−metal exchange of iodoferrocene (1a),
followed by trapping with arylsulfonyl azides under a variety of
reaction conditions to give azidoferrocene (2a). Initially, tert-
butyllithium was employed for iodine−lithium exchange at
−78 °C for 30 min while different arylsulfonyl azides were
screened (see Supporting Information). As a result, commer-
cially available tosyl azide was identified to give the best yield
(77%). To avoid the use of pyrophoric reagents, n-butyllithium
was employed which also led to an increased yield (95%).19 To
further improve the reaction parameters, we tested the iodine−
lithium exchange and subsequent reaction with tosyl azide at 0
°C. Under these conditions, the yield dropped to 82% and
handling of the exothermic reaction became a concern on a
scale larger than 1 mmol.
With these general parameters established, our flow process

was based on three reaction steps (Scheme 2): (1) halogen−
lithium exchange of ferrocenyl halides of type 1 forming
ferrocenyllithiums of type 3, (2) trapping with tosyl azide
leading to triazenes of type 4, and finally, (3) thermal
fragmentation of 4 to the desired ferrocenyl azides 2. The
combination of steps (1)/(2) with (3) in a continuous fashion
immediately presented a general technological challenge for
the reactor design: while halogen−lithium exchange of aryl
halides and trapping with electrophiles can be performed at
high flow rates within milliseconds,17 the fragmentation of
triazene 4 is a slow reaction, necessitating, when performed in
batch, warming from −78 °C to ambient temperatures over
several hours. Thus, step (3) would translate into an extremely
slow flow rate and require a steep decrease in flow rate of the
incoming triazene stream. Although, triazene fragmentation
can be promoted by thermolysis at temperatures of 120−130
°C,20 this is usually avoided in batch due to safety
considerations.21 Given the intrinsic properties of continuous
flow, we deemed the thermal fragmentation a viable and

manageable reaction in a tube reactor, whereby fast heating of
triazene 4 thermal strain is minimized significantly.16a,h

We started to optimize the fast reactions and the slow
fragmentation step separately. Thus, the iodine−lithium
exchange of iodoferrocene (1a) and subsequent trapping
with tosyl azide were conducted in a tube reactor. The
resulting reaction mixture was collected in a flask and kept
there for a prolonged time to complete fragmentation of
triazene 4a and determine the isolated yield of azidoferrocene
(2a). As the intermediary ferrocenyllithium 3a precipitated at
temperatures below 0 °C, both reactions were performed at 0
°C with precooled solutions of iodoferrocene (1a) and tosyl
azide in tetrahydrofuran (THF) and n-butyllithium in n-
hexane. A T-mixer was used for mixing the solutions of
iodoferrocene and n-butyllithium with the result of the iodine−
lithium exchange to take a relatively long time of 17 s,
determined by complete conversion of starting material. When
switching to a static mixer and a stainless-steel capillary reactor
with an internal diameter of 250 μm, full conversion was
achieved in 500 ms.
We then focused our attention on the thermolytic

fragmentation of triazene 4a to azidoferrocene (2a). Thus, a
solution of triazene 4a in THF prepared in batch as described
above was pumped through a tube reactor at elevated
temperature. Upon fragmentation of triazene 4a we observed
precipitation of insoluble lithium para-toluenesulfinate, result-
ing in blockage of the tube reactor. Seeberger and Gilmore
showed that suspensions can efficiently be kept in flow when a
triphasic flow regime is used.22

Thus, we merged the reaction mixture with an argon stream
before entering the heated tube reactor. In the resulting gas−
liquid flow, a strong toroidal current kept the precipitate in a
floating state and blockage of the tubing was inhibited.23 At a
temperature of 60 °C, thermolysis of triazene 4a was complete
within 15 min providing azidoferrocene (2a) in a yield of 85%.
In contrast, when a solution of triazene 4a was heated from
−78 to 60 °C in batch, completion of the reaction required 30
min and gave a yield of only 70%, a limitation overcome by our
flow process. Further accelerating the fragmentation by

Scheme 2. Optimized Setup for the Synthesis of Functionalized Ferrocenyl Azides in Flow
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exceeding the boiling point of THF using back pressure
regulators was only briefly contemplated, as blockage of the
backpressure regulator by the suspension was expected.
We were now in the position to merge both processes into

one continuous flow setup (Scheme 2). Some fine adjustment
of flow rates and residence times was performed (see
Supporting Information), and a mass flow controller providing
a constant argon flow and a pumping system for solvent were
employed to form a stable segmented flow regime.
Iodoferrocene 1a was introduced through an injection valve,
while solutions of n-butyllithium in n-hexane and tosyl azide in
THF were fed to the system by syringe pumps and mixed at 0
°C for 19 s. Finally, the reaction mixture was merged with an
argon stream resulting in a segmented flow and warmed to 60
°C with a residence time of 15 min in a coiled tube reactor.
Insoluble lithium para-toluenesulfinate precipitated from the
reaction mixture resulting in a triphasic system of salt, liquid,
and argon. The reaction mixture was eventually collected in a
flask containing an aqueous sodium bicarbonate solution to
quench any remaining reactive intermediates and remove
inorganic byproducts. Using this flow setup, azidoferrocene
(2a) was prepared in a yield of 82%. To showcase the
practicality of our setup in the preparation of multigram
quantities of azidoferrocenes, we performed a run with 1a at a
productivity of 4 g/h and achieved similar yields of 2a.
We next applied our optimized flow conditions to a broad

set of functionalized ferrocenyl halides 1b−n (Scheme 3). The
preparation of substrates 1e−1g was achieved by selective
bromine−lithium exchange of 1,1′-dibromoferrocene (see
Supporting Information).10 Bromo-substituted ferrocenyl
azide 2b was obtained in an excellent yield. For the iodo-
substituted compound 2c, the yield dropped significantly to
26% in batch as the iodine−lithium exchange was less selective.
However, in flow the selectivity could be enhanced providing
2c in 54% yield. Double azidation of 1,1′-dibromoferrocene
gave the valuable diazide 2d in an improved yield of 94%
compared to previously reported 59% in batch.9a Due to its
explosive nature, the preparation of this compound in flow
(75% yield) benefited significantly from the better safety
profile of our setup. Notably, the tert-butyl ester present in
substrate 1e was tolerated giving the corresponding azide 2e, a
precursor for ferrocene amino acids (vide inf ra). Camphor-
derived ferrocenyl terpene 2g was obtained in 66−69% yield.
The planar chiral substrate 1h was prepared by diastereose-
lective lithiation−iodination of enantioenriched Ugi’s amine.
Formation of the corresponding azide 2h proceeded with
retention of configuration. Heteroaromatic ferrocenyl azide 2f
could be obtained in good yield. As ethynyl-substituted
ferrocene derivatives are frequently used in molecular wires,4

we prepared an array of ethynyl-substituted ferrocenyl azides
(2i−2n). These compounds were obtained in good to
excellent yields in batch and flow. Both, electron-donating
(2l) and electron-withdrawing (2m) groups attached to the
aromatic moiety were tolerated. Ethynyl azide 2i was prepared
in 77−79% yield presenting the opportunity for sequential
click chemistry.11,24 For cyclopropyl-substituted azide 2j the
yield dropped slightly (56% in batch, 69% in flow). Generally,
we assume that yields of ferrocenyl azides 2 are slightly lower
in flow than in batch due to traces of water in the flow reactor
resulting in hydrolysis of the intermediary ferrocenyllithiums 3.
The reduction of ferrocenyl azides by palladium-catalyzed

hydrogenation is well documented7c,25 but not suitable for
ferrocenyl azides 2g and 2i−n containing olefin or alkyne

moieties. Treatment of ferrocenyl halides with ammonia in the
presence of a copper/iron catalyst26 would not allow the
synthesis of halogenated ferrocenyl amines 5b and 5c. Thus,
we decided to reduce ferrocenyl azides 2a−2n to the
corresponding amines 5a−5j (Scheme 4) under Staudinger
conditions. We found that treatment of ferrocenyl azides with
triphenylphosphine (PPh3) in a mixture of THF and water at
65 °C provided the corresponding amines 5a−5j in
consistently high yields. Among the products obtained,
bromoferrocenyl amine 5b is particularly valuable. A previous
synthesis required five steps starting from 1,1′-dibromoferro-
cene and resulted in 31% yield.8e We now prepared 5b in two
steps and 83% yield. The tert-butyl ester substituted ferrocenyl
amine 5d was obtained in 94% yield and is useful to access

Scheme 3. Scope of Functionalized Ferrocenyl Azidesa

aStarting from the corresponding ferrocenyl bromides [Br] or iodides
[I]. Yields of isolated products are given. Batch reaction conditions:
substrate (1 equiv), n-butyllithium (1.1 equiv), tosyl azide (1.2 equiv)
in THF (0.05−0.16 M) at −78 °C, 30 min, warmed to 25 °C over 16
h. Flow reaction conditions: substrate (0.2 M in THF; v = 2 mL/
min), n-butyllithium (1.2 M in n-hexane; v = 0.4 mL/min), tosyl azide
(0.75 M in THF; v = 0.8 mL/min), argon (v = 0.2 mL/min), 0 to 60
°C, 15 min residence time. bBromine−lithium exchange was
performed for 1 h. cn-Butyllithium (2.2 equiv) and tosyl azide (2.3
equiv) were used. For further details, see Supporting Information.
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conformationally restricted peptide mimetics.27 Ethynyl-
substituted ferrocenyl amines 5f−5j were obtained in yields
of 76−91%. Ferrocenyl azides 2d, f, h, and n underwent
decomposition under these reaction conditions, and the
corresponding amines could not be obtained.
In conclusion, we have developed a general and scalable

method for the functionalization of ferrocene derivatives in
flow. By halogen−lithium exchange of ferrocenyl halides and
subsequent trapping with tosyl azide, a variety of functionalized
ferrocenyl azides were obtained. The application of flow
chemistry accelerated the reaction over three distinct synthetic
manipulations to minutes with an excellent safety and
scalability profile, even on gram scale. In this process, a flow
setup was designed that combined fast halogen−lithium
exchange with a slow fragmentation step. The challenging
precipitation of lithium para-toluenesulfinate was managed by
employing a triphasic flow regime that prevented blockage of
the tube reactor. In addition, a practical Staudinger protocol
was developed for the reduction of functionalized ferrocenyl
azides to the corresponding ferrocenyl amines in generally high
yields.
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Berlin, Berlin, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.9b04450

Notes

The authors declare no competing financial interest.
A version of this research was previously posted to ChemRxiv:
Kleoff, Merlin; Schwan, Johannes; Boeser, Lisa, Hartmayer,
Bence; Christmann, Mathias; Sarkar, Biprajit; Heretsch,
Philipp (2019): Scalable Synthesis of Ferrocenyl Azides and
Amines Enabled by Flow Chemistry. ChemRxiv. Preprint. Dec.
13, 2019. 10.26434/chemrxiv.11321975.v1.

■ ACKNOWLEDGMENTS

Financial support for this work was provided by Freie
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1. General Information 

1.1. Materials and Methods 

Unless otherwise noted, all reactions and workups were performed open to air. All substances sensitive 

to water and oxygen were handled under an argon atmosphere using standard Schlenk techniques and 

oil pump vacuum. Room temperature (rt) refers to 25 °C.  

Anhydrous THF was distilled under an atmosphere of argon over sodium/benzophenone and stored over 

activated 3 Å mol sieves. Anhydrous n-hexane was obtained by storing over activated 3 Å mol sieves 

for 48 h. Anhydrous CH2Cl2, MeCN, and n-pentane were obtained from a solvent system MB SPS-800 

from the company MBRAUN. Anhydrous HNiPr2 and n-BuOH were distilled from KOH and stored 

over activated 3 Å mol sieves. TMEDA was distilled from CaH2 and stored over activated 3 Å mol 

sieves in the dark at ‒18 °C. 

EtOAc, n-pentane and n-hexane were purified by distillation on a rotary evaporator. All other solvents 

and commercially available reagents were used without further purification unless otherwise stated.  

If necessary, n-BuLi was titrated before use in Et2O with n-BuOH and 2,2’-bipyridine as indicator.  

3 Å mol sieves were activated by drying over night at 100 °C in a drying cabinet followed by drying at 

10-3 mbar for 30 min at 600 °C. ZnCl2 was dried at 10-3 mbar for at least 15 min at 600 °C. ZnCl2 

solutions in THF were stored over 3 Å mol sieves. Tosyl azide was stored as a solution in THF over 

CaH2 (for the preparation, see below). 

The following compounds were prepared according to the literature: 2,4,6-Triisopropylbenzenesulfonyl 

azide[1] and para-chlorobenzenesulfonyl azide.[2] 

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-

Flash Rf or a TELEDYNE ISCO Combi-Flash Rf200 using prepacked SiO2-columns and cartridges 

from TELEDYNE. UV response was monitored at 254 nm and 280 nm. As eluents, cyclohexane 

(99.5%+ quality) and EtOAc (HPLC grade) were used. 

High performance liquid chromatography (HPLC) was conducted on a modular KNAUER HPLC 

system with a UV detector at 254 nm and differential refractometer on a 4×250 mm column packed with 

Nucleosil 50-5 from MACHERY-NAGEL. 

For column chromatography, silica 60 M (0.040-0.063 mm) from MACHERY-NAGEL or basic 

Aluminum oxide from ACROS or MACHERY-NAGEL were used. Basic aluminum oxide was 

deactivated prior use with 5 wt% water by adding the calculated amount of water to aluminum oxide 

followed by vigorously shaking for some minutes. Alternatively, after addition of water, the aluminum 

oxide was rotated at atmospheric pressure on a rotary evaporator for 15 min. 
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Unless otherwise stated, concentration under reduced pressure was performed by rotary evaporation at 

40 °C and the appropriate pressure.  

All reactions involving ferrocenyl azides were performed with additional care on a scale of less than 1 g 

and under modest exclusion of light. Concentration of solutions of ferrocenyl azides was performed by 

rotary evaporation at 38 °C and appropriate pressure. All ferrocenyl azides were stored as solids or oils, 

respectively, in the dark at 4 °C. When stored cold, most ferrocenyl azides were found to be relatively 

stable and decomposed very slowly over months. The decomposition products can easily be removed 

by filtration of a concentrated solution of the ferrocenyl azide in CH2Cl2 over a pad of basic Al2O3 

(deactivated with 5 wt% H2O). In solution, ferrocenyl azides decompose within a few days. Therefore, 

samples for NMR spectra in CDCl3 were measured within minutes to hours after preparation. 

 

1.2. Analysis 

Reaction monitoring: Reactions were monitored by TLC carried out on Merck Silica Gel 50 F254-plates 

and visualized by fluorescence quenching under UV-light (λ = 254 nm) or by using a stain of vanillin 

(6 g vanillin, 1.5 mL 96% H2SO4, 100 mL EtOH) and heat as developing agent. 

NMR spectroscopy: All NMR spectra were acquired on a JEOL ECZ400 (400 MHz), a JEOL ECS400 

(400 MHz), a JEOL ECX 400 (400 MHz), a JEOL ECP 500 (500 MHz), a Bruker Avance 500 

(500 MHz), a Varian INOVA 600 (600 MHz) or a Bruker Avance 700 (700 MHz) in the reported 

deuterated solvents. Chemical shifts are reported in parts per million (ppm) with reference to the residual 

solvent peaks. The given multiplicities are phenomenological, thus, the actual appearance of the signals 

is stated and not the theoretically expected one. The following abbreviations were used to designate 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet. In case no multiplicity 

could be identified, the chemical shift range of the signal is given (m = multiplet).  

Infrared spectroscopy: Infrared (IR) spectra were measured on a NICOLET Nexus 670/870 FT-IR 

spectrometer or a JASCO FT/IR-4100 spectrometer. Wavenumbers ṽ are given in cm-1 and intensities 

are as follows: s = strong, m = medium, w = weak.  

High resolution mass spectrometry: High-resolution mass spectra (HRMS) were recorded using an 

AGILENT 6210 ESI-TOF spectrometer.  

 

Optical Rotation: Optical rotations were measured on a JASCO P-2000 polarimeter at 589 nm using 

100 mm cells and the solvent and concentration (g/100 mL) indicated. 
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1.3. Flow Equipment 

All flow chemistry experiments were carried out using the following equipment: 

Tubings, connectors and valves: FEP tubing (outer diameter 1/16”, inner diameter 1/32”) and PTFE 

tubing (outer diameter 1/8”, inner diameter 1/16”) were obtained from BOLA. T-mixers made from 

stainless steel 316L were provided by VICI. A static mixer with an internal volume of 2.2 µL made from 

PEEK/UHMWPE was provided by UPCHURCH SCIENTIFIC. Tubings and mixers were connected 

using either coned 10-32 UNF fittings made from stainless steel 316L obtained from UPCHURCH 

SCIENTIFIC or flat bottom ¼-28 UNF gripper fittings made from PP obtained from DIBAFIT. 

Adapters for ¼-28 UNF systems were made from PP or PTFE and were provided from UPCHURCH 

SCIENTIFIC. Manual 6-way-valves made from stainless steel 316L were provided by KNAUER. 

Gas delivery: A controlled stream of argon gas was delivered using a mass flow controller (EL-FLOW 

Prestige Series) from BRONKHORST. Connectors and adapters were provided from SWAGELOK. 

Pumping systems: Liquids were delivered using 3D-printed syringe pumps based on a setup developed 

by M. Spano from the group of M. Croatt.[3] Gas-tight Luer-Lock syringes made from glass were 

obtained from VWR. For solvent supply, a Waters 515 HPLC pump was used. 

 

General remarks for performing flow experiments involving n-butyllithium: 

Prior use, tubes were flushed with dry THF for at least 3 residence times. After performing reactions 

involving n-butyllithium, the tubes were washed with iPrOH (HPLC grade) for at least 3 residence times. 

Any blockages arising from solid formation were cleared using a solution of MeOH/H2O/AcOH 

(10:1:1), followed by washing with iPrOH (HPLC grade) for at least 3 residence times.  
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2. Experimental Procedures 

2.1. Optimization of Reaction Conditions for the Synthesis of Ferrocenyl 

Azides in Batch 

Screening of different organolithiums and arylsulfonyl azides in batch 

 

Table S1: Screening of different organolithiums (RLi) and arylsulfonyl azides (ArSO2N3) 

Entry RLi (equiv) ArSO2N3 Yield[a] 

1 t-BuLi (2.1 equiv) 2,4,6-(i-Pr)3C6H2SO2N3 76% 

2 t-BuLi (2.1 equiv) 4-Cl-C6H4SO2N3 63% 

3 t-BuLi (2.1 equiv) TsN3 77% 

4 n-BuLi (1.1 equiv) TsN3 95% 

5[b] n-BuLi (1.1 equiv) TsN3 82% 

[a] Isolated yield. [b] Iodine‒lithium exchange was performed for 10 min at 0 °C (ice bath), TsN3 was 

added dropwise at 0 °C and the reaction mixture was warmed to rt over 16 h. 

 

In a dry Schlenk tube, iodoferrocene (100 mg, 0.321 mmol, 1.0 equiv) was placed and the Schlenk tube 

was evacuated and backfilled with argon (3×). Anhydrous THF (2 mL) was added and the resulting 

solution was cooled to ˗78 °C (acetone/dry ice). RLi was added dropwise and the mixture was stirred 

for 30 min. Then, ArSO2N3 (1.2 equiv; 1.0 M in THF) was added dropwise at ˗78 °C and the resulting 

dark red solution was stirred at this temperature for 10 min. The cooling bath was removed, the Schlenk 

tube was wrapped in aluminum foil and the mixture was stirred for 16 h at rt. After exposure to air, 

NaHCO3 (sat. aq., 20 mL) and EtOAc (20 mL) were added. The aqueous layer was separated and 

extracted with EtOAc (2×20 mL). The combined organic layers were dried (Na2SO4), filtered, and 

concentrated under reduced pressure. Azidoferrocene (2a) was isolated by gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O). 
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Initial attempts to accelerate the fragmentation of the triazene intermediate in batch. 

As a preliminary investigation for the flow protocol, it was attempted to accelerate the fragmentation of 

the triazene species in batch at elevated temperature.  

 

In a dry Schlenk tube, 1a (100 mg, 0.321 mmol, 1.0 equiv) was placed and the Schlenk tube was 

evacuated and backfilled with argon (3×). Anhydrous THF (2 mL) was added and the resulting solution 

was cooled to ˗78 °C (acetone/dry ice). n-Butyllithium (0.141 mL, 0.353 mmol, 1.1 equiv; 2.5 M in n-

hexane) was added dropwise and the mixture was stirred for 30 min. Tosyl azide (0.513 mL, 

0.383 mmol, 1.2 equiv; 1.0 M in THF) was added dropwise at ˗78 °C. Then, the Schlenk tube was 

removed from the cooling bath and immersed in a preheated oil bath at the temperature stated. The 

solution was stirred at this temperature for the time indicated. The reaction progress was monitored by 

TLC. After exposure to air, NaHCO3 (sat. aq., 20 mL) and EtOAc (20 mL) were added. The aqueous 

layer was separated and extracted with EtOAc (2×20 mL). The combined organic layers were dried 

(Na2SO4), filtered, and concentrated under reduced pressure. Azidoferrocene (2a) was isolated by 

gravity column chromatography (basic Al2O3, activity grade I +5 wt% H2O, n-pentane). 

 

Table S2. Fragmentation of the triazene species at elevated temperature in batch 

Entry Temperature (°C) Time (min) Yield[a] 

1[b] 50 10 62% 

2[b] 60 20 78% 

3 60 30 70% 

[a] Isolated yield. [b] Incomplete fragmentation of the triazene species. 

 

These observations indicate that complete fragmentation of the triazene species requires approximately 

30 min at 60 °C (entry 3). However, azidoferrocene (2a) can be isolated in a slightly higher yield 

although fragmentation was not complete when heating was performed only for 20 min (entry 2). This 

finding suggests that at 60 °C product 2a starts to decompose resulting in lower yields. 
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2.2. Optimization of Reaction Conditions for the Synthesis of Ferrocenyl 

Azides in Flow 

Attempts to perform iodine-lithium exchange and trapping with tosyl azide in a semi-batch 

procedure. 

To find suitable reaction parameters for the iodine-lithium exchange and subsequent trapping with tosyl 

azide in flow, semi-batch experiments were conducted. The iodine-lithium exchange and the subsequent 

trapping with tosyl azide were performed in flow, while fragmentation of the triazene species was 

completed in batch.  

 

Syringe pumps (LP1-LP3) equipped with gas-tight 10 mL glass syringes were used to pump solutions 

of iodoferrocene (1a, 0.2 M in THF, vFcI), n-butyllithium (1.2 M n-hexane, vn-BuLi), and tosyl azide 

(0.75 M in THF, vTsN3). All solutions were pumped through precooling loops (FEP tube, outer diameter 

1/16”, inner diameter 1/32”, V = 0.15 mL) before mixing. The solutions of iodoferrocene and n-

butyllithium were merged in a T-mixer or a static mixer and pumped through tube reactor 1 with tR
1. 

At the end of this reactor, the reaction stream was merged with a stream of tosyl azide in a T-mixer and 

pumped through tube reactor 2 (FEP tube, outer diameter 1/16”, inner diameter 1/32”, V = 1 mL) with 

tR
2. The outlet of this tube reactor was connected to a flask or a dry Schlenk tube. Reactor 1, reactor 2, 

the mixing units and the precooling loops were cooled to 0 °C by immersion to an ice bath.  

The syringe pumps were operated at the given flow rates. After an equilibration time of 3 residence 

times, a sample of 0.2 mmol was collected in a dry Schlenk tube. The collected reaction mixture was 

stirred at rt for 6 h. After exposure to air, NaHCO3 (sat. aq., 20 mL) and EtOAc (20 mL) were added. 

The aqueous layer was separated and extracted with EtOAc (2×20 mL). The combined organic layers 

were dried (Na2SO4), filtered and concentrated under reduced pressure. Azidoferrocene (2a) was 

isolated by gravity column chromatography (basic Al2O3, activity grade I +5 wt% H2O, n-pentane). 
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Table S3. Screening of parameters for iodine-lithium exchange and subsequent trapping with 

tosyl azide in a semi-batch procedure 

Entry vFcI [mL/min] vn-BuLi [mL/min] vTsN3 [mL/min] tR
1 [s] tR2 [s] Yield[e] 

1[a] 1.0 0.2 0.4 8 38 43% 

2[b] 1.0 0.2 0.4 17 38 67% 

3[b] 2.0 0.4 0.8 9 19 71% 

4[c] 2.0 0.4 0.8 0.5 19 82% 

5[c,d] 2.0 0.4 0.8 0.5 19 87% 

[a] Reactor 1: FEP tube (inner diameter 1/32”, V = 0.15 mL) was used. [b] Reactor 1: FEP tube (inner 

diameter 1/32”, V = 0.34 mL) was used. [c] Reactor 1: stainless steel capillary (inner diameter 250 μm, 

V = 20 μL) was used. [d] A static mixer with an internal volume of 20 μL was used for the iodine-lithium 

exchange. [e] Isolated yield. 

 

 

Picture of the self-assembled reactor plate: Iodoferrocene and n-butyllithium are merged in the static 

mixer and then pumped through reactor 1. The reaction stream is merged with tosyl azide and then 

reacted in reactor 2.  
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Attempts to accelerate the fragmentation of the triazene intermediate in a semi-batch procedure. 

In order to accelerate the fragmentation of the triazene intermediate in flow, semi-batch experiments 

were conducted. To prevent blocking of the tubings from precipitating salts, the reaction mixture was 

pumped as a segmented flow through a heated tube reactor resulting in a triphasic flow regime.[4] 

 

 

A HPLC pump (LP) to feed the solvent was connected to a HPLC injection valve (6WV) equipped with 

a 1 mL sample loop. The liquid supply was merged in a T-mixer with a stream of argon supplied by a 

mass flow controller (MFC). The resulting segmented flow was pumped through the tube reactor. The 

tube reactor with the volume V was immersed to a water bath at the given temperature. The reaction 

mixture was collected in a flask containing NaHCO3 (sat. aq., 20 mL). 

The pump and the reactor were washed with anhydrous THF for 2 residence times by pumping THF 

with the HPLC pump and simultaneously feeding argon using the MFC. 

In a dry Schlenk tube, iodoferrocene 1a (100 mg, 0.321 mmol, 1.0 equiv) was placed and the Schlenk 

tube was evacuated and backfilled with argon (3×). Anhydrous THF (1.1 mL) was added and the 

resulting solution was cooled to ˗78 °C (acetone/dry ice). n‒Butyllithium (0.147 mL, 0.353 mmol, 1.1 

equiv) was added dropwise and the mixture was stirred for 30 min. Then, tosyl azide (1.2 equiv; 1.0 M 

in THF) was added dropwise at ˗78 °C. Next, the solution was loaded on the sample loop of the HPLC 

injection valve. The solution was immediately injected by switching from the load to the inject position 

and the solution was pumped through the reactor at the given flow rate and temperature. The collected 

reaction mixture was diluted with EtOAc (20 mL). The aqueous layer was separated and extracted with 

EtOAc (2×20 mL). The combined organic layers were dried (Na2SO4), filtered and concentrated under 

reduced pressure. Azidoferrocene (2a) was isolated by gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O, n-pentane).  

 

 

 



 

164 
 

Table S4. Fragmentation of the triazene species at elevated temperature in flow 

Entry vliquid [mL/min] vargon [mL/min] V [mL] T [°C] tR
[a] [min] Yield[d] 

1[a,c] 0.4 0.4 10 50 10 49% 

2[a,c] 0.4 0.4 10 55 13 74% 

3[a,c] 0.2 0.2 10 60 15 85% 

4[b] 1.3 1.0 40 60 6 n.d. 

5[b] 3.0 0.3 40 60 15 85% 

[a] A FEP tube reactor (inner diameter of 1/32”) was used. [b] A PTFE tube reactor (inner diameter 

1/16”) was used. [c] Temporary blockage of the tube reactor was observed. [d] Isolated yield. N.d. = not 

determined. 

 

Due to expansion of the argon slugs and partial evaporation of the THF, the observed residence times 

are significantly lower than calculated. 

 

Left: Picture of the tube reactor when the reaction mixture (red) is pumped through the reactor in a 

segmented flow; Right: Picture of the triphasic flow regime on the outlet of the reactor. 
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Optimization of parameters of the combined flow setup 

Finally, the complete setup was constructed by combining both semi-batch procedures.  

 

Syringe pumps (LP2, LP3) equipped with gastight 10 mL glass-syringes were used to pump solutions 

of n-butyllithium (1.2 M in n-hexane, vn‒BuLi) and tosyl azide (0.75 M in THF, vTsN3). Both solutions were 

passed through precooling loops (FEP tube, outer diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) 

before mixing. 

A HPLC pump (LP1) to feed the solvent was connected to a HPLC injection valve (6WV) equipped 

with a 1 mL sample loop. The liquid supply was passed through a precooled loop (FEP tube, outer 

diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) and then merged in a static mixer (internal volume: 

20 μL) with a solution of n-butyllithium (1.2 M in n-hexane, vn‒BuLi). The resulting reaction stream was 

pumped through tube reactor1 (stainless steel capillary, inner diameter 250 μm, V = 20 μL) and then 

merged in a stainless steel T-mixer with a solution of tosyl azide. Reactor1, reactor2, the mixing units 

and the precooled loops were cooled to 0 °C by immersion to an ice bath. 

The reaction stream was mixed in a T-mixer with argon provided by a mass flow controller (MFC) 

resulting in a segmented flow pattern. This stream was pumped through tube reactor3 (PTFE tube, inner 

diameter 1/8”, V = 40 mL) heated to 60 °C in a water bath. The resulting triphasic flow regime was 

collected in a flask containing NaHCO3 (sat. aq., 50 mL). 

The HPLC pump and the reactor were washed with anhydrous THF for 2 residence times by pumping 

THF with the HPLC pump and feeding argon using the MFC. A solution of iodoferrocene (1a) was 

loaded on the HPLC injection valve. The solutions of n-butyllithium and tosyl azide were pumped at the 

given flow rate for 15‒20 s. Then, the solution of iodoferrocene (1a) was injected into the system by 

switching the HPLC valve to the “inject” position. The collected reaction mixture was diluted with 

EtOAc (50 mL). The aqueous layer was separated and extracted with EtOAc (2×50 mL). The combined 

organic layers were dried (Na2SO4), filtered, and concentrated under reduced pressure. Azidoferrocene 



 

166 
 

(2a) was isolated by gravity column chromatography (basic Al2O3, activity grade I +5 wt% H2O, 

n-pentane). 

 

Table S5. Screening of parameters for the combined flow setup 

Entry vFcI 

[mL/min] 

vn-BuLi 

[mL/min] 

vTsN3 

[mL/min] 

vargon 

[mL/min] 

tR
1 

[s] 

tR
2 

[s] 

tR
3 

[min] 

Yield[c] 

1[a] 2.0 0.2 0.4 0.5 0.55 24 12 71 

2[a] 2.0 0.2 0.4 0.4 0.55 24 14 77 

3[b] 1.0 0.2 0.4 0.5 1 38 18 62 

3[b] 2.0 0.4 0.8 0.4 0.5 19 8 51 

4[b] 2.0 0.4 0.8 0.2 0.5 19 15 82 

[a] A 0.1 M solution of iodoferrocene was employed. [b] A 0.2 M solution of iodoferrocene was 

employed. [c] Isolated yield. 
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2.3. Synthesis of Substrates 

Synthesis of tosyl azide (S1) 

 

In a 250 mL round bottom flask, tosyl chloride (10.0 g, 52.5 mmol, 1.0 equiv) was dissolved in 

acetone (80 mL). Under ice bath cooling, a solution of sodium azide (3.75 g, 57.7 mmol, 1.1 equiv) in 

H2O (40 mL) was added over 10 min using a dropping funnel. The resulting suspension was stirred at rt 

for 1 h. Then, the suspension was diluted with NaCl (sat. aq., 50 mL) and EtOAc (50 mL). The aqueous 

layer was separated and extracted with EtOAc (2×100 mL). The combined organic layers were dried 

(Na2SO4), filtered, and concentrated under reduced pressure. The title compound S1 (5.09 g, 25.8 mmol, 

98%) was obtained without further purification as a colorless oil that solidified at 8 °C. 

Rf = 0.49 (n-hexane/EtOAc 9:1). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.85 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 2.48 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 146.3, 135.7, 130.4, 127.7, 21.9. 

The spectroscopic data are consistent with those reported in the literature.[2] 

 

 

Preparation of a stock solution of tosyl azide in THF: 

In a dry Schlenk tube, CaH2 (~100 mg for 1 g of tosyl azide) was placed and the tube was evacuated and 

backfilled with argon (3×). A defined mass of tosyl azide was added as oil by using a Pasteur pipette. 

Then, a defined volume of anhydrous THF was added to give a concentration of 0.5-2.5 M. The resulting 

solution of tosyl azide in THF was dried over CaH2 at least for 16 h prior use (gas evolution!). The 

solution was stored over CaH2 at 8 °C in the dark and could be used for several months. 

 

 

Synthesis of iodoferrocene (1a) 

 

This compound was prepared according to a reported procedure with slight modifications.[5] 

In a dry 100 mL Schlenk tube, ferrocene (3.00 g, 16.1 mmol, 1.0 equiv) and potassium tert-butoxide 

(217 mg, 1.94 mmol, 0.12 equiv) were placed and the flask was evacuated and backfilled with 

argon (3×). Then, anhydrous THF (45 mL) was added and the resulting yellow solution was cooled to ‒
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78 °C (acetone/dry ice). tert-Butyllithium (23.7 mL, 40.3 mmol, 2.5 equiv., 1.7 M in n-pentane) was 

added dropwise and the resulting orange mixture was stirred at ‒78 °C for 2 h. Then, solid iodine (10.2 g, 

40.3 mmol, 2.5 equiv) was added portionwise over 10 min and the mixture was warmed to rt over 16 h 

by removing the cold bath. Then, the dark brown mixture was diluted with Na2S2O3 (sat. aq., 100 mL) 

and EtOAc (50 mL). The aqueous layer was separated and extracted with EtOAc (3×100 mL). The 

combined organic layers were dried (MgSO4), filtered, concentrated under reduced pressure, and loaded 

onto Celite®. Flash column chromatography (SiO2, n-pentane) followed by removement of remaining 

ferrocene by sublimation at 60 °C/2 mbar on a rotary evaporator gave the title compound 1a (3.52 g, 

11.3 mmol, 70%) as a red oil that solidified upon standing. 

If necessary, the product can be further purified by recrystallization from n-pentane at ‒78 °C. 

Rf  = 0.67 (SiO2; n-pentane; vis. vanillin). 

1H NMR (500 MHz, CDCl3): δ [ppm] = 4.41 (t, J = 1.9 Hz, 2H), 4.19 (s, 5H), 4.15 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3): δ [ppm] = 74.6, 71.2, 69.0, 39.8. 

The spectroscopic data are consistent with those reported in the literature.[5] 

 

 

Synthesis of 1,1’-dibromoferrocene (1b) 

 

This compound was prepared according to a reported procedure with slight modifications.[5] 

In a dry 250 mL Schlenk flask equipped with a large, conical stirring bar, ferrocene (5.0 g, 27 mmol, 

1.0 equiv) was placed and the flask was evacuated and backfilled with argon (3×). Then, anhydrous and 

degassed n-hexane (50 mL) and anhydrous tetramethylethylene diamine (9.7 mL, 65 mmol, 2.4 equiv) 

were added via syringe. While stirring, n-butyllithium (26 mL, 65 mmol, 2.4 equiv; 2.5 M in n-hexane) 

was added via syringe and the solution was stirred for 16 h at rt (gas evolution!). During this time, an 

orange precipitate was formed. The solution was removed via syringe and the precipitate was washed 

with anhydrous n-hexane (1×15 mL). The precipitate was dissolved in anhydrous THF (50 mL) and 

cooled to ‒78 °C (acetone/dry ice). 1,2-Dibromotetrachloroethane (22 g, 67 mmol, 2.5 equiv) was added 

as solid in portions over 10 min in a continuous argon stream and the resulting brown mixture was 

warmed to rt over 16 h. NH4Cl (sat. aq., 50 mL) was added slowly and the resulting biphasic mixture 

was diluted with H2O (50 mL). The organic layer was separated and the aqueous layer was extracted 

with CH2Cl2 (3×100 mL). The combined organic layers were dried (MgSO4), filtered, concentrated 

under reduced pressure, and loaded onto SiO2. Flash column chromatography (SiO2; n-pentane/CH2Cl2 
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100:0 to 100:5) followed by removal of remaining ferrocene by sublimation at 60 °C and 2 mbar on a 

rotary evaporator gave the title compound 1b (7.5 g, 22 mmol, 81%) as a red solid.  

If necessary, the product can be further purified by recrystallization from n-pentane at ‒78 °C. 

Rf  = 0.52 (SiO2; n-hexane; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.42 (t, J = 1.9 Hz, 4H), 4.17 (t, J = 1.9 Hz, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 78.4, 72.8, 70.1. 

The spectroscopic data are consistent with those reported in the literature.[5] 

 

 

Synthesis of 1,1’-diiodoferrocene (1c): 

 

This compound was prepared according to a reported procedure with slight modifications.[5] 

In a dry 250 mL Schlenk flask equipped with a large, conical stirring bar, ferrocene (5.0 g, 27 mmol, 

1 equiv) was placed and the flask was evacuated and backfilled with argon (3×). Then, anhydrous n-

hexane (50 mL) and anhydrous tetramethylethylene diamine (9.7 mL, 65 mmol, 2.4 equiv) were added 

via syringe. While stirring, n-butyllithium (26 mL, 65 mmol, 2.4 equiv; 2.5 M in n-hexane) was added 

via syringe and the solution was stirred for 16 h at rt (gas evolution!). During this time, an orange 

precipitate was formed. The solution was removed via syringe and the residue was washed with 

anhydrous n-hexane (1×15 mL). The precipitate was dissolved in anhydrous THF (50 mL) and cooled 

to ˗78 °C (acetone/dry ice). Iodine (17 g, 67 mmol, 2.5 equiv) was added in portions over 10 min in a 

continuous argon stream and the resulting dark brown mixture was warmed to rt over night. The mixture 

was diluted with Na2S2O3 (sat. aq., 100 mL) and EtOAc (100 mL). The aqueous layer was separated and 

extracted with EtOAc (3×100 mL). The combined organic layers were dried (MgSO4), filtered, 

concentrated under reduced pressure, and loaded onto SiO2. Flash column chromatography (SiO2; n-

pentane/CH2Cl2 100:0 to 100:5) followed by removal of remaining ferrocene by sublimation at 

60 °C/2 mbar on a rotary evaporator gave the title compound 1c (9.7 g, 22 mmol, 82%) as a brown oil.  

If necessary, the product can be further purified by recrystallization from n-pentane at ‒78 °C. 

Rf  = 0.48 (SiO2; n-hexane; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.37 (t, J = 1.9 Hz, 4H), 4.18 (t, J = 1.9 Hz, 4H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 77.7, 72.4, 40.4. 

The spectroscopic data are consistent with those reported in the literature.[5] 
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Synthesis of 1-bromo-1’-ferrocenylcarboxylic acid (S2) 

 

In a dry 100 mL Schlenk tube, 1b (1.0 g, 2.9 mmol, 1 equiv) was placed and the tube was evacuated and 

backfilled with argon (3×). Anhydrous THF (50 mL) was added and the resulting orange solution was 

cooled to ˗78 °C (acetone/dry ice). Then, n-butyllithium (1.2 mL, 2.9 mmol, 1.0 equiv; 2.5 M in 

n-hexane) was added dropwise at ˗78 °C and the resulting red solution was stirred at this temperature 

for 1 h. At ˗78 °C, a stream of dry CO2 was bubbled through the solution for 10 min and the resulting 

yellow suspension was warmed to rt (gas evolution!). NH4Cl (sat. aq., 10 mL) was added dropwise to 

the mixture. The solution was diluted with NH4Cl (sat. aq., 50 mL) and EtOAc (20 mL). The aqueous 

layer was separated and extracted with EtOAc (4×50 mL). The combined organic layers were dried 

(MgSO4), filtered, and loaded onto Celite®. Flash column chromatography (SiO2, n-hexane/EtOAc 3:2 

to 1:1) gave the title compound S2 (0.72 g, 2.3 mmol, 80%) as a red solid. 

Rf  = 0.35 (SiO2; n-hexane/EtOAc 3:2; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.91 (t, J = 1.9 Hz, 2H), 4.51 (t, J = 1.9 Hz, 2H), 4.49 (t, 

J = 1.9 Hz, 2H), 4.20 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 176.6, 78.2, 74.8, 72.8, 72.2, 72.0, 69.5. 

HRMS (ESI-TOF) m/z calcd. for C11H10BrFeO2
+ ([M+H]+) 308.9208; found: 308.9209. 

 

Note: A stream of CO2 gas was provided as follows: A 50 mL flask was charged with a few chunks of 

dry ice and sealed with a septum equipped with a Teflon tube providing a continuous stream of CO2 

through the tube. A 25 mL flask was equipped with a septum and charged with conc. H2SO4 (10 mL). 

The septum was equipped with a transfer canula not reaching in the conc. H2SO4. The Teflon tube of 

the flask containing the dry ice was introduced through the septum and immersed in the conc. H2SO4. 

In this way, a continuous stream of CO2-gas was bubbled through the conc. H2SO4 to dry the CO2. 

Through the transfer canula, a continuous stream of anhydrous CO2 is provided. After some minutes of 

flushing the system with CO2, the transfer canula was introduced into the reaction mixture. 
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Synthesis of 1-bromo-1’-ferrocenylcarboxylic acid tert-butyl ester (1e) 

 

In a dry 25 mL Schlenk flask, S2 (600 mg, 1.94 mmol, 1.0 equiv) was placed and the flask was evacuated 

and backfilled with argon (3×). Anhydrous CH2Cl2 (10 mL) was added. To the resulting red suspension, 

oxalyl chloride (500 µL, 5.83 mmol, 3.0 equiv) was added via syringe in one portion under water bath 

cooling. The resulting red solution was stirred at rt until no more gas evolution was observed (1-2 h). 

The red solution was concentrated under reduced pressure and under exclusion of moisture. Then, 

tBuOH (10 mL) was added and the resulting red solution was heated to 83 °C. The mixture was diluted 

with NaHCO3 (sat. aq., 50 mL) and EtOAc (50 mL). The aqueous layer was separated and extracted 

with EtOAc (3×50 mL). The combined organic layers were dried (MgSO4), filtered, and concentrated 

under reduced pressure, and loaded onto Celite®. Flash column chromatography (SiO2, n-hexane/EtOAc 

10:1) gave the title compound 1e (607 mg, 1.66 mmol, 86%) as a red oil. 

Rf  = 0.49 (SiO2; n-hexane/EtOAc 9:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.75 (t, J = 2.0 Hz, 2H), 4.41 (t, J = 1.9 Hz, 2H), 4.39 (t, 

J = 2.0 Hz, 2H), 4.14 (t, J = 1.9 Hz, 2H), 1.57 (s, 9H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 170.0, 80.6, 78.1, 75.2, 73.7, 72.7, 71.8, 68.9, 28.5. 

HRMS (ESI-TOF) m/z calcd. for C15H17BrFeO2Na+ ([M+Na]+) 386.9653; found: 386.9659. 

 

 

Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-1’-bromoferrocene (1f) 

 

In a dry 20 mL Schlenk tube, finely powdered cesium fluoride (99.3 mg, 0.654 mmol, 2.0 equiv) was 

placed and the cesium fluoride was dried at 10-3 mbar at 300 °C for 10 min. After cooling to rt, 1-azido-

1’-bromoferrocene (2b, 100 mg, 0.327 mmol, 1.0 equiv) was added and the tube was evacuated and 

backfilled with argon (3×). Then, anhydrous MeCN (4 mL) was added and to the resulting orange 

solution, 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (0.120 mL, 0.491 mmol, 1.5 equiv) was 

added. The Schlenk tube was sealed and the mixture was stirred at 50 °C for 16 h. After cooling to rt, 

the mixture was diluted with NaHCO3 (sat. aq., 50 mL) and CH2Cl2 (50 mL). The organic layer was 

separated and the aqueous layer was extracted with CH2Cl2 (3×50 mL). The combined organic layers 
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were dried (Na2SO4), filtered, and loaded onto Celite. Flash column chromatography (SiO2, 

n-hexane/EtOAc 5:1) gave the title compound 1f (98.6 mg, 0.258 mmol, 79%) as an orange solid. 

Rf = 0.37 (SiO2, n-hexane/EtOAc 5:1). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.20 (t, J = 1.9 Hz, 2H), 4.42 (t, J = 2.0 Hz, 2H), 4.51 (t, 

J = 1.9 Hz, 2H), 5.04 (t, J = 2.0 Hz, 2H), 7.43 (ddd, J = 8.4, 7.0, 1.0 Hz, 1H), 7.58 (ddd, J = 8.4, 7.0, 

1.0 Hz, 1H), 7.87 (dt, J = 8.4, 0.9 Hz, 1H), 8.12 (dt, J = 8.4, 0.9 Hz, 1H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 146.6, 133.0, 128.0, 124.4, 120.5, 110.9, 95.2, 78.5, 72.0, 

69.6, 69.3, 64.5. 

HRMS (ESI-TOF) m/z calcd. for C16H13BrFeN3
+ ([M+H]+) 381.9637; found: 381.9648. 

 

 

Synthesis of (1S, 4S)-1,7,7-trimethylbicyclo[2.2.1]hept-2-enyl trifluoromethanesulfonate (S3) 

 

This compound was prepared according to a reported procedure with slight modifications.[6] 

In a dry 20 mL Schlenk tube, anhydrous diisopropylamine (0.33 mL, 2.4 mmol, 1.2 equiv) was placed 

and anhydrous THF (2 mL) was added. The solution was cooled to −78 °C (acetone/dry ice). Then, n-

butyllithium (1.1 mL, 2.4 mmol, 1.2 equiv; 2.5 M in n-hexane) was added dropwise and the solution was 

warmed to 0 °C over 30 min by exchanging the cooling bath to an ice bath. After cooling back to −78 °C 

(acetone/dry ice), a solution of (−)-camphor (0.30 g, 2.0 mmol, 1.0 equiv) in anhydrous THF (2 mL) 

was added and the resulting solution was stirred at −78 °C for 2 h. Then, N-phenyl-

bis(trifluoromethanesulfonimide) (0.92 g, 2.4 mmol, 1.2 equiv) was added and the solution was warmed 

to rt by changing the cooling bath to a water bath. The solution was diluted with NH4Cl (sat. aq., 20 mL) 

and EtOAc (20 mL). The aqueous layer was separated and extracted with EtOAc (3×20 mL). The 

combined organic layers were dried (Na2SO4), filtered, and concentrated under reduced pressure. Flash 

column chromatography (SiO2, n-pentane) gave the title compound S3 (0.40 g, 1.4 mmol, 72%) as a 

colorless oil. 

Rf  = 0.71 (SiO2; n-pentane; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 5.66 (d, J = 3.8 Hz, 1H), 2.45 (t, J = 3.8 Hz, 1H), 1.93 (ddt, 

J = 12.2, 8.5, 3.7 Hz, 1H), 1.65 (dddd, J = 12.2, 8.6, 3.7, 0.7 Hz, 1H), 1.33 (ddd, J = 12.5, 9.2, 3.7 Hz, 

1H), 1.15 (ddd, J = 12.5, 9.1, 3.7 Hz, 1H), 1.03 (s, 3H), 0.92 (s, 3H), 0.79 (s, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 155.4, 119.6 (q, J = 315.3 Hz), 117.8, 57.1, 54.0, 50.3, 

31.0, 25.5, 19.9, 19.1, 9.6. 
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19F NMR (565 MHz, CDCl3) δ [ppm] = −73.5. 

The spectroscopic data are consistent with those reported in the literature.[6] 

 

Note: The title compound is volatile. Concentration at a pressure of less than 100 mbar/ 40 °C can lead 

to significant loss of product. 

 

 

Synthesis of 1-bromo-1’-[(1S, 4S)- 1,7,7-trimethylbicyclo[2.2.1]hept-2-enyl]ferrocene (1g) 

 

In a dry 100 mL Schlenk tube, 1b (0.44 g, 1.3 mmol 1.0 equiv) was placed and the flask was evacuated 

and backfilled with argon (3×). Anhydrous THF (22 mL) was added via syringe and the resulting orange 

solution was cooled to −78 °C (acetone/dry ice). Then, n-butyllithium (0.51 mL, 1.3 mmol, 1.0 equiv; 

2.5 M in n-hexane) was added dropwise over 15 min and the resulting red solution was stirred at −78 °C 

for 1 h. A solution of ZnCl2 (0.26 g, 1.9 mmol, 1.5 equiv) in anhydrous THF (2 mL) was added and the 

resulting yellow solution was stirred at −78 °C for 30 min and then warmed to rt over 30 min by 

removing the cooling bath. A solution of S3 (0.40 g, 1.4 mmol, 1.1 equiv.) in anhydrous THF (2 mL), 

tris(dibenzylideneacetone)dipalladium(0) (12 mg, 13 µmol, 1 mol%) and tri(2-furyl)phosphine (18 mg, 

77 µmol, 6 mol%) were added in a continuous argon stream. The Schlenk tube was sealed and the orange 

suspension was stirred at rt for 18 h. The resulting red solution was diluted with NH4Cl (sat. aq., 30 mL) 

and EtOAc (30 mL). The aqueous layer was separated and extracted with EtOAc (3×60 mL). The 

combined organic layers were dried (Na2SO4), filtered, concentrated under reduced pressure, and loaded 

onto silica. Flash column chromatography (SiO2, n-pentane) gave the title compound 1g (0.37 g, 

0.94 mmol, 73%) essentially pure as an orange solid. An analytically pure sample was obtained by 

HPLC (Phenomenex 21.2×250 mm RP Gemini NX 5 µm C18; 0.7 L/min; tr 8.5 min). 

Rf  = 0.56 (SiO2; n-pentane; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 6.06 (d, J = 3.3 Hz, 1H), 4.37 – 4.28 (m, 4H), 4.25 (tdd, J = 3.8, 

2.4, 1.9 Hz, 2H), 4.08 (t, J = 1.9 Hz, 2H), 2.31 (t, J = 3.5 Hz, 1H), 1.90 (ddt, J = 12.3, 8.7, 3.7 Hz, 1H), 

1.60 (ddd, J = 11.8, 8.7, 3.5 Hz, 1H), 1.26 (s, 3H), 1.26 – 1.14 (m, 1H), 1.03 (ddd, J = 12.3, 9.1, 3.6 Hz, 

1H), 0.91 (s, 3H), 0.82 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 144.7, 130.8, 84.7, 78.0, 71.2, 71.2, 71.0, 71.0, 69.2, 68.6, 

68.4, 68.4, 56.9, 55.2, 51.7, 32.1, 25.8, 20.2, 19.8, 13.4. 
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HRMS (ESI-TOF) m/z calcd. for C20H23BrFe+ ([M]+) 398.0333; found: 398.0333. 

 

 

(S)-1-Iodo-2-[3-(R)-(N,N-dimethylamino)ethyl]ferrocene (1h) 

 

This compound was prepared according to a reported procedure.[7] 

In a dry 25 mL Schlenk tube, (R)-N,N-dimethyl-1-ferrocenylethylamine (0.26 g, 1.0 mmol, 1.0 equiv) 

was placed. Anhydrous Et2O (6 mL) was added and the resulting solution was cooled to 0 °C (ice bath). 

tert-Butyllithium (0.66 mL, 1.1 mmol, 1.1 equiv.; 1.7 M in n-pentane) was added dropwise and the 

reaction mixture was stirred at 0 °C for 1 h. Then, a solution of iodine (0.31 g, 1.2 mmol, 1.2 equiv) in 

Et2O (7.5 mL) was added dropwise. The reaction mixture was slowly warmed to rt. Then, the mixture 

was diluted with Na2S2O3 (sat. aq., 10 mL) and Et2O (10 mL), the aqueous layer was separated and 

extracted with Et2O (3×10 mL). The combined organic layers were washed with H2O (20 mL), NaCl 

(sat. aq., 20 mL), dried (MgSO4), filtered, and concentrated under reduced pressure. Flash column 

chromatography (SiO2, CH2Cl2/Et2O 1:1 + 0.5% NEt3) gave the title compound 1h (0.27 g, 0.70 mmol, 

69%, dr 94:6 [1H NMR]) as an orange oil. 

Rf = 0.30 (SiO2, CH2Cl2/Et2O 1:1 + 0.5% NEt3, vis. vanillin). 

1H NMR (500 MHz, CDCl3): δ [ppm] = 4.46 (dd, J = 2.5, 1.3 Hz, 1H), 4.24 (pt, J = 2.5 Hz, 1H), 4.15 

(dd, J = 2.5, 1.3Hz, 1H), 4.12 (s, 5H), 3.62 (q, J = 6.8 Hz, 1H), 2.14 (s, 6H), 1.50 (d, J = 6.8 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3): δ [ppm] = 90.3, 74.5, 71.8, 68.3, 65.7, 57.7, 45.6, 41.3, 16.1. 

The spectroscopic data are consistent with those reported in the literature.[7] 
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General Procedure 1 (GP1) for the Sonogashira coupling of 1,1’-diiodoferrocene with various 

acetylenes 

 

In a dry Schlenk tube, 1c (1.0 equiv) was placed and the flask was evacuated and backfilled with argon 

(3×). Anhydrous (i-Pr)2NH (ca. 0.15 M) was added via syringe. To the resulting orange solution, the 

corresponding acetylene (1.0 equiv), bis(triphenylphosphine)palladium(II) dichloride (5 mol%) and 

copper(I) iodide (10 mol%) were added in a continuous stream of argon. The schlenk tube was sealed 

and the orange suspension was stirred at 70 °C for 16 h. After cooling to rt, the red suspension was 

diluted with EtOAc, filtered over a pad of Celite®, and eluted with EtOAc (3×). The filtrate was 

concentrated and loaded onto Celite®. Flash column chromatography gave the ethynyl-substituted 

ferrocenes 1i – 1n. 

 

 

Synthesis of 1-iodo-1'-(trimethylsilylethynyl)ferrocene (1i) 

 

According to GP1, the title compound was prepared from 1c (700 mg, 1.60 mmol, 1.0 equiv), iPr2NH 

(10 mL), trimethylsilylacetylene (221 μL, 1.60 mmol, 1.0 equiv), bis(triphenylphosphine)palladium(II) 

dichloride (56.0 mg, 80 μmol, 5 mol%), and copper(I) iodide (30.4 mg, 160 μmol, 10 mol%). Flash 

column chromatography (SiO2, n-pentane/CH2Cl2 100:0 to 50:1 to 10:1) gave the title compound 1i 

(299 mg, 733 μmol, 46%) as a red oil. 

Rf  = 0.30 (SiO2; n-hexane; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.39 (dt, J = 8.5, 1.9 Hz, 4H), 4.19 (dt, J = 7.9, 1.9 Hz, 4H), 0.24 

(s, 9H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 102.9, 92.0, 76.7, 74.6, 72.2, 71.4, 67.2, 40.6, 0.4. 

The spectroscopic data are consistent with those reported in the literature.[8] 
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Synthesis of 1-iodo-1'-(cyclopropylethynyl)ferrocene (1j) 

 

According to GP1, the title compound was prepared from 1c (0.50 g, 1.4 mmol, 1.0 equiv), 

cyclopropylacetylene (0.12 mL, 1.4 mmol, 1.2 equiv), bis(triphenylphosphine)-palladium(II) dichloride 

(40 mg, 57 μmol, 1.5 mol%), and CuI (22 mg, 0.11 mmol, 3 mol%) in iPr2NH (6 mL). The mixture was 

stirred at 50 °C for 48 h. Flash column chromatography (SiO2, n-pentane/CH2Cl2 100:0 to 20:1) gave 

the title compound 1j (0.13 g, 0.34 mmol, 31%) as an orange oil. 

Rf  = 0.19 (SiO2; n-pentane, vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.38 (t, J = 1.8 Hz, 2H), 4.31 (t, J = 1.9 Hz, 2H), 4.17 (t, 

J = 1.8 Hz, 2H), 4.14 (t, J = 1.9 Hz, 2H), 1.36 (tt, J = 8.3, 5.0 Hz, 1H), 0.83 (ddt, J = 8.3, 5.7, 3.0 Hz, 

2H), 0.77 (ddd, J = 7.6, 5.2, 2.8 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm]= 90.9, 76.3, 74.1, 72.4, 71.6, 71.0, 68.8, 41.1, 8.7, 0.5. 

HRMS (ESI-TOF) m/z calcd. for C15H13FeI+ ([M]+) 375.9411; found: 375.9411. 

 

 

Synthesis of 1-iodo-1'-(phenylethynyl)ferrocene (1k) 

 

According to GP1, the title compound was prepared from 1c (500 mg, 1.14 mmol, 1.0 equiv), 

phenylacetylene (125 μL, 1.14 mmol, 1.0 equiv), bis(triphenylphosphine)palladium(II) dichloride 

(40.0 mg, 570 μmol, 5 mol%), and CuI (22.0 mg, 114 μmol, 10 mol%) in anhydrous iPr2NH (10 mL). 

Flash column chromatography (SiO2, n-pentane/CH2Cl2 100:0 to 10:1) followed by recrystallization 

from n-pentane at ˗78 °C gave the title compound 1k (208 mg, 505 μmol, 44%) as an orange powder. 

Rf  = 0.23 (SiO2; n-pentane; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.52 (dd, J = 7.6, 2.0 Hz, 2H), 7.33–7.32 (m, 3H), 4.48 (t, 

J = 1.9 Hz, 2H), 4.45 (t, J = 1.8 Hz, 2H), 4.26 (t, J = 1.9 Hz, 2H), 4.24 (t, J = 1.8 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 131.6, 128.4, 128.0, 123.9, 87.1, 87.1, 76.5, 74.2, 72.2, 

71.1, 67.8, 41.3. 

The spectroscopic data are consistent with those reported in the literature.[9] 
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Synthesis of 1-iodo-1'-(1-ethynyl-4-methoxybenzene)ferrocene (1l) 

 

According to GP1, the title compound was prepared from 1c (250 mg, 571 μmol, 1.0 equiv), 1-ethynyl-

4-methoxybenzene (75.8 mg, 571 μmol, 1.0 equiv), bis(triphenylphosphine)-palladium(II) dichloride 

(20.0 mg, 29.0 μmol, 5 mol%), and CuI (10.9 mg, 57.0 μmol, 10 mol%) in anhydrous iPr2NH (4 mL). 

Flash column chromatography (SiO2, n-pentane/CH2Cl2 8:1) gave the title compound 1l (94.0 mg, 

213 μmol, 37%) as a red solid. 

Rf  = 0.25 (SiO2; n-pentane/CH2Cl2 8:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.46 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 4.45 (dt, 

J = 6.9, 1.8 Hz, 4H), 4.23 (dt, J = 10.3, 1.9 Hz, 4H), 3.83 (s, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 159.5, 133.1, 116.1, 114.1, 86.9, 85.5, 76.4, 74.1, 72.0, 

71.0, 68.3, 55.5, 41.4. 

HRMS (ESI-TOF) m/z calcd. for C19H16FeIO+ ([M+H]+) 442.9590; found: 442.9605. 

 

 

Synthesis of 1-iodo-1'-(1-ethynyl-4-trifluoromethylbenzene)ferrocene (1m) 

 

According to GP1, the title compound was prepared from 1c (310 mg, 708 μmol, 1.0 equiv), 1-ethynyl-

4-trifluoromethylbenzene (121 mg, 708 μmol, 1.0 equiv), bis(triphenylphosphine)-palladium(II) 

dichloride (24.8 mg, 35.0 μmol, 5 mol%) and CuI (13.5 mg, 71.0 μmol, 10 mol%) in iPr2NH (10 mL). 

Flash column chromatography (SiO2, n-pentane/CH2Cl2 100:0 to 20:1) gave the title compound 1m 

(111 mg, 231 μmol, 33%) as a red solid. 

Rf  = 0.55 (SiO2; n-pentane, vis. vanillin). 

1H-NMR (500 MHz, CDCl3): δ [ppm] =7.61 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 7.7 Hz, 2H), 4.50 (pt, 

J = 2.0 Hz, 2H), 4.46 (pt, J = 2.0 Hz, 2H), 4.30 (pt, J = 2.0 Hz, 2H), 4.24 (pt, J = 2.0 Hz, 2H).  

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 131.7, 129.6 (q, J = 32.5 Hz), 127.8, 125.4 (q, J = 3.8 Hz), 

124.2 (J = 272.2 Hz), 90.2, 85.9, 76.6, 74.4, 72.4, 71.0, 70.2, 66.9. 

19F NMR (471 MHz, CDCl3): δ [ppm] = 62.6. 

HRMS (ESI-TOF) m/z calcd. for C19H12F3FeI+ ([M]+) 479.9285; found: 479.9290. 
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Synthesis of 1-iodo-1'-(pyridylethynyl)ferrocene (1n) 

 

According to GP1, the title compound was prepared from 1c (250 mg, 571 μmol, 1.0 equiv), 2-

ethynylpyridine (63.3 μL, 58.9 mg, 571 μmol, 1.0 equiv), bis(triphenylphosphine)-palladium(II) 

dichloride (20.0 mg, 29.0 μmol, 5 mol%), and CuI (10.9 mg, 57.0 μmol, 10 mol%) in anhydrous iPr2NH 

(4 mL). Flash column chromatography (SiO2, n-hexane/EtOAc 5:1) gave the title compound 1n 

(101 mg, 245 μmol, 43%) as a red solid. 

Rf  = 0.28 (SiO2; n-hexane/EtOAc 5:1; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 8.65–8.55 (m, 1H), 7.65 (td, J = 7.7, 1.7 Hz, 1H), 7.50 (d, 

J = 7.8 Hz, 1H), 7.22 (dd, J = 7.8, 4.7 Hz, 1H), 4.55 (t, J = 1.9 Hz, 2H), 4.46 (t, J = 1.9 Hz, 2H), 4.28 (t, 

J = 1.9 Hz, 2H), 4.25 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 150.1, 144.0, 136.2, 127.0, 122.5, 88.0, 86.6, 76.5, 74.5, 

72.8, 71.4, 66.2, 40.9. 

The spectroscopic data are consistent with those reported in the literature.[10] 
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2.4. Synthesis of Ferrocenyl Azides in Batch 

General Procedure 2 (GP2) for the synthesis of ferrocenyl azides in batch 

 

In a dry Schlenk tube, the ferrocenyl halide (1.0 equiv) was placed and the Schlenk tube was evacuated 

and backfilled with argon (3×). THF (0.05-0.32 M) was added and the resulting solution was cooled to 

˗78 °C (acetone/dry ice). n-Butyllithium (1.1 equiv) was added dropwise and the mixture was stirred for 

30 min. Then, tosyl azide (1.2 equiv) was added dropwise at ˗78 °C and the resulting dark red solution 

was stirred at this temperature for 1 h. The cooling bath was removed, the Schlenk tube was wrapped in 

aluminum foil and the mixture was stirred for 16 h at rt. After exposure to air, NaHCO3 (sat. aq.) and 

EtOAc were added. The aqueous layer was separated and extracted with EtOAc. The combined organic 

layers were dried (Na2SO4), filtered, and concentrated under reduced pressure. Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O) gave the ferrocenyl azide. If necessary, 

further purification was performed by recrystallization from n-pentane at ˗78 °C. 

Note 1: Drying with MgSO4 instead of Na2SO4 gave lower yields. 

Note 2: For column chromatography, the crude product was suspended in a small amount of the eluent 

and the resulting suspension was directly loaded onto the column using a Pasteur pipette. 

Note 3: In some cases, flash column chromatography was possible, but in general, gravity column 

chromatography gave better separations. 
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Graphical Guide for the Synthesis of Ferrocenyl Azides in Batch 

    

 

Left: Schlenk tube with ferrocenyl iodide. Center: Solution of ferrocenyl iodide in tetrahydrofuran 

at -78 °C. Right: Reaction mixture after adding n-butyllithium.  

 

   

Left: Reaction mixture after adding tosyl azide. Center: Reaction mixture after removing the cold bath. 

Right: Reaction mixture stirred under exclusion of light.   
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Left: Reaction mixture after stirring at room temperature over night. Center: Aqueous work-up of the 

reaction mixture. Right: TLC of the reaction mixture after aqueous workup (left lane: starting material, 

middle lane: co-spot; right lane: crude product; vis. vanillin).   

 

    

Left: Removal of the drying agent by filtration. Center: Gravity column chromatography of the crude 

product. Right: Pure product.   
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Synthesis of Azidoferrocene (2a) 

 

According to GP2, the title compound was prepared from 1a (0.50 g, 1.6 mmol, 1.0 equiv), n-

butyllithium (0.71 mL, 1.8 mmol, 1.1 equiv; 2.5 M in n-hexane), and tosyl azide (0.77 mL, 1.9 mmol, 

2.5 equiv; 0.75 M in THF) in THF (10 mL). Gravity column chromatography (basic Al2O3, activity grade 

I +5 wt% H2O; n-pentane) gave the title compound 2a (0.35 g, 1.5 mmol, 95%) as a red oil that solidified 

upon standing at ˗18 °C. 

Rf = 0.41 (SiO2, n-hexane, vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.28 (s, 5H), 4.26 (t, J = 1.9 Hz, 2H), 4.04 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 99.3, 69.3, 65.4, 60.7. 

FT-IR (neat) ṽ [cm-1] = 3109 (w), 3090 (w), 2323 (m), 2196 (m), 2113 (s), 2107 (m), 1712 (w), 1451 

(s), 1408 (m), 1373 (m), 1350 (m), 1282 (s), 1222 (m), 1104 (s), 1058 (m), 1021 (m), 1000 (s), 915 (m), 

892 (m), 850 (m), 843 (m), 819 (s), 738 (m), 618 (w), 590 (w). 

HRMS (ESI-TOF) m/z calcd. for C10H9FeN3
+ ([M]+) 227.0146; found: 227.0136. 

 

 

Synthesis of 1-azido-1’-bromoferrocene (2b) 

 

According to GP1, to a solution of 1b (300 mg, 0.873 mmol, 1.0 equiv) in anhydrous THF (15 mL), n-

butyllithium (0.349 mL, 0.873 mmol, 1.0 equiv; 2.5 M in n-hexane) was added dropwise over 10 min at 

˗78 °C (acetone/dry ice). During the addition and for another 1 h, the reaction mixture was carefully 

maintained below ˗70 °C while 1-lithio-1'-bromoferrocene partially precipitated. Then, tosyl azide 

(1.40 mL, 1.05 mmol, 1.2 equiv; 0.75 M in THF) was added dropwise at ˗78 °C over 10 min and the 

resulting dark red solution was stirred at this temperature for 1 h. The cooling bath was removed, the 

Schlenk tube was wrapped in aluminum foil and the mixture was stirred for 16 h at rt. The mixture was 

diluted with NaHCO3 (sat. aq., 50 mL) and EtOAc (40 mL) and the aqueous layer was separated and 

extracted with EtOAc (2×50 mL). The combined organic layers were dried (Na2SO4), filtered, and 

concentrated under reduced pressure. Gravity column chromatography (basic Al2O3, activity grade I +5 

wt% H2O; n-pentane) gave the title compound 2b (242 mg, 0.791 mmol, 91%) as a red oil that solidified 

upon standing. 

Rf = 0.32 (SiO2, n-pentane, vis. vanillin). 
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1H NMR (500 MHz, CDCl3) δ [ppm] = 4.52 (t, J = 1.9 Hz, 2H), 4.27 (t, J = 2.0 Hz, 2H), 4.20 (t, 

J = 1.9 Hz, 2H), 4.12 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 100.7, 78.7, 71.5, 68.3, 68.0, 62.9. 

FT-IR (neat) ṽ [cm-1] = 2924 (s), 2854 (s), 2111 (s), 1716 (w), 1459 (m), 1410 (w), 1374 (w), 1287 (m), 

1260 (w), 1153 (w), 1098 (w), 1022 (m), 918 (w), 873 (m), 807 (m), 741 (w), 699 (w). 

HRMS (ESI-TOF) m/z calcd. for C10H8BrFeN3
+ ([M]+) 304.9251; found: 304.9243. 

 

 

Synthesis of 1-azido-1’-iodoferrocene (2c) 

 

According to GP2, the title compound was prepared from 1c (131 mg, 299 µmol, 1.0 equiv), n-

butyllithium (110 µL, 299 µmol, 1.0 equiv; 2.7 M in n-hexane), and tosyl azide (142 µL, 359 µmol, 

1.2 equiv; 2.5 M in THF) in THF (5 mL). Gravity column chromatography (basic Al2O3, activity grade 

I +5 wt% H2O; n-pentane) gave the title compound 2c (27.0 mg, 77.0 µmol, 26%) as a brown oil. 

Rf  = 0.39 (SiO2, n-pentane, vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.51 (t, J = 1.8 Hz, 2H), 4.25 (t, J = 1.8 Hz, 2H), 4.22 (t, 

J = 2.0 Hz, 2H), 4.08 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 100.7, 75.9, 70.0, 68.5, 63.3, 40.9. 

FT-IR (neat) ṽ [cm-1] = 3098 (w), 2961 (w), 2208 (w), 2107 (s), 1631 (w), 1457 (w), 1403 (2), 1378 (m), 

1344 (s), 1285 (w), 1261 (m), 1143 (m), 1105 (w), 1051 (w), 1020 (s), 916 (w), 864 (s), 805 (s), 585 

(w). 

HRMS (ESI-TOF) m/z calcd. for C10H8FeIN3
+ ([M]+) 352.9112; found: 352.9121. 

 

 

Synthesis of 1,1’-diazidoferrocene (2d) 

 

According to GP2, the title compound was prepared from 1b (200 mg, 0.582 mmol, 1.0 equiv), n-

butyllithium (0.512 mL, 1.28 mmol, 2.2 equiv; 2.5 M in n-hexane), and tosyl azide (1.81 mL, 

1.34 mmol, 2.3 equiv; 0.75 M in THF) in THF (5 mL). Gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O; n-pentane) gave the title compound 2d (147 mg, 0.548 mmol, 94%) as an 

orange oil that solidified upon standing. 

Rf  = 0.29 (SiO2, n-hexane, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.35 (t, J = 2.0 Hz, 4H), 4.15 (t, J = 2.0 Hz, 4H). 
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13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 100.5, 66.5, 61.6. 

The spectroscopic data are consistent with those reported in the literature.[11] 

 

 

Synthesis of 1-azido-1’-ferrocenylcarboxylic acid tert-butyl ester (2e) 

 

According to GP2, the title compound was prepared from 1e (200 mg, 548 µmol, 1.0 equiv), n-

butyllithium (241 µL, 603 µmol, 1.1 equiv; 2.5 M in n-hexane) and tosyl azide (877 µL, 657 µmol, 

1.2 equiv; 0.75 M in THF) in THF (5 mL). Gravity column chromatography (basic Al2O3, activity grade 

I +5 wt% H2O; n-pentane/Et2O 20:1) gave the title compound 2e (136 mg, 416 µmol, 76%) as a red oil. 

Rf  = 0.40 (SiO2, n-pentane/Et2O= 20:1, vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.83 (t, J = 2.0 Hz, 2H), 4.43 (t, J = 2.0 Hz, 2H), 4.25 (t, 

J = 2.0 Hz, 2H), 4.07 (t, J = 1.9 Hz, 2H), 1.56 (s, 9H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 170.2, 100.6, 80.5, 74.9, 72.0, 71.2, 67.0, 61.8, 28.4. 

FT-IR (neat) ṽ [cm-1] = 2976 (w), 2927 (w), 2854 (w), 2443 (w), 2319 (w), 2204 (w), 2111 (s), 1709 (s), 

1458 (s), 1393 (w), 1367 (m), 1288 (s), 1256 (w), 1181 (w), 1137 (s), 1025 (w), 917 (w), 814 (w), 778 

(w), 741 (w). 

HRMS (ESI): m/z calcd. for C15H16FeN3NaO2
+ ([M+Na]+) 350.0562; found: 350.0566. 

 

 

Synthesis of 1-azido-1’-(1H-benzo[d][1,2,3]triazole)ferrocene (2f) 

 

According to GP2, the title compound was prepared from 1f (39 mg, 0.10 mmol, 1.0 equiv), n-

butyllithium (49 μL, 0.12 mmol, 1.2 equiv.; 2.5 M in n-hexane), and tosyl azide (50 μL, 0.12 mmol, 

1.2 equiv.; 2.5 M in THF) in anhydrous THF (2 mL). Gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O; n-hexane/EtOAc 4:1) followed by recrystallization from n-pentane at 

˗78 °C gave the title compound 2f (24 mg, 69 μmol, 68%) as a yellow solid. 

Rf = 0.30 (SiO2, n-hexane/EtOAc 4:1). 
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1H NMR (400 MHz, CDCl3) δ [ppm] = 8.11 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.4 Hz, 1H), 7.57 (t, 

J = 7.7 Hz, 1H), 7.42 (t, J = 7.7 Hz, 1H), 5.08 (t, J = 2.0 Hz, 2H), 4.47 (t, J = 2.0 Hz, 2H), 4.33 (t, 

J = 2.0 Hz, 2H), 4.15 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 146.5, 133.0, 128.0, 124.4, 120.5, 110.7, 101.0, 94.8, 67.9, 

67.4, 63.6, 62.2. 

FT-IR (neat) ṽ [cm-1] = 3126 (w), 3104 (w), 3074 (w), 2363 (w), 2333 (w), 2103 (s), 2031 (m), 1610 

(w), 1588 (w), 1515 (m), 1462 (m), 1450 (m), 1372 (w), 1297 (m), 1282 (m), 1250 (w), 1219 (w), 1204 

(w), 1168 (w), 1147 (w), 1125 (w), 1074 (m), 1058 (m), 1029 (m), 992 (w), 924 (m), 917 (m), 868 (m), 

885 (m), 831 (w), 807 (w), 781 (w), 744 (m). 

HRMS (ESI): m/z calcd. for C16H12FeN6
+ ([M]+) 344.0473; found: 344.0467. 

 

 

Synthesis of 1-azido-1’-[(1S, 4S)- 1,7,7-trimethylbicyclo[2.2.1]hept-2-enyl]ferrocene (2g) 

 

According to GP2, the title compound was prepared from 1g (200 mg, 501 µmol, 1.0 equiv), n-

butyllithium (220 µL, 551 µmol, 1.1 equiv.; 2.5 M in n-hexane), and tosyl azide (802 µL, 601 µmol, 

1.2 equiv.; 0.75 M in THF) in anhydrous THF (5 mL). Gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O; n-pentane) gave the title compound 2g (125 mg, 346 µmol, 69%) as an 

orange oil. 

Rf  = 0.42 (SiO2; n-pentane; vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 6.04 (d, J = 3.3 Hz, 1H), 4.39 (dq, J = 11.2, 1.8 Hz, 2H), 4.32 

(t, J = 1.9 Hz, 2H), 4.18 (dq, J = 8.8, 1.8 Hz, 2H), 4.01 (t, J = 2.0 Hz, 2H), 2.30 (t, J = 3.5 Hz, 1H), 1.88 

(ddt, J = 12.2, 8.7, 3.7 Hz, 1H), 1.58 (ddd, J = 12.0, 8.7, 3.5 Hz, 1H), 1.25 (s, 3H), 1.17 (ddd, J = 12.1, 

9.1, 3.6 Hz, 1H), 1.01 (ddd, J = 12.3, 9.1, 3.5 Hz, 1H), 0.89 (s, 3H), 0.80 (s, 3H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 144.8, 130.7, 99.5, 84.5, 77.4, 69.2, 69.1, 67.9, 66.9, 66.6, 

61.6, 61.5, 56.9, 55.2, 51.7, 32.2, 25.8, 20.1, 19.8, 13.3. 

FT-IR (neat) ṽ [cm-1] = 2949 (m), 2870 (m), 2104 (s), 2024 (w), 1456 (s), 1384 (m), 1372 (m), 1363 

(m), 1336 (w), 1285 (m), 1221 (w), 1163 (m), 1132 (w), 1105 (m), 1065 (m), 1023 (m), 917 (m), 878 

(m), 818 (s), 804 (s), 740 (m), 708 (w), 699 (w). 

HRMS (ESI): m/z calcd. for C20H23FeN3
+ ([M]+) 361.1241; found: 361.1242. 

[α]D
21 = ˗36.5 (c = 0.86, CHCl3). 
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Synthesis of (S)-1-Azido-2-[3-(R)-(N,N-dimethylamino)ethyl]ferrocen (2h) 

 

According to GP2, the title compound was prepared from 1h (0.10 g, 0.26 mmol, 1.0 equiv), n-

butyllithium (0.12 mL, 0.29 mmol, 1.1 equiv.; 2.4 M in n-hexane), and tosyl azide (0.42 mL, 0.31 mmol, 

1.2 equiv.; 0.75 M in THF) in anhydrous THF (3 mL). Gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O; CH2Cl2/EtOAc 100:0 to 5:1) gave the title compound 2h (55 mg, 

0.19 mmol, 71%; d.r. = 96:4 [1H NMR]) as a brown oil. 

Rf = 0.50 (SiO2, CH2Cl2/MeOH 9:1, vis. vanillin). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 4.36 (dd, J = 2.6, 1.4 Hz, 1H), 4.23 (s, 5H), 4.04 (t, J = 2.6 Hz, 

1H), 4.02 (dd, J = 2.7, 1.4 Hz, 1H), 3.76 (q, J = 6.9 Hz, 1H), 2.10 (s, 6H), 1.44 (d, J = 6.9 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 98.0, 81.8, 69.8, 65.2, 63.3, 59.5, 55.3, 40.8, 15.1. 

HRMS (ESI): m/z calcd. for C14H19FeN4
+ ([M+H]+) 299.0954; found: 299.0965. 

The spectroscopic data are consistent with those reported in the literature.[11] 

 

 

Synthesis of 1-azido-1’-(trimethylsilylethynyl)ferrocene (2i) 

 

According to GP2, the title compound was prepared from 1i (100 mg, 0.245 mmol, 1.0 equiv), n-

butyllithium (99.8 µL, 0.270 mmol, 1.1 equiv; 2.7 M in n-hexane), and tosyl azide (118 µL, 

0.294 mmol, 1.2 equiv; 2.5 M in THF) in anhydrous THF (3 mL). Gravity column chromatography 

(basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2i (63.0 mg, 0.195 mmol, 

79%) as an orange oil. 

Rf = 0.57 (SiO2; n-pentane/CH2Cl2 9:1; vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.54 (t, J = 1.9 Hz, 2H), 4.26 (dt, J = 3.3, 1.9 Hz, 4H), 4.07 (t, 

J = 2.0 Hz, 2H), 0.22 (s, 9H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 103.0, 100.3, 92.0, 73.0, 69.8, 66.8, 67.4, 62.3, 0.21. 

FT-IR (neat) ṽ [cm-1] = 2958 (w), 2148 (m), 2109 (s), 1459 (m), 1369 (w), 1287 (m), 1249 (m), 1163 

(w), 1026 (w), 927 (m), 842 (s), 759 (m), 741 (w), 726 (w), 699 (w). 

HRMS (ESI-TOF) m/z calcd. for C15H18FeN3Si+ ([M+H]+) 324.0614; found: 324.0601. 
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Synthesis of 1-azido-1’-(ethynylcyclopropyl)ferrocene (2j) 

 

According to GP2, the title compound was prepared from 1j (76 mg, 0.20 mmol, 1.0 equiv), n-

butyllithium (90 μL, 0.22 mmol, 1.1 equiv; 2.4 M in n-hexane), and tosyl azide (0.33 mL, 0.24 mmol, 

1.2 equiv; 0.75 M in THF) in THF (2.5 mL). Gravity column chromatography (basic Al2O3, activity 

grade I +5 wt% H2O; n-pentane) gave the title compound 2j (33 mg, 0.11 mmol, 56%) as a brown oil. 

Rf = 0.23 (SiO2; n-pentane/CH2Cl2 10:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.45 (s, 2H), 4.24 (s, 2H), 4.21 (s, 2H), 4.05 (s, 2H), 1.34 (tt, 

J = 8.3, 4.8 Hz, 1H), 0.81 (dq, J = 7.2, 4.0 Hz, 2H), 0.76 (dq, J = 7.6, 4.9, 4.3 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 99.9, 90.7, 72.5, 69.3, 68.4, 67.1, 62.0, 8.5, 0.5. One 

resonance is missing presumably due to solvent overlap. 

FT-IR (neat) ṽ [cm-1] = 3091 (w), 3009 (w), 2923 (w), 2852 (w), 2442 (w), 2321 (w), 2201 (w), 2105 

(s), 2204 (m), 1457 (s), 1370 (m), 1285 (s), 1260 (m), 1223 (w), 1204 (w), 1162 (m), 1116 (w), 1089 

(w), 1051 (m), 1024 (s), 966 (w), 918 (m), 897 (s), 808 (s), 768 (w), 741 (m). 

HRMS (ESI-TOF) m/z calcd. for C15H13FeN3H+ ([M+H+]) 292.0532; found: 292.0544. 

 

 

Synthesis of 1-azido-1’-phenylferrocene (2k) 

 

According to GP2, the title compound was prepared from 1k (41 mg, 0.10 mmol, 1.0 equiv), n-

butyllithium (44 μL, 0.11 mmol, 1.1 equiv; 2.5 M in n-hexane), and tosyl azide (48 µL, 0.12 mmol, 

1.2 equiv; 2.5 M in THF) in THF (2 mL). Gravity column chromatography (basic Al2O3, activity grade 

I +5 wt% H2O, n-pentane) gave the title compound 2k (31 mg, 0.095 mmol, 95%) as an orange solid. 

Rf = 0.38 (SiO2; n-pentane/CH2Cl2 9:1, vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.52 – 7.48 (m, 2H), 7.36 – 7.29 (m, 3H), 4.62 (t, J = 1.9 Hz, 

2H), 4.33 (t, J = 1.9 Hz, 2H), 4.31 (t, J = 2.0 Hz, 2H), 4.12 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 131.6, 128.4, 127.9, 123.9, 100.2, 87.2, 86.9, 77.4, 72.7, 

69.9, 67.2, 62.2. 
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FT-IR (neat) ṽ [cm-1] = 3084 (w), 3057 (w), 2442 (w), 2321 (w), 2206 (w), 2106 (s), 2024 (w), 1599 

(w), 1571 (w), 1497 (m), 1458 (s), 1442 (m), 1369 (w), 1285 (m), 1223 (w), 1204 (w), 1162 (m), 1070 

(w), 1026 (m), 924 (m), 916 (m), 812 (m), 755 (s), 740 (m), 690 (m). 

HRMS (ESI-TOF) m/z calcd. for C18H13FeN3
+ ([M]+) 328.0532; found: 328.0535. 

 

 

Synthesis of 1-azido-1'-(1-ethynyl-4-methoxybenzene)ferrocene (2l) 

 

According to GP2, the title compound was prepared from 1l (87 mg, 0.20 mmol, 1 equiv), n-

butyllithium (0.18 mL, 0.22 mmol, 1.1 equiv; 1.2 M in n-hexane), and tosyl azide (0.32 mL, 0.24 mmol, 

1.2 equiv; 0.75 M in THF) in THF (2 mL). Gravity column chromatography (basic Al2O3, activity grade 

I +5 wt% H2O; n-pentane/CH2Cl2 5:1) followed by recrystallization from n-hexane at ‒78 °C gave the 

title compound 2l (47 mg, 0.13 mmol, 67%) as an orange solid. 

Rf = 0.36 (SiO2, n-pentane/CH2Cl2 4:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.43 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 4.59 (t, 

J = 1.9 Hz, 2H), 4.31 (t, J = 1.8 Hz, 2H), 4.31 – 4.30 (m, 2H), 4.11 (t, J = 2.0 Hz, 2H), 3.82 (s, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 159.4, 133.0, 116.0, 114.1, 100.2, 86.8, 85.5, 72.5, 69.7, 

67.8, 67.2, 62.1, 55.4. 

FT-IR (neat) ṽ [cm-1] = 3090 (w), 3001 (w), 2920 (w), 2837 (w), 2441 (w), 2360 (m), 2341 (m), 2203 

(w), 2108 (s), 2205 (w), 1718 (w), 1604 (m), 1568 (w), 1513 (m), 1458 (m), 1441 (w), 1370 (w), 1284 

(m), 1246 (s), 1164 (m), 1106 (w), 1027 (m), 925 (w), 830 (m), 813 (m), 733 (m), 668 (m).  

HRMS (ESI-TOF) m/z calcd. for C19H15FeN3ONa+ ([M+Na]+) 380.0457; found: 380.0441. 

 

 

Synthesis of 1-azido-1’-(1-ethynyl-4-trifluoromethylbenzene)ferrocene (2m) 

 

According to GP2, the title compound was prepared from 1m (47 mg, 98 µmol, 1.0 equiv), n-

butyllithium (40 μL, 0.11 mmol, 1.1 equiv; 2.4 M in n-hexane), and tosyl azide (0.16 mL, 0.12 mmol, 

1.2 equiv; 0.75 M in THF) in THF (1.5 mL). Gravity column chromatography (basic Al2O3, activity 

grade I +5 wt% H2O, n-pentane) gave the title compound 2m (29 mg, 74 µmol, 75%) as an orange solid. 



 

189 
 

Rf = 0.26 (SiO2; n-pentane, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.58 (s, 4H), 4.64 (t, J = 1.8 Hz, 2H), 4.37 (t, J = 1.8 Hz, 2H), 

4.32 (t, J = 1.9 Hz, 2H), 4.13 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 131.7, 129.5 (q, J = 32.4 Hz), 127.7, 125.4 (d, J = 3.7 Hz), 

124.2 (q, J = 272.2 Hz), 100.3, 90.2, 85.7, 72.9, 70.3, 67.3, 66.4, 62.2. 

19F NMR (565 MHz, CDCl3) δ [ppm] = -62.6. 

FT-IR (neat): ṽ [cm-1] = 2961 (w), 2923 (w), 2361 (w), 2205 (w), 2110 (s), 1607 (m), 1460 (m), 1406 

(m), 1371 (w), 1321 (s), 1288 (m), 1261 (m), 1161 (s), 1117 (s), 1103 (s), 1065 (s), 1029 (s), 1016 (s), 

918 (m), 838 (s), 802 (s), 745 (m). 

HRMS (ESI-TOF) m/z calcd. for C19H12F3FeN3
+ ([M]+) 395.0333; found: 395.0321. 

 

 

Synthesis of 1-azido-1’-(ethynylpyridyl)ferrocene (2n) 

 

According to GP2, the title compound was prepared from 1n (70 mg, 0.17 mmol, 1.0 equiv), n-

butyllithium (75 μL, 0.19 mmol, 1.1 equiv; 2.4 M in n-hexane), and tosyl azide (0.27 mL, 0.20 mmol, 

1.2 equiv; 0.75 M in THF) in THF (3.5 mL). Gravity column chromatography (basic Al2O3, activity 

grade I +5 wt% H2O; n-hexane/EtOAc 10:1) gave the title compound 2n (42 mg, 0.13 mmol, 76%) 

without further purification as a brown oil. 

Rf = 0.27 (SiO2; n-hexane/EtOAc 4:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 8.58 (dt, J = 4.7, 1.5 Hz, 1H), 7.64 (td, J = 7.7, 1.8 Hz, 1H), 7.46 

(dt, J = 7.8, 1.1 Hz, 1H), 7.21 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 4.68 (t, J = 1.9 Hz, 2H), 4.37 (t, J = 1.9 Hz, 

2H), 4.32 (t, J = 2.0 Hz, 2H), 4.13 (t, J=2.0, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 150.1, 144.0, 136.2, 126.9, 122.4, 100.4, 88.1, 86.4, 73.1, 

70.4, 67.6, 65.7, 62.2. 

FT-IR (neat) ṽ [cm-1] = 3078 (w), 2920 (w), 2849 (w), 2454 (w), 2206 (m), 2106 (s), 2027 (m), 1578 

(s), 1560 (m), 1477 (m), 1460 (s), 1423 (m), 1366 (w), 1292 (s), 1227 (w), 1174 (w), 1164 (w), 1153 

(w), 1091 (w), 1024 (s), 987 (m), 918 (m), 807 (s), 772 (s), 736 (s). 

HRMS (ESI-TOF) m/z calcd. for C17H12FeN4K+ ([M+K]+) 367.0043; found: 367.0061. 
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2.5. Synthesis of Ferrocenyl Azides in Flow 

Preparation of a stock solution of n-butyllithium in n-hexane 

In a dry Schlenk tube, a stock solution of n-butyllithium in n-hexane with a concentration of 1.2 M was 

prepared. This solution was stored in the dark at 8 °C and could be used for several months without 

changes in yield. However, it is recommended to titrate this stock solution from time to time. 

 

General Procedure 3 (GP3) for the synthesis of ferrocenyl azides in flow  

 

 

Syringe pumps (LP2, LP3) equipped with gas-tight 10 mL glass-syringes were used to pump solutions 

of n-butyllithium (1.2 M n-hexane) and tosyl azide (0.75 M in THF). Both solutions were passed through 

precooling loops (FEP tube, outer diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) before mixing. 

A HPLC pump (LP1) to feed the solvent was connected to a HPLC injection valve (6WV) equipped 

with a 1 mL sample loop. The liquid supply was passed through a precooled loop (FEP tube, outer 

diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) and then merged in a static mixer (internal volume: 

20 μL) with a solution of n-butyllithium (1.2 M n-hexane). The resulting reaction stream was pumped 

through tube reactor1 (stainless steel capillary, inner diameter 250 μm, V = 20 μL) and then merged in 

a stainless steel T-mixer with a solution of tosyl azide. Reactor1, reactor2, the mixing units, and the 

precooled loops were cooled to 0 °C by immersion into an ice bath. 

The reaction stream was mixed in a T-mixer with argon provided by a mass flow controller (MFC) 

resulting in a segmented flow pattern. This stream was pumped through tube reactor3 (PTFE tube, inner 

diameter 1/8”, V = 40 mL) heated to 60 °C in a water bath. The resulting triphasic flow regime was 

collected in a flask containing NaHCO3 (sat. aq., 50 mL). 
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The HPLC pump and the reactor were washed with anhydrous THF for 2 residence times by pumping 

THF with the HPLC pump and feeding argon using the MFC (vargon = 0.2 mL/min) until a steady state 

was achieved. A solution of the ferrocenyl halide (1a‒1n, 0.2 M in THF) was loaded on the HPLC 

injection valve. The solutions of n-butyllithium (vn-BuLi = 0.4 mL/min) and tosyl azide 

(vTsN3 = 0.8 mL/min) were pumped at the given flow rate for 15‒20 s. Then, the solution of the 

ferrocenyl halide (1a‒1n) was injected (vFcX = 2.0 mL/min) into the system by switching the HPLC 

valve to the “inject” position. The collected reaction mixture was diluted with EtOAc (50 mL). The 

aqueous layer was separated and extracted with EtOAc (2×50 mL). The combined organic layers were 

dried (Na2SO4), filtered, and concentrated under reduced pressure. The corresponding ferrocenyl azide 

(2a‒2n) was isolated by gravity column chromatography. 

 

Note 1: Drying with MgSO4 instead of Na2SO4 gave lower yields. 

Note 2: For column chromatography, the crude product was suspended in a small amount of the eluent 

and the resulting suspension was directly loaded onto the column using a Pasteur pipette. 

Note 3: In some cases, flash column chromatography was possible, but in general, gravity column 

chromatography gave better separations. 

 

 

Synthesis of azidoferrocene (2a) 

 

According to GP3, the title compound was prepared from 1a (62 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2a 

(37 mg, 0.16 mmol, 82%) as a red oil that solidified upon standing at ˗18 °C. 

Rf = 0.41 (SiO2, n-hexane, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.28 (s, 5H), 4.26 (t, J = 1.9 Hz, 2H), 4.04 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 99.3, 69.3, 65.5, 60.7. 
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Synthesis of azidoferrocene (2a) on gram scale 

 

 

 

Syringe pumps (LP2, LP3) equipped with gas-tight 10 mL glass-syringes were used to pump solutions 

of n-butyllithium (1.2 M n-hexane) and tosyl azide (0.75 M in THF). Both solutions were passed through 

precooling loops (FEP tube, outer diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) before mixing. 

A solution of iodoferrocene 1a (0.2 M in THF) was provided by a HPLC pump (LP1) and was passed 

through a precooled loop (FEP tube, outer diameter 1/16”, inner diameter 1/32”, V = 0.15 mL) and then 

merged in a static mixer (internal volume: 20 μL) with a solution of n-butyllithium (1.2 M n-hexane). 

The resulting reaction stream was pumped through tube reactor1 (stainless steel capillary, inner 

diameter 250 μm, V = 20 μL) and then merged in a stainless steel T-mixer with a solution of tosyl azide. 

Reactor1, reactor2, the mixing units, and the precooled loops were cooled to 0 °C by immersion into 

an ice bath. 

The reaction stream was mixed in a T-mixer with argon provided by a mass flow controller (MFC) 

resulting in a segmented flow pattern. This stream was pumped through tube reactor3 (PTFE tube, inner 

diameter 1/8”, V = 40 mL) heated to 60 °C in a water bath. The resulting triphasic flow regime was 

collected in a flask containing NaHCO3 (sat. aq., 50 mL). 

The HPLC pump and the reactor were washed with anhydrous THF for 2 residence times by pumping 

THF with the HPLC pump and feeding argon using the MFC (vargon = 0.2 mL/min) until a steady state 

was achieved. The solutions of n-butyllithium (vn-BuLi = 0.4 mL/min) and tosyl azide 

(vTsN3 = 0.8 mL/min) were pumped at the given flow rate for 15‒20 s. Then, a solution of iodoferrocene 

1a was pumped by the HPLC pump into the system. After a steady state has been reached, the reaction 

mixture was collected for 15 min. Then, the reaction mixture was diluted with EtOAc (50 mL). The 

aqueous layer was separated and extracted with EtOAc (2×50 mL). The combined organic layers were 

dried (Na2SO4), filtered, and concentrated under reduced pressure. Gravity column chromatography 
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(basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2a (37 mg, 0.16 mmol, 

82%) as a red oil that solidified upon standing at ˗18 °C. Gravity column chromatography (basic Al2O3, 

activity grade I +5 wt% H2O; n-pentane) gave the title compound 2a (0.96 g, 4.2 mmol, 69%) as a red 

oil that solidified upon standing at ˗18 °C. 

The spectroscopic data are consistent with those reported above. 

 

 

Synthesis of 1-azido-1’-bromoferrocene (2b) 

 

According to GP3, the title compound was prepared from 1b (83 mg, 0.24 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2b 

(59 mg, 0.19 mmol, 80%) as a red oil that solidified upon standing. 

Rf = 0.32 (SiO2, n-pentane, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm]= 4.52 (t, J = 1.9 Hz, 2H), 4.27 (t, J = 1.9 Hz, 2H), 4.20 (t, 

J = 1.9 Hz, 2H), 4.12 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 100.7, 78.7, 71.5, 68.3, 67.9, 62.8. 

 

 

Synthesis of 1-azido-1’-iodoferrocene (2c) 

 

According to GP3, the title compound was prepared from 1c (105 mg, 0.240 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2c 

(45.9 mg, 0.130 mmol, 54%) as a brown oil. 

Rf  = 0.39 (SiO2, n-pentane, vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 4.51 (t, J = 1.8 Hz, 2H), 4.25 (t, J = 1.8 Hz, 2H), 4.22 (t, 

J = 2.0 Hz, 2H), 4.08 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl) δ [ppm] = 100.6, 75.9, 70.0, 68.5, 63.3, 40.9. 
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Synthesis of 1,1’-diazidoferrocene (2d) 

 

According to GP3, the title compound was prepared from 1b (34 mg, 0.10 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2d 

(20 mg, 0.075 mmol, 75%) as a brown oil. 

Rf  = 0.29 (SiO2, n-hexane, vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 4.35 (s, 4H), 4.15 (s, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 100.4, 66.5, 61.6. 

 

 

Synthesis of 1-azido-1’-ferrocenylcarboxylic acid tert-butyl ester (2e) 

 

According to GP3, the title compound was prepared from 1e (73 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I + 5 wt% H2O; n-pentane/Et2O 20:1) gave the title 

compound 2e (47 mg, 0.14 mmol, 71%) as a red oil. 

Rf  = 0.40 (SiO2, n-pentane/Et2O= 20:1, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.84 (t, J = 1.9 Hz, 2H), 4.44 (t, J = 1.9 Hz, 2H), 4.26 (t, 

J = 1.9 Hz, 2H), 4.08 (t, J = 1.9 Hz, 2H), 1.57 (s, 9H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 170.3, 100.6, 80.6, 75.0, 72.1, 71.2, 67.1, 61.8, 28.4. 

 

 

Synthesis of 1-azido-1’-(1H-benzo[d][1,2,3]triazole)ferrocene (2f) 

 

According to GP3, the title compound was prepared from 1f (76 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-hexane/EtOAc 4:1) gave the title 

compound 2f (44 mg, 0.13 mmol, 64%) as a brown solid. 

Rf = 0.30 (SiO2, n-hexane/EtOAc 4:1). 
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1H NMR (600 MHz, CDCl3) δ [ppm] = 8.12 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.57 (t, J = 

7.7 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 5.08 (s, 2H), 4.48 (s, 2H), 4.34 (s, 2H), 4.15 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 146.5, 133.0, 128.0, 124.4, 120.5, 110.7, 100.9, 94.7, 67.8, 

67.4, 63.6, 62.1. 

 

 

Synthesis of 1-azido-1’-[(1S, 4S)- 1,7,7-trimethylbicyclo[2.2.1]hept-2-enyl]ferrocene (2g) 

 

According to GP3, the title compound was prepared from 1g (80 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-hexane) gave the title compound 2g 

(48 mg, 0.13 mmol, 66%) as an orange oil. 

Rf  = 0.42 (SiO2; n-pentane; vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 6.04 (d, J = 3.3 Hz, 1H), 4.39 (d, J = 14.3 Hz, 2H), 4.31 (s, 2H), 

4.18 (d, J = 12.4 Hz, 2H), 4.01 (s, 2H), 2.30 (t, J = 3.3 Hz, 1H), 1.88 (td, J = 8.6, 3.8 Hz, 1H), 1.58 (ddd, 

J = 11.9, 8.4, 3.6 Hz, 1H), 1.24 (s, 3H), 1.17 (ddd, J = 11.7, 8.9, 3.5 Hz, 1H), 1.01 (ddd, J = 12.3, 9.1, 

3.4 Hz, 1H), 0.89 (s, 3H), 0.80 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 144.9, 130.7, 99.5, 84.5, 69.2, 69.1, 67.9, 66.9, 66.6, 61.6, 

61.5, 56.9, 55.2, 51.7, 32.2, 25.8, 20.1, 19.8, 13.3. One resonance is missing due solvent overlap. 

 

 

Synthesis of (S)-1-Azido-2-[3-(R)-(N,N-dimethylamino)ethyl]ferrocen (2h) 

 

According to GP3, the title compound was prepared from 1h (76 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; CH2Cl2/EtOAc 100:0 to 5:1) gave the title 

compound 2h (36 mg, 0.12 mmol, 61%; d.r. = 96:4 [1H NMR]) as a brown oil. 

Rf = 0.50 (SiO2, CH2Cl2/MeOH 9:1, vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.36 (dd, J = 2.6, 1.5 Hz, 1H), 4.23 (s, 5H), 4.04 (t, J = 2.6 Hz, 

1H), 4.02 (dd, J = 2.8, 1.4 Hz, 1H), 3.75 (q, J = 6.9 Hz, 1H), 2.09 (s, 6H), 1.44 (d, J = 6.9 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 97.9, 81.8, 69.8, 65.2, 63.3, 59.5, 55.2, 40.8, 15.2. 
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Synthesis of 1-azido-1’-(trimethylsilylethynyl)ferrocene (2i) 

 

According to GP3, the title compound was prepared from 1i (82 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2i 

(50 mg, 0.15 mmol, 77%) as a red oil. 

Rf = 0.57 (SiO2; n-pentane/CH2Cl2 9:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.54 (t, J = 1.9 Hz, 2H), 4.26 (t, J = 1.9 Hz, 2H), 4.25 (t, 

J = 1.9 Hz, 2H), 4.07 (t, J = 2.0 Hz, 2H), 0.22 (s, 9H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 103.0, 100.3, 92.0, 73.0, 69.8, 67.4, 66.9, 62.4, 0.22. 

 

 

Synthesis of 1-azido-1’-(ethinylcyclopropyl)ferrocene (2j) 

 

According to GP3, the title compound was prepared from 1j (75mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane) gave the title compound 2j 

(40 mg, 0.14 mmol, 69%) as a red oil. 

Rf = 0.23 (SiO2; n-pentane/CH2Cl2 10:1; vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 4.45 (t, J = 1.9 Hz, 2H), 4.24 (t, J = 1.9 Hz, 2H), 4.21 (t, 

J = 1.9 Hz, 2H), 4.05 (t, J = 2.0 Hz, 2H), 1.34 (tt, J = 8.2, 5.0 Hz, 1H), 0.83 – 0.79 (m, 2H), 0.77 – 0.74 

(m, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 99.9, 90.7, 72.5, 69.2, 68.4, 67.0, 62.0, 8.5, 0.5. One 

resonance is missing presumably due to solvent overlap. 
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Synthesis of 1-azido-1’-phenylferrocene (2k) 

 

According to GP3, the title compound was prepared from 1k (82 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O, n-pentane) gave the title compound 2k 

(51 mg, 0.16 mmol, 78%) as an orange solid. 

Rf = 0.38 (SiO2; n-pentane/CH2Cl2 9:1, vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.51–7.47 (m, 2H), 7.34–7.29 (m, 3H), 4.62 (t, J = 1.9 Hz, 

2H), 4.33 (t, J = 1.9 Hz, 2H), 4.31 (t, J = 2.0 Hz, 2H), 4.12 (t, J = 1.9 Hz, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 131.6, 128.4, 127.9, 123.9, 100.2, 87.2, 86.9, 72.7, 69.9, 

67.3, 62.2. One resonance is missing due solvent overlap. 

 

 

Synthesis of 1-azido-1'-(1-ethynyl-4-methoxybenzene)ferrocene (2l) 

 

According to GP3, the title compound was prepared from 1k (89 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-pentane/CH2Cl2 10:1) gave the title 

compound 2l (53 mg, 0.15 mmol, 74%) as an orange solid. 

Rf = 0.36 (SiO2, n-pentane/CH2Cl2 4:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.43 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.59 (t, 

J = 1.9 Hz, 2H), 4.31 (dt, J = 6.0, 1.9 Hz, 4H), 4.11 (t, J = 2.0 Hz, 2H), 3.82 (s, 3H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 159.4, 133.0, 116.0, 114.1, 100.2, 86.8, 85.5, 72.5, 69.7, 

67.8, 67.2, 62.2, 55.4. 
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Synthesis of 1-azido-1’-(1-ethynyl-4-trifluoromethylbenzene)ferrocene (2m) 

 

According to GP3, the title compound was prepared from 1m (96 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O, n-pentane) gave the title compound 2m 

(55 mg, 0.14 mmol, 69%) as an orange solid. 

Rf = 0.26 (SiO2; n-pentane, vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.58 (s, 4H), 4.64 (t, J = 1.9 Hz, 2H), 4.37 (t, J = 1.9, 2H), 4.32 

(t, J = 2.0 Hz, 2H), 4.13 (t, J = 2.0 Hz, 2H). 

13C{1H } NMR (151 MHz, CDCl3) δ [ppm] = 131.7, 129.6, 129.4, 127.7, 125.4, 100.3, 90.2, 85.7, 72.9, 

70.3, 67.3, 66.4, 62.2. Due to poor resolution of the spectrum, the C-F couplings could not be detected. 

 

 

Synthesis of 1-azido-1’-(pyridylethynyl)ferrocene (2n) 

 

According to GP3, the title compound was prepared from 1n (82 mg, 0.20 mmol). Gravity column 

chromatography (basic Al2O3, activity grade I +5 wt% H2O; n-hexane/EtOAc 10:1) gave the title 

compound 2n (40 mg, 0.12 mmol, 62%) as a brown oil. 

Rf = 0.27 (SiO2; n-hexane/EtOAc 4:1; vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.58 (d, J = 4.8 Hz, 1H), 7.63 (t, J = 7.6 Hz, 1H), 7.46 (d, 

J = 7.9 Hz, 1H), 7.20 (dd, J = 7.6, 4.8 Hz, 1H), 4.68 (s, 2H), 4.37 (s, 2H), 4.32 (s, 2H), 4.13 (s, 2H). 

13C{1H } NMR (151 MHz, CDCl3) δ [ppm] = 150.1, 143.9, 136.2, 126.9, 122.4, 100.4, 88.1, 86.4, 73.1, 

70.4, 67.5, 65.7, 62.2. 
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2.6. Synthesis of Ferrocenyl Amines 

General Procedure 5 (GP5) for the Staudinger reduction of ferrocenyl azides 

 

A round bottom flask was charged with ferrocenyl azide (1.0 equiv). THF (10 mL/mmol) and H2O 

(1 mL/mmol) were added. To the resulting solution, powdered triphenylphosphine (2.0 equiv) was 

added in one portion and the mixture was stirred at rt for 10 min. Then, the mixture was heated to reflux 

for 16 h using a reflux condenser. After cooling to rt, the mixture was concentrated under reduced 

pressure. The residue was dissolved in CH2Cl2 and loaded onto Celite®. Flash column chromatography 

gave the corresponding amine. 

Note 1: Ferrocenyl amines decompose slowly in contact with air and should be stored in the dark under 

argon at 8 °C.  

Note 2: CDCl3 was neutralized by passing it through a small pad of Na2CO3 prior use. 
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Graphical Guide for the Synthesis of Ferrocenyl Amines 

 

Left: Round bottom flask with ferrocenyl azide. Center: Solution of ferrocenyl azide before the addition 

of triphenyl phosphine. Right: Reaction mixture after addition of triphenyl phosphine.   

   

Left: Reaction mixture after refluxing for 16 h. Center: TLC of the crude product. Right: Crude product 

after addition of Celite®. 

  

Left: Flash column chromatography of the crude product. Right: Pure product.   
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Synthesis of aminoferrocene (5a) 

 

According to GP5, the title compound was prepared from 2a (175 mg, 771 μmol, 1.0 equiv) and 

triphenylphosphine (303 mg, 1.16 mmol, 1.5 equiv) in THF (5 mL) and H2O (0.5 mL). Flash column 

chromatography (SiO2; n-hexane/EtOAc 1:1) gave the title compound 5a (131 mg, 651 μmol, 85%) as 

a brown solid. 

Rf = 0.42 (SiO2; n-hexane /EtOAc 1:1; vis. vanillin). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 4.10 (s, 5H), 4.00 (s, 2H), 3.85 (s, 2H), 2.59 (s, 2H). 

13C{1H} NMR (176 MHz, CDCl3) δ [ppm] = 105.5, 69.0, 63.6, 58.0. 

The spectroscopic data are consistent with those reported in the literature.[13] 

 

 

Synthesis of 1-amino-1'-bromoferrocene (5b) 

 

According to GP5, the title compound was prepared from 2b (100 mg, 0.327 mmol, 1.0 equiv) and 

triphenylphosphine (129 mg, 0.490 mmol, 1.5 equiv) in THF (7 mL) and H2O (0.7 mL). Flash column 

chromatography (SiO2; n-hexane/EtOAc 3:2) gave the title compound 5b (83.0 mg, 0.297 mmol, 91%) 

as a yellow solid. 

Rf = 0.51 (SiO2; n-hexane/EtOAc 3:2; vis. vanillin). 

1H NMR (700 MHz, C6D6) δ [ppm] = 4.13 (s, 2H), 3.72 (s, 2H), 3.69 (s, 2H), 3.59 (s, 2H), 2.09 (s, 2H). 

13C{1H} NMR (176 MHz, C6D6) δ [ppm] = 108.0, 79.9, 71.1, 67.6, 65.8, 60.1. 

The spectroscopic data are consistent with those reported in the literature.[14] 

 

 

Synthesis of 1-amino-1'-bromoferrocene (5c) 

 

According to GP5, the title compound was prepared from 2c (50 mg, 0.14 mmol, 1.0 equiv) and 

triphenylphosphine (56 mg, 0.21 mmol, 1.5 equiv) in THF (2 mL) and H2O (0.2 mL). MPLC (SiO2; 

cyclohexane/EtOAc 100:0 to 70:30 to 80:20) gave the title compound 5c (43 mg, 0.13 mmol, 93%) as 

a yellow solid. 
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Rf = 0.45 (SiO2; n-hexane/EtOAc 2:1; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.31 (t, J = 1.9 Hz, 2H), 4.08 (t, J = 1.8 Hz, 2H), 3.91 (t, 

J = 1.9 Hz, 2H), 3.87 (t, J = 1.9 Hz, 2H), 2.72 (s, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 106.7, 75.3, 69.0, 66.1, 60.7, 44.8. 

HRMS (ESI): m/z calcd. for C10H10FeIN ([M]+) 326.9207; found: 326.9204. 

 

 

Synthesis of 1-amino-1’-ferrocenylcarboxylic acid tert-butyl ester (5d) 

 

According to GP5, the title compound was prepared from 2e (150 mg, 458 µmol, 1.0 equiv) and 

triphenylphosphine (180 mg, 688 µmol, 1.5 equiv) in THF (3 mL) and H2O (0.3 mL). MPLC 

(cyclohexane/EtOAc 100:0 to 70:30) gave the title compound 5d (130 mg, 432 µmol, 94%) as a red oil. 

Rf = 0.29 (SiO2; n-hexane/EtOAc 3:1; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.66 (t, J = 1.9 Hz, 2H), 4.29 (t, J = 1.9 Hz, 2H), 3.96 (t, 

J = 1.9 Hz, 2H), 3.87 (t, J = 1.9 Hz, 2H), 2.65 (s, 2H), 1.55 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 170.7, 106.6, 80.0, 74.1, 71.6, 71.0, 65.1, 59.6, 28.6. 

HRMS (ESI-TOF) m/z calcd. for C19H15F3FeN+ ([M+H]+) 370.0501; found: 370.0519. 

 

 

Synthesis of 1-amino-1’-[(1S, 4S)- 1,7,7-trimethylbicyclo[2.2.1]hept-2-enyl]ferrocene (5e) 

 

According to GP5, the title compound was prepared from 2g (50 mg, 0.14 mmol, 1.0 equiv) and 

triphenylphosphine (54 mg, 0.21 mmol, 1.5 equiv) in THF (5 mL) and H2O (0.5 mL). MPLC (SiO2; 

cyclohexane/EtOAc 100:0 to 70:30) gave the title compound 5e (39 mg, 0.12 mmol, 84%) as an orange 

solid. 

Rf  = 0.31 (SiO2; n-hexane/EtOAc 10:3; vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 5.95 (d, J = 3.2 Hz, 1H), 4.21 (s, 2H), 4.12 (q, J = 2.3 Hz, 2 H), 

3.92 (d, J = 10.6 Hz, 2H), 3.83 (s, 2H) , 2.55 (s, 2H), 2.29 (t, J = 3.5 Hz, 1H), 1.88 (ddd, J = 12.2, 8.5, 

3.8 Hz, 1H), 1.57 (ddd, J = 12.0, 8.6, 3.6 Hz, 1H), 1.25 (s, 3H), 1.17 (ddd, J = 12.2, 9.1, 3.7 Hz, 1H), 

1.00 (ddd, J = 12.3, 9.1, 3.5 Hz, 1H), 0.90 (s, 3H), 0.80 (s, 3H). 
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13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 145.7, 129.3, 105.5, 83.0, 69.2, 67.7, 66.8, 64.8, 59.7, 56.8, 

55.2, 51.6, 32.2, 29.8, 26.0, 20.2, 19.8, 13.4.  

HRMS (ESI-TOF) m/z calcd. for C20H25FeN+ ([M]+) 335.1336; found: 335.1339. 

[α]D
24 = ˗9.0 (c = 1.00, CHCl3). 

 

Synthesis of 1-amino-1'-(trimethylsilylethynyl)ferrocene (5f) 

 

According to GP5, the title compound was prepared from 2i (20 mg, 0.062 mmol, 1.0 equiv) and 

triphenylphosphine (49 mg, 0.19 mmol, 3.0 equiv) in THF (1.5 mL) and H2O (0.15 mL). Flash column 

chromatography (SiO2; n-pentane/EtOAc/Et3N 150:10:1) gave the title compound 5f (14 mg, 

0.047 mmol, 76%) as a dark yellow solid. 

Rf = 0.31 (SiO2; n-pentane/EtOAc/Et3N 90:10:1; vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 4.38 (t, J = 1.9 Hz, 2H), 4.14 (t, J = 1.9 Hz, 2H), 3.93 (t, 

J = 1.9 Hz, 2H), 3.87 (t, J = 1.9 Hz, 2H), 2.74 (s, 2H), 0.22 (s, 9H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 104.1, 104.0, 91.2, 72.7, 69.1, 66.0, 65.4, 60.1, 0.3. 

HRMS (ESI): m/z calcd. for C15H19FeNSi ([M]+) 297.0636; found: 297.0637. 

Note: For TLC and column chromatography, the silica was deactivated prior to use with the stated eluent 

containing Et3N. 

 

 

Synthesis of 1-amino-1’-(ethinylcyclopropyl)ferrocene (5g) 

 

According to GP5, the title compound was prepared from 2j (30 mg, 0.10 mmol, 1.0 equiv) and 

triphenylphosphine (41 mg, 0.16 mmol, 3.0 equiv) in THF (2 mL) and H2O (0.2 mL). Flash column 

chromatography (SiO2; n-hexane/EtOAc 10:3) gave the title compound 5g (22 mg, 0.080 mmol, 81%) 

as a brown solid. 

Rf = 0.33 (SiO2; n-hexane/EtOAc 10:3; vis. vanillin). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 4.29 (s, 2H), 4.07 (s, 2H), 3.93 (s, 2H), 3.85 (s, 2H), 2.75 (s, 

2H), 1.36 (dt, J=8.4, 5.2, 1H), 0.83 (dt, J=7.0, 3.5, 2H), 0.72 (dd, J=5.1, 2.3, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ [ppm] = 104.5, 90.6, 73.2, 72.2, 68.6, 67.3, 65.1, 60.2, 8.7, 0.4. 
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HRMS (ESI-TOF) m/z calcd. for C15H16FeN+ ([M+H]+) 266.0627; found: 266.0635. 

 

 

Synthesis of 1-amino-1’-(phenylethynyl)ferrocene (5h) 

 

According to GP5, the title compound was prepared from 2k (25 mg, 0.076 mmol, 1.0 equiv) and 

triphenylphosphine (60 mg, 0.23 mmol, 3.0 equiv) in THF (2 mL) and H2O (0.2 mL). Flash column 

chromatography (SiO2; n-hexane/EtOAc 7:3) followed by recrystallization from n-pentane at ˗78 °C 

gave the title compound 5h (18 mg, 0.060 mmol, 78%) as an orange solid. 

Rf  = 0.36 (SiO2; n-hexane/EtOAc 7:3; vis. vanillin). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.49 – 7.45 (m, 2H), 7.36 – 7.29 (m, 3H), 4.46 (t, J = 1.9 Hz, 

2H), 4.20 (t, J = 1.9 Hz, 2H), 4.00 (t, J = 1.9 Hz, 2H), 3.90 (t, J = 1.9 Hz, 2H), 2.74 (s, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ [ppm] = 131.4, 128.6, 127.9, 123.9, 105.4, 88.1, 86.9, 72.4, 69.3, 

66.3, 65.3, 60.1. 

HRMS (ESI): m/z calcd. for C18H15FeN+ ([M]+) 301.0554; found: 301.0555. 

 

 

 

Synthesis of 1-amino-1’-(ethinylcyclopropyl)ferrocene (5i) 

 

According to GP5, the title compound was prepared from 2l (40 mg, 0.11 mmol, 1.0 equiv) and 

triphenylphosphine (38 mg, 0.17 mmol, 1.5 equiv) in THF (2 mL) and H2O (0.2 mL). Flash column 

chromatography (SiO2; n-hexane/EtOAc 3:1) gave the title compound 5i (28 mg, 0.085 mmol, 75%) as 

an orange solid. 

Rf = 0.30 (SiO2; n-hexane/EtOAc 3:1; vis. vanillin). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.40 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.44 (s, 2H), 

4.18 (s, 2H), 4.00 (s, 2H), 3.90 (s, 2H), 3.82 (s, 3H), 2.74 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 159.4, 132.8, 116.0, 114.2, 105.2, 86.7, 86.2, 72.2, 69.1, 

66.8, 65.3, 60.1, 55.5. 

HRMS (ESI-TOF) m/z calcd. for C19H18FeNO+ ([M+H]+) 332.0733; found: 332.0733. 
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Synthesis of 1-amino-1’-[(4-trifluoromethyl)phenylethynyl]ferrocene (5j) 

 

According to GP5, the title compound was prepared from 2m (100 mg, 253 µmol, 1.0 equiv) and 

triphenylphosphine (85.9 mg, 380 µmol, 1.5 equiv) in THF (5 mL) and H2O (0.5 mL). MPLC 

(cyclohexane/EtOAc 90:10 to 70:3) gave the title compound 5j (85.0 mg, 230 µmol, 91%) as an orange 

solid. 

Rf = 0.41 (SiO2; n-hexane/EtOAc 3:1; vis. vanillin). 

1H NMR (500 MHz, CD2Cl2) δ [ppm] = 7.59 (s, 4H), 4.48 (t, J = 1.9 Hz, 2H), 4.24 (t, J = 1.9 Hz, 2H), 

3.99 (t, J = 1.9 Hz, 2H), 3.90 (t, J = 1.9 Hz, 2H), 2.72 (s, 2H). 

13C{1H} NMR (126 MHz, CD2Cl2) δ [ppm] = 131.9, 129.5 (q, J = 32.5 Hz), 128.6, 125.9 (q, J = 3.8 Hz), 

123.7, 107.1, 92.1, 85.7, 73.0, 70.3, 65.8, 65.5, 60.0. Due to poor resolution of the spectrum, one C-F 

coupling could not be detected. 

19F NMR (471 MHz, CD2Cl2) δ [ppm] = -62.9. 

HRMS (ESI-TOF) m/z calcd. for C19H15F3FeN+ ([M+H]+) 370.0501; found: 370.0519. 
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3. NMR Spectra of Synthesized Compounds 

3.1 NMR Spectra of Compounds Synthesized in Batch 
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3.2 NMR Spectra of Compounds Synthesized in Flow 
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Scalable Synthesis of Benzotriazoles via [3+2] Cycloaddition of Azides and Arynes in Flow 
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Scalable Synthesis of Benzotriazoles via [3+2]
Cycloaddition of Azides and Arynes in Flow
Merlin Kleoff,[a] Lisa Boeser,[a] Linda Baranyi,[a] and Philipp Heretsch*[a]

A method for the metal-free synthesis of benzotriazoles in flow
is reported. Using azides and in situ generated arynes, benzo-
triazoles are formed in a [3 + 2] cycloaddition within minutes.
Employing different substitution patterns of the azide and aryne
coupling partners, a modular access to benzotriazoles is
provided. Thermal strain of hazardous azides and accumulation
of reactive intermediates is minimized by short reaction times
in flow, improving the safety profile of the process. The
scalability of the reaction is demonstrated.

The copper(I)-catalyzed [3 + 2] cycloaddition of azides and
alkynes (CuAAC) has affected chemistry, biology, and medicinal
research alike.[1] In biological systems, azides and alkynes serve
as bioorthogonal linkers allowing conjugation between two
molecules by the formation of 1,2,3-triazoles.[1f,h,2] Owing to the
toxicity of copper for living cells, copper-free [3 + 2] cyclo-
additions are of great interest.[3] Thus, the metal-free reaction of
azides with arynes to substituted 1,2,3-benzotriazoles could
allow further applications.[4,5]

With the appearance of pathogens resistant to common
azole-based pharmaceuticals, benzotriazoles emerged as valua-
ble substitutes and since have been employed for antibacterial,
antifungal, and antiviral agents with remarkable potency.[4c–f,6]

Therefore, rapid and scalable access to a broad range of
functionalized benzotriazoles could further support medicinal
studies.

As described by Larock[7a] and others,[7b–f] reaction of ortho-
trimethylsilyl triflates with fluoride ions generates arynes which
undergo [3 + 2] cycloaddition with azides (Scheme 1A). The
resulting benzotriazoles were obtained after reaction times of
up to 24 hours. To accelerate the reaction, a microwave
protocol was developed for the synthesis of benzyl substituted

benzotriazoles but required a reaction temperature of 125 °C
(Scheme 1B).[8]

As heating of organic azides and highly reactive aryne
intermediates poses the danger of an explosion, upscaling is
problematic.[9] In recent years, flow chemistry has evolved as an
alternative to overcome these limitations.[10] Given the superior
heat and mass transfer in microreactors, various reactions can
be significantly accelerated while offering an improved safety
and sustainability profile.[10–12]

We have recently developed a flow platform for the
synthesis of natural products and their analogs. Reagents are
driven with argon instead of solvent to reduce solvent and
reagent waste from drying and equilibration procedures.[13,14]

Using this flow platform, we here describe a scalable method
for the efficient preparation of benzotriazoles by [3 + 2] cyclo-
addition of arynes and azides in flow (Scheme 1C).

At the outset, we screened conditions for the reaction of
benzyne precursor 1a with benzyl azide (2a) leading to
benzotriazole 3a (Table 1). To streamline the process and
minimize thermal strain of organic azides, we aimed for a short
residence time in a heated tube reactor.

Initially, tetrabutylammonium fluoride (TBAF) was used as a
fluoride source since the limited solubility of cesium fluoride in

[a] M. Kleoff, L. Boeser, L. Baranyi, Prof. Dr. P. Heretsch
Institut für Chemie und Biochemie
Freie Universität Berlin
Takustraße 3, 14195 Berlin, Germany
E-mail: philipp.heretsch@fu-berlin.de
www.chemie.fu-berlin.de/heretsch
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ejoc.202001543

Part of the “YourJOC Talents” Special Collection.

© 2020 The Authors. European Journal of Organic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution Non-Commercial NoDerivs License, which
permits use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or adap-
tations are made.

Scheme 1. A) Synthesis of benzotriazoles via [3 + 2] cycloaddition of arynes
and azides in batch at room temperature. B) Microwave-assisted reaction of
arynes with in situ formed benzyl azides. C) Expedient and scalable synthesis
of benzotriazoles in flow. TBAT: tetrabutylammonium triphenyldifluorosili-
cate; Tf: trifluoromethanesulfonyl; TMS: trimethylsilyl.
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acetonitrile precluded its use in our flow process. At 50 °C and
with a residence time of 8 minutes, different solvents
(entries 1–3) were screened. While tetrahydrofuran (THF) and
benzotrifluoride resulted in low yields, employing acetonitrile as
solvent, 3a was isolated with a moderate yield of 53 %. When
potassium fluoride and 18-crown-6 were used, almost no
product was obtained (entry 4). Switching to tetrabutylammo-
nium triphenyldifluorosilicate (TBAT) as a fluoride source gave
smooth conversion to benzotriazole 3a and an improved yield
of 74 % (entry 5). Further investigation of parameters revealed a
residence time of 8 min at 40 °C led to an incomplete reaction
(68 % yield, entry 6). At higher temperatures, complete con-
sumption of starting material was observed, but lower yields
were obtained (entries 7 and 8).

Employing higher flow rates and a shorter residence time of
4 minutes at 50 °C, incomplete conversion of starting material
was observed along with a lower yield of 64 % (entry 9).
Eventually, when 1.7 equivalents of benzyne precursor 1a and
1.8 equivalents of TBAT were used, the yield of benzotriazole
3a could be increased to 87 % (entry 10). In accordance with
our previous studies, the reaction could be performed without
exclusion of air and moisture.[13a]

With the optimized flow protocol in hand, the scope of the
[3 + 2] cycloaddition of benzyne with various azides was
investigated (Scheme 2). Despite the intriguing properties of
ferrocenyl benzotriazoles,[4d] they have not been prepared from
arynes and ferrocenyl azides, thus far.[13b] This may be attributed

Merlin Kleoff was born in Berlin, Germany, in
1994 and studied chemistry at Freie Universi-
tät Berlin where he received his B.Sc. in 2015.
During his Master studies, he worked with
Prof. Dr. H.-U. Reißig on the preparation of
super Lewis basic terpyridine ligands. In 2018,
he completed his M.Sc. with a thesis on the
synthesis of new ferrocene building blocks in
the group of Prof. Dr. B. Sarkar. He then joined
the group of Prof. Dr. P. Heretsch for his PhD
where he is currently working on synthetic
applications of flow chemistry.

Lisa Boeser was born in Berlin, Germany, in
1998 and studied chemistry at Freie Universi-
tät Berlin. She completed her B. Sc. with a
thesis on the scalable synthesis of ferrocenyl
azides in flow in the group of Prof. Dr. P.
Heretsch in 2019. Currently, she is conducting
her master studies at Freie Universität Berlin.

Linda Baranyi was born in 1993 in Furth im
Wald, Germany. She studied chemistry at the
Humboldt-Universität zu Berlin where she
received her B.Sc. in 2018. Currently, she is
conducting her master studies in chemistry at
Freie Universität Berlin.

Philipp Heretsch was born in Lippstadt, Ger-
many, in 1982. He obtained his PhD degree
from Universität Leipzig (supervisor: Prof. Dr.
A. Giannis) in 2009. After a postdoctoral stay
with K.C. Nicolaou at The Scripps Research
Institute, La Jolla, California, and at Rice
University, Houston, Texas, he was appointed
assistant professor at Freie Universität Berlin
in 2015. His group is interested in framework
manipulation strategies in the context of
abeo-steroid and alkaloid synthesis as well as
application of flow chemistry in natural prod-
uct synthesis.

Table 1. Optimization of the [3 + 2] cycloaddition of benzyne and benzyl
azide in a flow reactor.[a]

Entry Fluoride source Solvent T [°C] Yield [%]

1 TBAF THF 50 30
2 TBAF PhCF3 50 33
3 TBAF MeCN 50 53
4 KF/18-c-6 MeCN 50 3
5 TBAT MeCN 50 74
6 TBAT MeCN 40 68
7 TBAT MeCN 55 72
8 TBAT MeCN 60 66
9[b] TBAT MeCN 50 64
10[c] TBAT MeCN 50 87

[a] Yields of isolated product are given. Reaction conditions: 1a (0.3 mmol,
0.15 m, 1.5 equiv), 2a (0.2 mmol, 0.1 m, 1.0 equiv), TBAT (0.32 mmol,
0.16 m, 1.6 equiv); flow rate: 0.4 mL, 8 min. [b] Performed with a residence
time of 4 min. [c] Performed with 1.7 equiv. of 1a and 1.8 equiv. of TBAT.
18-c-6: 1,4,7,10,13,16-hexaoxacyclooctadecane; THF: tetrahydrofuran.
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to the potential explosiveness and thermal lability of ferrocenyl
azides, hampering their use in reactions at elevated
temperatures.[15]

Employing our flow protocol, the reaction of azidoferrocene
2b provided the corresponding ferrocenyl benzotriazole 3b in
a good yield of 81 %. Also, the bromo- (3c, 80 % yield) and the
ester-functionalized ferrocenyl benzotriazoles (3d, 68 % yield)
could be obtained.

1,1’-Diazidoferrocene 2e is a valuable building block for
redox-switchable catalysts and sensors.[15,16] Due to the explo-
siveness of 2e at temperatures above 56 °C,[15] synthetic
applications are limited, especially on a larger scale. However, in
flow, azide 2e could be used without safety concerns. When 1.7
equivalents of benzyne precursor 1a were employed, mono-
benzotriazole 3e was isolated in a moderate yield of 37 %.
Using 3.4 equivalents of benzyne precursor 1a and 3.6
equivalents of TBAT, dibenzotriazole 3f was obtained in 38 %
yield. The alkynyl substituted ferrocenyl benzotriazole 3g was
isolated in 67 % yield. Although, alcohols can react as
nucleophiles with arynes, the [3 + 2] cycloaddition of alcohol

substituted azide 2h gave benzotriazole 3h with a good yield
of 72 %. The enantioenriched benzotriazole 3 i (51 % yield) was
derived from the corresponding menthyl azide under retention
of the stereoconfiguration.

Eventually, heterocyclic azides were tested as substrates.
The 5,6-dihydro-2-oxazine 2 j was prepared by aza-Michael
addition of 6H-1,2-oxazine with sodium azide in protic solvents
(see the supporting information).[17] Cycloaddition with benzyne
gave the corresponding benzotriazole 3 j in a yield of 55 %.

As benzotriazole substituted piperidone 3k shows promis-
ing antibacterial and antifungal activity,[6] we aimed for its rapid
and scalable synthesis. Employing our method, we prepared 3k
in a yield of 66 %. To demonstrate the scalability of our flow
protocol, we synthesized 3k also on a gram scale correspond-
ing to a theoretical productivity of 0.33 g/h in a similar yield of
69 % with the same reactor setup.

Finally, we investigated the scope of arynes by using
functionalized aryne precursors 1b–g (Scheme 3). When elec-
tron-deficient aryne precursor 1b was employed, difluorinated
benzotriazole 4a was isolated in 56 % yield. The sesamol-
derived aryne precursor 1c reacted smoothly to benzotriazole
4b in a good yield of 75 %. Using fluorinated aryne precursor
1d, an inseparable mixture of the 5- and 6-fluoro isomers of
benzotriazole 4c (61 % yield) was obtained in a 3 : 1 ratio. In
contrast, reaction with ortho-substituted precursors 1e–g
selectively gave the 4-functionalized benzotriazoles 4d–f
(60� 71 % yield), as assigned by nOe spectroscopic analysis.

In conclusion, we have developed a flow protocol for the
metal-free synthesis of benzotriazoles by [3 + 2] cycloaddition
of azides and in situ generated arynes. Due to the short
residence time of 8 minutes, thermal strain is minimizedScheme 2. Scope of benzotriazoles 3a–k for the reaction of benzyne with

organic azides 2. Yields of isolated product are given. Reaction conditions:
1a (0.34 mmol, 0.17 m, 1.7 equiv), 2a–k (0.2 mmol, 0.1 m, 1.0 equiv), TBAT

(0.36 mmol, 0.18 m, 1.8 equiv), 50 °C, 8 min. For further details, see the
supporting information. [a] Employing 1a (0.34 mmol, 0.17 m, 3.4 equiv ), 2e
(0.1 mmol, 0.05 m, 1.0 equiv), and TBAT (0.36 mmol, 0.18 m, 3.6 equiv).

Scheme 3. Scope of benzotriazoles 4a–f for the reaction of various arynes
1b–g with benzyl azide 2a. Yields of isolated product are given. Reaction
conditions: 1b–g (0.34 mmol, 0.17 m, 1.7 equiv), 2a (0.2 mmol, 0.1 m,
1.0 equiv), TBAT (0.36 mmol, 0.18 m, 1.8 equiv), 50 °C, residence time: 8 min.

Communications
doi.org/10.1002/ejoc.202001543

981Eur. J. Org. Chem. 2021, 979 – 982 www.eurjoc.org © 2020 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Freitag, 05.02.2021

2106 / 190683 [S. 981/982] 1

https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0690.YourJOCTalents


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

enhancing the safety and efficiency of this protocol. A variety of
functionalized azides and arynes have been employed to
provide the corresponding benzotriazoles, including the gram-
scale preparation of an antibacterial benzotriazole.
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1. General Information 

1.1. Materials and Methods 

Unless otherwise noted, all reactions and workups were performed open to air. All substances sensitive 

to water and oxygen were handled under an argon atmosphere using standard Schlenk techniques and 

oil pump vacuum. Room temperature (rt) refers to 23 °C.  

Anhydrous THF was distilled under an atmosphere of argon over sodium/benzophenone and stored over 

activated 3 Å mol sieves. Anhydrous CH2Cl2 and PhMe were obtained from a solvent system MB SPS-

800 from the company MBRAUN. Anhydrous DMF was obtained from Acros and stored over 3 Å mol 

sieves.  

EtOH, EtOAc, n-pentane and n-hexane were purified by distillation on a rotary evaporator. All other 

solvents and commercially available reagents were used without further purification unless otherwise 

stated.  

3 Å mol sieves were activated by drying in an oven at 250 °C and 10-3 mbar for 2–3 h.  

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-

Flash Rf or a TELEDYNE ISCO Combi-Flash Rf200 using prepacked SiO2-columns and cartridges 

from TELEDYNE. UV response was monitored at 254 nm and 280 nm. As eluents, cyclohexane 

(99.5%+ quality) and EtOAc (HPLC grade) were used. 

For flash column chromatography, SiO2 60 M (0.040˗0.063 mm) from MACHEREY-NAGEL or basic 

Al2O3 from ACROS or MACHEREY-NAGEL were used. Basic Al2O3 was deactivated prior use with 

5 wt% H2O by adding the calculated amount of H2O to activated Al2O3 followed by vigorous shaking 

for some minutes. 

Concentration under reduced pressure was performed by rotary evaporation at 40 °C and the appropriate 

pressure.  

Organic azides should be prepared and handled with additional care and should be stored cold and in 

the dark. 

The following compounds were prepared according to the literature: 1b,[1] 1c,[1] 1d,[2] 1f,[3] 1g,[3] 2a,[4] 

2b–g,[5] 2h,[6] 2i.[7] 
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1.2. Analysis 

Reaction monitoring: Reactions were monitored by TLC carried out on Merck Silica Gel 50 F254-plates 

and visualized by fluorescence quenching under UV-light (λ = 254 nm) or by using a stain of vanillin 

(6 g vanillin, 1.5 mL 96% aq. H2SO4, 100 mL EtOH) and heat as developing agent. 

NMR spectroscopy: All NMR spectra were acquired on a JEOL ECP 500 (500 MHz), a BRUKER 

Avance 500 (500 MHz), a VARIAN Inova 600 (600 MHz), or a BRUKER Avance 700 (700 MHz) in 

the reported deuterated solvents. Chemical shifts are reported in parts per million (ppm) with reference 

to the residual solvent peaks. The given multiplicities are phenomenological; thus, the actual appearance 

of the signals is stated and not the theoretically expected one. The following abbreviations were used to 

designate multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, p = pentett. In case no multiplicity 

could be identified, the chemical shift range of the signal is given (m = multiplet).  

Infrared spectroscopy: Infrared (IR) spectra were measured on a NICOLET Nexus 670/870 FT-IR 

spectrometer or a JASCO FT/IR-4100 spectrometer. Wavenumbers ṽ are given in cm-1 and intensities 

are as follows: s = strong, m = medium, w = weak.  

High resolution mass spectrometry: High-resolution mass spectra (HRMS) were recorded using an 

AGILENT 6210 ESI-TOF spectrometer.  

 

Optical rotation: Optical rotations were measured on a JASCO P-2000 polarimeter at 589 nm using 

100 mm cells and the solvent and concentration (g/100 mL) indicated. 

 

Melting points: Melting points were recorded with a BÜCHI Melting Point B-545 and are uncorrected. 

 

1.3. Flow Equipment 

All flow experiments were carried out using a self-assembled flow platform as previously reported.[8] 

Tubes, connectors, and valves: FEP tube (outer diameter 1/16”, inner diameter 1/32”) and PTFE tube 

(outer diameter 1/16”, inner diameter 1/32”) were obtained from BOLA. T-mixers made from stainless 

steel 316L were provided by VICI. Tubes and mixers were connected using either coned 10-32 UNF 

fittings made from stainless steel 316L obtained from UPCHURCH SCIENTIFIC or flat bottom 

¼-28 UNF gripper fittings made from PP obtained from DIBAFIT. Adapters for ¼-28 UNF systems 

were made from PP or PTFE and were provided from UPCHURCH SCIENTIFIC. Manual 6-way-valves 

made from stainless steel 316L were provided by KNAUER. 

Reactor: A 4 mL reactor plate consisting of aluminum was provided from THALES NANO (article 

number: THS-I0000). The reactor plate was equipped with coiled PTFE tube (outer diameter 1/16”, 
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inner diameter 1/32”). The reactor plate was placed on a magnetic stirrer with heat function from IKA 

and heated until the required temperature was constant. 

Gas delivery: A controlled stream of argon gas was delivered using a mass flow controller (EL-FLOW 

Prestige Series) from BRONKHORST. Connectors and adapters were provided from SWAGELOK. 
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2. Experimental Procedures 

2.1. Optimization of Reaction Conditions in Flow 

Screening of different reaction conditions for the [3+2]-cycloaddition of benzyne with benzyl 

azide 2a in flow 

 

Table S1: Screening of different reaction conditions in flow. 

Entry Fluoride source Solvent T [°C] tr [min] Vflow_tot 

[min/mL] 

Yield [%][a] 

1[b,c] TBAF THF 50 7 0.4 30 

2[b] TBAF PhCF3 50 8 0.4 33 

3[b] TBAF MeCN 50 8 0.4 53 

4 KF/18-c-6 MeCN 50 8 0.4 3 

5 TBAT  MeCN 50 8 0.4 74 

6 TBAT MeCN 40 8 0.4 68 

7 TBAT  MeCN 55 8 0.4 72 

8[c] TBAT MeCN 60 7 0.4 66 

9[d] TBAT MeCN 50 4 0.8 64 

10[e] TBAT MeCN 50 8 0.4 87 

11[f] TBAT MeCN 50 8 0.4 83 
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TBAF = tetrabutylammonium fluoride, TBAT = tetrabutylammonium triphenyldifluorosilicate, 

18-c-6 = 1,4,7,10,13,16-hexaoxacyclooctadecane. [a] Isolated yield. [b] TBAF was added as a 1.0 M 

solution in THF. Thus, the solvent of the reaction is a mixture of THF and the indicated solvent. [c] The 

residence time tr is slightly shorter than calculated due to partial evaporation of the solvent leading to 

higher flow rates. [d] Performed at higher flow rates: vflow01 = vflow02 = 0.4 mL/min resulting in 

vflow_tot = 0.8 mL/min. [e] 1.7 equiv of the benzyne-precursor and 1.8 equiv of TBAT were used. [f] A 

solution of the fluoride source was pumped to a solution of benzyl azide and the benzyne precursor. 

 

Open to air, in a small vial, 2.5 mL of a solution of 2-(trimethylsilyl)phenyl trifluoromethanesulfonate 

(1a) was prepared in the solvent indicated and loaded on sample loop SL01 (V = 2 mL). In another vial, 

2.5 mL of a solution of benzyl azide (2a, 0.1 M) and the fluoride source indicated was prepared in the 

solvent indicated and loaded on sample loop SL02 (V = 2 mL). Then, both solutions were driven by an 

argon flow using mass flow controllers MFC01 and MFC02 with the flow rate (vflow_tot = vflow01 + vflow02; 

vflow01 = vflow02) indicated. Both solutions were mixed in a T-piece and then pumped through a preheated 

4 mL tube reactor at the temperature indicated. At the end of the reactor, the reaction mixture was 

collected in a 25 mL collection flask, diluted with EtOAc (10 mL) and loaded on Celite®. MPLC 

(cyclohexane/EtOAc 100:0 to 80:20) gave benzotriazole 3a as a colorless solid. 
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2.2. Synthesis of Substrates 

Synthesis of 5-azido-6-ethoxy-3-phenyl-5,6-dihydro-4H-1,2-oxazine (S1) 

 

In a pressure tube, 6-ethoxy-3-phenyl-6H-1,2-oxazine[9] (43 mg, 0.21 mmol, 1.0 equiv) and NaN3 

(0.13 g, 2.1 mmol, 10 equiv) were placed. Anhydrous THF (0.60 mL), AcOH (0.18 mL) and H2O 

(0.31 mL) were added, the pressure tube was sealed, and the resulting solution was stirred at 50 °C for 

14 h. After cooling to rt, the mixture was diluted with NaHCO3 (sat. aq., 10 mL) and CH2Cl2 (10 mL). 

The organic layer was separated, and the aqueous layer was extracted with CH2Cl2 (3×10 mL). The 

combined organic layers were dried (Na2SO4), filtered, concentrated under reduced pressure, and loaded 

on Celite®. MPLC (cyclohexane/EtOAc 100:0 to 80:20) gave the title compound S1 (34 mg, 0.14 mmol, 

65%) as a colorless solid. 

Rf = 0.33 (SiO2, n-hexane/EtOAc 15:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.71 – 7.68 (m, 2H), 7.44 – 7.39 (m, 3H), 5.02 (d, J = 3.4 , 1H), 

3.97 (dq, J = 9.7, 7.1 Hz, 1H), 3.88 (dt, J = 6.4, 3.2 Hz, 1H), 3.71 (dq, J = 9.7, 7.1 Hz, 1H), 2.99 (dd, 

J = 18.2, 6.2 Hz, 1H), 2.61 (dd, J = 18.2, 3.1 Hz, 1H), 1.23 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 154.4, 135.1, 130.2, 128.8, 125.6, 96.0, 64.7, 52.6, 24.1, 

15.1. 

FT-IR (neat) ṽ [cm-1] = 2979 (w), 2926 (w), 2902 (w), 2113 (s), 2090 (s), 1496 (w), 1444 (w), 1415 (w), 

1379 (w), 1339 (w), 1253 (s), 1176 (m), 1112 (s), 1091 (s), 1076 (m), 1036 (m), 990 (m), 929 (w), 891 

(s), 836 (m), 759 (s), 736 (w). 

HRMS (ESI-TOF) m/z calcd. for C12H14N4NaO2
+ ([M+Na]+) 269.1009; found: 269.1006. 

M.p. = 84−85 °C (EtOAc). 

 

 

Synthesis of 3,5-diethyl-2,6-bis(4-fluorophenyl)-4-oxopiperidin-1-ium chloride (S2) 

 

In a 100 mL round bottom flask, NH4OAc (3.37 g, 43.8 mmol, 1.0 equiv) was dissolved in EtOH 

(25 mL). 4-Heptanon (6.10 mL, 43.8 mmol, 1.0 equiv) and 4-fluorobenzaldehyde (9.37 mL, 87.6 mmol, 

2.0 equiv; freshly distilled prior use) were added and the colorless solution was stirred at 80 °C for 1 h. 



 

278 
 

After cooling to rt, the yellow solution was poured into stirring Et2O (300 mL). While stirring, a weak 

stream of gaseous HCl (note 1) was introduced with a PTFE tube for 10 min until no precipitate was 

formed anymore. The resulting colorless precipitate was filtered off, washed with Et2O (3x50 mL) and 

n-pentane (3x50 mL), affording the title compound S2 (12.4 g, 32.6 mmol, 75%), essentially pure, as a 

colorless solid. 

Further purification can be performed by recrystallization from boiling EtOH/H2O. 

Note 1: Gaseous HCl was generated by adding HCl (aq., 37%) with a pressure-equalizing dropping 

funnel to stirred H2SO4 (aq., 96%) in a round bottom flask under water bath cooling. The pressure-

equalizing dropping funnel was sealed with a rubber septum containing a PTFE tube (1/8” outer 

diameter, 1/16” inner diameter) that was introduced to the ethereal solution. 

1H NMR (600 MHz, DMSO-d6) δ [ppm] = 11.01 (s, 1H), 10.03 (s, 1H), 7.92 (s, 4H), 7.30 (t, J = 8.6 Hz, 

4H), 4.72 (s, 2H), 3.68 (s, 2H), 1.33 (dq, J = 14.6, 7.2 Hz, 2H), 1.29 – 1.20 (m, 2H), 0.71 (t, J = 7.3 Hz, 

6H). 

13C{1H} NMR (151 MHz, DMSO-d6) δ [ppm] = 204.5, 162.6 (d, J = 246.4 Hz), 131.8, 130.7, 115.5 (d, 

J = 21.5 Hz), 62.5, 52.2, 17.9, 10.9. 

19F NMR (565 MHz, DMSO-d6) δ [ppm] = –111.8. 

FT-IR (neat) ṽ [cm-1] = 3444 (very broad), 3276 (w), 2251 (w), 2125 (w), 1660 (w), 1609 (w), 1514 (w), 

1455 (w), 1227 (w), 1160 (w), 1052 (s), 1024 (s), 887 (w), 822 (m), 759 (m). 

HRMS (ESI-TOF) m/z calcd. for C21H24F2NO+ ([M]+) 344.1815; found: 344.1830. 

M.p. = 261−263 °C (n-pentane). 

 

 

Synthesis of 1-(2-chloroacetyl)-3,5-diethyl-2,6-bis(4-fluorophenyl)piperidin-4-one (S3) 

 

S2 (10.0 g, 26.4 mmol, 1.0 equiv) was placed in a 250 mL Schlenk flask with a large conical stirring 

bar. The Schlenk flask was evacuated and backfilled with argon (3x). Anhydrous PhMe (100 mL) was 

added. Anhydrous Et3N (18.4 mL, 132 mmol, 5.0 equiv) was added under ice bath cooling and the 

suspension was stirred at 0 °C for 5 min. Then, 2-chloroacetyl chloride (5.25 mL, 66.0 mmol, 2.5 equiv; 

freshly distilled prior use) was added slowly at this temperature via syringe over 10 min. After stirring 

for 10 min, the ice bath was switched to a water bath and the brown suspension was stirred for additional 

40 min. The mixture was filtered over a pad of silica (h = 5 cm) and the silica pad was washed with 
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EtOAc (5x50 mL). The filtrate was washed with NaHCO3 (sat. aq., 200 mL) and NaCl (sat. aq., 

200 mL), dried (Na2SO4), filtered, and concentrated under reduced pressure. After recrystallization from 

boiling n-hexane, the title compound S3 (5.12 g, 12.2 mmol, 46%) was obtained as a colorless solid. 

Rf = 0.30 (SiO2, n-hexane/EtOAc 8:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.14 (s, 4H), 7.02 (t, J = 8.5 Hz, 4H), 5.62 (s, 2H), 3.90 (s, 2H), 

2.85 (s, 2H), 1.65 (ddd, J = 13.9, 7.5, 6.2 Hz, 2H), 1.43 (d, J = 14.1 Hz, 2H) 0.93 (t, J = 7.4 Hz, 6H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 209.2, 169.4, 162.4 (d, J = 248.6 Hz), 136.9 (d, J = 3.4 Hz), 

129.3, 116.2 (d, J = 21.7 Hz), 116.1, 52.5, 42.8, 20.4, 11.1. 

19F NMR (565 MHz, CDCl3) δ [ppm] = ˗113.0. 

FT-IR (neat) ṽ [cm-1] = 3077 (w), 3014 (w), 2969 (m), 2937 (m), 2878 (w), 1898 (w), 1714 (s), 1650 

(s), 1604 (s), 1509 (s), 1459 (w), 1385 (s), 1337 (w), 1226 (s), 1160 (s), 1137 (w) 1100 (w), 1014 (w), 

927 (w), 854 (s), 836 (m), 792 (w), 781 (w), 752 (s). 

HRMS (ESI-TOF) m/z calcd. for C23H24ClF2NNaO2
+ ([M+Na]+) 442.1356; found: 442.1374. 

M.p. = 112−114 °C (n-hexane). 

 

 

Synthesis of 1-(2-azidoacetyl)-3,5-diethyl-2,6-bis(4-fluorophenyl)piperidin-4-one (2k) 

 

S3 (4.00 g, 9.53 mmol, 1.0 equiv) and NaN3 (929 mg, 14.3 mmol, 1.5 equiv) were placed in a 100 mL 

Schlenk flask. The flask was evacuated and backfilled with argon (3x). Then, anhydrous DMF (40 mL) 

was added. The brown solution was stirred at rt for 1 h. Then, the mixture was diluted with EtOAc 

(50 mL) and H2O (100 mL). The organic layer was separated and the aqueous layer was extracted with 

EtOAc (3x50 mL). The combined organic layers were washed with NaCl (sat. aq, 3x100 mL), dried 

(MgSO4), filtered, concentrated under reduced pressure, and loaded onto Celite®. MPLC 

(cyclohexane/EtOAc 100:0 to 85:15) gave the title compound 2k (3.36 g, 7.88 mmol, 83%) as a 

colorless solid. 

Rf = 0.25 (SiO2, n-hexane/EtOAc 8:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.11 (s, 4H), 7.02 (t, J = 8.4 Hz, 4H), 5.45 (s, 2H), 3.68 (s, 

2H), 2.85 (q, J = 6.2 Hz, 2H), 1.67 – 1.54 (m, 2H), 1.44 (dt, J = 14.6, 7.3 Hz, 2H), 0.92 (t, J = 7.4 Hz, 

6H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 209.0, 170.4, 162.3 (d, J = 248.6 Hz), 136.6 (d, 

J = 3.4 Hz), 129.4 (d, J = 8.1 Hz), 116.1 (d, J = 21.5 Hz), 57.2, 52.4, 52.0, 20.8, 11.1. 

19F NMR (565 MHz, CDCl3) δ [ppm] = ˗112.9. 
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FT-IR (neat) ṽ [cm-1] = 3016 (w), 2970 (m), 2938 (w), 2879 (w), 2105 (s), 1714 (s), 1655 (s), 1605 (m), 

1509 (s), 1458 (w), 1387 (m), 1362 (w), 1256 (s), 1227 (s), 1161 (s), 1135 (w), 1097 (w), 1070 (w), 

1050 (w), 1014 (w), 989 (w), 923 (w), 895 (w), 854 (s), 829 (m), 750 (s). 

HRMS (ESI-TOF) m/z calcd. for C23H24F2N4NaO2
+ ([M+Na]+) 449.1759; found: 449.1779. 

M.p. = 124−125 °C (EtOAc). 
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2.3. Synthesis of Benzotriazoles in Flow 

General procedure (GP1) for the synthesis of benzotriazoles in flow 

 

In a small vial, open to air, 2.5 mL of a solution of the aryne precursor 1a–g (425 μmol, 1.7 equiv, 

0.17 M) indicated were prepared in MeCN and loaded on sample loop SL01 (V = 2 mL). In another vial, 

2.5 mL of a solution of the azide 2a-k (250 μmol, 1.0 equiv, 0.1 M) and TBAT (243 mg, 450 μmol, 

1.8 equiv, 0.18 M) were prepared in MeCN and loaded on sample loop SL02 (V = 2 mL). Then, both 

solutions were driven by an argon flow using mass flow controllers MFC01 and MFC02 with a flow 

rate of vflow01 = vflow02 = 0.2 mL/min. Both solutions were mixed in a T-piece and then pumped through 

a preheated 4 mL tube reactor at 50 °C. At the end of the reactor, the reaction mixture was collected 

in a 25 mL collection flask, diluted with EtOAc (10 mL) and loaded on Celite®. MPLC 

(cyclohexane/EtOAc) gave the corresponding benzotriazoles 3a–k and 4a–f. 

 

Note 1: Although all reactions can be performed without exclusion of air and moisture, MeCN 

containing too much water can lead to solubility problems. 

Note 2: In order to solubilize the reactants in MeCN, sonication of the solutions can be performed. 

Note 3: In the reaction, Ph3SiF is formed as byproduct. Although this compound is quite non-polar, it 

tends to stick to the column. To remove it by column chromatography, a relatively long non-polar pre-

run (cyclohexane/EtOAc 100/0 to 90/10) should be performed before polarity of the eluent is increased. 

Note 4: Further purification of benzotriazoles can be performed by recrystallization from n-

hexane/CHCl3. 
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Flow-setup: 1. Mass flow controller 01. 2. Mass flow controller 02. 3. 6-Way valve 01. 4. 6-Way valve 

02. 5. Sample Loop 01. 6. Sample Loop 02. 7. Tube reactor with T-piece. 8. Collection vial. 

 

 

Left: The T-piece mixing the reactant solutions before the reaction mixture enters the heated tube 

reactor. To further enhance mixing, the tube was coiled and secured with cable fixer. Right: Inside view 

in the tube reactor from THALES NANO. The tube is embedded in an aluminum housing. 
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Graphical Guide for the Synthesis of Benzotriazoles in Flow (example: compound 3b)    

   

Left: Stock solutions of ferrocenyl azide 2b and TBAT (left) and benzyne precursor 1a (right) in MeCN. 

Right: The stock solutions are connected with the load valves of the flow platform. 

 

    

Left: The sample loops (V = 2 mL; SL01 and SL02) of the injection valves (6WV01 and 6WV02) are 

loaded with the solutions. Right: The T-piece while mixing the solutions. 
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Left: The crude product solution after passing through the heated tube reactor. Right: The isolated 

product 3b. 
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Synthesis of 1-benzyl-1H-benzo[d][1,2,3]triazole (3a) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2a[4] 

(27 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 80:20) gave the title compound 3a (37 mg, 0.18 mmol, 87%) as a colorless solid. 

Rf = 0.21 (SiO2, n-hexane/EtOAc 7:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.07 (d, J = 8.3 Hz, 1H), 7.43 – 7.25 (m, 8H), 5.85 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 146.5, 134.9, 132.9, 129.1, 128.6, 127.7, 127.5, 124.1, 

120.2, 109.9, 52.4. 

FT-IR (neat) ṽ [cm-1] = 3087 (w), 3065 (w), 3031 (w), 2923 (w), 2923 (w), 2852 (w), 1739 (w), 1615 

(w), 1589 (w), 1496 (m), 1475 (w), 1456 (m), 1441 (m), 1419 (w), 1365 (w), 1323 (m), 1306 (w), 1276 

(w), 1263 (m), 1244 (w), 1224 (s), 1204 (w), 1180 (w), 1162 (m), 1137 (w), 1095 (84), 1070 (m), 1027 

(w), 1002 (w), 948 (m), 916 (w), 907 (w), 821 (w), 805 (w), 790 (m), 774 (m), 744 (s), 721 (s). 

The spectroscopic data are consistent with those reported in the literature.[10] 

 

Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-ferrocene (3b) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2b[5] 

(46 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane /EtOAc 

100:0 to 80:20) gave the title compound 3b (50 mg, 0.17 mmol, 81%) as a yellow solid. 

Rf = 0.40 (SiO2, n-hexane/EtOAc 5:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.11 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.56 (t, 

J = 7.6 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 4.98 (t, J = 1.9 Hz, 2H), 4.36 (t, J = 1.9 Hz, 2H), 4.27 (s, 5H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 146.6, 133.2, 127.8, 124.3, 120.5, 110.9, 93.9, 70.1, 66.7, 

62.7. 

FT-IR (neat) ṽ [cm-1] = 2952 (w), 2919 (s), 2850 (m), 1737 (s), 1511 (s), 1376 (w), 1277 (s), 1206 (s), 

1120 (s), 1072 (s), 1000 (m), 922 (w), 874 (m), 742 (s). 

HRMS (ESI-TOF) m/z calcd. for C16H13FeN3Na+ ([M+Na]+) 326.0351; found: 326.0364. 

M.p. = 108−109 °C (EtOAc). 
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Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-1’-bromoferrocene (3c) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2c[5] 

(60 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 85:15) gave the title compound 3c (60 mg, 0.16 mmol, 80%) as a yellow solid. 

Rf = 0.29 (SiO2, n-hexane/EtOAc 5:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.12 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.58 (t, J = 7.6, 

1H), 7.43 (t, J = 7.6 Hz, 1H), 5.04 (t, J = 2.1 Hz, 2H), 4.50 (t, J = 2.0 Hz, 2H), 4.42 (t, J = 2.0 Hz, 2H), 

4.20 (t, J = 2.0 Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 146.5, 133.0, 128.0, 124.4, 120.5, 110.9, 95.2, 78.5, 72.0, 

69.6, 69.3, 64.5. 

The spectroscopic data are consistent with those reported in the literature.[5] 

 

Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-1’-ferrocenylcarboxylic acid tert-butyl ester (3d) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2d (68 mg, 

0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane /EtOAc 100:0 

to 90:10) gave the title compound 3d (55 mg, 0.14 mmol, 68%) as an orange oil. 

Rf = 0.26 (SiO2, n-hexane/EtOAc 6:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.11 (d, J = 8.4 Hz, 1H), 7.86 (d, J = 8.4 Hz, 1H), 7.58 (t, 

J = 7.6 Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 4.99 (s, 2H), 4.82 (s, 2H), 4.42 (s, 2H), 4.40 (s, 2H), 1.46 (s, 

9H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 169.9, 146.5, 132.9, 128.0, 124.4, 120.5, 110.8, 94.8, 

80.7, 75.0, 73.0, 71.9, 68.4, 63.7, 28.3. 

FT-IR (neat) ṽ [cm-1] = 3094 (w), 2922 (w), 1612 (m), 1516 (m), 1449 (w), 1406 (w), 1323 (s), 1281 

(w), 1165 (m), 1124 (m), 1105 (m), 1066 (m), 1031 (w), 923 (w), 874 (w), 842 (m), 814 (w), 783 (w), 

746 (m), 714 (w). 

HRMS (ESI-TOF) m/z calcd. for C21H21FeN3NaO2
+ ([M+Na]+) 426.0875; found: 426.0881. 



 

287 
 

 

Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-1’-azidoferrocene (3e) 

 

Caution! 1,1’-Diazidoferrocene is potentially explosive and should be handled with care! 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2e[5] 

(53 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). Gravity column 

chromatography (basic Al2O3 +5 wt% H2O; n-hexane/EtOAc 4:1) gave the title compound 3e (25 mg, 

73 μmol, 37%) as a brown solid. 

Rf = 0.30 (SiO2, n-hexane/EtOAc 4:1). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 8.11 (dt, J = 8.3, 0.9 Hz, 1H), 7.81 (dt, J = 8.4, 0.9 Hz, 1H), 7.56 

(ddd, J = 8.2, 6.9, 1.0 Hz, 1H), 7.42 (ddd, J = 8.4, 6.9, 0.9 Hz, 1H), 5.08 (t, J = 2.0 Hz, 2H), 4.47 (t, 

J = 2.0 Hz, 2H), 4.34 (t, J = 2.0 Hz, 2H), 4.15 (t, J = 2.0 Hz, 2H). 

13C NMR (176 MHz, CDCl3) δ [ppm] = 146.6, 133.1, 128.0, 124.4, 120.5, 110.7, 101.0, 94.8, 67.9, 67.4, 

63.6, 62.2. 

The spectroscopic data are consistent with those reported in the literature.[5] 

 

Synthesis of 1,1’-bis(1H-benzo[d][1,2,3]triazole)ferrocene (3f) 

 

Caution! 1,1’-Diazidoferrocene is potentially explosive and should be handled with care! 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.34 mmol, 3.4 equiv), 2e[5] 

(27 mg, 0.10 mmol, 1.0 equiv, 0.05 M), and TBAT (0.19 g, 0.36 mmol, 3.6 equiv). MPLC (cyclohexane 

/EtOAc 100:0 to 60:40) gave the title compound 3f (16 mg, 38 µmol, 38%) as an orange solid. 

Rf = 0.34 (SiO2, n-hexane/EtOAc 2:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.96 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.37 (t, 

J = 7.6 Hz, 2H), 7.31 (t, J = 7.6 Hz, 2H), 5.10 (t, J = 2.0 Hz, 4H), 4.49 (t, J = 2.0 Hz, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 147.3, 132.6, 128.1, 124.3, 118.7, 109.2, 96.3, 68.6, 64.0. 
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FT-IR (neat) ṽ [cm-1] = 2954 (m), 2917 (s), 2849 (m), 1737 (s), 1510 (m), 1446 (m), 1375 (s), 1277 (m), 

1217 (s), 1203 (s), 1073 (m), 1050 (m), 1033 (m), 923 (m), 872 (m), 818 (m), 782 (s), 738 (s). 

HRMS (ESI-TOF) m/z calcd. for C22H16FeN6Na+ ([M+Na]+) 443.0678; found: 443.0670. 

M.p. = 218−220 °C (EtOAc). 

 

Synthesis of 1-(1H-benzo[d][1,2,3]triazole)-1’-(1-ethynyl-4-trifluoromethylbenzene)ferrocene (3g) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.34 mmol, 1.7 equiv), 2g[5] 

(80 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 85:15) gave the title compound 3g (64 mg, 0.14 mmol, 67%) as an orange solid. 

Rf = 0.26 (SiO2, n-hexane/EtOAc 7:1). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.92 (dd, J = 11.4, 8.4 Hz, 2H), 7.51 (d, J = 8.3 Hz, 3H), 7.30 

(d, J = 7.6 Hz, 3H), 5.11 (s, 2H), 4.62 (s, 2H), 4.44 (s, 2H), 4.38 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 146.3, 132.8, 131.5, 129.5 (q, J = 32.6 Hz), 127.8, 127.1, 

125.2 (q, J = 7.6 Hz), 124.2, 124.1 (q, J = 272.1 Hz), 120.4, 110.9, 95.4, 89.3, 85.8, 73.3, 71.0, 68.4, 

66.9, 63.5. 

19F NMR (565 MHz, CDCl3) δ [ppm] = ˗62.6. 

FT-IR (neat) ṽ [cm-1] = 3004 (w), 2970 (m), 2937 (w), 1738 (s), 1715 (s), 1517 (w), 1456 (94), 1367 (s), 

1290 (s), 1228 (s), 1217 (s), 1141 (s), 1074 (w), 1056 (m), 1028 (w), 920 (m), 781 (w), 743 (m), 732 

(m). 

HRMS (ESI-TOF) m/z calcd. for C25H16F3FeN3Na+ ([M+Na]+) 494.0538; found: 494.0532. 

M.p. = 135−137 °C (EtOAc). 
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Synthesis of 2-(1H-benzo[d][1,2,3]triazol-1-yl)cyclohexan-1-ol (3h) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.35 mmol, 1.7 equiv), 2h[6] 

(29 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 50:50) gave the title compound 3h (32 mg, 0.15 mmol, 72%) as a colorless solid. 

Rf = 0.25 (SiO2, n-hexane/EtOAc 3:2). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.70 (d, J = 8.3 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H), 7.41 (t, 

J = 7.5 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 4.41 (q, J = 4.8, 4.3 Hz, 2H), 3.21 (s, 1H), 2.34 – 2.24 (m, 1H), 

2.15 (qd, J = 10.3, 8.9, 4.3 Hz, 2H), 1.96 – 1.89 (m, 2H), 1.64 – 1.44 (m, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 145.4, 133.7, 127.1, 124.1, 119.4, 110.0, 72.6, 65.5, 34.2, 

31.5, 25.2, 24.4. 

The spectroscopic data are consistent with those reported in the literature.[10] 

 

Synthesis of 1-((1S,2S,5R)-2-isopropyl-5-methylcyclohexyl)-1H-benzo[d][1,2,3]triazole (3i) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.34 mmol, 1.7 equiv), 2i[7] 

(36 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 95:5) gave the title compound 3i (26 mg, 0.10 mmol, 51%) as a colorless oil. 

Rf = 0.19 (SiO2, n-hexane/EtOAc 80:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.07 (dt, J = 8.4, 0.9 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 7.46 

(ddd, J = 8.2, 6.9, 1.0 Hz, 1H), 7.35 (ddd, J = 8.1, 6.7, 1.1 Hz, 1H), 5.13 (q, J = 3.8 Hz, 1H), 2.41 (qd, 

J = 13.2, 3.8 Hz, 1H), 2.03 – 1.85 (m, 4H), 1.59 – 1.48 (m, 2H), 1.31 (dp, J = 9.1, 6.6 Hz, 1H), 1.13 – 

1.05 (m, 1H), 0.81 (d, J = 6.6 Hz, 3H), 0.79 (d, J = 6.8 Hz, 3H), 0.68 (d, J = 6.6 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 145.0, 133.8, 127.0, 123.8, 120.0, 109.5, 56.1, 47.3, 40.9, 

35.1, 29.2, 26.1, 25.6, 22.2, 21.3, 20.9. 

FT-IR (neat) ṽ [cm-1] = 2950 (s), 2924 (s), 2870 (m), 2847 (m), 1733 (w), 1454 (s), 1269 (m), 1225 (m), 

1164 (m), 1062 (m), 785 (m), 769 (w), 745 (s), 727 (w). 

HRMS (ESI-TOF) m/z calcd. for C16H23N3Na+ ([M+Na]+) 280.1784; found: 280.1787. 

[α]D
27 = ˗27.1 (c = 1.00, CHCl3). 



 

290 
 

Synthesis of 5-(1H-benzo[d][1,2,3]triazol-1-yl)-6-ethoxy-3-phenyl-5,6-dihydro-4H-1,2-oxazine (3j) 

 

According to GP1, the title compound was prepared from 1a (0.10 g, 0.34 mmol, 1.7 equiv), 2j (49 mg, 

0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 100:0 to 

50:50) gave the title compound 3j (35 mg, 0.11 mmol, 55%) as a colorless solid. 

Rf = 0.33 (SiO2, n-hexane/EtOAc 3:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 8.09 (t, J = 5.4 Hz, 1H), 7.82 – 7.79 (m, 2H), 7.61 (t, J = 5.6 Hz, 

1H), 7.51 (t, J = 7.6 Hz, 1H), 7.47 – 7.43 (m, 3H), 7.40 (t, J = 8.0 Hz, 1H), 5.30 – 5.21 (m, 2H), 3.98 

(ddd, J = 13.8, 8.2, 4.5 Hz, 1H), 3.64 (dddd, J = 16.7, 14.3, 6.1, 3.9 Hz, 2H), 3.45 (dd, J = 18.4, 7.5 Hz, 

1H), 1.14 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 154.2, 143.6, 134.5, 133.5, 131.4, 128.9, 127.9, 126.0, 

123.6, 119.0, 109.7, 97.4, 63.5, 54.7, 23.1, 12.7. 

FT-IR (neat) ṽ [cm-1] = 3063 (w), 2977 (m), 2926 (m), 1711 (m), 1614 (w), 1493 (m), 1454 (s) 1444 (s), 

1357 (m), 1295 (m), 1278 (m), 1219 (s), 1162 (m), 1098 (s), 1077 (m), 1036 (m), 995 (s), 893 (s), 837 

(w), 784 (m), 762 (s), 747 (s). 

HRMS (ESI-TOF) m/z calcd. for C18H18N4O2Na+ ([M+Na]+) 345.1322; found: 345.1333. 

M.p. = 126−127 °C (EtOAc). 

 

Synthesis of 1-(2-(1H-benzo[d][1,2,3]triazol-1-yl)acetyl)-3,5-diethyl-2,6-bis(4-fluorophenyl)-

piperidin-4-one (3k) 

 

According to GP1, the title compound was prepared from 1a (81 mg, 0.27 mmol, 1.7 equiv, 0.14 M), 2k 

(68 mg, 0.16 mmol, 1.0 equiv, 0.08 M), and TBAT (0.16 g, 0.29 mmol, 1.8 equiv, 0.15 M). MPLC 

(cyclohexane/EtOAc 100:0 to 80:20) gave the title compound 3k (53 mg, 0.11 mmol, 66%) as a 

colorless solid. 

Note: Higher concentrations of the reagents were not practical due to limited solubility of 2k in MeCN. 

Rf = 0.22 (SiO2, n-hexane/EtOAc 4:1). 
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1H NMR (600 MHz, CDCl3) δ [ppm] = 8.07 (d, J = 8.3 Hz, 1H), 7.51 – 7.48 (m, 1H), 7.41 – 7.37 (m, 

2H), 7.21 (s, 4H), 7.07 (t, J = 8.5 Hz, 4H), 5.67 (d, J = 16.0 Hz, 2H), 5.28 (s, 2H), 2.85 (q, J = 6.1 Hz, 

2H), 1.59 (s, 2H), 1.35 (dt, J = 12.7, 6.5 Hz, 2H), 0.83 (t, J = 7.4 Hz, 6H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 208.8, 168.3, 162.4 (d, J = 248.8 Hz), 146.1, 136.7, 

133.6, 129.5 (d, J = 7.7 Hz), 128.2, 124.4, 120.3, 116.3 (d, J = 21.6 Hz), 109.9, 52.3, 51.0, 20.5, 10.9. 

One carbon is missing probably due to signal overlap. 

19F NMR (565 MHz, CDCl3) δ [ppm] = –112.6. 

FT-IR (neat) ṽ [cm-1] = 3067 (w), 2968 (m), 2937 (m), 2878 (w), 1715 (s), 1662 (s), 1604 (m), 1509 (s), 

1456 (m), 1420 (w), 1389 (m), 1348 (w), 1313 (w), 1265 (m), 1227 (s), 1162 (s), 1095 (m), 855 (s), 829 

(s), 780 (w), 744 (s). 

HRMS (ESI-TOF) m/z calcd. for C29H28F2N4O2Na+ ([M+Na]+) 525.2072; found: 525.2087. 

M.p. = 192−193 °C (EtOAc). 

 

Synthesis of 1-benzyl-5,6-difluoro-1H-benzo[d][1,2,3]triazole (4a) 

 

According to GP1, the title compound was prepared from 1b[1] (0.11 g, 0.34 mmol, 1.7 equiv), 2a 

(26 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 85:15) gave the title compound 4a (27 mg, 0.11 mmol, 56%) as a colorless solid. Analytically 

pure samples were obtained by recrystallization (n-hexane/PhMe). 

Rf = 0.33 (SiO2, n-hexane/EtOAc 6:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.81 (t, J = 8.0 Hz, 1H), 7.42 – 7.32 (m, 3H), 7.30 – 7.22 (m, 

2H), 7.07 (t, J = 7.5 Hz, 1H), 5.80 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 151.6 (dd, J = 253.2, 16.9 Hz), 149.2 (dd, J = 248.2, 

16.1 Hz), 141.6 (d, J = 9.5 Hz), 134.0, 129.4, 129.0, 128.7 (d, J = 11.3 Hz), 127.7, 106.7 (d, 

J = 20.0 Hz), 97.3 (d, J = 23.4 Hz), 52.9. 

19F NMR (565 MHz, CDCl3) δ [ppm] = –131.7 (dt, J = 18.2, 8.0 Hz), –138.0 (dt, J = 17.5, 8.1 Hz). 

The spectroscopic data are consistent with those reported in the literature.[11] 
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Synthesis of 1-benzyl-1H-[1,3]dioxolo[4',5':4,5]benzo[1,2-d][1,2,3]triazole (4b) 

 

According to GP1, the title compound was prepared from 1c[1] (0.11 g, 0.34 mmol, 1.7 equiv), 2a 

(26 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 75:25) gave the title compound 4b (37 mg, 0.15 mmol, 75%) as a colorless solid. 

Rf = 0.27 (SiO2, n-hexane/EtOAc 4:1). 

1H NMR (500 MHz, CDCl3) δ [ppm] = 7.32 – 7.27 (m, 4H), 7.22 – 7.19 (m, 2H), 6.57 (d, J = 0.6 Hz, 

1H), 5.98 (s, 2H), 5.68 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ [ppm] = 149.8, 147.1, 142.3, 134.7, 129.6, 129.2, 128.6, 127.6, 102.3, 

97.3, 88.5, 52.5. 

The spectroscopic data are consistent with those reported in the literature.[11] 

 

Synthesis of 1-benzyl-5(6)-fluoro-1H-benzo[d][1,2,3]triazole (4c) 

 

According to GP1, the title compound was prepared from 1d[2] (0.11 g, 0.34 mmol, 1.7 equiv), 2a 

(26 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 85:15) gave the title compounds 4c (27 mg, 0.12 mmol, 61%; inseparable mixture of the 5- and 

6-isomers in a ratio of 3:1 [19F NMR]) as a pale brown solid. Analytically pure samples were obtained 

by recrystallization (n-hexane/PhMe). 

Rf  = 0.36 (SiO2, n-hexane/EtOAc 6:1). 

NMR Data of the 5-fluoro isomer (major): 

1H NMR (600 MHz, CDCl3) δ = 7.69 (dd, J = 8.3, 2.3 Hz, 1H), 7.34 (d, J = 6.9 Hz, 3H), 7.30 – 7.25 (m, 

3H), 7.18 (td, J = 8.9, 2.3 Hz, 1H), 5.84 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 159.0, 146.8, 134.5, 130.0, 129.3, 128.8, 127.7, 117.6 (d, 

J = 27.7 Hz), 110.9 (d, J = 10.3 Hz), 104.7 (d, J = 24.3 Hz), 52.8. 

19F NMR (565 MHz, CDCl3) δ [ppm] = ˗117.7 (q, J = 7.6 Hz). 

NMR Data of the 6-fluoro isomer (minor): 
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1H NMR (600 MHz, CDCl3) δ = 8.02 (dd, J = 9.1, 4.6 Hz, 1H), 7.38 – 7.32 (m, 3H), 7.30 – 7.25 (m, 

3H), 7.11 (td, J = 9.1, 2.2 Hz, 1H), 6.97 (dd, J = 7.9, 2.2 Hz, 1H), 5.80 (s, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 160.6, 134.4, 129.3, 128.8, 127.7, 121.7 (d, J = 10.9 Hz), 

114.1 (d, J = 26.8 Hz), 95.7 (d, J = 27.6 Hz), 52.5. Two carbons are not resolved. 

19F NMR (565 MHz, CDCl3) δ [ppm] = ˗111.5 (q, J = 8.0, 7.3 Hz). 

The spectroscopic data for both isomers are consistent with those reported in the literature.[11] 

 

Synthesis of 1-benzyl-4-methoxy-1H-benzo[d][1,2,3]triazole (4d) 

 

According to GP1, the title compound was prepared from 1e (0.11 g, 0.34 mmol, 1.7 equiv), 2a (26 mg, 

0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 100:0 to 

75:25) gave the title compound 4d (32 mg, 0.13 mmol, 68%) as a colorless solid. 

Rf = 0.25 (SiO2, n-hexane/EtOAc 5:1). 

1H NMR (600 MHz, CDCl3) δ [ppm] = 7.34 – 7.24 (m, 6H), 6.90 (d, J = 8.3 Hz, 1H), 6.66 (d, J = 7.7 Hz, 

1H), 5.81 (s, 2H), 4.10 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ [ppm] = 151.9, 138.4, 134.9, 134.9, 129.1, 128.8, 128.5, 127.7, 

103.4, 102.0, 56.4, 52.4. 

The spectroscopic data are consistent with those reported in the literature.[10] 

 

Synthesis of 4-(allyloxy)-1-benzyl-1H-benzo[d][1,2,3]triazole (4e) 

 

According to GP1, the title compound was prepared from 1f[3] (0.12 g, 0.34 mmol, 1.7 equiv), 2a 

(26 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). Flash column 

chromatography (n-pentane/CH2Cl2 1:1 to n-pentane/EtOAc 90:10) gave the title compound 4e (31 mg, 

0.12 mmol, 60%) as a colorless oil. 

Rf = 0.26 (SiO2, n-hexane/EtOAc 6:1). 
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1H NMR (700 MHz, CDCl3) δ [ppm] = 7.35 – 7.30 (m, 3H), 7.30 – 7.27 (m, 2H), 6.91 (d, J = 8.3 Hz, 

1H), 6.69 (d, J = 7.7 Hz, 1H), 6.18 (ddt, J = 17.3, 10.7, 5.4 Hz, 1H), 5.82 (s, 2H), 5.51 (dd, J = 17.2, 

1.6 Hz, 1H), 5.34 (dq, J = 10.5, 1.4 Hz, 1H), 4.95 (dt, J = 5.5, 1.5 Hz, 2H). 

13C NMR (176 MHz, CDCl3) δ [ppm] = 150.8, 138.5, 135.1, 134.9, 133.0, 129.1, 128.7, 128.5, 127.6, 

118.3, 105.3, 102.0, 70.3, 52.4. 

FT-IR (neat) ṽ [cm-1] = 2954 (m), 2919 (s), 2850 (m), 1738 (s), 1600 (m), 1509 (m), 1455 (m), 1365 (s), 

1231 (s), 1217 (s), 1094 (m), 1059 (m), 984 (w), 926 (w), 784 (m), 739 (s). 

HRMS (ESI-TOF) m/z calcd. for C16H15N3ONa+ ([M+Na]+) 288.1107; found: 288.1108. 

Structure assignment: 

 

The position of the ether group was assigned by a 1D GOESY experiment. The benzylic protons show 

excitation of two aromatic protons which is only possible for the 4-regioisomer.  

 

Synthesis of 4-(benzyloxy)-1-benzyl-1H-benzo[d][1,2,3]triazole (4f) 

 

According to GP1, the title compound was prepared from 1g[3] (0.13 g, 0.33 mmol, 1.7 equiv), 2a 

(26 mg, 0.20 mmol, 1.0 equiv), and TBAT (0.19 g, 0.36 mmol, 1.8 equiv). MPLC (cyclohexane/EtOAc 

100:0 to 85:15) gave the title compound 4f (44 mg, 0.14 mmol, 71%) as a colorless solid. 

Rf = 0.26 (SiO2, n-hexane/EtOAc 5:1). 

1H NMR (700 MHz, CDCl3) δ [ppm] = 7.57 – 7.54 (m, 2H), 7.40 (dd, J = 8.4, 6.9 Hz, 2H), 7.37 – 7.31 

(m, 4H), 7.30 – 7.27 (m, 3H), 6.92 (d, J = 8.3 Hz, 1H), 6.73 (d, J = 7.7 Hz, 1H), 5.84 (s, 2H), 5.53 (s, 

2H). 

13C NMR (176 MHz, CDCl3) δ [ppm] = 150.9, 138.6, 136.7, 135.1, 134.9, 129.1, 128.7, 128.7, 128.5, 

128.2, 127.7, 127.7, 105.8, 102.1, 71.4, 52.4. 

FT-IR (neat) ṽ [cm-1] = 3056 (w), 2925 (m), 1714 (s), 1665 (s), 1604 (s), 1509 (s), 1456 (m), 1391 (m), 

1264 (s), 1229 (m), 1162 (m), 1095 (m), 1059 (m), 855 (w), 829 (w), 781 (w), 731 (s). 
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HRMS (ESI-TOF) m/z calcd. for C20H17N3ONa+ ([M+Na]+) 338.1264; found: 338.1266. 

Structure assignment: 

 

The position of the ether group was assigned by a 1D GOESY experiment. The benzylic protons (N-

CH2-C) show excitation of two aromatic protons which is only possible for the 4-regioisomer.  
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Procedure for the gram scale preparation of benzotriazole 3k 

 

Open to air, in a 50 mL round bottom flask, 30 mL of a solution of azide 2k (1.02 g, 2.40 mmol, 

1.0 equiv, 0.08 M) and benzyne precursor 1a (0.989 mL, 1.22 g, 4.08 mmol, 1.7 equiv, 0.14 M) were 

prepared in MeCN. The sample flask (SF01) was sealed with a rubber septum and connected with the 

6-way valve 01 (6WV01) using two cannulas in such a way that the argon stream provided by MFC01 

drives the solution in the 6-way valve 01 (6WV01). In another 50 mL round bottom flask, 30 mL of a 

solution of TBAT (2.33 g, 4.32 mmol, 1.8 equiv, 0.14 M) were prepared in MeCN. The sample flask 

(SF02) was sealed with a rubber septum and connected with the 6-way valve 02 (6WV02) using two 

cannulas in such a way that the argon stream provided by MFC02 drives the solution in the 6-way valve 

02 (6WV02). Then, both solutions were driven by an argon flow using mass flow controllers MFC01 

and MFC02 with a flow rate of vflow01 = vflow02 =0.2 mL/min. Both solutions were mixed in a T-piece 

and then pumped through a preheated 4 mL tube reactor at 50 °C. At the end of the reactor, the reaction 

mixture was collected in a 250 mL collection flask and loaded on Celite®. MPLC (cyclohexane/EtOAc 

100:0 to 80:20) gave benzotriazole 3k (834 mg, 1.66 mmol, 69%) as a colorless solid. 
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Flow-setup: 1. Mass flow controller 01. 2. Mass flow controller 02. 3. 6-Way valve 01. 4. 6-Way valve 

02. 5. Sample Flask 01. 6. Sample Flask 02. 7. Tube reactor with T-piece. 8. Collection flask. 
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3. NMR Spectra of Synthesized Compounds 

 

 



 

299 
 

 

 

 



 

300 
 

 

 

 

 

 



 

301 
 

 

 

 



 

302 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

303 
 

 

 

 



 

304 
 

 

 

 

 

 

 



 

305 
 

 

 



 

306 
 

 

 

 



 

307 
 

 

 

 



 

308 
 

 

 

 



 

309 
 

 

 

 



 

310 
 

 

 



 

311 
 

 

 



 

312 
 

 

  



 

313 
 

 

 

 



 

314 
 

 

 

 



 

315 
 

 

 

 



 

316 
 

 

 

 

 



 

317 
 

 

  



 

318 
 

 

 

 



 

319 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

320 
 

 

 

 



 

321 
 

 

 

 



 

322 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

323 
 

 

 

 



 

324 
 

 

 

 



 

325 
 

 

 

 

 



 

326 
 

4. References 

[1] X. Li, Y. Sun, X. Huang, L. Zhang, L. Kong, B. Peng, Org. Lett. 2017, 19, 838−841. 

[2] H. Jiang, Y. Zhang, W. Xiong, J. Cen, L. Wang, R. Cheng, C. Qi, W. Wu, Org. Lett. 2019, 21, 

345−349. 

[3] J. Schwan, M. Kleoff, B. Hartmayer, P. Heretsch, M. Christmann, Org. Lett. 2018, 20, 7661−7664. 

[4] A. Haito, M. Yamaguchi, N. Chatani, Asian J. Org. Chem. 2018, 7, 1315−1318. 

[5] M. Kleoff, J. Schwan, L. Boeser, B. Hartmayer, M. Christmann, B. Sarkar, P. Heretsch, Org. Lett. 

2020, 22, 902−907. 

[6] I. D. G. Watson, N. Afagh, A. K. Yudin, Org. Synth. 2010, 87, 161−169. 

[7] P. Khaligh, P. Salehi, M. Bararjanian, A. Aliahmadi, H. R. Khavasi, S. Nejad-Ebrahimi, Chem. 

Pharm. Bull. 2016, 64, 1589−1596. 

[8] M. Kleoff, J. Schwan, M. Christmann, P. Heretsch, ChemRxiv 2020, DOI: 

10.26434/chemrxiv.13266260.v1. 

[9] K. Homann, J. Angermann, M. Collas, R. Zimmer, H.-U. Reißig, J. Prakt. Chem. 1998, 340, 

649−655. 

[10] F. Shi, J. P. Waldo, Y. Chen, R. C. Larock, Org. Lett. 2008, 10, 2409−2412. 

[11] S. Kovács, Á. I. Csincsi, T. Z. Nagy, S. Boros, G. Timári, Z. Novák, Org. Lett. 2012, 14, 

2022−2025. 

 

 

 

 

 

 

 


