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“The structure known, but not yet accessible by synthesis, is to the chemist what the 

unclimbed mountain, the uncharted sea, the untilled field, the unreached planet, are to other 

men … The unique challenge which chemical synthesis provides for the creative imagination 

and the skilled hand ensures that it will endure as long as men write books, paint pictures, 

and fashion things which are beautiful, or practical, or both” 

-Robert Burns Woodward (Nobel Laureate 1965) 
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Abstract 
Electron-rich heteroarenes can be fluoroalkylated in order to obtain the corresponding 

molecular building blocks. These fluorinated moieties can be encountered in 

pharmaceuticals, agrochemicals and functional materials thanks to their enhanced 

bioactivity, increased lipophilicity and improved chemical stability. Recently, our research 

group described a series of procedures on the fluoroalkylation of five-membered 

heteroarenes via photoredox catalysis in micro flow, using fluoroalkyl iodides. The principal 

is based on an outer shell single electron transfer (SET) mechanism to break the C–I bond, 

thus generating the reactive electrophilic radical.   

Despite these achievements, limitations are still present in the choice of reagent. When 

opting to use the analogues but more cost-efficient fluoroalkyl bromides, photoredox 

catalysis becomes incapable to break the more stable C–Br bond. We envisioned that 

transition-metals such as Nickel, a low-cost metal, would be able to generate the desired 

fluoroalkyl radical via a thermal activated SET pathway in absence of additional oxidants. 

Herein, we describe the C–H fluoroalkylation of electron-rich heteroarenes using fluoroalkyl 

bromides and transition-metal catalysts in order to obtain the desired fluoroalkylated 

compounds. First, a palladium-catalyzed C–H perfluoroalkylation procedure for indoles was 

developed. However, reaction conditions were limited to batch due to the heterogeneous 

conditions. During the time, a Nickel-catalyzed C–H difluoroalkylation procedure was 

discovered and developed, which allowed for the selective C–2 difluoroalkylation of 

heteroarenes. Moreover, the methodology could be easily transformed into a continuous-

flow procedure which resulted in a significant acceleration of reaction time (4 hours flow vs 

20 hours batch) when using superheated conditions.  
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Introduction  
Of all naturally available organohalides, fluorinated compounds are the least abundant. [1] 

The majority of natural Fluorine (F) is present in insoluble form, leading to no beneficial 

biological properties as uptake by bio organisms is retarded or even prevented. [2,3] 

Challenges in the installation of fluorine and fluorine-containing functional groups in organic 

molecules attracted the interest of many researchers as F is a recurring motif in medicinal 

chemistry, agricultural and material chemistry, herewith leading to a plethora of F-

containing organic molecules nowadays. In this context, the successful synthesis of the 

antimetabolite drug 5-fluorouracil in 1957 by Heidelberger and co- workers marked the start 

of synthetic F-containing active pharmaceutical ingredient (API) development. [4] Since then, 

a variety of F-containing drugs were marketed, accounting for approximately 20% of all 

pharmaceuticals. [5, 6]  

Substansive understandings of the role of Fluorine in organic molecules propelled the 

development of new fluorination processes, allowing the tailoring of F-containing functional 

groups in drug design. Several F- containing key drugs brought to market, renowned for their 

medicinal and commercial success, aided in the acceleration of F-containing drug 

development and production. Examples of commercially successful fluorinated 

pharmaceuticals are the antidepressant Prozac (i.e., fluoxetine), Sustiva (i.e., efavirenz) for 

HIV treatment and the gastric acid regulator Takepron (i.e., lansoprazol) (Fig. 1). [7-9] Solely 

Takepron took charge of sales exceeding $3.5billion in a time span of 5 years. [6] 

 

 

Fig. 1: Fluorine containing, blockbuster medicines Prozac®, Sustiva® and Takepron® 

Taking into account that the global pharma market is growing in a fast pace and reaching a 

potential market size of $1.12 trillion in 2022, the impact of Fluorinated drugs cannot be 

neglected (Fig. 2). [10] Taking a market size of more than $1.1 trillion in 2022 into 

consideration, a rough analysis indicates that the share of F-containing pharmaceuticals will 

be responsible for a stupendous $200 billion in that same year.1  

                                                           
1
 For the sake of comparison, the GDP (Gross Domestic Product) of the following developed countries is approx. 

$200b/year: Portugal, Qatar, New Zealand and Finland.  
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Fig. 2: Worldwide (expected) total  prescription drug sales 2008-2022.2,3 Source EvaluatePharma®[10] 

 

Fluorinated organic compounds are even more indispensable in the agrochemical domain as 

more than 30% of all agrochemicals are F-containing. [11] With an expected increase of 

global population from the current 7.6b to 9.8b in 2050, the importance of agrochemicals is 

culminating as plant- and meat production processes are to be intensified due to the limited 

expansion abilities of arable land. [12] In 1963, one of the first commercially successful 

fluorinated herbicides, Treflan (i.e., trifluralin) (Fig. 3), was registered in the USA by Eli Lilly 

and co. [13]  

  

Fig. 3: Trifluralin, a dinitroaniline herbicide 

In later years, a wide array of F-containing agrochemicals were successfully developed and 

produced, hereby flourishing research in this domain. [14] Particular research interest was 

devoted to (hetero)arenes as they are attractive targets in agrochemical and pharmaceutical 

drug synthesis. [15,16]  

                                                                                                                                                                                     
Source: IMF, World economic outlook database  
2
 CARG stands for ‘Compound Annual Growth Rate’ and is term used in the business investment world. It simply 

provides the rate of Return On Investment  (ROI) over a period of time.  
3
 An orphan drug is a drug developed especially to treat a specific and rare disease. Hence the name ‘orphan’. 
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In recent years, the progress made in synthetic methodologies and techniques for the 

installation of F and F-containing moieties in organic molecules is impressive, partially 

supported by the increase of understandings in the role of F on the properties of a 

compound. [17]  

Despite the value and significance of F-containing organic compounds, a considerable 

amount of synthesis methods still lack cost efficiency for use in large scale manufacturing. 

Development of new and efficient synthesis methods for the installment of F-containing 

moieties in organic molecules are crucial, especially towards C–H functionalization 

techniques. The latter allows direct functionalization of the target organic molecule, hereby 

maximizing atom- and synthesis step-economy, though craves for development due to the 

harsh conditions required to activate the strong C–H bond. [18] Recent successes can be 

largely attributed to the design of new transition metal-complexes and the merger thereof 

with organocatalytic synthesis techniques, indicating the importance of the catalyst in this 

field. [19] Advancements are not limited to the catalysts only as new processing techniques 

are evolving. Production of F-containing organic compounds in continuous (micro) flow 

enabled reaction acceleration, improved reaction control and safer handling when compared 

to the prevalent batch protocols. [20 - 22] 

Improvements are thus of paramount importance, especially when taking the market size 

and societal impact of F-containing organic compounds into account. A great deal of 

attention has been paid to the development of new methods for the installment of F-

containing groups into heteroarenes, though this field is still full of challenges. Through 

research, new doors can be opened leading to cheaper and more efficient F- containing 

organic compounds. [23-25] Indeed, the quest for cost-efficient C–H functionalization 

strategies using greener F-containing reagents is intriguing and will be the main topic of the 

presented work. More detailed, chapter two elaborates on the theoretical background with 

emphasis on the influences of Fluorine on compounds’ properties, the continuous-flow 

aided synthesis technique and C–H activation of heteroarenes. To wrap up chapters one and 

two, chapter three succinctly presents the aim of this thesis accompanied with a short 

review of the work done on this topic so far. Chapter four discusses the results obtained in 

depth. In a brief manner, chapter five concludes this work. In chapter six, the outlook and 

future work is conferred while the author’s opinion is ventilated intermittently. The last 

chapter is assigned to present a list of references followed by the supporting information to 

close this work.  
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Theoretical background  
 

2.1 The role of Fluorine in organic compounds 

The importance of Fluorine in agrochemicals, medicinal compounds and materials chemistry 

has been strongly established and the expectancy is that many more F-containing 

compounds will find their way to the market. It is absorbing how F, the 13th most terrestrial 

abundant element, is scarcely available in natural organic compounds, while the insoluble 

salts fluorspar (CaF2) and cryolite (Na3AlF6) account for the majority of naturally occurring F. 

[26] Insights in the hydration energies of halogens provide an explanation on the question 

why chloride, bromide and iodine each outweigh fluorine in their occurrence in natural 

organic compounds. [27] Of all halogens, Fluorine has the highest hydration energy (Table 1), 

rendering it to be a very poor nucleophile in a polar protic environment. [28] Fluorine 

possesses more eye-catching properties, probably the most known is topping the list of 

electronegativity which befalls with a very high reduction potential for molecular fluorine. 

More properties of F and other halogens, together with hydrogen, can be consulted in Table 

1.  

 
Table 1: Properties of halogens and the hydrogen atom  

X Hydration 
Energy 
(kcal/mol) [6,28] 

Electronegativity 
(pauling scale) [29] 

Van der Waals 
radii 
(Å) [30] 

Bond Dissociation 
Energy CH3X 
(kcal/mol) [31, 32] 

H - 2.10 1.20 104.3 
F 117 3.98 1.47 108.3 
Cl 84 3.16 1.74 82.9 
Br 78 2.96 1.85 69.6 
I 68 2.66 1.98 52.6 
 
 

The unique role of fluorine in the design of organic compounds has been studied extensively. 

Advances in research unraveled structure, reactivity, and functions of F-containing molecules 

with emphasis on the impact of F-moieties in these molecules. It was found that fluorination 

affects acidity, influences conformational preferences and modulates lipophilicity, hereby 

enhancing metabolic stability, bioavailability and membrane permeability. [1, 8] To elucidate 

these properties, a few medicinal organic compounds will be considered to examine the 

influence of the introduction of a F-moiety into a compound.  
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2.1.1 Fluorine effects on metabolic stability and bioavailability 

In short, metabolic stability refers to the susceptibility of an API to undergo deactivation of 

its desired properties due to naturally occurring metabolism in vivo. Metabolic stability is 

often reported in terms of intrinsic clearance4, which sets the basis to calculate other 

parameters relevant in drug design, such as bioavailability and the half-life of a drug 

rendering these parameters to be closely linked. [33] Bioavailability concerns the fraction of 

dosage of an API to become available at the desired site of action due to incomplete 

absorption5 and first-pass metabolism and is one of the essential tools in pharmacokinetics. 

[34] It is no surprise that one of the main aims of the pharmaceutical industry is to optimize 

a drug in such way to enhance metabolic stability and bioavailability, ultimately leading to 

lower amounts of drugs required to reach the desired therapeutic effects.  

Particularly interesting in this context is ezetimibe, an API assigned to inhibit cholesterol 

absorption in the small intestine. The inhibition activity of cholesterol by β-lactam was found 

serendipitously and to date, the inhibition mechanism remains unclear due to the complex 

of bioprocesses that commence after drug intake. [35] Though, increasing of the metabolic 

stability of the β-lactam by tackling sites sensitive for oxidation e.g. the nucleophilic site of 

the phenyl group, yielded huge success. The resulting compound, Ezetimibe, was found to 

have an activity equal to a 50-fold of the lead β-lactam’s activity (Fig. 5). [6] In other words, 

the required amount to be administered was decreased 50 times, illustrating the power of 

an increased metabolic stability by means of the introduction of simple F-atoms in the 

structure. Ezetimibe sales exceeded $2.4 billion in 2011, emphasizing the importance of 

optimization of this drug. [6] 

 

 

 

 

  

 

 

Fig. 5: Structures of the lead β-lactam and ezetimibe.6 

 

                                                           
4
 Intrinsic clearance refers to the ability (of the liver) to process i.e. metabolize, a given drug or toxin. 

5
 when a medication is administered via non-intravenous ways (such as orally), its bioavailability generally 

decreases due to incomplete absorption. However, when a medication is administered intravenously, its 
bioavailability is 100%. 
6
 ED50 stands for the ‘median effective dose’ i.e. the effective amount for 50% of those receiving the drug. 
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Another example is fulvestrant, a selective estrogen receptor degrader (SERD) , widely used 

in the treatment of breast cancer. [36] In this context, fulvestrant beautifully displays the 

effects of the introduction of a fluorine containing (i.e., perfluoroethyl) group on the 

pharmacokinetic- and pharmacodynamic profile. The perfluoroalkylated candidate in this 

case is known to be a more potent antagonist to the estrogen receptor as compared to the 

non-fluorinated molecule (Fig. 6).7 [37] In short, antagonists act as receptor ligands and 

inhibit biological activity by binding to the receptor. By doing so, estrogen cannot bind to the 

receptor anymore, and thus has no possibility to activate it. Therefore, receptor antagonists 

are also known as 'blockers', since they virtually block the receptor sites. 

  

Fig. 6: Structures of ICI 164384 and fulvestrant 

The increase in activity of fulvestrant is explained by the increase of metabolic stability 

during binding and interaction with the receptor, which increase in stability is assigned to 

the introduction of the fluorinated chain. As the case is with ezetimibe, the installment of an 

F-moiety in the structure inhibits or at least slows down the degradation triggered by 

Cytochrome P450 (CYPs) oxygenase. CYPs is a superfamily8 of hemoproteins, located mostly 

in the liver, that accelerate biotransformation through electron transfer oxidation reactions, 

hereby metabolizing the drug and decreasing its efficacy. [38] Decreasing drug- Cytochrome 

P450 interactions by blocking susceptible cites for oxidation (i.e., fluorine introduction) leads 

to a higher metabolic stability, Bonus: sales of fulvestrant by AstraZeneca exceeded the 

$500m in 2011, stressing its significance. [6]  

Celecoxib is a selective cyclooxygenase II (COX II) inhibitor which possesses anti-

inflammatory properties. Sold by Pfizer under the brand name Celebrex, the drug reached 

sales of more than $2.5b in 2012. During the discovery phase of the drug, it was shown that 

the use of fluorine-containing substituents can lead to very high metabolic stability, which 

could lead disadvantages as the drug reaches an unacceptable long half-life (Fig. 7). [39, 40]  

                                                           
7
 Pharmacokinetics is the study that analyzes rates of chemical metabolism and pharmacodynamics is 

concerned with drug effects on the organism. Source: AGAH working group PHARMACOKINETICS, "Collection of 
terms, symbols, equations, and explanations of common pharmacokinetic and pharmacodynamic parameters 
and some statistical functions", 2004. 
8
 More than 200,000 distinct CYP proteins are known to date. 
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Fig. 7: Structures of Early COX II and Celecoxib. [39] 

 

2.1.2 Fluorine effects on acidity, lipophilicity and conformational changes 

The substitution of a hydrogen atom for a fluorine one results often in negligible steric 

alterations, though such replacement has considerable electronic effects on the properties 

of a molecule due to the nature of the C–F bond.  

Fluorine, being the most electronegative atom, has the tendency to attract electron density 

causing the polarization of the C–F bond. This electrostatic interaction enhances bond 

strength as reflected in the high bond dissociation energy of the concerned bond. Moreover, 

to the contrary of other halogens, F is a very poor leaving group in SN2 reactions, confirming 

the stability of the C–F bond (Table 2). [41] 

Table 2: Relative reaction rates of halide ions as leaving groups in an SN2 reaction. [41] 

 

X Relative reaction rate 
F 1 
Cl 71 
Br 3500 
I 4500 

 

The strong electron withdrawing property of fluorine does not only strengthen the C–F 

bond, but also alters the pKa of functional groups in the near proximity. A change in pKa can 

affect the physicochemical properties of a compound e.g. the solubility, binding affinity, 

absorption and metabolic stability, among others. [42] Table 3 illustrates the effect of F on 

the pKa values of various function groups.  
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Table 3: Effect of Fluorine Substitution on pKa of selected Functions groups. [42] 

 pKa 
Linear amine 
CH3CH2NH3

+ 
10.7 

FCH2CH2NH3
+ 9.0 

F2CHCH2NH3
+ 7.3 

Simple alcohol 
CH3CH2OH 

16.0 

F3CCH2OH 12.37 
Carboxylic acid  
CH3CO2H 

4.76 

FCH2CO2H 2.66 
F2CHCO2H 1.24 

 

Drugs designed which are intended to effect the central nervous system (CNS) demand 

fewer positive charges and no negative charges, greater lipophilicity and reduced flexibility 

compared with non-CNS effecting drugs, properties which advance membrane penetration. 

[43] Control of the compounds’ charges can be reached by establishing and regulating the 

optimum pKa by means of installment of F or F-moieties. Lipophilicity can be tailored by the 

installment of F or perfluoroalkanes, which can decrease or enhance lipophilicity respectively 

on the lead compounds. [42, 44] 

The method of exchanging a hydrogen atom with a fluorine one is highly attractive as it 

allows the control of compound’s properties while omitting conformational changes. On the 

other hand, the introduction of a CF3 group in a molecule causes significant conformational 

changes as the CF3 group occupies approximately the same volume as an isopropyl group, 

while having twice the bulk of a methyl group. [45] Still, the vdW radius of an F- atom is 

similar to that of hydrogen (Table 1) or oxygen while it is isoelectronic (2s22p6 configuration) 

to O2-. In this way, substances can be designed in where O-atoms are replaced by F-atoms, 

while biological systems deal with these compounds in the same way they do with the non-

fluorinated compounds. This is called bioisosterism and can affect the electronic 

environment of a compound greatly without impactful conformational changes (Fig. 8). [45] 

Replacement of an oxygen atom with F atoms opens the door for radiolabeling i.e. with 18F  

to allow the application of Positron Emmission Tomography (PET) on radiopharmaceuticals 

for in vivo imaging enabling facile detection and characterization of diseases. [46] 

      

                                

                                       Fig. 8: Bioisosteres i.e. mimic effect of the F-atom. [45] 
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2.2 Production of F-containing organic compounds: Fluoroalkyl sources and 

metal catalysis 

The production of F-containing compounds proceeds via multi-step synthesis methods, 

hereby decreasing the yield of the target compound with every additional step. [47] The use 

of metal catalyst in the synthesis process can aid in the creation and cleavage of stable 

bonds, allowing enhanced synthesis step-economy. In recent years, C(sp2)–H 

trifluoromethylation and fluoroalkylation reactions kept many laboratories busy due to the 

attractiveness of installation of these groups and minimal waste formation as explained in 

the previous paragraphs. It should be also noted that CF3Br, much like other fluorinated 

gases, are greenhouse gases and possess a strong ozone depletion potential, emphasizing 

the weight of C–H functionalization strategies in future research. [48] In this context, the 

economical choice of fluoroalkyl source is important as CF3Br (€560/mol – Synquest) is 

significantly cheaper than CF3I (€1460/mol – Sigma) while other Transition-metal-catalyzed 

trifluoromethyl installation techniques often require the addition of unwanted 

stoichiometric reagents. [49, 50] The same holds for difluoroalkyl halides, where the 

difluoroalkyl iodide is more expensive than the bromide or chlorine containing one (Fig. 9). 

Cleavage of the C–Br or C–Cl bond is challenging as the BDE’s are significantly higher than 

the C–I bond (table 1). 

 

           

                                                 Fig. 9: Price in EUR for difluoroalkyl halides 

Longer perfluoroalkyl chains, e.g. perfluorohexyl halides, or difluoroalkylhalides are in liquid 

phase at room temperature causing them to be less prone to sudden regulatory changes 

related to greenhouse gases. Perfluoroalkyl groups are regarded as a gathering of fluorine 

atoms, which will strongly influence the properties of a target compound once installed. The 

introduction of a fluoroalkyl into a molecule often proceeds through an electron transfer 

mechanism (ET), resulting in the fluoroalkyl radical species (RF ∙) from the starting fluoroalkyl 

halide RF−X. Photoredox techniques or methods that follow a redox process through the use 

of stoichiometric amount of salts to generate the radical species fascinated many 

researchers. [51, 52] Another widely used route is facilitated by the use of catalytic amounts 

of transition metals, which metals generate the electrophilic fluoroalkyl radical through an 

outer shell single electron transfer (SET) mechanism. In this context, the versatility and 

substrate tolerance of expensive second (e.g. Pd) and third row (e.g. Pt) transition metals 

rendered them to become a powerful tool in the C(sp2)–H fluoroalkylation method. [53- 56]  
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Metal-catalyzed thermal and photochemical aided perfluoroalkyl installation approaches 

dominated this research field, yet the majority of these methods lack simplicity or cost-

efficiency for use in large scale manufacturing. The synergistic utilization of both photoredox 

and metal catalysis (dual catalysis) is also an emerging field as underscored by leading 

examples from the Molander and Macmillan research groups. [57-59] The careful application 

of visible light assisted photoredox catalysis demonstrated the feasibility to produce 

perfluorinated compounds on the kilogram scale, though the major drawback in these 

procedures is the use of expensive ruthenium or iridium complexes in considerable amounts. 

[60] Performing a C(sp2)–H fluoroalkylation by using economically first row transition metals 

(e.g. Ni, Cu or Fe) along with cheap fluoroalkyl sources would be of immense added value to 

the pool of knowledge currently available in this field.  
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2.3 Production of F-containing organic compounds: Flow synthesis  

Nowadays, we live in a time where faster, better and safer is the norm and not an exception. 

It is beneficial to have a competitive chemical industry as it fosters the improvement of living 

standards. The pharmaceuticals sector is currently one of the best performing sectors in 

corporate terms. [61, 62] Remarkably, an enormous potential is up to grabs to increase the 

current performance. One of these improvements is closely linked to the techniques utilized 

in the production of compounds, more detailed the shift from batch to continuous-flow 

production methods. It is well-known that chemical sector is heavily regulated for reasons 

regarding safety, health and environmental protection among others. The increasing amount 

of regulations and regulatory changes fuel innovation and development throughout the 

sector. [63]  

In this context, the use of continuous-flow synthesis technologies is pivotal to reach goals set 

to secure safer production processes as the dimensions of the reactor provides precise 

control over reaction parameters (e.g., improved heat- and mass transport, narrow 

residence time distribution, gas-liquid characteristics) (Fig. 10). [64-67] The narrow 

temperature profile allows control to minimize side reactions close in energy to the target 

reaction.  

 
 
 

 
 

 

                                                

   

 

Fig. 10: Process window for selective reactivity. P1 is the desired product and P2 a side product. [67] 

In addition to enhancing reaction control, microreactor technology is able to accelerate a 

reaction hereby decreasing reaction times. In both academia and industry, time is expensive 

and shortening reaction times is a valuable reward. Reaction acceleration can be achieved by 

chemical intensification of the process e.g. by operation at elevated temperature and 

pressure or with enhanced mixing. [65] The latter is especially important in gas-liquid 

(multiphase) systems. In these systems, phase transfer can be rate limiting causing 

interfacial are to be of importance. In general, the ratio of surface area to volume is 

increased due to the small size of the reactor (table 4). [68]  
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Table 4: A comparison of the surface area per reactor volume. [68] 

Reactor type Specific area (m2 m3-) 
Microreactora 10000 
Microreactor (gas-liquid)b 5000 
250 mL Round bottom flask 80 
Round bottom flask with headspacec 20 
a 

For a reactor volume of 140 mL and a 400x400 mm channel;  
b
Assumes equivalent volume of gas and liquid with an average gasplug length of 2 x the 

channel width;  
c
 Assumes the flask to be half-filled with liquid. 

 

 
Flow micro reactor systems clearly outperform batch systems in gas-liquid systems due to 
the elimination of headspace in the reactor and the increase the surface area per reactor 
volume. In this context, continuous flow micro reactor systems are especially attractive as 
they provide the ability for economically reasonable large scale applications.  
In addition to the increased surface area to volume ratio of microreactors,  mass-transfer is 
effectively increased due to Taylor flow in gas-liquid systems, which flow type allows 
separation of the gas from the reactor wall hereby introducing internal mixing in the liquid 
phase (Fig. 11). [67] The advantages microreactors offer are especially important for 
reactions involving the gaseous trifluoromethylbromide (CF3Br) or trifluoromethyliodide 
(CF3I) as reagens. 
 
 

 
 

Fig. 11: Flow regimes and Taylor flow in gas-liquid systems in a microreactor. [67] 

 

The high specific area and small channel cross sections are inherently linked to large shear 

stresses, affecting liquid transport mechanisms. For liquid-liquid systems, as the systems in 

the presented work are, mixing phenomena are often constraint to the laminar regime i.e. in 

absence of turbulence causing mixing in these systems to occur by molecular diffusion. [69, 

70]  
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Moreover, microreactors unlocked the door towards novel process windows, i.e. performing 

organic synthesis reactions at high-temperature and pressure. [71] Superheated conditions 

allow the use of suitable solvents above their boiling point without the need of reflux, 

hereby operating at elevated pressures. The pressure can be controlled easily by a pressure 

valve at the outlet of the reactor. Unlike batch protocols, microreactors can be operated at 

very high pressures rendering them to be excellent for large scale processes (table 5). [67]  

 

Table 5: Recommended pressure ratings for various reactors [67] 

Reactor type Pressure rating (bar) 
250 mL screw cap flask ~4 
2 mL screw cap vial 10 
0.2 mL – 30 mL microwave tubes 30 
Polymer based tubing ~30 
Stainless steel tubing >100 

 

Batch reactors (flask/vial) are not suitable for higher pressure reactions, while the headspace 

in the batch reactor reduces reaction efficiency. [67] These limitations require the use of 

high-boiling solvents, hereby narrowing synthesis possibilities. A non-exhaustive overview of 

the relevant benefits of microreactors pertaining to batch reactors is displayed in Fig.12.  

 

               

Fig. 12: Drawbacks of Batch versus Continuous flow micro reactors. 

 

It is even believed that continuous-flow reactors will thrust batch reactors from the throne 

as most used reactor in organic synthesis in the near future. [72] Up to date, the benefits 

flow synthesis techniques entail are undeniable and will be, without doubt, optimized in the 

future.  
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3.0 Prior art and this work  
Previous work performed in our group described a series of procedures on the 
fluoroalkylation of five-membered heteroarenes via photoredox catalysis in micro flow, 
using fluoroalkyl iodides. [20] In these procedures, the C–I bond was cleaved by means of an 
outer shell single electron transfer mechanism (SET), herewith generating the reactive 
electrophilic radical. Despite these achievements, this fluoroalkylation process comes with 
several limitations. The choice of reagents is limited to fluoroalkyl iodides as photoredox 
catalysis is mostly impotent to break the more stable C–Br or C–Cl bond. [73] Moreover, 
photoredox requires the use of the most precious metals (e.g., Ru and Ir) causing the 
synthesis to become economically unattractive and not suited for applications at industrial 
scale. Comparatively, transition-metal- catalyzed fluoroalkylation reactions using fluoroalkyl 
bromides or chlorides are able to lift these limitations as aforementioned and can open the 
door to economically sound synthesis routes, ready for scale up. The aim of this work was to 
perform: (A) a direct C(sp2)–H difluoroalkylation utilizing a first-row transition metal (Ni) and 
in continuous flow while (B) contemporaneously performing a trifluoromethylation under 
mild conditions with Pd as catalyst (Figs. 13-15). Unfortunately, the latter project was 
disrupted due to new ‘greenhouse-gas’ regulations, shifting this project to accomplish 
perfluoroalkylations (Figs. 13, 15).    

               

Fig. 13: The two projects, assigned the letters A and B, as presented in this work. 
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 Fig. 14: Project A, Nickel catalyzed Difluoroalkylation of Heteroarenes in Continuous Flow. [74, 75] 

                          

Fig. 15: Project B, Pd catalyzed Perfluoroalkylation of Heteroarenes in Batch. [76, 77]  
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4.0 Results and discussion  
4.1 Project A: Nickel Catalyzed C−H Difluoroalkylation of Heteroarenes in 
Continuous Flow  

 

4.1.1 Batch Optimization 
Optimization commenced with insights gained from literature (Fig. 14). First, a careful survey 
of bases was conducted followed by a screening of the ligands (Table 6). Certain patterns 
related to ligands can be observed suggesting that effective ligands feature remote steric 
hindrance. Designer monodentate phosphines for Pd catalyzed reactions, like Xphos and 
JohnPhos, were found to provide low yields. Interestingly, the combination of the Ni and the 
bidentate ligand Xantphos provided the best result (67%), which combination was believed 
to be unreactive. [78] Furthermore, it was found that the use of amine based bases resulted 
in almost no yield, except for diisopropylethylamine. This might be explained by the 
reasoning that the rather inaccessible lone pair in DIPEA is excellent for proton uptake but is 
not suitable to coordinate with the nickel (Table 6).  

Table 6: Optimization for the Ni-catalyzed C-2 difluoroalkylation of 3-methylindole a 

 

 

Entry Changes to standard reaction conditions Yield  GC-MS (%) 

1 none 67 

2 K2CO3 45 

3 other baseb < 38 

4 Dppf 57 

5 other ligandc < 32 

6 no ligand 0 
aReaction conditions: 0.5 mmol of 3-methylindole, 10 mol % catalyst, 20 mol % Xantphos, 2.0 equiv. 
DIPEA and 2.0 equiv. Bromodifluoroacetate in 2.5 mL of 1,4-dioxane at 100 °C; bbases tried: Cs2CO3, 
Li2CO3, CsOAc, KOAc, KHCO3, NaOH, KOH, TEA, TMEDA; cligands tried: PBu3, PPh3, Dppf, Xphos, 
JohnPhos, bpy; 
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With an enabling catalytic system in hand, various nickel catalyst precursors were screened 

(Table 7). In general, Ni(II) precursors showcase good performance, with comparable yield 

for the target compound. The presence of water molecules, as in Ni(NO3)2.6H2O, apparently 

disrupts the reaction mechanismleading to low yields. Furthermore, no desired product was 

observed using Ni(COD)2, which is a Ni(0) species. Prior to reaction temperature and 

residence time optimizations, solvents were screened. It was found that the polar 

coordinating solvents DMF and DMSO negatively influenced the reaction, resulting in lower 

yield. Cyclohexanone, and 1,4-dioxane indicate that O-containing (polar) solvents are 

tolerated, Although, further research is necessary to proof this statement. 

 

Table 7: Further optimization for the Ni-catalyzed C-2 difluoroalkylation of 3-methylindole a 

 

 

 

Entry Changes to standard reaction conditions Yield  GC-MS (%) 

1 None 67 

2 Ni(acac)2 71 

3 NiBr2(DME) 71 

4 Ni(dppp)Cl2 68 

5 Ni(I)2 72 

6 Ni(OTf)2 78 

7 Other catalystb < 46 

8 No catalyst 0 

9 Other solventsc < 62 

aReaction conditions: 0.5 mmol of 3-methylindole, 10 mol % catalyst, 20 mol % Xantphos, 2.0 equiv. 
DIPEA and 2.0 equiv. Bromodifluoroacetate in 2.5 mL of 1,4-dioxane at 100 °C; b catalyst tried: 
Ni(COD)2, Ni(NO3)2.6H2O, csolvents tried: DMSO, toluene, cyclohexanone, Xylene, DMF; 
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4.1.2 Residence time optimization 

In order to develop a successful continuous flow procedure, a simple stainless-steel based 

microflow setup from commercially available components was designed (Fig. 1 SI). It was 

believed that the batch protocol, with a reaction time of 20 h, could be accelerated using a 

micro reactor. As the optimization demonstrates a significant acceleration of reaction time 

(4 hours flow vs 20 hours batch) when using superheated conditions. Note that the boiling 

point of 1,4-dioxane is approximately 101℃. Though, it must be emphasized that flow rates 

are quite low. Full conversions were reached at a residence time of 4 h at a temperature of 

160℃ and an approximate pressure of 7 bars. Furthermore, it was found that an increase of 

reagent concentration increased target product yield, illustrating the subtle interplay of the 

catalytic system with the reagent to provide the desired product. Interestingly, the 

parameters optimized (C, T and P) to reach an optimum continuous flow procedure are in 

line with the operation range as described by the ‘novel process windows’ in section 2.3 

which indicate that chemical process intensification can be achieved by operating at 

superheated conditions. 

 

Table 8: Residence time optimization for the Ni-catalyzed C-2 difluoroalkylation of 3-methylindole a 

 

 

Entry Changes to standard reaction conditions Yield  GC-MS (%) 

1 100 ᵒC, batch (78%)b 

2 130ᵒC 1 : 0.6 

3 150ᵒC 1 : 1 

4 160ᵒC 1 : 6 

5 160ᵒC, 4 eq. BrCF2OOEt 1 : 10 

6 160ᵒC, 4 eq. BrCF2OOEt, 4 h Trace Substrate (76%)b 

aReaction conditions: 0.5 mmol of 3-methylindole, 10 mol % Ni(OTf)2, 20 mol % Xantphos, 2.0 equiv. 
DIPEA and 2.0 equiv. Bromodifluoroacetate in 2.5 mL of 1,4-dioxane. Added to the stainless steel 
reactor via a 5 mL sample loop system with HPLC pump. Isolated yield in parentheses; b Isolated yield 
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4.1.3 Scope limitations 

With the optimized conditions in hand for both the batch and continuous flow protocols, the 

aim was to perform the more challenging difluoroacetamidation reaction to display the 

versatility of the protocols developed (Fig. 16). To our surprise, screening experiments in 

both batch and flow yielded no target product. 

 

Fig. 16: Difluoroacetamidation reaction performed in batch and in continuous flow.  

Investigations indicated that the reagent likely undergoes a substitution reaction yielding the 

non-brominated difluoroacetamide (Fig. 17). A possible solution to overcome this reaction is 

the use of chlorodifluoroacetamides as explained in chapter 5 of this work. 

 

 

 

 

 

Fig. 17: The formation of 2,2-difluoro-N-phenylacetamide as detected by GC-MS. 
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4.1.2 Catalytic experiments and cycle 

In order to obtain a comprehensive picture of the catalytic reaction behavior, a series of 

progress kinetic experiments were executed. Several combinations of premixing were 

conducted (Fig. 18). The initial choice of premixing time of 1h at rt produced insightful 

results, hereby eliminating the need for additional premixing time determination 

experiments.  Without premixing, an induction time was observed indicating that catalyst 

activation is necessary prior to the commencement of catalytic activity.  A slight shortening 

of induction time was observed when premixing catalyst and ligand for 1 hour at rt, which 

can be related to the complexation of the Ni species with the bulky Xantphos ligand and/or 

substrate. A control experiment that excludes ligands in the premixing phase, but includes  

Ni(OTf)2 and 3-methylindole indeed suggests that the formation of the Nickel-Ligand 

complex is essential for the reaction to occur as this experiment presented the longest 

induction period. Interestingly, premixing 3‐methylindole with Ni(OTf)2 and Xantphos 

together evidently reduced, almost eliminating, the induction period. After completion of 

the reactions, yields were comparable referring to no additional formation of by-products 

due to premixing effects. 

                          

        

 

 

 

 

 

 

 

 

 

Fig. 18: Reaction progress kinetics; yield development over time. 
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To gain more insights in the reaction mechanism, radical trapping experiments utilizing 
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) were performed. The presence of TEMPO as 
radical scavenger effectively inhibited the formation of the target difluoroalkylated product, 
confirming the initial thoughts that the reaction mechanism follows an outer shell single 
electron transfer (SET) pathway (table 9). 

Table 9: Radical trapping experiments using TEMPO as free radical scavenger. 

 

                  

 

 

Entry Changes to standard reaction conditions Product Yield Combined adduct 
detected 

1 - 0% Detected 

2 No Xantphos 0%  X 

3 No Ni(OTf)2 0% X 

4 No 3-methylindole 0% X 

 

 

 

 

 

 

 

 

 

 

Fig. 19: Clean GC-MS spectrum illustrating the presence of only the 3-methylindole (left peak) and the 
combined adduct (right peak).    
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In parallel with the other catalytic experiments, mechanistic control investigations were 

executed. Experiments of the benchmark reaction were performed in the absence of the 

catalyst, ligand and base (table 10).   

 

Table 10: Selected mechanistic control experiments. 

 

Entry Changes to standard reaction conditions Product Yield 

1 No Ni(OTf)2 0% 

2 No Xantphos Trace  

3 No Base Trace 

 

The absence of ligand confirmed that catalyst activation is crucial for the reaction to 

proceed. The zero yield in absence of Nickel and Xantphos is in line with the radical trapping 

experiments, providing a possible explanation for the absence of target product yield in 

those experiments (table 9). However, excluding the substrate from the reaction mixture 

yielded no combined adduct which supports the insights gained in the reaction progress 

analysis experiments which suggested that the substrate is necessary to activate the 

catalyst. Remarkably, the test in absence of the base failed to yield any product, indicating 

that a base is essential for H-abstraction. 

We consider the Nickel species to form a 𝜋-complex with the substrate (i.e., 3-methylindole) 

before commencement of catalytic activity as the substrate is essential in the formation of 

the radical as radical quenching experiments suggest. Moreover, previous experiments with 

a Ni(0) species, Ni(COD)2, yielded zero target product suggesting that the catalytic cycle does 

not involve a Ni(0) species. Based on these observations and experimental results, a catalytic 

cycle involving Ni(I)/Ni(II) species is proposed (Fig. 20).   
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Fig. 20: Proposed catalytic cycle. 
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4.2 Project B: Pd Catalyzed C−H perfluoroalkylation of Heteroarenes  
 

 

4.2.1 Optimization 
Optimization commenced with a reaction mixture based on previous results in our lab. First, 
a careful survey of bases was conducted followed by a screening of ligands and palladium 
sources (Table 11). Certain patterns related to bases can be observed. In this case, K2CO3 
outperforms other metal salts, resulting in the highest target product yield (52%), even 
though it is poorly soluble in DMF. A solid phase remains present in the reaction mixture, 
which solid phase unfortunately obstructs the translation of the presented batch protocol 
into a continuous flow protocol. Future experiments may include the use of ‘green’ ionic 
liquids to aim for obtaining the same performance but with a homogeneous mixture. 

Yields obtained suggest the presence of an optimum for the amount of K2CO3 utilized. 
Where 2 equivalent results in the highest product yield, decreasing the amount of used 
K2CO3 to 1.2 equivalents goes together with a decrease of product yield. This is explained by 
the deficiency of base in the mixture, caused by the low solubility of K2CO3. It was observed 
that solubility increased during progress of the reaction, though apparently in a slow rate 
affecting the reductive elimination step rendering it to become rate limiting. Full conversion 
was reached, indicating that either starting material or, to a less extent, target product 
degraded at these elevated temperatures leading to lower yields. On the other hand, 
increasing the amount of K2CO3 to 3 equivalents provided approximately the same yield as 
with 1.2 equivalents of K2CO3. Up to date, the reason for this observation is unclear.  

Anionic interaction with Pd might be the reason for the performance of Cs2CO3. [79] Cs2CO3 

has a better solubility in DMF than K2CO3 in the same solvent. It is also difficult to draw 
conclusions based on the effect of basicity of inorganic bases. As the bond in Cs2CO3 is 
weaker due to the larger size of the Cs atom when compared to the bond in K2CO3, it is more 
basic in DMF. [80] Apparently, the reaction is hindered when low ionic strength bases are 
used as it might lead to excess anions available in the mixture. This statement is yet to be 
proven by experimental results. Also interesting, amine based bases (e.g., TMEDA) 
performed quite well, though optimization with amine-containing bases was discontinued 
due to their low reactivity (after 20 h, conversion of approx. 90%) even at higher 
temperatures.   
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Furthermore, the failure of monodentate ligands to exceed yields higher than 34% indicated 

that the reductive elimination step is rate limiting also reflected by the dramatic increase of 

target product yield when using the bulky bidentate Xantphos as ligand. A survey of 

Palladium catalyst precursors was performed hereafter. We consider that Cl acts as a better 

leaving group on the Pd(PPh3)2Cl2 species, thereby allowing the reduction step of Pd(II) to 

Pd(0) to take place more easily. These thoughts are backed by the reaction progress analysis 

as it shows almost no induction period (Fig. 21), though cannot be firmly confirmed based on 

these results solely. Neither an increase nor a decrease in Pd/Ligand concentration increased 

target product yield, illustrating the subtle but complex interplay of the catalytic system with 

the substrate, reagents and product.  

 

Table 11: Optimization for the Pd-catalyzed C-2 perfluoroalkylation of 3-methylindole a 

Entry Changes to standard reaction conditions Yield GC-MS (%) 

1 none 52 

2 I(CF2)5CF3 (70) 

3 TMEDA 52 

4 other baseb < 52 

5 1.2 equiv. K2CO3 41 

6 3.0 equiv. K2CO3 45 

7 no base 30 

8 other ligandc < 34 

9 no ligand trace 

10 Pd(PPh3)2Cl2 61  

11 other catalystd < 56 

12 2.5/5 mol % Pd(PPh3)2Cl2/Xantphos 36 

13 10/20 mol % Pd(PPh3)2Cl2/Xantphos 53 

14 Pd(PPh3)2Cl2, O2 atmosphere 40 

aReaction conditions: 0.25 mmol of 3-methylindole, 5 mol % Pd(PPh3)4, 10 mol % Xantphos, 2.0 equiv. 
K2CO3 and 2.0 equiv. Br(CF2)5CF3 in 2.5 mL of DMF at 100 °C; b bases tried: Cs2CO3, CaCO3, DIPEA, TEA, 
DBU; c ligands tried: CyJohnPhos, DavePhos, tBuXPhos, Xphos, JohnPhos; d catalysts tried: PdCl2, 
Pd(OAc)2, Pd2(dba)3, PdBr2; Isolated yield in parentheses 
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To gain more insights in the perfluoroalkylation of 3-methylindole, a reaction progress 

analysis experiment was conducted. Interestingly, the results show almost no induction 

period suggesting that the formation of active catalytic Pd(0) proceeds fast. The reaction 

reaches completion in less than 5 hours while in the same reaction time, 55% of yield was 

obtained. Product yield decreases after 20 hours of reaction, pointing product degradation 

out at these elevated temperatures. Further optimization was necessary, since the optimized 

conditions using conditions as described in Table 6 did not give satisfying results. 

Gratifyingly, this graph illustrates the possibility to decrease reaction times (relative to the 

used 15 h) hereby accelerating the reaction and lessen the time in which product and 

substrate are exposed to high temperatures 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21: Reaction progress; yield and conversion over time. 
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Encouraged by the results obtained in the reaction progress experiments, the influence of 

reaction temperatures was investigated using the protocol as described in Table 12. It was 

observed that reaction temperature dramatically affects the reaction as it increased target 

product yield and accelerated the reaction. Apparently, the energy supplied to the reaction 

in previous reactions was not sufficient enough to easily overcome the energy barrier for 

cleavage of the strong C—Br bond as also suggested by the slight decrease in yield when 

using 4.0 equiv. Br(CF2)5CF3. Prior to reaction temperature optimization, solvents were 

screened. It was found that the coordinating solvent DMF outperformed other dipolar 

aprotic solvents. Cyclohexanone in particular gave the lowest yields of these solvents, 

suggesting that the easy accessibility of this O-atom renders this solvent to interact or 

coordinate with the Pd-species in an easier fashion. MeOH as protic solvent was considered 

an unsuitable solvent since it provided the lowest product yield probably due to quenching 

of the radical formed upon C—Br cleavage.  

Table 12: Further optimization for the Pd-catalyzed C-2 perfluoroalkylation of 3-methylindole a 

 

Entry Changes to standard reaction conditions GC Yield (%) 

1 none 61 (58) 

2 4.0 equiv. Br(CF2)5CF3 54 

3 0.2 M 28 

4 ACN 45 

5 acetone 35 

6 1,4-dioxane 36 

7 MeOH 11 

8 other solventb < 29 

9 2h reaction time 31 

10 110 °C, 2h reaction time 63  

11 120 °C, 2h reaction time 86 (82) 

13 addition TEMPO (1.0 equiv.) 0 

aReaction conditions: 0.25 mmol of 3-methylindole, 5 mol % Pd(PPh3)2Cl2, 10 mol % Xantphos, 2.0 
equiv. K2CO3 and 2.0 equiv. Br(CF2)5CF3 in 2.5 mL of DMF at 100 °C, Isolated yield in parentheses; 
bsolvents tried: DMSO, toluene, cyclohexanone, DCE, THF; 
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4.1.2 Catalytic experiments  
In order to obtain a comprehensive picture of the catalytic reaction behavior, the following 
experiments were conducted in parallel with the optimization experiments (Table 13). As 
with the project involving nickel catalysis (project A), radical trapping experiments utilizing 
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) were performed. The presence of TEMPO as 
radical scavenger effectively inhibited the formation of the target perfluoroalkylated 
product, indicating that the previously suggested reaction mechanism in literature follows an 
outer shell single electron transfer (SET) pathway. [81] Furthermore, as the Pd(0) species 
was found to catalyze the reaction sufficiently (Table 13), it is believed that the catalytic 
cycle involves three different Pd species, namely Pd(0)/Pd(I)/Pd(II).  

Table 13: Selected catalytic control experiments.  

 

Entry Changes to standard reaction conditions Product Yield 

1 + 1 equiv. TEMPO 0% 

2 No Xantphos, Pd(PPh3)4 Trace  

3 No Base, Pd(PPh3)4 30% 

4 No catalyst 0% 

 

 

  

 

 

 

 

Fig. 22: GC-MS spectrum displaying the detection of the combined adduct (purple peak).    
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4.1.3 Substrate scope and limitations thereof  

With the optimized conditions in hand, the substrate scope of the developed methodology 

was investigated (Table 14). A mixture of C-2 and C-3 perfluoroalkylated product was found 

for the free indole (3c) with selectivity prevalent towards the C-2 perfluoroalkylated product 

(C-2:C-3 4:1) although in low yields. This methodology also demonstrated good reactivity to 

perfluoroalkylate C-2 substituted N-methylindoles 3e and 3f. In these two molecules, 

perfluoroalkylation occurs at the C-3 position with reasonable yields, even in the presence of 

the sterically hindering phenyl group. Substitution of the methyl at the C-3 position to an 

electron withdrawing aldehyde group indicated the cumbersome reactivity of electron poor 

heteroarenes (3d). This suggests that electron density is required for the various catalytic 

steps, one of which is the reactivity with the electrophilic radical species formed after 

cleavage of the C—Br bond. Furthermore, 3-methylbenzothiophene and 2-methylfuran were 

not tolerated in this protocol. The substrate scope needs to be expanded to reveal more 

limitations and strengths of the found methodology, which scope expansion is on the way in 

our lab.  

Table 14: Scope for the Pd-catalyzed perfluoroalkylation of heteroarenes a 
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5.0 Outlook and future work 

 
Both projects demonstrated the successful per- or difluoroalkylation of electron rich 
heteroarenes. To finalize both projects, substrate scopes need to be expanded in order to 
shed light on the limitations and strengths of the found protocols, which scope expansions 
are on the way in our lab. More detailed, efforts are invested in the homogenization of the 
reaction mixture in the palladium project (project B). Future experiments may include a 
careful survey of ‘green’ ionic liquids to aim for obtaining the same performance but with a 
homogeneous mixture.  

Particularly interesting is the difluoroacetamidation in the nickel project (project A). As 
discussed, the reaction rendered to be inefficient as the Br-atom was substituted with a 
hydrogen atom in an SN2 type reaction. The use of a halogen less prone to be substituted in 
an SN2 might provide the solution for this reaction to occur. In this context, Cl is an excellent 
candidate to synthesize difluoroacetamides starting with ethyl chlorodifluoroacetate and 
amine (Fig. 23). 

 

 Fig. 23: Synthesis of difluoroacetamides using ethyl chlorodifluoroacetate and amine    

 

In order for this reagent to be of use, the Cl-bond needs to be cleaved rendering the radical 
species. Up to now, no catalytic system has been reported able to cleave the Cl—C bond 
using solely phosphine ligands, nickel as catalytic metal, base and solvent. This challenge can 
be overcome using superheated conditions i.e. conditions at elevated pressure and 
temperatures higher than the boiling point of the solvent (Fig. 24). As the nickel protocol is 
able to be performed in continuous flow, this should not provide unsurmountable problems.  
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 Fig. 24: Successful difluoroalkylation of 3-methylindole using ethyl chlorodifluoroacetate 

 

Also as evidenced by the GC-MS spectra, close to full conversions can be reached in short 
times rendering this reaction to be very interesting for difluoroacetamidation reactions in 
continuous flow conditions.   

 

 

 

 

 

Fig. 25: GC-MS spectra of the extracted reaction mixture. Top: left peak corresponds to 3-
methylindole and the large peak at the right side to the target product. Bottom: mass spectrum 

illustrating the formation of target product.  
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Nickel, a first row transition metal, is considered an economically sound metal for use in 

large scale applications and is attractive for catalysis due to the widespread availability of 

this metal. It would be very attractive to shift to even cheaper and more abundant metals to 

catalyze the difluoroalkylation of electron rich heteroarenes. In this context, iron, the 4th 

most abundant element in the earth’s crust (after oxygen, silicon and aluminum), is rather 

attractive. During our investigations involving iron as catalytic metal, the first example of an 

iron-catalyzed radical alkenylation of functionalized alkyl halides was reported, highlighting 

the great potential of cheap iron to difluoroalkylate electron rich heteroarenes.9[82] A short 

optimization was conducted, which definitely needs follow up to investigate the nature of 

iron in these reactions.  

Table 15: Short optimization of Fe-catalyzed difluoroalkylation of 3-methylindole  

 

                                                           
9
 K. Zhu, J. Dunne, M. P. Shaver, S. P. Thomas, “Iron-Catalyzed Heck-Type Alkenylation of Functionalized Alkyl 

Bromides”, ACS Catalysis, 7, p. 2353−2356, 2017.  

Entry Changes to standard reaction conditions GC Yield (%) GC Conversion (%) 

1 None 44 56 

2 KOAc 14 16 

3 CSOAc Trace 3 

4 TMEDA Trace 48 

5 TEA Trace 49 

6 DIPEA 34 55 

7 KHCO3 43 49 

8 Cs2CO3 Trace 17 

9 DMF, 40 h 10  25 

10 Fe(OTf)2 Trace 75 

aReaction conditions: 0.25 mmol of 3-methylindole, 10 mol % Fe(acac)2, 20 mol % Xantphos, 2.0 
equiv. Cs2CO3 and 2.0 equiv. BrCF2COOEt in 2.5 mL of 1,4-Dioxane at 100 °C 
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6.0 Conclusion 
Transition-metal-catalysed C–H bond functionalisation strategies accelerated developments 

in synthetic fluorine chemistry and enabled new methodologies for selective 

fluoroalkylations of electron rich heteroarenes. The corresponding fluoroalkylated molecular 

building blocks contain fluorinated moieties which can be encountered in pharmaceuticals, 

agrochemicals and functional materials thanks to their enhanced bioactivity, increased 

lipophilicity and improved chemical stability. The importance of Fluorine moieties in the 

mentioned domains has been strongly established and the expectancy is that many more F-

containing compounds will find their way to the market, hereby highlighting the importance 

of this research field.  

Previous work performed in our group described a series of procedures on the 

fluoroalkylation of five-membered heteroarenes via photoredox catalysis in micro flow, 

using fluoroalkyl iodides. In these procedures, the C–I bond was cleaved by means of an 

outer shell single electron transfer mechanism (SET), herewith generating the reactive 

electrophilic radical. Despite these achievements, this fluoroalkylation process comes with 

several limitations. The choice of reagents is limited to fluoroalkyl iodides as photoredox 

catalysis is mostly impotent to break the more stable C–Br or C–Cl bond as found in the 

cheaper fluoroalkyl bromides and chlorides. Comparatively, transition-metal-catalyzed C–Br 

or C–Cl bond cleavage can open the door to economically sound synthesis routes, ready for 

scale up. 

In conclusion, successful direct C(sp2)–H fluoroalkylations of electron-rich heteroarenes 

using fluoroalkyl bromides and transition-metal catalysts is reported. The low-cost first-row 

transition-metal Nickel was able to generate the desired fluoroalkyl radical via a thermal 

activated SET pathway which allowed the selective C–2 difluoroalkylation of heteroarenes. 

Mechanistic experiments indicate the involvement of Ni(I)/Ni(II) species in the catalytic 

cycle. Notably, the use of additional oxidants was avoided. Moreover, the methodology 

could be easily transformed into a continuous-flow procedure which resulted in a significant 

acceleration of reaction time (4 hours flow vs 20 hours batch) when using superheated 

conditions.  Simultaneously, a palladium-catalyzed C–H perfluoroalkylation procedure for 

electron rich heteroarenes was developed. Catalytic experiments support this reaction to 

follow a SET mechanism with the substrate scope displaying selectivity for C-2 

perfluoroalkylations. However, it was found that this protocol is not suitable for S- or O-

containing heteroarenes. Unlike the Ni-catalyzed difluoroalkylation, reaction conditions for 

this methodology were limited to batch due to the heterogeneous conditions. Further 

studies on mechanistic investigations and the applications of this protocol are ongoing in our 

group.  
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7.0 Supporting info 

7.1 Experimental section 

General information  

Components and reagents were all used as received, unless stated otherwise. Anhydrous 

solvents were bought from Sigma-Aldrich and kept under an argon atmosphere using 

standard Schlenk-Line techniques. VWR-International supplied the technical solvents. 

Isolation utilizing a column was performed using silica (60, F254, Merck™), and TLC analysis 

was performed using Silica on Al foils TLC plates (F254, Supelco Sigma-Aldrich™) in 

combination with UV quenching or appropriate TLC staining. 1H NMR analysis was 

conducted on a Bruker-Avance 400 (400 MHz). NMR spectra uses the following 

abbreviations to describe the multiplicity; s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet & br = broad. GC analyses were performed on a GC-MS (Shimadzu GC-2010 Plus 

coupled to a Mass Spectrometer; Shimadzu GCMS-QP 2010 Ultra) equipped with an auto 

sampler (AOC-20i, Shimadzu). 

Project A 

 

General procedure for the Ni‐catalyzed C–H difluoroalkylation of heteroarenes in Batch 

 

A 10 mL reactor tube was charged with the solid Nickel catalyst (10 mol %, 0.05 mmol), 

heteroarene (1 eq., 0.5 mmol) and ligand (20 mol % 0.1 mmol) and equipped with a rubber 

septum and magnetic stirring bar. Hereafter, the reactor was sealed, degassed and filled 

with argon using a Schlenk techniques. Next, the liquids bromodifluoroethylacetate (2 

equivalent, 1 mmol), base (2 equivalent, 1 mmol) and 2.5 mL of dry solvent were carefully 

added to the reactor tube using a syringe equipped with a needle. The reactor tube was 

placed in an oil bath at 100 ᵒC and stirred vigorously. After reaction completion, a 0.2 mL 

sample was taken using a syringe. The collected phase was extracted by a 1M NaOH 

solution. EtOAc was used as organic phase. Finally, organic layer was analyzed on GC-MS. In 

order to collect the appropriate yield, a calibration curve was utilized using 

decafluorobiphenyl as external standard.   
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Once reaction completion was acquired, the reaction mixture was cooled and removed to a 
separation funnel and extracted using 1M HCl and 1M NaOH in turns. EtOAc was used as 
organic phase. Then the solvent was distilled under reduced pressure followed by 
purification of the target molecule by means of column chromatography to obtain the 
desired product. 

 

Reaction progress analysis procedure 

In order to be able to perform the reaction progress analysis, reactions were performed on a 
1.0 mmol scale. Samples were taken with a syringe, equipped with a needle to penetrate the 
rubber septum. The collected phase was extracted by a 1M NaOH solution. EtOAc was used 
as organic phase. Finally, organic layer was analyzed on GC-MS. In order to collect the 
appropriate yield, a calibration curve was utilized using decafluorobiphenyl as external 
standard.  

 

Continuous flow setup 

The reactor setup was made out of an HPLC pump, sample loop, a stainless steel coiled 
reactor and a stainless steel quenching loop (Fig. 1) and collection flask.  For the sample 
loop, high purity PFA capillary tubing (500 μm ID) was used. The sample loop was connected 
to a six-way valve, allowing injection of the sample mixture using a disposable syringe. The 
stainless steel reactor (20 mL) was positioned inside an oil bath equipped with a magnetic 
stirrer followed by a stainless steel quenching loop (5 mL). Products were collected in an 
erlenmeyer flask.   

 

 

Fig.  1.  Schematic drawing of the setup 
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General procedure for the Ni‐catalyzed C–H difluoroalkylation of heteroarenes in Flow 

An oven dried 10 mL of reactor tube equipped was loaded with the solid Nickel catalyst (10 

mol %, 0.1 mmol), Xantphos (20 mol % 0.2 mmol) and 4.5 mL of dry 1,4- dioxane and with 

equipped with a rubber septum. Hereafter, the reactor was sealed, degassed and filled with 

argon using a Schlenk techniques. The mixture was sonicated and heated using a heating gun 

for several seconds to dissolve the solid Xantphos ligand. Hereafter, 

bromodifluoroethylacetate (2 equivalent, 2 mmol), diisopropylethylamine (2 equivalent, 2 

mmol) and heteroarene (1 equivalent, 1 mmol) were carefully added to the reactor tube. 

Subsequently, the mixture was taken up into a syringe to fill the sample loop with the 

mixture. The solvent flow was maintained at a constant flow rate (0.08 – 3.0 mL.min-1) by 

means of a HPLC pump. The pressure inside the reactor was regulated using a backpressure 

regulator (max. 10 – 11 bar) After collection of the reaction mixture, purification was 

performed using column chromatography as was done in the batch protocol.  

 

Procedure for synthesis of difluoroacetamides 

 

Difluoroacetamides were synthesized by a procedure as described by Hiroyuki Morimoto et 

al.10 A 10 mL reactor tube, equipped with a magnetic stirring bar, was charged with 

lanthanum trifluoromethanesulfonate (0.375 mmol, 5.0 mol %) followed by the introduction 

of the inert argon gas in the reactor tube. Hereafter, the reactor tube was loaded by the 

desired amounts of ethyl bromodifluoroacetate (9.0 mmol) and amine (7.5 mmol). The start 

of the reaction was marked by the commencement of vigorous stirring of the mixture at the 

room temperature. After full conversion of the amine, the target compound was purified 

using silica gel column chromatography. 

 

 

 

                                                           
10

 Hiroyuki Morimoto et al. Org. Lett., 16, p. 2018–2021, 2014.  
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Project B 

 

General procedure for the Pd‐catalyzed C–H perfluoroalkylation of heteroarenes 

 

 

A 10 mL of reactor tube was charged with the solid Palladium catalyst (5 mol %, 0.0125 

mmol), heteroarene (1 eq., 0.25 mmol), ligand (10 mol % 0.025 mmol) and base (2 

equivalent, 0.5 mmol) and equipped with a rubber septum and magnetic stirring bar. 

Hereafter, the reactor was sealed, degassed and filled with argon using a Schlenk 

techniques. Next, perfluorohexylbromide (2 equivalent, 0.5 mmol) and 2.5 mL of dry solvent 

were carefully added to the reactor tube using a syringe equipped with a needle.  

The reactor tube was placed in an oil bath at 100-120 ᵒC and stirred vigorously. After 

reaction completion, a 0.2 mL sample was taken using a syringe. The collected phase was 

extracted by a 1M NaOH solution. EtOAc was used as organic phase. Finally, organic layer 

was analyzed on GC-MS. In order to collect the the appropriate yield, a calibration curve was 

utilized using decafluorobiphenyl as internal standard.   

The rest of the mixture in the reactor tube was removed to a separation funnel and 

extracted using 1M HCl and 1M NaOH in turns. EtOAc was used as organic phase. Then the 

solvent was distilled under reduced pressure followed by purification of the target molecule 

by means of column chromatography to obtain the desired product. 

 

Reaction progress analysis procedure 

In order to be able to perform the reaction progress analysis, reactions were performed on a 

0.5 mmol scale. Samples were taken with a syringe, equipped with a needle to penetrate the 

rubber septum. The collected phase was extracted by a 1M NaOH solution. EtOAc was used 

as organic phase. Finally, organic layer was analyzed on GC-MS. In order to collect the the 

appropriate yield, a calibration curve was utilized using decafluorobiphenyl as internal 

standard.  
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GC-MS spectra 
General information: In all spectra, the peak at rt. 17.1-17.2 corresponds with 3-methylindole. 

The compound shown above the spectra is the target compound, unless otherwise stated.  

The letters [A] and [B] correspond to the project. 

TEMPO experiments 
 

[A] Table 4 entry 1 (detected)                                     
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[A] Table 4 entry 2 (not detected) 

 

 

 

[A] Table 4 entry 4 (not detected) 
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[B] table 8 entry 1 (detected) 
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Flow experiments 

The target compound for all flow experiments was the difluoroalkylated 3-methylindole: 

 

[A] table 8 entry 2  

 

[A] table 8 entry 3  
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[A] table 8 entry 1  

 

 

[A] table 8 entry 5  
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[A] table 8 entry 6  
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Project A, Scope of Ni catalyzed difluoroalkylation of electron rich heteroarenes 
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Project B, Scope of Pd catalyzed perfluoroalkylation of electron rich heteroarenes 

[B] table 13, 3e 
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[B] table 13, 3c 
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[B] table 13, 3f 
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Catalytic tests 

[A] table 10, entry 2 (not detected) 
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Extra catalytic test to observe whether Ni -N interactions are essential for the 

catalytic mechanism 
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Iron catalyzed difluoroalkylation of electron rich heteroarenes 

[Fe-project] table 15, entry 1 
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Compounds characterization and NMR spectra 

 

(Table 12 entry 11) 2-(perfluorohexyl)-1H-indole Purification by flash 

chromatography on silica: 5% ethyl acetate in petroleum ether to afford the 

product as a yellow solid;  1H NMR (399 MHz, Chloroform-d) δ 8.15 (s, 1H), 

7.66 (dd, J = 8.1, 1.0 Hz, 1H), 7.40 (dt, J = 8.3, 1.0 Hz, 1H), 7.34 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 7.20 (ddd, J = 

8.0, 6.9, 1.1 Hz, 1H), 2.44 (t, J = 2.3 Hz, 3H). 
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 (Table 8, entry 1) ethyl 2,2-difluoro-2-(3-methyl-1H-
indol-2-yl)acetate Purification by flash chromatography on silica: 15% ethyl acetate in cyclohexane to 
afford the product as a red liquid; 1H NMR (400 MHz, Chloroform-d) δ 8.31 (s, 1H), 7.67 – 7.56 (m, 1H), 7.38 
(dt, J = 8.2, 1.0 Hz, 1H), 7.29 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 7.17 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.34 (q, J = 7.1 
Hz, 2H), 2.43 (t, J = 2.4 Hz, 3H), 1.34 (t, J = 7.1 Hz, 3H). 
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 (Table 8, entry 6) ethyl 2,2-difluoro-2-(3-methyl-1H-indol-2-

yl)acetate Purification by flash chromatography on silica: 15% ethyl acetate in cyclohexane to afford the 

product as a red liquid; 
1
H NMR (400 MHz, Chloroform-d) δ 8.31 (s, 1H), 7.67 – 7.54 (m, 1H), 7.38 (dt, J = 8.2, 

1.0 Hz, 1H), 7.29 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 7.17 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.34 (q, J = 7.1 Hz, 2H), 2.43 (t, 

J = 2.4 Hz, 3H), 1.34 (t, J = 7.1 Hz, 3H). 
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(Table 14, 3e) 2-methyl-3-(perfluorohexyl)-1H-indole 

Purification by flash chromatography on silica: 15% ethyl acetate in cyclohexane to afford the product as a white 
solid; 1H NMR (400 MHz, Chloroform-d) δ 7.68 (d, J = 8.1 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.26 (s, 1H), 7.18 
(ddd, J = 8.1, 7.0, 1.3 Hz, 1H), 3.70 (d, J = 3.0 Hz, 3H), 2.51 (d, J = 1.7 Hz, 3H). 
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(Table 14, 3c) 3-(perfluorohexyl)-1H-indole or 2-(perfluorohexyl)-1H-
indole 

Purification by flash chromatography on silica: 15% ethyl acetate in cyclohexane to afford the product as a white 
solid; 1H NMR (400 MHz, Chloroform-d) δ 8.41 (d, J = 11.0 Hz, 1H), 7.73 (dd, J = 14.5, 7.5 Hz, 1H), 7.46 (d, J 
= 8.3 Hz, 1H), 7.39 – 7.29 (m, 1H), 7.21 (t, J = 7.6 Hz, 1H), 7.0 (s, 1H). 
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