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Abstract 
The use of fluorine in drugs can improve its properties, like the bioavailability, metabolic stability and 

many other properties. This strives the pharmaceutical industry to produce these compounds and 

the need to develop more efficient ways to produce these compounds.  

The use of the Heck-type coupling proved to be a promising strategy to create the desired 

trifluoromethyl vinyl motif. The batch procedure had some drawbacks that are high catalysts and 

reagents loading, and a poor energy transfer. The procedure might be intensified by the use of micro 

flow technology. Research proved that the use of micro flow technology gave major drawbacks 

because of the formation of palladium black particles, which caused irreproducibility and clogging. 

With the use of an alternative strategy it was still possible to produce the trifluoromethyl vinyl motif 

in micro flow. The use of photoredox catalysis has proven to work well in batch experiments; the 

major drawback of the batch procedure was the scaling up. The utilization of the light was a problem 

for the scaling-up; however with the use of micro flow technology was it possible to scale up the 

reaction and still obtain high yields.  
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List of abbreviations 
BPR back pressure regulator 

CF3 trifluoromethyl 

CF3I trifluoromethyl iodine 

CsOAc cesium acetate 

DIPEA N,N-diisopropylethylamine 

DMA N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

EtOAc ethyl acetate 

EtOH ethanol 

Ir iridium 

dtbpy 4,4’-bis(1,1-dimethylethyl)-2,2’-bipyridine-N1,N1’ 

dF(CF3)ppy 3,5-difluoro-2-[5-trifluoromethyl)-2-pyridinyl-N]phenyl-C 

dFppy 2-(2’,4’-difluorophenyl)pyridine 

dtbbpy di-tert-butylbipyridine 

ppy 2,2’-phenylpyridine 

MeOH methanol 

MFC mass flow controller 

NMP N-methyl-2-pyrrolidone 

Pd(OAc)2  palladium(II)acetate 

PFA perfluoroalkoxy alkane 

psi pound-force per square inch 

TBAB tetra-n-butylammonium bromide 

tBuXPhos 2-di-tert-butylphosphino-2’,4’,6’-triisopropylbiphenyl 
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1. Introduction 
The continuous call for a healthier and economical state of living; strives the pharmaceutical industry 

and provides the need to develop more effective means to produce and deliver effective 

pharmaceutical compounds. Despite many advances made in the past decades [1]; one of the most 

challenging developments is the incorporation of fluorine into a drug structure. The addition of 

fluorine prevents enzymatic metabolism, which is one of the major challenges when it comes to 

efficient drug delivery and minimizing drug dosing [1]. An example of a drug containing a fluorine 

motif is Fluoxetine, also known under the commercial name Prozac. This drug features a 

trifluoromethyl (CF3) moiety to improve its effectiveness (see figure 1.1, Prozac was ranked on the 

fourth place of the top selling drugs in the year 2000) [2]. The addition of fluorine does not only 

improve the metabolic stability of the drug, it also improves the bioavailability and many other 

properties [3].  

 

Figure 1.1. Fluoxetine (Prozac) 

Fluorine 

Fluorine is the most electronegative and reactive element and will react with almost every 

compound. The addition of fluorine in organic compounds changes the properties of the compound 

due to the electronegative character of the fluorine. The carbon-fluorine bond is a polar covalent 

bond with a partial ionic character, which is a strong bond (relative to the BDE of carbon-hydrogen) 

and is relatively short (see table 1.1). The substitution between hydrogen and fluorine can take place 

without major steric effects [3]. 

Table 1.1. The bond length, dissociation energy and dipole moment of C-X bonds 

 
Bond length 

[10
−12

 m] 

Dissociation energy 

[kJ∙mol
-1

] 

Dipole 

[D] 
Reference 

C-H 112.0 439 0.30 [4] 

C-F 138.5 461 1.85 [5] 

C-Cl 178.4 356 1.87 [5] 

C-Br 192.9 297 1.81 [5] 

C-I 213.9 239 1.62 [5] 

 

The carbon-fluorine bond has a large dipole moment, because fluorine is an electronegative element 

the electron density will be on the fluorine and the carbon will be relatively electron poor [6]. Due to 

the electron withdrawing nature of the fluorine some sites can be deactivated towards oxidative 

metabolism leading to an improvement of metabolic stability [7] [8]. A good example of the 
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increased metabolic stability by the addition of fluorine in Prostacyclin (see figure 1.2), by the 

addition of fluorine the half life time was increased from 10 minutes to more than a month (see table 

1.2) [9].   

 

Figure 1.2. Prostacyclin 

The addition of fluorine has also an effect on the basicity (pKA) and lipophilicity (log P) of the 

molecule. The change in lipophilicity has effect on the bioavailability; due to the change in the 

lipophilicity a better membrane penetration is possible [7]. The change in pKA can improve the 

bioavailability and increase the binding activity, due to the strong effect of fluorine on the basicity or 

acidity of proximal functional groups  [7].  

Table 1.2. The changes in properties due the addition of fluorine 

 T1/2 pKA Log P 

-CH2- 10 minutes 4.76 5.85 

-CHF- > 1 months 2.59 - 

-CF2- 3 months 1.34 - 

-CF3 - 0.52 6.18 

 

The addition of single fluorine atoms will not lead to major sterical changes in the molecule; while 

large fluorine groups, like the trifluoromethyl group, can give major steric effects. Due to the steric 

effects, changes in the molecular formation can take place which can lead to an improved binding to 

the target protein. Furthermore, the trifluoromethyl group gives a larger difference on the metabolic 

stability, basicity and lipophilicity (see table 1.2) [3]. 

Chemical Strategies 

By the addition of a trifluoromethyl group the properties of a drug are improved, due to this a lot of 

research is performed on the development for the introduction of trifluoromethyl groups. One major 

challenge is the introduction of a trifluoromethyl group under mild reaction conditions, which would 

e.g. include the allowance of functional group compatibility and late-stage incorporation. In the past 

years, a large variety of trifluoromethylation methodology are developed, including cross coupling 

reactions catalysed by transition metals (Pd, Ru, Cu, Rh) in combination with nucleophilic (Ruppert’s 

reagents) or electrophilic (Umemoto’s reagent) CF3 sources. More recently neutral CF3 sources (such 

as CF3SO2Cl or CF3I) in combination with redox chemistry became more attractive as a source of 

radical CF3 (see figure 1.3 A & B for selected examples) [1] [10] [11]. 
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Figure 1.3. Previous research on trifluoromethylation and project outline 

The addition of trifluoromethyl groups to aromatic compounds and alkenes is well investigated and 

reactions with mild reaction conditions are readily available (figure 1.3 A). The creation of vinyl-CF3 

motives and their chemical equivalents (figure 1.3 C) is still an interesting field of research. In figure 

1.3 B some examples are given which attempt to generate these moieties. The most of the current 

methods have one or more limitations, the use of high temperatures, strong acids or bases, 

expensive trifluoromethyl sources (like Umemoto’s reagents and Togni’s reagents, see table 1.3), 

high amounts of catalyst (above 1 mol%) or have a limited substrate and functional group scope [12] 

[13] [14] [15]. 
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Table 1.3. Prices of the different CF3 sources 

CF3 source Price 

[€ ∙ mmol
-1

] 

Reference 

Togni’s reagent 59.75 [16] 

Umemoto’s reagent 41.66 [17] 

Ruppert’s reagent 3.74 [18] 

Trifluoropropene 0.16 [19] 

Trifluoroiodomethane 0.19 [20] 

 

In this research we focus on the construction of vinyl-CF3 structure (vide supra). This structure could 

be directly constructed through a Heck-type cross-coupling with trifluoropropene as trifluoromethyl 

source and a halogen arene (figure 1.3 C, gray inset, project outline). This strategy was first explored, 

as preliminary results showed good results under standard batch conditions. To further intensify this 

process we wanted to explore the possibility of microflow technology to improve the inherent 

drawbacks of batch possessing, such as high catalyst and reagent loadings, and poor energy transfer 

[21]. 

An alternative strategy was also derived, utilizing direct radical functionalization by means of visible 

light photoredox catalysis (figure 1.3 C, project outline). This would yield the same structural CF3-

motive. However, the utilization of light as an energy source renders these reaction protocols 

difficult to scale-up. Therefore, in addition to this approach, the prospects of microflow technology 

will be investigated to overcome these drawbacks.  

Micro Flow Technology 

In industry is it desired to use flow chemistry because batch producing is more labour intensive and 

there are variations between the different batches. Despite of the desire to use flow chemistry in 

industry, batch processing is often more convenient because of the difficulty of transferring a batch 

protocol to continuous flow [21].  

 

Figure 1.4. Examples of micro reactors [22] 

Microflow reactors are characterized by their small scales in volume and reaction channels (lateral 

dimension below 1 mm). Due to this property a high surface to volume ratio and enhanced mass 

transfer is obtained. Typically, reaction times can be decreased from hours to minutes or even 

seconds with the use of micro reactors. Secondly, a laminar flow is created. Laminar flow is a fluid 

dynamic definition, and means that the fluids inside the tube flow in parallel layers, with no 

disturbance between the layers (see figure 1.6). The flow regime can be determined with the 

Reynolds number (Re);  
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Re = 	
���

�
. 

 

The Reynolds number (Re) is depended on the density (ρ) and viscosity (μ) of the fluids, the velocity 

(v) and diameter (d) of the reactor. The flow regimes of different reactor types are shown in figure 

1.5 [21].  

 

Figure 1.5. Flow regime by different diameters and residence times 

 

 

Figure 1.6. Mixing properties of the different flow regimes 

Mixing in a laminar flow regime mainly occurs through diffusion, which is relatively slow. The mixing 

can be improved by two basic principles. First, the use of external energy sources to improve the 

mixing of the system also called active mixing. Examples of this are the use of ultrasound or micro 

stirrers [23]. The second principle is the use of flow energy to restructure the flow in a way that 

faster mixing occurs [24] [25]. Examples of passive mixing are the use of T- or cross-mixers, split and 

combine devices or flow obstacles within the micro channel (see figure 1.7) [26] [27]. 

Further, mixing in gas-liquid systems can be improved with a Taylor flow. A Taylor flow is a 

segmented flow with gas and liquid slugs. The mixing in the liquid slugs is ideal due to internal 

circulations, see figure 1.7 [21]. With a Taylor flow is a large interfacial area between the gas and 

liquid phase created, which enhance the mass transfer from the gas phase into the liquid phase.  
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Passive mixing

cross mixer

T-mixer

flow obstacles

Taylor flow

gasgas

 

Figure 1.7. Mixing methods 

Finally, an enhanced energy transfer can be obtained in micro reactors. For example, the control of 

heat transfer can be improved. A small temperature gradient can be obtained, which prevents the 

formation of hotspots and not well heated zones. Due to this good temperature control side reaction 

can be suppressed, and a more energy efficient reactor design is obtained [21].  

Project 

As said above, in this project we focussed on the synthesis of the trifluoromethyl vinyl motif in micro 

flow. The creation of this motif was first performed with a Heck-type coupling (chapter 2 till 4) and in 

addition to this was continued with the alternative strategy, the photoredox catalysis (chapter 5 till 

7).  
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2. Heck-type Coupling; Experimental 

Continuous microflow setup 

All capillary tubing and microfluidic fittings are purchased from IDEX Health and Science. The 

combination of syringe pump (1) (Fusion 200 Classic) and disposable syringes (BD Discardit II or 

NORM-JECT, 2- 10 mL) are available from VWR International. The syringes are connected to the 

capillary using ¼-28 flat-bottom flangeless fittings (2). The capillary tubing (3) was of high purity PFA 

(1/16” ∙ 500 μm ID). The gas-liquid mixing was carried out in a Cross Tefzel Micromixer (4) (500 μm 

ID, P-729 PEEK cross or similar cross mixer).  

Reactor setup 

The reactor (5) was made out of high purity PFA capillary tubing (1/16” ∙ 500 μm ID ∙ 5 m), with 95 % 

of the capillary wrapped around an iron frame. The reactor was placed in an oil bath which was 

placed on a heater/stirrer. The reactor outlet was connected to a back-pressure-regulator (5 psi (0.3 

bar), P-790 PEEK BPR Assembly) (6) and followed through a rubber septum (7); accordingly the 

reaction mixture can be collected in a sealed environment under desired atmosphere. In the 

collection valve was EtOAc present to quench the reaction and was place in ice to cool the reaction 

mixture.  

Gas-inlet 

A single-gauge gas-regulator (8) (stainless steel, 0-30 psi, ¼“ NPFT inlet, Sigma-Aldrich) was 

connected to the trifluoropropene gas container. The gas-flow rate was controlled by a pre-

calibrated MFC for CF3I gas (9a) (stainless steel, F-201CV Digital MFC, EL-FLOW Select, 0.1-5.0 mLn ∙ 

min
-1

, 1/8” connections, Bronkhorst BV Netherlands) combined with a digital display (9b) (B2 Bright 

R/C module, IP-40, 1.8” colour TFT with four buttons, Bronkhorst BV Netherlands) which was 

connected with stainless steel tubing and fittings (Swagelok). An emergency closing valve (10) (500 

μm ID) was connected to the MFC with a stainless steel connector (1/8” connections) prior to the gas 

carrier capillary (3a). At the end of the capillary was a check valve (11) place to prevent backflow in 

the tubing.  

 
Figure 2.1. Schematic representation of the microflow setup 
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General procedure for the Heck-type coupling in batch 

Method A 

An oven dried volumetric flask was charged with Pd(OAc)2 (5.4 mol%) and 3 equivalent tBuXPhos. 

The flask was closed with a rubber septum and flushed with argon. The flask was further loaded with 

iodobenzene (0.12 M), DIPEA (3 equivalent) and a,a,a-trifluorotoluene (1 mmol) and filled to 5 mL 

with anhydrous DMF (solution B). Thereafter the trifluoropropene was added to the reactor mixture 

(bubble through the solution). The reaction mixture was placed in an oil bath by a temperature of 90 

°C for 14 hours. The reaction mixture was analysed by GC-MS and/or 
19

F-NMR analysis.  

General procedure for the Heck-type coupling in continuous microflow 

Method B.1 

An oven dried volumetric flask was charged with Pd(OAc)2 (5.5 mol%) and 3 equivalent tBuXPhos. 

The flask was closed with a rubber septum and flushed with argon and filled up to 10 mL with 

anhydrous DMF (solution A). A second oven-dried volumetric flask was closed with a septum and 

flushed with argon. The flask was loaded with iodobenzene (3 mmol), DIPEA (3 equivalent) and a,a,a-

trifluorotoluene (1 mmol) and filled to 10 mL with anhydrous DMF (solution B). Subsequently, the 

mixtures (A & B) were transferred to the syringes and loaded on the syringe pump. The 

trifluoropropene gas flow was established and maintained at a constant flow rate (0.02 mLn ∙ min
-1

) 

and a constant liquid flow rate (0.02 mL ∙ min
-1

) resulting in a residence time of 20 minutes. The 

temperature of the oil batch was set to a constant temperature (70 – 90 °C). Collection was enabled 

after reaching steady state (2 reactor volumes). After collection of the reaction mixture it was 

quantified by GC-MS and/or 
19

F-NMR analysis.  

 

Method B.2 

An oven dried volumetric flask was charged with Pd(OAc)2 (5.5 mol%) and 3 equivalent tBuXPhos. 

The flask was closed with a rubber septum and flushed with argon. The flask was loaded further with 

iodobenzene (3 mmol), DIPEA (3 equivalent) and a,a,a-trifluorotoluene (1 mmol) and filled to 25 mL 

with anhydrous DMF. The mixture was transferred to the syringes and loaded on the syringe pump. 

The trifluoropropene gas flow was established and maintained at a constant flow rate (0.02 – 0.08 

mLn ∙ min
-1

) and a constant liquid flow rate (0.02 mL ∙ min
-1

). The temperature of the oil batch was 

set to a constant temperature (90 °C). Collection was enabled after reaching steady state (2 reactor 

volumes). After collection of the reaction mixture it was quantified by GC-MS and/or 
19

F-NMR 

analysis.  

 

    Table 2.1. Conditions of the different experiments 

 
Reactor 

material 

Residence time 

[minutes] 

Additives 

(equiv.) 

Gas-liquid ratio PFA 20 - 

Stability Stainless steel 10 TBAB (1) 
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Specific compound data 

 

(E)-(3,3,3-trifluoropropenyl) benzene (1b) 

Iodobenzene (1a) was subjected to method B.2 and obtained in 53 % yield as judged by NMR 

analysis. GC-MS: found m/z: 172 [product, 133 [C6H4F3
∙
], 103 [C8H7

∙
], 77 [C6H5

∙
], 39 [C3H3

3∙
]. 

19
F-NMR: 

δ -65.44. 
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3. Heck-type Coupling; Results & Discussion 

3.1. Introduction 

The first strategy explored for the construction of the vinyl-CF3 motif was the Heck-type coupling. 

Previous research already showed good results between iodobenzene and trifluoropropene (see 

figure 3.1) in the presence of a palladium catalyst (Pd(OAc)2, tBuXPhos) and a base, in standard batch 

conditions.  

 

Figure 3.1. Mizoroki-Heck coupling reaction 

During the batch experiments high catalyst and reagents loads were necessary and poor energy 

transfer was observed. With the use of micro flow these drawbacks might be enhanced and 

therefore the use of micro flow technology is explored. 

In previous research gave the implementation of the reaction into micro flow promising results. 

There were still some problems which needed to be solved, specifically the BPR failing and clogging 

of the system.   
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3.2. Flow experiments 

The reaction requires a certain activation temperature, which is reached above 70 °C. There was 

expected that with an increasing temperature the yield would improve.  

 

 

Figure 3.2. Influence of temperature on the yield 

Figure 3.2 shows that the yield increases with increasing temperature. However, the clogging of the 

reactor occurred more often by higher temperatures (above 90 degrees, dotted line), indicating that 

more palladium black particles were formed. Therefore the following experiments are performed by 

a temperature of 90 °C.  

Further, there was decided to change the length of the reactor, which will increase the flow velocity. 

In which hopefully, the particles are taken by the flow and do not agglomerate. 

Finally, an enhanced mixing in the reactor might reduce the agglomeration of particles. A Taylor flow 

was created, however in the reactor was a change toward a homogeneous flow observed. By 

increasing the gas-liquid ratio the Taylor flow might be obtained till the end of the reactor.  
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Figure 3.3. Influence of gas-liquid ratio on the yield 

The increase in gas-liquid ratio had no influence on the clogging of the reactor, which was still a 

problem. However, it had a positive effect on the yield. This is probably due to the enhanced mixing 

in the reactor. The Taylor flow was maintained for a longer period and by the highest gas-liquid ratio 

were small gas slugs visible at the end of the reactor. The use of higher gas-liquid ratios might 

enhance the yield even further. This is not tested because the mass flow controller was 

malfunctioning.  
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3.3. Clogging & Reproducibility 

Clogging of the reactor and not reproducible results were the main problems in flow. The clogging of 

the reactor occurred due to the formation of palladium black particles. According to literature this 

was a complex process which was depended on many factors, such as catalyst concentration, 

solvent, additives, etc.  

Table 3.1. Results of the stability of the catalyst 

 

 

BATCH 

EXPERIMENTS 
Changed conditions Yield [%] Particle formation 

1. Additives 

No ligand 87 Yes 

1 equiv. TBAB,  

no ligand 
56 Yes 

1 equiv. TBAB 69 No 

2. Solvent 

Toluene 16 Yes 

Toluene-DMF (1:4) 57 Yes 

DMA 53 No 

NMP >99 No 

 

Table 3.1 shows that the addition of TBAB and ligand prevented the palladium black formation during 

the batch experiments, however the addition of TBAB lowered the yield of the reaction. At that 

moment the addition of TBAB was the best way to prevent the particle formation and this was used 

to continue with the flow experiments. The addition of TBAB did not prevent the clogging of the flow 

setup which was a remarkable result. It was expected that the observed clogging was due to one of 

the differences between the batch and flow setup, which were the reactor material, mixing and the 

concentration of trifluoropropene gas in the solution.   

In the meanwhile other solutions for the prevention of particle formation were carried out. The use 

of other solvents such as DMA and NMP prevented the formation of particles and NMP gave an 

exceptional high yield (>99%).  

Furthermore, to prevent the particle formation in flow the difference between flow and batch had to 

be tested, to see which was of influence on the particle formation. First, the reactor material was 

changed from PFA tubing to a stainless steel reactor. Further a stock solution was made, which was 

used for a batch and flow experiment, the batch experiment was done as control experiment. During 

the experiment was the stability of the flow system tested to see if this was the reason of the 

irreproducibility. 
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Figure 3.4. Stability of the system 

The stability of the reactor was not good; the first sample gave a higher yield than the following 

samples. The reason for this was the attachment of palladium black particles to the wall of the 

reactor, which decreases the yield of the reaction and eventually lead to clogging of the reactor. 

The formation of the palladium black particles is probably due to the trifluoropropene, in the stock 

solution particles were formed after a couple of minutes (>30 minutes) while this was not visible in 

the batch experiment.  
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4. Heck-type Coupling; Conclusion & Recommendations 
The implementation in micro flow was not optimal for this reaction. In the flow experiments 

problems occurred, which were caused by the formation of palladium black. Firstly, the 

agglomeration of palladium black gave clogging of the reactor. And secondly, the irreproducibility 

was caused by the attachment of palladium black particles to the reactor wall.  

Solutions for this problem were necessary and tests were done with the use of batch experiments. 

The addition of additives or a change of solvent proven to work well; however the implementation in 

flow gave again clogging of the reactor.  

The formation of palladium black particles was caused by the high trifluoropropene concentrations 

during the flow experiments. This problem could be solved by lowering the gas inlet, however during 

the flow experiments was observed that higher gas-liquid ratios improved the reaction, due to the 

enhanced mixing.  

For further research it is recommended to use: 

- NMP as solvent 

- Low amounts of trifluoropropene gas 

- Inert gas for Taylor flow 

In this research was decided to change the synthetic strategy for the construction of the 

trifluoromethyl vinyl motif with the use of micro flow technology.   
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5. Photoredox Catalysis; Experimental 

Continuous microflow setup 

All capillary tubing and microfluidic fittings are purchased from IDEX Health and Science. The 

combination of syringe pump (1) (Fusion 200 Classic) and disposable syringes (BD Discardit II or 

NORM-JECT, 2- 10 mL) are available from VWR International. The syringes are connected to the 

capillary using ¼-28 flat-bottom flangeless fittings (2). The capillary tubing (3) was of high purity PFA 

(1/16” ∙ 500 μm ID). The gas-liquid mixing was carried out in a T-mixer (4) (500 μm ID, P-712 PEEK T-

mixer or similar T-mixer). After which a capillary (1/16” ∙ 500 μm ID ∙ 0.050 m) was placed which was 

connected to a reactor (5). 

Reactor setup 

The reactor (6) was made out of high purity PFA capillary tubing (1/16” ∙ 500 μm ID ∙ 2.5 m), with 95 

% of the capillary wrapped around an 20 mL disposable syringe (BD Discardit II). The reactor was 

placed in a 100 mL disposable syringe (BD Discardit II), supporting a coiled visible-light blue LED array 

(3.12 W, 78 lm, 39 LED (97 cm length), Paulmann Lighting GmbH). The reactor outlet was connected 

to a T-mixer (500 μm ID, P-712 PEEK T-mixer or similar T-mixer) followed through a rubber septum 

(7); accordingly the reaction mixture can be collected in a sealed environment under desired 

atmosphere (argon). 

Gas-inlet 

A single-gauge gas-regulator (8) (stainless steel, 0-30 psi, ¼“ NPFT inlet, Sigma-Aldrich) was 

connected to the CF3I gas container. The gas-flow rate was controlled by a MFC (9) which was 

connected with stainless steel tubing and fittings (Swagelok). An emergency closing valve (10) (500 

μm ID) was connected to the MFC with a stainless steel connector (1/8” connections) prior to the gas 

carrier capillary (3a). At the end of the capillary was a check valve (11) place to prevent backflow in 

the tubing.  

 
Figure 5.1. Schematic representation of the microflow setup 
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General procedure for the photoredox catalysis in continuous microflow 

Method C 

In an oven-dried volumetric flask of 5 mL, catalyst (0.6 – 2.3 mol%) and CsOAc (3 equivalent) was 

added. The tube was closed and evacuated/backfilled with an argon atmosphere (three times) 

through standard Schlenk-techniques. Thereafter, anhydrous methanol/ethanol (0.5 - 2 mL) was 

added to the flask, followed by the addition of styrene (0.2 – 0.6 mmol) with a micro-syringe. Finally, 

the volumetric flask was filled up to 5 mL with anhydrous DMF. The mixture was allowed to dissolve 

and transferred to a disposable plastic syringe and loaded onto a syringe pump. The CF3I gas flow was 

established and maintained at a constant flow rate, a constant liquid flow rate (0.0017 – 0.05 mL ∙ 

min
-1

) and a constant quench flow rate (0.0017 – 0.05 mL ∙ min
-1

). Collection was enabled after 

reaching steady state (2 reactor volumes). After collection of the reaction mixture it was quantified 

by GC-MS and/or 
19

F-NMR analysis.  

 

Table 5.1. Conditions of the different experiments 

 
Co-solvent 

(vol%) 

Concentration 

[M] 

Residence time 

[minutes] 
Light source Catalyst (mol%) 

Co-solvent 

Methanol / 

Ethanol 

(10 – 40) 

0.04 20 Blue LED Ir(ppy)3 (2.4) 

Concentration 
Methanol 

(10) 
0.04-0.12 20 Blue LED Ir(ppy)3 (2.3) 

Residence 

time 

Methanol 

(10) 
0.08 20-60 Blue LED Ir(ppy)3 (2.3) 

Light source 
Methanol 

(10) 
0.08 40 

Blue/white  

LED, light bulbs 
Ir(ppy)3 (2.3) 

Catalyst 
Methanol 

(10) 
0.08 40 Blue LED 

Ir-catalyst (2.3) 

Ir(ppy)3 (0.6-2.3) 
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Specific compound data 

 

(E)-(3,3,3-trifluoropropenyl) benzene (1b) 

Styrene (1c) was subjected to method C and obtained in 75 % yield as judged by GC-MS analysis. GC-

MS: found m/z: 172 [product], 133 [C6H4F3
∙
], 103 [C8H7

∙
], 77 [C6H5

∙
], 39 [C3H3

3∙
]. 

19
F-NMR: δ -65.44. 

 

(E)-(4,4,4-trifluorobut-2-en-2-yl) benzene (2b) 

α-methylstyrene (2a) was subjected to method C and obtained in 21 % yield as judged by GC-MS 

analysis. GC-MS: found m/z: 186 [product], 171 [C9H6F3
∙
], 117 [C9H9

∙
],  77 [C6H5

∙
], 39 [C3H3

3∙
]. 

 

(E)-(3,3,3-trifluoro-2-methylpropenyl) benzene (3b) 

Trans β-methylstyrene (3a) was subjected to method C and obtained in 75 % yield as judged by GC-

MS analysis. GC-MS: found m/z: 186 [product], 117 [C9H9
∙
], 39 [C3H3

3∙
]. 

 

(E)-1-(tert-butyl)-4-(3,3,3-trifluoropropenyl) benzene (4b) 

4-tert-butylstyrene (4a) was subjected to method C and obtained in 32 % yield as judged by GC-MS 

analysis. GC-MS: found m/z: 228 [product], 57 [tBu
∙
]. 

 

 

(E)-4,(3,3,3-trifluoro-propenyl)phenyl acetate (5b) 

4-vinylphenyl acetate (0.2 mmol) (5a) was subjected to method C and obtained in 48 % yield as 

judged by GC-MS analysis. GC-MS: found m/z: 230 [product], 120 [C5H3F3
2∙

], 43 [C2H3O
∙
], 39 [C3H3

3∙
]. 

 

(E)-1-chloro-4-(3,3,3-trifluoropropenyl) benzene (6b) 

4-chlorostyrene (6a) was subjected to method C and obtained in 69 % yield as judged by GC-MS 

analysis. GC-MS: found m/z: 206 [product], 171 [C9H6F3
∙
], 137 [C8H6Cl

∙
], 35 [Cl

∙
]. 

CF3

AcO



22 | P a g e  

 

 

(E)-1,3-dichloro-2-(3,3,3-trifluoropropenyl) benzene (7b) 

2,6-dichlorostyrene (7a) was subjected to method C and obtained in 74 % yield as judged by GC-MS 

analysis. GC-MS: found m/z: 240 [product], 205 [C9H5ClF3
∙
], 137 [C8H6Cl

∙
], 39 [C3H3

3∙
], 35 [Cl

∙
]. 
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6. Photoredox Catalysis; Results & Discussion 

6.1. Introduction 

The first strategy explored for the construction of the trifluoromethyl vinyl motif gave difficulties in 

micro flow. Due to these difficulties is there chosen to alter the strategy, namely by the mean of 

photoredox catalysis. The batch experiments for the reaction between styrene and trifluoromethyl 

iodine in the presence of an iridium catalyst, base and visible light (see figure 6.1) gave good results 

(81 % (GC) yield in 18 hours). 

 

 

Figure 6.1. Photoredox catalysis reaction 

However, scaling-up of the photochemical batch experiments is difficult due to the utilization of the 

light. The absorbance of the light can be determined with the Bouguer-Lambert-Beer equation: 

A = - log 
	

	

 = ε ∙ C ∙ d 

The absorbance (A) of the light is depended on the concentration of the solution (C), the way it has 

to travel (d) and the material through which it needs to travel (ε). Due to the dependence on the 

diameter is the scaling up of batch experiments difficult. This drawback might be overcome through 

the use of micro flow technology; the small diameter of the reactor makes it unlikely that the light is 

entirely absorbed before it reaches the middle of the reactor [21].  

  



24 | P a g e  

 

6.2. Solubility 

In the batch experiments cesium acetate (CsOAc) was used as base, however the reaction mixture 

was somewhat heterogeneous, which was an issue for the flow protocol. First, the concentration was 

lowered; however with a concentration of 0.04 M styrene was it still not possible to dissolve 3 

equivalents CsOAc. Therefore the use of a co-solvent might solve this problem. 

Table 6.1. Influence of co-solvent 

 

 

Entry Co solvent 
Conversion 

[%] 

Selectivity 

[%] 

Yield 

[%] 

1 MeOH (40 vol%) 17 73 12 

2 EtOH (40 vol%) 82 17 14 

 

 

Figure 6.2. Influence of co-solvent 

First, the solubility of CsOAc in different solvent was tested, from these solvents methanol (MeOH) 

and ethanol (EtOH) gave the best solubility. Table 6.1 shows that a low conversion and a high 

selectivity were obtained when MeOH was used and with the use of EtOH was a low selectivity 

reached with a high conversion. Both co-solvents had an effect on the reaction, which was not 

desired, however the use of MeOH was more in favour than EtOH, because still a high selectivity was 

obtained.  

Further, an optimization was done on the solvent system. The decrease of the volume percentage of 

MeOH increased the conversion of the reaction (figure 6.2) and the CsOAc was dissolved in all 

experiments.  

The experiments were performed by a low concentration (0.04 M) and with the use of higher 

concentration could the reaction be favoured. A higher concentration gives more product in the 

same time with less space, if the yield is maintained.   
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Figure 6.3. Influence of concentration 

The conversion did not change with increasing concentration. However, an influence on the 

selectivity was observed and with a concentration of 0.12 M the reaction become less selective.  

The optimal conditions for the solvent are 10 vol% MeOH / 90 vol% DMF with a concentration of 0.08 

M.  
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6.3. Optimization 

Previous experiments showed already a high selectivity (80 %) and conversion (70 %); to improve the 

reaction further, the conversion could be increased. The simplest way was an increase in residence 

time.  

 

 

Figure 6.4. Influence of residence time 

The increase in residence time increase the yield and within 60 minutes was a conversion of 100 % 

reached. To reduce the residence time and maintain a high conversion are other factors tested. 

First, the light source was optimized. During the batch experiments a white house hold light bulb was 

used, however, in the flow experiments a blue LED was the light source. The difference between 

these light sources was tested and further was a white LED tested.  
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Figure 6.5. Influence of light source 

Figure 6.5 shows that the use of light bulbs (from the batch experiment) had a lower conversion and 

selectivity compared to the blue LED. This could be due to the difference in setup; there were two 

light bulbs placed next to the reactor, while the LED was wrapped around the reactor. Further was 

the distance between the light bulbs and the reactor larger than the distance between the reactor 

and the LEDs.  

The blue and white LED gave the same conversion and a small difference in selectivity. The difference 

in the selectivity might be due to fluctuations in the gas inlet. The influence of the gas inlet on the 

selectivity was already observed by other experiments, the exact effect is not known. The blue LED 

gave the best results; these were already utilized for the flow experiments so no improvements were 

achieved.  

Another way to improve the conversion was the catalyst.  
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Figure 6.6. Influence of catalyst 

The use of different catalyst changed the conversion and selectivity of the reaction. With the Ir(ppy)3 

catalyst was the highest selectivity reached, while with the Ir(dPppy)3 the highest conversion was 

reached. The use of the Ir(ppy)3 catalyst is the best choice because this catalyst gives the highest 

selectivity and has next to the high selectivity one of the highest conversions.  

Finally, the amount of catalyst was changed to improve the conversion.  

 

Figure 6.7. Influence of catalyst 

A low amount of catalyst gives a low conversion and a low conversion is obtained by high amounts of 

catalyst because the catalyst starts to quench itself instead of accelerating the reaction. In the 

previous experiments a catalyst concentration of 2.3 mol% was used. With a decrease in catalyst to 

1.1 mol% a higher conversion was reached.  
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6.4. Reaction scope 

Styrene 1c gave good results; with these conditions are substrates 2-7 tested. 

 

 
Figure 6.8. Scope 

The substituent on the α-position 2a of the vinyl group lowered the selectivity of the reaction. The 

main by-product was the addition of a hydroxyl group, which is caused by water present in the 

system. However, this was not the only problem of the low selectivity. Other side products were the 

addition of MeOH or a double CF3 group to the molecule.  

The substituent on the β-position 3a of the vinyl group lowered the formation of the dimer. The 

obtained yield was similar to 1c, due to the formation of another side product (see appendix I). 

The low yield which is obtained with 4a is due to water present in the system. 

5a gave more problems in the flow experiments. The concentration had to be lowered because 

clogging occurred with the standard concentration of 0.08 M. With a concentration of 0.04 M no 

clogging was observed. The reaction had a good selectivity; however a low conversion was reached. 

A longer residence time might increase the yield of the reaction. 

The selectivity of 6a is similar to 1c, however the conversion is lower. A longer residence time is 

necessary to obtain a similar yield to 1c.  

7a has a full conversion; the yield is lower due to the formation of the dimer. This might be 

prevented due to lower amounts of CF3I gas.  

The use of functional groups, like the methyl group, tert-butyl group, acetoxy group or halogene 

groups, can enhance the bioavailability, binding affinity and metabolic stability of the drug.  
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7. Photoredox Catalysis; Conclusion & Recommendations 
The transition of the batch procedure to micro flow worked well for this reaction. The solubility issue 

could be solved with the addition of a co-solvent. Afterwards the flow procedure could be optimized; 

and the optimal conditions which were tested are: 

- 10 vol% MeOH – 90 vol% DMF 

- 0.08 M styrene 

- 1.1 mol% Ir(ppy)3 

- Blue LED 

- 40 minutes residence time 

The use of these conditions gave not full conversion and the selectivity was varying between the 

different experiments, which was caused due to the fluctuations in the gas inlet.  

For the further optimization of the styrene it is recommended to test the gas-liquid ratio. In the 

experiments was observed that the gas-liquid ratio had influence on the selectivity. Despite the 

dependence on the gas-liquid ratio is there no optimal gas flow rate found. The calibrated mass flow 

controller could not give low enough flow rates; the increase of reactor length could solve this 

problem.  

After the optimizations of styrene other substrates were tested under the same conditions. The 

addition of functional groups changed in some cases the reactivity and selectivity. In the case of α-

substituent on the vinyl group, were more side products formed. It is recommended to add 

stoichiometric amounts of the CF3I gas and working dry, to prevent side product formation. 
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Appendix  

I. Spectra 
(E)-(3,3,3-trifluoropropenyl) benzene (1b) 

 

Peak Residence time Area Area% Name 

1 6.805 123492 1.71 (1,1,1,4,4,4-hexafluorobutan-2-yl)benzene 

2 7.072 263436 3.65 Styrene 

3 7.601 88986 1.23 (Z)-(3,3,3-trifluoropropenyl) benzene 

4 7.871 5414511 74.96 (E)-(3,3,3-trifluoropropenyl) benzene 

5 9.873 132389 1.83 3,3,3-trifluoro-1-phenylpropan-1-ol 

6 10.470 133080 1.84 3,3,3-trifluoro-1-phenylpropyl acetate 

7 14.147 1066908 14.77 dimer 
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(E)-(4,4,4-trifluorobut-2-en-2-yl) benzene (2b) 

 

Peak Residence time Area Area% Name 

1 8.101 752658 7.71 (4,4,4-trifluorobutan-2-yl)benzene 

2 8.203 412705 4.23 α-methylstyrene 

3 8.517 2003849 20.53 (E)-(4,4,4-trifluorobut-2-en-2-yl)benzene 

4 8.743 556500 5.70 (4,4,4-trifluorobut-1-en-2-yl)benzene 

5 9.667 420252 4.30 1,1,1,5,5,5-hexafluoro-3-phenylpentan-3-ol 

6 9.739 4091654 41.91 4,4,4-trifluoro-2-phenylbutan-2-ol 

7 10.030 967470 9.91 (4,4,4-trifluoro-2-methoxybutan-2-yl)benzene 

8 10.866 310359 3.18 (2-ethoxy-4,4,4-trifluorobutan-2-yl)benzene 

9 11.207 112952 1.16 4,4,4-trifluoro-2-phenylbutan-2-yl acetate 

10 11.353 133742 1.37 4,4,4-trifluoro-N,N-dimethyl-2-phenylbutan-2-amine 

 

 

  



35 | P a g e  

 

(E)-(3,3,3-trifluoro-2-methylpropenyl) benzene (3b) 

 

Peak Residence time Area Area% Name 

1 8.034 115373 0.79 (Z)-(4,4,4-trifluorobut-2-en-2-yl) benzene 

2 8.194 313733 2.16 (3,3,3-trifluoro-2-methylpropyl)benzene 

3 8.328 10847884 74.71 (E)-(4,4,4-trifluorobut-2-en-2-yl) benzene 

4 8.606 767784 5.29 (2-(trifluoromethyl)allyl)benzene 

5 8.754 1424947 9.81 (2-(trifluoromethyl)allyl)benzene 

6 9.737 531380 3.66 3,3,3-trifluoro-2-methyl-1-phenylpropan-1-ol 

7 10.026 125611 0.87 
(3,3,3-trifluoro-1-methoxy-2-

methylpropyl)benzene 

8 11.263 77658 0.53 3,3,3-trifluoro-2-methyl-1-phenylpropyl acetate 

9 15.149 66901 0.46 Dimer 

10 15.280 69811 0.48 Dimer 

11 15.332 72009 0.50 Dimer 

12 15.441 106821 0.74 Dimer 
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(E)-1-(tert-butyl)-4-(3,3,3-trifluoropropenyl) benzene (4b) 

 

Peak Residence time Area Area% Name 

1 10.534 87677 2.27 1-(tert-butyl)-4-ethylbenzene 

2 10.913 51580 1.34 1-(tert-butyl)-4-(3,3,3-trifluoropropyl)benzene 

3 10.986 61493 1.59 1-(tert-butyl)-4-vinylbenzene 

4 11.478 1244935 32.23 (E)-1-(tert-butyl)-4-(3,3,3-trifluoroprop-1-en-1-

yl)benzene 

5 11.812 273209 7.07 1-(4-(tert-butyl)phenyl)-3,3,3-trifluoropropane-

1,2-diol 

6 12.571 979691 25.36 1-(4-(tert-butyl)phenyl)-3,3,3-trifluoropropan-1-ol 

7 13.291 267036 6.91 1-(4-(tert-butyl)phenyl)-3,3,3-trifluoro-N,N-

dimethylpropan-1-amine 

8 17.330 437495 11.33 Dimer 

9 17.623 459377 11.89 Dimer 
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(E)-4,(3,3,3-trifluoro-propenyl)phenyl acetate (5b) 

 

Peak Residence time Area Area% Name 

1 11.565 4467122 42.91 4-vinylphenyl acetate 

2 11.734 426231 4.09 (Z)-4-(3,3,3-trifluoroprop-1-en-1-yl)phenyl acetate 

3 11.916 4989566 47.93 (E)-4-(3,3,3-trifluoroprop-1-en-1-yl)phenyl acetate 

4 18.491 256952 2.47 Dimer 

5 18.882 270788 2.60 Dimer 
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(E)-1-chloro-4-(3,3,3-trifluoropropenyl) benzene (6b) 

 

Peak Residence time Area Area% Name 

1 9.353 1782224 12.71 4-chlorostyrene 

2 9.951 9611561 68.53 (E)-1-chloro-4-(3,3,3-trifluoroprop-1-en-1-yl)benzene 

3 16.610 1333811 9.51 Dimer 

4 16.810 1297947 9.25 Dimer 
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(E)-1,3-dichloro-2-(3,3,3-trifluoropropenyl) benzene (7b) 

 

Peak Residence time Area Area% Name 

1 10.933 297965 1.85 1,3-dichloro-2-(3,3,3-trifluoropropyl)benzene 

2 11.024 11909083 74.11 (E)-1,3-dichloro-2-(3,3,3-trifluoroprop-1-en-1-

yl)benzene 

3 11.984 200167 1.25  

4 13.913 174380 1.09 1-(2,6-dichlorophenyl)-3,3,3-trifluoro-N,N-

dimethylpropan-1-amine 

5 18.048 978858 6.09 Dimer 

6 18.356 1007770 6.27 Dimer 

7 18.868 1058909 6.59 Dimer 

8 18.950 441305 2.75 Dimer 

 

 


