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Abstract 
 

In this thesis the formation of S–CF3 bonds by means of photoredox catalysis in microreactors is 

investigated. These SCF3-groups are often incorporated into pharmaceutical drugs due to their ability 

to penetrate the lipid membrane, while the molecules keep their biological functions due to the 

small size of fluorine.  

A microflow system has been built from inexpensive commercially available materials. Optimizations 

were carried out regarding gaseous CF3I flow, catalyst concentration and base, leading to an 

approximate 50% reduction of reagents in comparison with the batch protocol. After the 

optimization a substrate scope with a selection of 11 thiols was tested and optimized for residence 

time. It was found that for the electron poor thiols the reaction rate enhancement was only 

moderate in comparison to the batch reaction rate. However, for the electron neutral and electron 

rich thiols microflow can reduce the residence time from hours to minutes while increasing the yield. 
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1. Introduction 
 

1.1. Photochemistry – a brief introduction 

 

In the beginning of the 19th century Giacomo Ciamician wondered how it was possible that plants 

contained complex molecules that need harsh conditions when artificially produced. [1] He thought 

that due to the use of light – that is essential to plants - milder conditions were possible. Inspired by 

this he started experimenting with photochemistry. Ten years later at the French Chemical Society 

Ciamician could proudly present several important classes of photoreactions. 

Although there were some small applications of photochemistry, its first big application came in the 

1950’s with the Toray Process. [2] [3] In this process - with a yearly production of over 100.000 

tonnes [4] [5] - cyclohexane in the presence of NOCl and HCl is irradiated for 20 seconds leading to 

an intermediate for Nylon 6 (Figure 1). However these early photoreactors were operating under 

harsh conditions with a temperature of 800°C near the lamps, flammable liquids and liquid nitrogen 

atmosphere. 

 

Photochemistry relies on the principle of light absorption to initiate chemical transformation. A well-

known example of this is the photosynthesis in plants. However, there are many reactions initiated 

by light. The abundant presence of brown or green glass is a clear example of this. These tinted 

glasses absorb most of the incoming light and prevent the incoming light from initiating a chemical 

reaction. An amber coloured glass bottle of a thickness of 1.8 mm already filters out 95% of the 

incoming light. [6] 

This behaviour can be explained by the Bouguer-Lambert-Beer law. This law states that, depending 

on the compound and concentration that the solution will absorb some the light, meaning less light 

can pass. Therefor with long path lengths or concentrated solutions light will only pass a short range. 

� = �
�� = 10��	
     (1) 

�� = − log��� = ����  (2)  

Figure 1, section through a photonitrosation reactor. 
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For tris(bipyridine)ruthenium(II) chloride·6H2O (Figure 2) the extinction coefficient ε of the excited 

state is 2100 M-1 cm-1. [7]  

 

Figure 2, the tris(bipyridine)Ruthenium(III) chloride 6H2O catalyst. 

This leads to a transmittance of less than 50% after 1 mm through the solution (Figure 3). This makes 

a large scale operation (batch processing) very inefficient with regard to photochemical catalysed 

reactions.  

 

 
Figure 3 Absorbance of 0,005M Ru(bpy)3 Cl2·6H2O. 

In the past decade photochemistry in microflow reactors has emerged. [8] Microflow reactors make 

use of catalysts, low power consuming LED’s and microflow channels. Due to use of LED’s excessive 

cooling is no longer required and small custom made reactors can be constructed. These microflow 

reactors and catalysts are discussed and exemplified in this thesis.   
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1.2.  Fluorine chemistry 

 

Fluorine, number 9 on the periodic table, is still best known for its applications in toothpastes, 

refrigerator fluid and/or plastics. In 1957 a complete new range of applications was found with the 

synthesis of fluorouracil a drug that contains a fluorine atom. [9] Nowadays at least 20% of the 

pharmaceutical drugs contain a fluorine atom [10] and over 150 different fluorine containing 

pesticides are on the market. [11] 

 

 

Figure 4, fluorouracil the first fluorine containing drug 

 

There are a number of reasons why fluorine is used in modern pharmaceuticals: 

• Increased membrane penetration at a physiological pH value [12] 

• Enhanced metabolic stability against oxidation due to an electron withdrawing fluorine 

group [13] 

• Due to the small size of fluorine, substitution of hydrogen or a hydroxyl group has little 

interference on a molecules biological function [13]  

• Fluorinated arenes are more lipophilic than their non-fluorinated counterparts [14] 

• Large C-F bond polarization results in attraction with hydrogen bond donors [15] [16] 

• Modulation of the pKa value of functional groups close to the fluorine atom [14] 

 

The Hansch constant (π), a number to present the lipophilic properties, shows that there are little 

components like isopropyl that have better lipophilic characteristics than trifluorosulfur (Table 1). 

However, the isopropyl group is a large side group, so incorporation of this group could lead to 

deactivation of the biological functions of the guest molecule. 

 

substituent π substituent π 

X = H 0.0 X = CH3 0.56 

X = F 0.14 X = CF3 0.88 

X = Cl 0.71 X = OCF3 1.04 

X = Br 0.86 X = SCF3 1.44 

X= I 1.12 X = CH(CH3)2 1.53 
Table 1, Lipophilicity increments π as assessed for Monosubstituted Benzenes H5C6 –X. [17] 
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These lipophilic enhancing effects were also seen with the development of a new inhibitor for the 

cholesteryl ester transfer protein (Figure 5); an overactive protein of this sort can lead to severe 

heart troubles. The introduction of a tri-fluorinated methyl group decreased the required 

concentration by a 5 fold in comparison with a variant that has a phenol group. With the 

replacement of oxygen by sulfur the required concentration could be decreased by another 60 

percent (Table 2). 

 

 

 

 

 

 

 

Table 2, effect of R group on the IC50 concentration 

R group IC50 (μM) in buffer  

OMe 15 

OEt 1.6 

OPh 5.2 

OCF3 1 

SCF3 0.39 

  

Figure 5, potential inhibitor of cholesteryl ester transfer protein. [42] 
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1.3. Methodology  

 

The Micro Flow Chemistry and Process Technology group is constantly searching for new and 

challenging transformations for the pharmaceutical and chemistry industry. By means of 

methodological research several ideas came up all regarding fluorine chemistry. Four of these 

projects didn’t reach the desired targets and were dropped. The fifth project however proved to be 

successful by means of selectivity and reaction speed enhancement. 

1.3.1. Preliminary research 

The aim of the first project was the addition of methanol to styrene by means of a Proton-coupled 

electron transfer (PCET); unfortunately no reaction was observed (Figure 6). When replacing the 

styrene with 4-methoxy-styrene, some traces of product were detected, however not enough to 

continue researching this topic. 

 

Figure 6, methanol addition to styrene. 

Next, the addition of thiophenol to N-methylpyrrole was investigated; this reaction also didn’t 

proceed as anticipated and was dropped in an early stage (Figure 7). 

 

Figure 7, addition of thiophenol to N-methylpyrrole. 

The third research was actually a follow up on a previous project regarding the addition of 

perfluoroalkanes to heterocyclic systems such as N-methyl-1H-pyrrole (Figure 8). [18] This reaction 

already showed good results at room temperature and an experiment without cooling suggested a 

temperature increase would show significant reaction rate enhancements. However the 

enhancement was not of the desired level and the project was rejected. 

 

Figure 8, addition of nonafluorobutyliodine to N-methylpyrrole. 
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Next the addition of nona-fluorobutyliodine to Furfural was investigated. Furfural is a chemical that 

can be obtained by hydrolysis and dehydration of xylan/arabinose, which are chemicals found 

abundantly in dry biomass. [19] Furfural can be easily obtained in this way and is a precursor for a 

large range of chemicals, including biofuels. This project aimed to attach nona-fluorobutyliodine to 

furfural on the three position. By addition of the nona-fluorobutyliodine to furfural, it would be easy 

to make all the furfural derivates with a nona-fluorobutyliodine already attached to it. 

In batch after 30 minutes a conversion of 74% was achieved and after 85 minutes a conversion of 

82%. The product was columned and 1H 13C 19F NMRs were taken which can be found in Appendix 2. 

 

However, two challenges remained: the reaction did not have the desired selectivity and the product 

would slowly oxidize in the presence of singlet oxygen after reaction. [20] Due to this the project was 

stopped in favour of another project. 

 

 

Figure 9, Addition of nona-fluorobutyliodine to furfural. 

 

1.3.2. Main project 

The next project was regarding the addition of trifluoromethyl to thiol arenes by means of 

photoredox catalysis. The sulfur-trifluoromethyl bond has one of best membrane penetrating 

capabilities (Table 1) and together with its small size this leads to an excellent biological functionality 

(Table 2). Fluorine itself is hardly ever encountered in the human body and its pronounced bio-

orthogonality sets it apart from other functional groups to enter the lipid membrane. [21] The 

addition of a sulfur-trifluoromethyl bond would mean a 3-fold in resolution for this purpose and is 

already being investigated. [22] The synthesis of trifluoromethylated molecules still remains a 

challenge, nevertheless, recent studies suggest that photoredox catalysts can be a great aid in this. 

[23] [18] 
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2. Theory 
 

2.1. Previous research 

 

The oldest and commercially still significant method of trifluoromethylation of thiophenols is by 

halogen exchange (Finkelstein reaction) of the halogen atoms in the sulfur group (Figure 10). [24] A 

mixture of aryl trichloromethyl sulfide and an excess of either SbF3 or HF (for the commercial 

process) is heated, yielding the desired product. A drawback of this method is the requirement of 

aggressive fluoride sources. 

                  
Figure 10, trifluoromethylation of thiols by halogen substitution. 

 

Starting from 1977 a large number of groups reported that trifluoromethyl sulfanes can also be 

constructed by an ion-radical mechanism utilizing cheap CF3 sources like CF3I or CF3Br. However all of 

these reactions suffer from major drawbacks; either harsh conditions, such as liquid ammonia, 

pressurized reactions in the presence of UV light or the presence of NaH and elevated temperatures, 

resulting in poor selectivity and scope limitations. [24] 

 

 
Figure 11, different ways of producing trifluoromethylsulfidethiols. 

 

During the 2000’s Koschechko reported a milder approach by means of a radical-chain by SET. This 

method resulted in yields of 40-70%, however the substrate base was very limited and long reaction 

times were required. [25] [26]  

 

During that time, shelf-stable CF3
+-sources were also widely investigated, [27] like the dibenzo-CF3-

thiophenium salt (Umemoto’s Reagents) [28] [29] or more recently the CF3-hyper-valent iodine(III) 

salt (Togni’s Reagents). [30] Both of these reagents however are relatively expensive, compared to 

other CF3I or CF3SO2Cl due to a necessary 4 step synthesis involving CF3I or TMSCF3. [31] 

 

 
Figure 12, on the left Umemoto's Reagents (€ 47,68/mol) and the right Togni's Reagents (€ 51,68/mol). [32] 



10 

 

2.2. Photo(redox) 

 

Recent events show that visible light photoredox catalysis is a powerful new tool in synthetic 

applications. [18] [23] [33] From the well-known photo redox catalysts such as Ru(bpy)3
2+, Ru(bpz)3

2+ 

and fac-Ir(ppy) [34], Ru(bpy)3
2+ was picked due to its excellent stability regarding photo bleaching, 

high temperatures, acidic/basic stability and commercial availability.  

 

When illuminated by visible light (λ~452nm) the catalyst will absorb a photon causing an electron to 

jump from the t2g orbital of the Ruthenium core to one of the empty π* orbitals of the neighbouring 

ligands, by a process called Metal Ligand Charge Transfer (MLCT, Figure 13, Figure 14).  

 
Figure 13, simplified molecular orbital depiction of Ru(bpy)3 2+

 [35] 

 

Immediately after the electron jump, a rapid intersystem crossing (ISC) will occur, obtaining the 

lowest possible energy MLCT state, which is a relatively stable and long living state (1100ns). This 

leads to an oxidized centre, which in turn by means of Single electron transfer (SET) can oxidize 

another donor molecule. The reduced ligand by means of SET can reduce another acceptor 

molecule. [36] 
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Figure 14, metal to ligand charge transfer (MLCT) of Ru(bpy)3

2+*
. 

To close the catalytic cycle another SET has to take place. There are 2 regenerative pathways for this 

because the catalyst can act as either a reducer or an oxidizer ( 

Figure 15). For the oxidized Ru(III) complex a reaction with a stoichiometric amount of reductant has 

to take place, usually a base like triethylamine. Ru(I), being a strong reductant, requires a (weak) 

electron acceptor to go back to the Ru(II) state. Finally a regenerative ISC step takes places returning 

the Ruthenium complex to its resting state. [36] 

 

 

 
 

Figure 15, Oxidative and reductive quenching cycles in Ru(bpy)3
2+ photochemistry. [36] 
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2.3. Microreactors 

 

The interest in microreactors has greatly increased over the last 10 years, from 150 publications in 

2002 to almost 1000 in 2011. [8] These reactors with a typical dimension of 100-1000 µm are 

advancing for a number of reasons. First of all, safety is increased due to the limited quantities of the 

components; this applies to both explosive as poisonous components. Secondly due to the small 

dimensions, there is a very high surface to volume ratio leading to enhanced heat and mass transfer. 

The flow regime in the reactor can be calculated by the Reynolds number.  

�� = �⋅�⋅�
�    (3) 

 

A typical value for the system used in this report would be Re=45 (Appendix 1). This value is typical 

for microreactors which have much higher flow rates and larger characteristic dimensions than 

microfluidic lab-chips which usually have Re values below 1. Re numbers can be even higher than 45 

in microreactors (500 is not uncommon) and from about Re=200-400 convective forces set massively 

in. These do not dominate at Re=45 though, rather a laminar flow with small convection contribution 

is given. A flow with Re=1 or below is creeping laminar. 

With a residence of 45 minutes the Reynolds number would be around 1 and changing the laminar 

to a creeping laminar flow in which mixing is entirely due to diffusion. Then, the diffusion time can 

be calculated by equation (4). 

� = ��
 !   (4) 

 

The mixing time based on pure diffusion amounts to 87 seconds (Appendix 8,1). This is relatively 

long for micromixing assisted flow process, yet understandable from the Re settings which are 

governed by the demands of residence time for the reaction. Yet, in the case of the higher flow rate 

given above, some (small) convection forces present will decrease that mixing time already in single 

phase. Yet, the strongest convective effect, is given after formation of Taylor flow (Figure 16, right 

side). Due to the droplets friction with the wall, a recirculation flow pattern within each droplet is 

created, that strongly enhances the mixing behaviour by convection. This mixing behaviour is 

especially important for some of the faster reacting components which form diphenyldisulfides 

when improperly mixed. 

 

In order to increase the initial mixing behaviour a cross-mixer is used in this research. In this cross 

mixer (Figure 17, number 4) the gas comes in from the back meeting the base and substrate. The gas 

is absorbed in such a rate that it is no longer visible in the tube leading to the reactor (unless 

saturation is reached).  

 

 
Figure 16, on the left cross mixer for enhanced mixing behaviour, in the middle and right the formation of droplets. [39] 

 

The good mixing and small dimensions make microreactors especially well-suited for photo redox 

reactions. Due to the high absorption coefficient of the Ru(bpy)3
2+ more than 30% of the light has 

already been absorbed after 500 µm solution (Figure 3). And within reactors with diameters larger 

than 2000 µm more than 75% of the light will be absorbed.  
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3. Experimental 
 

In this section the microfluidic setup (section 3.1) and experimental procedure (section 3.2) will be 

explained in detail. But first some general thoughts behind the setup will be given.  

• To be sure no reaction takes place before entering the reactor the substrate and base were 

kept in 2 individual syringes. 

• A back pressure regulator (BPR) was installed at the end of the setup to ensure the gas 

would dissolve in the reaction solution. 

• A cross mixer was used to increase the initial mixing behaviour. 

• The reactor was placed in a reflective cylinder to ensure maximum light efficiency.  

 

3.1. Continuous Microfluidic Setup 

 

Setup for the trifluoromethylation in continuous microflow: All capillary tubing and microfluidic 

fittings are purchased from IDEX Health and Science (Figure 17). 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 (2) using ¼-28 flat-

bottom flangeless fittings. 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 (X) (500 µm ID, P-729 PEEK Cross or 

similar cross-mixer). 

Reactor. The reactor (5 – 7) was made out of a high purity PFA capillary tube (1/16″ • 500 µm ID • 

2.5 m), with 90% of the capillary length wrapped around a 100 mL disposable syringe (picture 1b, 

reactor close-up) and fixated with an elastic rubber. The reactor-syringe-tip was connected to a 

rubber hose which supplied a constant flow of air to maintain room-temperature. The reactor was 

positioned inside a beaker, supporting a coiled visible-light array (3.12 W blue LED stripe, 78 lm, 39 

LED (97 cm length), Paulmann Lighting GmbH). Tin foil was used to refract the excess light back to 

the capillary-reactor. On the reactor outlet was fitted a back-pressure-regulator (5 or 40 psi (0.3 or 

2.8 bar), P-790 or P785 PEEK BPR Assembly, respectively) and followed through a rubber septum (8); 

accordingly the reaction mixture can be collected in a sealed environment under desired 

atmosphere (for example; Argon). 

Gas-inlet. A single-gauge gas-regulator (9) (stainless steel, 0 – 30 psi, ¼″ NPFT inlet, Sigma-Aldrich) 

was connected to the CF3I gas container. A closing valve (10a) (stainless steel, 1/8″ connections, 

Swagelok) was situated between the gas-regulator and the gas/mass flow controller (MFC) (11), and 

connected with stainless steel tubing and fittings (Swagelok). The gas flow-rate was controlled by a 

pre-calibrated MFC for CF3I gas (11a) (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 (11b) (B2 

Bright R/C module, IP-40, 1.8″ colour TFT with four buttons, Bronkhorst BV Netherlands). An 

emergency closing valve (12) (500 µm ID) was connected to the MFC with a stainless steel connector 

(1/8″ connections) prior to the gas carrier capillary (3a). Close-up photographs are shown below of 

the microfluidic setup (Figure 18). 
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Figure 17, Schematic representation of the microflow setup. 
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Figure 18, close ups of the microflow setup. Top left overview of the cross-mixer. Top right syringes in the syringe pump. 

Bottom left mass flower controller attached to gas tank. Bottom right reactor while LEDs are on. 
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3.2. General Procedure for the Trifluoromethylation in Continuous Microflow 

  

An oven dried volumetric flask was loaded with thiol (0,3 mol/L), an equimolar amount of 

trifluorotoluene as internal standard, photocatalysts Ru(bpy)3Cl2•6H2O (0.5 mol%). The flask was 

closed with a rubber septum and degassed; evacuated and backfilled with argon (three times), and 

filled up to 5 mL with anhydrous MeCN (Solution A).  

A second oven dried volumetric flask was prepared with TEA (1.1 equiv.), degassed vide supra, and 

filled to 5 mL with anhydrous MeCN (Solution B).  

Subsequently, the mixtures (A & B) were transferred to corresponding syringes and mounted on the 

syringe pump (see picture).  

The CF3I gas flow was established and maintained at a constant flow rate (1.5 equiv., 0.05 – 5.0 mLn 

• min-1) by means of a MFC and a stable outlet pressure (max. 40 psi).  

A series of syringe pumps delivered a constant liquid flow rate inside the microreactor (8.33 – 500 

µL• min-1).  

Collection was enabled after reaching steady state (2 reactor lengths). After collection of the 

reaction mixture it was quantified by GC/MS and 19F-NMR analysis.  
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4. Results & Discussion 
 

4.1. Optimization 

 

In order to make the system as efficient as possible, an optimization of the microflow system was 

first performed. Out of the six parameters found in Figure 19 (2 concentrations and the base, 

catalyst, solvent and amount of light) the base, the catalyst and the CF3I gas flow will be optimized.  

Because of the expected performance increase the thiophenol concentration was set at 0,3 mol/L, 

1,5 times that of the batch procedure. As solvent acetonitrile was picked due to its excellent 

performance with other photoredox reactions. With these variables set, out 4 nitrogen bases one 

base was picked and optimized for ideal base: substrate ratio (chapter 4.1.1). Next in the 

optimization was the catalyst concentration (chapter 4.1.2) and the last optimization is regarding the 

CF3I gas flow (chapter 4.1.3). These parameters were found to be optimal at the point where the 

maximum conversion was reached, while using as little as possible materials.  

CF3I
Catalyst

Solvent

SH

R

SCF3

R

Base

Light  

Figure 19, reaction scheme for the trifluoromethylation of thiols. 

 

4.1.1. Bases 

Previous research and the batch results suggested that tetramethyletylene diamine (TMEDA) would 

be the ideal base for these reactions. However the TMEDA salt that forms during the reaction 

crashes out in the microcapillaries, leading to severe clogging issues. Therefore a new base that does 

not form solids had to be found. 

Four nitrogen containing bases, were available, of which the triethylamine (Et3N) was by far the 

cheapest per mol (Figure 20). [32] It was seen that Et3N and DBU slowly turned brown during 

reaction, however with a reaction time of 30 minutes this effect was very subtle. Apart from this all 

reactions yield similar results and triethylamine was picked due to its low price. 

 

Figure 20 Comparison possible bases, it can be seen that the triethylamine is by far the cheapest. 
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Next step in the optimization regarding the optimal base to substrate ratio. Two experiments were 

performed, one with an additional 1:1 ratio of pyridine:substrate present (Figure 21). The pyridine 

was added to take over the base function with lower triethylamine concentrations. However the 

pyridine did not increase the yield and will no longer be added. Above a 1:1 ratio no performance 

increase was observed, while incorporating a mild excess the ideal base to substrate ratio was found 

to be 1,1:1.  

 
Figure 21, variation of the base:substrate ratio. After 1:1 ratio no performance increase was observed. 

4.1.2. Catalyst concentration 

With diverse chemical intensifications taking place in microflow such as; a higher photon flux and 

better mass transfer. It was expected that the reaction rate would increase. Therefore the initial 

1mol% was lowered to 0,5mol%. It was however not certain this concentration would be to low or 

could even be lowered further. This said a series of experiments were performed to determine the 

optimal catalysts concentration. Initially, the trifluorometylation of thiophenol was investigated with 

catalysts concentrations ranging from 0.5 – 0.0 mol%. Surprisingly, no significant influence of the 

photocatalyst was observed throughout the range of different concentrations, and more than 90% 

yield was obtained in all cases (Figure 22). Nevertheless, a control experiment, performing the 

reaction in the dark, showed no product formation. This suggests that CF3I can be homolytically 

cleaved by absorption of a photon. Fortunately, more challenging substrates, such as 4-

cyanothiophenol (Figure 23, next page), showed a clear increase when 0.5 mol% photocatalyst was 

added. 

 

 
Figure 22, effect of the catalyst concentration on the yield. 
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Figure 23, effect of 0,5mol% catalyst on the yield of 4 cyanothiophenol. 

Another component that shows the effects of the catalyst concentration is 4-hydroxythiophenol, this 

component can be place between thiophenol and 4-cyanothiophenol regarding electron availability 

on the thiol (Figure 24). The reaction rate is decent without the Ru(bpy)3
2+ catalyst, however catalyst 

addition speeds up the reaction.  

 

Figure 24, effect of the catalyst on the reaction speed of 4-hydroxythiophenol. 

This reaction rate enhancement was also seen in the batch syntheses where much longer residence 

times are required. Experiments in the batch synthesis showed that with or without catalyst the 

conversion would be 100% after 60 minutes. However in the presence of 1mol% catalyst, a 

conversion of 99% to the desired tri-fluoromethylated thiophenol and 1 % to diphenyldisulfide was 

found, while without catalyst 55% was converted to the desired product en 45% to the 

diphenyldisulfide. [31] 

These results show there is no real optimum for the catalyst concentration. To maintain the 

possibility to compare the flow results with the batch results the choice was made to use a 0,5 mol% 

catalyst concentration, with a side note that this can be drastically lowered. For the electron poor 

substrates this is not advisable due to the possible formation of diphenyldisulfides.  
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4.1.3. Gas flow 

The last optimization was performed with regards to the CF3I gas flow. In order to be sure all the 

required gas would dissolve a 5 psi back pressure regulator (BPR) was used. Because of the used BPR 

and the existing pressure drop over the reactions a conversion to 1 bar eq. standard conditions Θ 

were made and can be found in Appendix I.  

It was found that up to an equimolar amount of CF3I gas and substrate about 90% of the gas was 

consumed in the reaction (Figure 25, Table 3).  Based on a yield of 90% to the fluorine compounds 

this means an equimolar amount of CF3I gas and substrate would be enough. However reactions 

with a 100% yield might need a bit more gas and therefore a gas flow to substrate of at least 1,1:1 is 

used.   

 

Figure 25, CF3I flow versus yield. 

 

Table 3, mole flows of the gas and substrate and their efficiency. 

CF3I Θ 

(mL/min) 

Yield CF3I 

flow(mol/min) 

substrate 

flow(mol/min) 

Ratio  

CF3I:substrate 

CF3I efficiency 

0,408 0,54 1,67E-05 2,98E-05 0,56 0,97 

0,544 0,65 2,23E-05 2,98E-05 0,75 0,87 

0,68 0,88 2,79E-05 2,98E-05 0,94 0,94 

0,816 0,87 3,35E-05 2,98E-05 1,12 0,77 

0,952 0,91 3,90E-05 2,98E-05 1,31 0,70 

1,088 0,87 4,46E-05 2,98E-05 1,50 0,58 
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4.2. Substrate scope 

 

With all the process parameters optimized, a substrate scope with these parameters was performed. 

Based on their functional groups a thiol selection was made with as possible functional groups of 

thiol present (Figure 26). Within each group the substrates are ordered from high to low electron 

density around the thiol. These partial charges were calculated in Chem3D pro by use of the 

Extended Hückel method, a semi empirical quantum chemistry method and are displayed in the left 

top of each component. [40] At the end of this chapter a table is given with the yields of the 

components at different residence times (Table 4). Below you will a brief discussion regarding each 

of the substrates.   

 

 
Figure 26, Substate scope for different kinds of thiols, the numbers below the components represent the yield for batch 

experiments, the boxed numbers represent the yield for the microflow system and the numbers in the left top represent the 

charge on the sulfur atom. 
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Electron rich 4-aminothiophenol (1111), 4-hydroxythiophenol (2222), 4-methoxythiophenol (3333) 

 

These thiophenols possess electron pushing groups and therefor have large electron density around 

the sulfur atom. Due to this electron cloud the sulfur can better accept the electron of the CF3-

radical, therefor short reaction times are expected. Indeed all the 3 components have reacted within 

a minute to a decent yield, however component 1 and 2 reach a maximum yield of about 75% while 

3 has a maximum yield of 96%. These results are quite strange even more because the batch results 

also had yields around 90% and therefore should be further investigated. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Electron neutral Thiophenol (4) 

Thiophenol is used here as a reference molecule, due to the absence of a side group on the 4 

position of the benzene there are no additional electron withdrawing or pushing effects apart from 

these from benzene itself. As can be seen from the yield of 91% after 1 minute there is no need for 

electron pushing groups in order to quickly and selective react to the corresponding 

trifluoromethylated thiophenol. 

 

 
        Figure 28, residence time versus yield for thiophenol. 
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Electron poor 4-cyanothiophenol (5), 4-nitrothiophenol (6)  

These groups have electron withdrawing side groups, which lowers the electron density on the 

sulfur atom leading to decreased reactivity. The moderate yield of only 47% after 30 minutes 

emphasizes this. Another perhaps bigger issue is that due to their electron withdrawing groups they 

dissolve poorly a polar solvent like MeCN, therefor require much lower concentration and the 

addition of CH2Cl2 to dissolve. These measurements works relatively well for the 4-cyanothiophenol, 

however the trifluoromethylated version of 4-nitrothiophenol precipitates in the microchannel 

leading to clogging. Therefore production these electron poor thiols is not suggested in microflow.   

 

Heteroaromatics 2-mercapto-1-methylbenzimidazole (7), 2-mercaptopyridine (8) 

Entry 7, a bicyclic system reacts with moderate speed with a conversion of 40% after 3 minutes. 

However due to the presence of many active sides, a selectivity of only 10% to the desired product is 

achieved. 19F NMR shows that an additional 3 side products are formed, all with bigger yields than 

the desired product. Trifluoromethylation of this bicyclic system by means of this photoredox 

method is therefore not advisable. The Pyridine analogue of the thiophenol showed good results, 

within a minute a yield of 91% to the desired product was achieved. This can be explained by the 

analogues between benzene and pyridine regarding electron distribution. 

 

Halogen 4-fluorothiophenol (9), 4-chlorothiophenol (10) 

Although the halogen thiols are electron rich, they are very electronegative and tend to keep their 

electrons close to their center. However calculations with the Extended Hückel method show that 

these halogens do donate some of their electron density, with charge value between entries three 

and four on the sulfur. This means the halogen thiols have slightly more electron density on the 

sulfur explaining the similar results as entries 3 and 4.  

 

Aliphatic cyclohexanethiol (11) 

This thiol is completely different from the other substrates since there is no aromaticity in the ring. 

As a result there is less electron density around the sulfur group lowering the reactivity. This was 

also observed, as only a yield of 59% was obtained and partial disulfide formation was observed. 
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Table 4, yields with their corresponding residence time for various thiols. 

 

 

Residence time 

(min) 

Flow rate  

(µl • min-1) 

Note Yield 

(% 19F-NMR) 

 

 

0.9 500  73 

1.6 250  79 

1.8 200  76 

3.0 100  76 

9.0 50  73 
 

 

 

 

 

0.6 500  66 

1.1 333  67 

1.7 200  69 

3.0 100  78 

0.8 500 No catalyst 50 

1.1 333 No catalyst 53 

1.5 200 No catalyst 58 

3.3 100 No catalyst 74 

6.6 50 No catalyst 75 
 

 

1.0 375  95 

1.5 250  95 

2.5 150  96 
 

 

 
 

2.3 111  93 

1.7 150  93 

1.4 175  96 

1.0 250  91 

0.7 375  88 
 

 

30 7  47 

30 7 No catalyst 22 

 

 

  No results due to 

clogging 

 

 

 

1.5 333 Very unselective 3 

3 167 Very unselective 4 

20 25 Very unselective 10 

40 12.5 Very unselective 11 
 

 

1.0 500  91 

2.5 200  92 

5.0 100  87 
 

 

1.0 500  91 

1.5 333  93 

 

 

1.0 500  96 

     

 

10.0 50  41 

30.0 17  59 

60.0 8  54 
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5. Conclusion & Future Recommendations 
 

After some preliminary research projects, photoredox catalyzed trifluoromethylation of thiols came 

up as a project with great potential. With a batch procedure ready, the next step was process 

intensification and optimization in a continuous microflow system. 

 

The process was intensified by increasing the molar substrate concentration from 0.2 to 0.3 M, 

lowering the catalyst concentration from 1.0 to 0.5 mol% and drastically reducing the residence 

time. Optimization was done regarding base, catalyst and gas flowspeed. It was found that the 

optimal base was triethylamine with a base:substrate ratio of 1.1:1.  The catalyst concentration has 

no significant effect for the electron rich thiols, likely due to homolytically cleaving of the CF3I by 

absorption of a photon or due to the nitrogen containing base taking over the role of catalyst. 

However, for the electron withdrawing groups 0.5 mol% catalyst speeds up the reaction by more 

than a factor 2. 

To maintain the ability to compare the results with the batch results a catalyst concentration of 0.5 

mol% was maintained. The ideal gas flow was found to be at a gas: substrate ratio of 1.1:1 based on 

a 100% conversion. 

 

After the process optimization a substrate scope with various kinds of thiols was performed. The 

substrates with an electron density similar to that of thiophenol, including the halogen thiols, show 

the best results with yields over 90% in just 1 minute. The components richest in electron density do 

show fast reaction times, but are stuck at a moderate 75% yield. However, since the batch results of 

these components show higher yields this could probably be increased. The electron poor thiols 

show long reaction times and solubility issues and therefore trifluoromethylation of this group 

remains challenging. 

 

Future recommendations 

 

• Even without Ru(bpy)3
2+ catalyst present the reaction still continues at decent speed, 

therefore it should be further investigated if this due to; homolytically cleaving of the CF3I by 

absorption of a photon or that the nitrogen containing base also has catalytic activity. 

• The minimum residence time in this report was one minute to make sure the effect of 

external influences would be insignificant. With the addition of a quenching line after the 

reactor the reaction could be stopped and lower residence times can be measured. 

• The substrate scope can be expanded to more aromatic or heterocyclic components. 

• Further investigation in the electron rich components (compounds 1 and 2), as the batch 

results are better than the flow results. 
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6. Nomenclature 

 
Symbol Explanation Unit 

Latin 

Aλ Absorbance at wavelength λ [-] 

 

d diameter [m] 

 

D Diffusivity "# 
$ % 

I Light intensity & '
# ( 

l Path length [cm] 

 

L Lenth [m] 

 

P Pressure [bar] 

 

R Gas constant & )
#*� + ,( 

Re Reynolds number [-] 

 

t time [s] 

 

T Transmissittance [-] 

 

T Temperature [K] 

 

Tres Residence time [min] 

 

v Mean velocity of the fluid -#
$ . 

V Volume [m3] 

 

Vm Molar volume " #/
#*�% 

Q Volume flow "#/
$ % 

 

Greek 

ε Extinction coefficient & �
0 + �#( 

Θ Standard conditions [-] 

ρ Density &12
#/( 

µ Dynamic viscosity [Pa·s] 
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8. Appendixes  
 

8.1. Appendix 1 Calculation section 

Reynolds number system  

(V=500µL, Tres= 1min,d=500µm, µ=0,00035 Pa*s, v=0,04m/s ρ=786kg/m3) = 

��� = �⋅�⋅�
� = 345⋅6,68⋅6,6669

6,666/9 = 44,9 (1) 

Diffusion time system 

(d=500µm, D= 1.445e-9m2/s [41]) 

� = ��
 ! = 6,6669�

 ∙<,889=�>=86 seconds (side to side) 

 

Pressure drop reactor 

(µ=3,5E-4Pa*s L=2,5m Q=2,78E-09m3/s d=0,0005m 

∆@ = < 4∙�∙A∙B
C∙�D

=
< 4∙6,666/9∙ ,9∙ ,34=�>

C∙6,6669D
=1582Pa=0,015bar 

5psi=0,344bar 

Conversion volume gas at reactor pressure to atmospheric pressure 

P1=1+0,344+0,015=1,359bar P2=1 bar 

EF∙GF
HF⋅I⋅JF

=
E�∙G�

H�⋅I⋅J�
 �     

EF∙GKF

L�
=

GK� �  Vm, atmosphere= 1,36*Vm 

 

NMR Yield calculation
MNOPQR�STUQVTWP�RUWTXWVX

KOPQR�RYZRUVWUQ [
\WVQW�]TUQVTWP�RUWTX�OT� ^F_ �`Na

WVQW�bVOXYcU�OT� ^F_ �`Na d
= e<> �f0��gh��i 
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8.2. Appendix 2 NMR spectra furfural 

NMR spectra of furfural with nonaflurobutyl 

1H NMR 

 

13C NMR 
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19F NMR 
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8.3. Appendix 3 prices of some bulk chemicals 

 

Chemical: Price/ tonne ($) [42] 

Triethylamine 1800 

Trifluoromethyliodine(not bulk) 330000 

Thiophenol 1000 

4-fluorothiophenol 1000 
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