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CHAPTER 1
GENERAL INTRODUCTION:
TRIFLUOROMETHYLATION , VISIBLE LIGHT PHOTOREDOX CATALYSIS , ELECTROCHEMISTRY
AND MICROFLOW TECHNOLOGY
This chapter is partially adapted from: Yuanhai Su, Natan J. W. Straathof, Volker Hessel, Timothy Noël, Chem. Eur. J.
2014, 20, 10562 – 10589 (DOI: 10.1002/chem.201400283); Dario Cambié, Cecilia Bottecchia,
Natan J. W. Straathof, Volker Hessel, Timothy Noël, Chem. Rev. 2016, 116 (17), 10276 – 10341 (DOI:
10.1021/acs.chemrev.5b00707).
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1

1.1 | TRIFLUOROMETHYLATION
Modern drug discovery constantly relies on the expansion of synthetic methodology to
address the numerous challenges associated with the design of new pharmaceutical agents
and bioactive ingredients.[1] In lieu of increasing the dosage or frequency of administration of
these compounds, chemists had to modify these synthetically prepared compounds to prevent
erosion of their active properties. One of these challenges arises from the decline of
biological activity or los of structural integrity by metabolic oxidation of the active compound
– the excretion of medicinal agents is often facilitated by remote oxidation via cytochrome
P450 oxidases – for example on aromatic moieties or α-carbon positions (Figure 1 A).[2]
One approach is strategic modification of the native structure, by replacing or alterating of
structural weaknesses of the pharmaceutical agents, which can circumvent or slow down
degradation of its activity or function.[3-5] As a result, these modifications can lead to
changes of the interactive properties of these compounds, which can decrease the activity.
Another option, is to increase the efficiency of the pharmaceutical agent, this will decrease
the required dosage.[6,7] Both approaches, however, require the development and discovery
of alternative structures, which are usually prepared through parallel, multi-step synthesis
programs, which can be a tedious process and often requires a significant investment in
capital.
To date, in both cases the incorporation of organofluorine moieties (such as a trifluoromethyl
group) has been an attractive strategy to overcome these challenges, without significantly
altering the distinctive functions of the bioactive compound (Figure 1 B).[8-11] Although
organofluorine compounds are very scarce in nature,[9,10,12] nowadays 20-25 percent of
modern drugs contain at least one fluorine atom.[13] Particularly during the past few decades,
the fluorine substitution strategy evolved exponentially in drug design and discovery, which is
well reflected by the diversity of fluorine containing drugs and the modern advances of
synthetic organofluorine chemistry (C–F and C–CFnRm bond formation) (Figure 1 C).[14-16]
This is not surprising as the introduction of fluorine or a trifluoromethyl group has shown to
significantly enhance the metabolic stability of organic molecules due to the unfavourable
energetic cost of breaking a C–F bond to form a C–O bond. Owing to the large dipole
moment of the C–F bond, fluorine substitution can also lead to substantial conformational
changes through various stereo-electronic interactions, therefore also altering the bioactivity
of organic molecules (vide infra).[9,10,13]

Page | 2

Chapter 1 | General introduction

1

Fluorine Methodology

2000

Fluorine Application
1500

1000

500

2015

2012

2009

2006

2003

2000

1997

1994

1991

1988

1985

1982

1979

1976

1973

1970

0

Figure 1.1 A | The excretion of medicinal agents is often facilitated by remote functionalization and/or
deactivation. B | The incorporation of a fluorine atom or a trifluoromethyl group to block enzymatic
metabolism. C | Exponential growth in fluorine-related research in the past few decades (publications on
methodology and application) (Data were obtained by a search on Scifinder, August 2016).
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Properties of fluorine and trifluoromethyl

1

As mentioned, the trifluoromethyl group (CF3) enjoys a privileged role in medicinal chemistry
and material sciences due to its distinctive properties; these are further highlighted in Table
1.1 and Figure 1.2 below.[17] To understand the unique properties of fluorine (and related
organofluorine moieties) in organic molecules, it is often compared to other atoms or bonds
(Table 1.1).[8,13,18,19]
R

Van de Waals
radii (Å)

Bond length
(C-R) (Å)

Electronegativity
(F)

BDE (C–R)
(kcal mol-1)[a]

E1/2
[a]
(eV)

H

1.2

1.09

2.2

98

4.2

O

1.52

1.43

3.5

95

4.1

I

1.98

2.14

2.6

56

2.4

Br

1.85

1.94

2.9

66

2.7

Cl

1.75

1.76

3.2

77

3.3

F

1.47

1.35

4.0

105

4.5

CH3

2.23

~1.54

2.3

~85

-

CF3

2.74

1.35

3.5

~95

-

Table 1.1 | Overview of fluorine and trifluoromethyl properties as compared to hydrogen, methyl, halogens
and oxygen. [a] Bond Dissociation Energies (BDE) and E 1/2 are calculated relative to C = isopropyl (Note: values
from other sources may vary considerably, see Ref. 18).

Figure 1.2 | A Size comparison of the trifluoromethyl group. B | Examples of fluorine-containing moieties as a
function to bioisosteres. C |Conformational effects on fluorine containing organic compounds.

As illustrated in Table 1.1 and the top part of Figure 1.2, the relative small size (1.47 Å) of
fluorine and short C-F bond length (1.35 Å) between of fluorine and carbon allows biomimetic
replacement of for example a hydrogen or oxygen atoms, without significant changes in the
overall Van der Waals volume.[20] Notably, of all the halogens, fluorine has the highest
electron density while occupying the least amount of volume as compared to the other
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halogen atoms. As an example, Figure 1.2 A highlights the size comparison of CF3 as
compared to tert-butyl, iso-propyl, ethyl and methyl (from left to right, respectively).
Remarkably, the CF3 showed more similarity to that of the size of an ethyl group than that of
an iso-propyl or methyl group, which demonstrates one of the unique properties of fluorine
substitution.[21] The high electron density constitutes to a significant increase in the bond
dissociation energy (BDE, in kcal mol -1), which goes hand in hand with an increased molecular
stability and therefore an increase in bio-availability. The high electro-statics also help with
the modulation of other biological interactions, such as acidity, basicity, binding affinity,
lipophilicity and hydrophilicity.[22,23] Increased acid/base interactions are directly related to
the electron density of the incorporated fluorine atoms. For example, hydrogen atoms (or
proton attached heteroatoms) which are situated alfa versus the fluorine atom are generally
more acidic, as the electronegativity is directed toward the fluorine atom. This effect has a
direct impact on the binding affinity of the fluorinated active compound.[9-11,13] The effect
on lipophilicity and hydrophilicity are generally more complicated to understand. In general,
(more highly) fluorinated organic compounds are often compared to hydrocarbon compounds
(apolar compounds, decreases hydrophilicity), however, due to the high electron density on
fluorine, orthogonal effects can occur which can lead to improvements of both lipophilic and
hydrophilic properties. To illustrate this, as mentioned, a single fluorine atom can increase the
acidity (increases hydrophilicity); difluoromethene groups are often utilized as bioisosteres for
ethers and thioethers (increases hydrophilicity, see Figure 1.2); the trifluoromethyl group
increases the electronegativity, however has a decreased electron affinity due to internal
repulsion between the three fluorine atoms (decreases hydrophilicity).[22-24]
Another important feature of fluorine substituted organic compounds is the gauche effect,
which relates to the most stable conformational isomer (Figure 1.2 C).[13,22,25] The Gauche
effect can be explained by two models, as hyperconjugation or as bend-bonds. As illustrated
in Figure 1.2 C, the fluorine prefers an axial-conformation due to back electron donation of
the oxygen lone-pairs (hyperconjugation). This effect also occurs with back electron donation
by the electron density of a C–H σ bond which gives rise to bended-bonds (not illustrated).
Notably, these effects shows similarity to the well-known anomeric effect in
carbohydrates.[26,27] While these effects mostly arise with single or double fluorinated
hydrocarbons, comparable effects are observed with the trifluoromethyl group, however
slightly diminished due to the increased size and electron-repulsion.[13,25]
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Radical trifluoromethylation

1

In principle, trifluoromethylated organic compounds can be prepared via both fluorination
and trifluoromethylation. However, the latter can be more practical as it constitutes a single
R–CF3 bond formation, instead of multiple R–F bond formations. Amongst various nucleophilic
and electrophilic CF3-sources, the introduction of a trifluoromethyl group via a radical-based
pathway has become a popular approach in the past few years (several examples of commonly
utilized CF3-sources are depicted in Figure 1.3 A). This radical-based approach originated
from the challenges associated with multi-step preparation of trifluoromethyl containing
analogues. Access to these analogues typically requires the incorporation of the CF3 group, or
a surrogate moiety, at the beginning of a multi-step sequence, which diminishes the overall
efficiency and flexibility of the synthetic procedure.[28]
Historically, the trifluoromethylation via transition metal cross-coupling technologies often
required the stoichiometric use of metal salts or organometallic complexes and have shown
limited generality in late stage functionality.[3,4,28] More recently, however, the combination
of copper or palladium catalysis with either nucleophilic or electrophilic CF3-sources (such as
Ruppert–Prakash or Umemoto’s reagent, respectively) has shown significant successes in this
field.[29-31] These reactions have facilitated the preparation of a range of CF3 analogues
without the dependency on pre-fluorinated building blocks (Figure 1.3 B). However, the ideal
position of the CF3 substitution must still be elucidated through parallel, multi-step syntheses
employing pre-functionalized precursors bearing activating groups at various locations.
Therefore, an unaddressed challenge in the synthesis of CF3 analogues is this reliance on prefunctionalized building blocks and their varying amenability to these cross-coupling
strategies.
An ideal approach would obviate the necessity for pre-functionalization, which allows a more
flexible synthetic approach toward R–CF3 bond formation. It is considered that a strategy
based on a radical addition, via a single-electron pathway, can circumvent these requirements
(Figure 1.3 C).[32,33] As a result, this approach can be superior in efficiency and functional
group tolerance, while analogue approaches often require harsh conditions to manipulate
bond formation via two-electron pathways (e.g. nucleophilic or electrophilic aromatic
substitution).[3,4]
As mentioned, single electron pathways to generate electrophilic radicals such as CF 3-radicals
(•CF3) have several advantages over traditional bond forming strategies. Another advantage is
its chemo- and regio-selective affinity towards electron-dense groups such as unsaturated
systems, including arenes and heteroarenes. Although this is often justified, the factors which
are responsible for the reactivity and selectivity of radical addition are not always fully
understood.[5,6,32] Nevertheless, this requisition can be highly beneficial, as it provokes the
chemical community to pursue new methodology toward more predictable radical addition
coupling strategies.[32,33]
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Figure 1.3 | (A) Common trifluoromethyl sources employed in trifluoromethylation methodologies (prices are
from Sigma-Aldrich Co. (sept 2016), prices are rounded down to hundreds). (B) Transition metal catalyzed
Cross-coupling as a principal approach to construct R-CF3 bonds. (C) Radical trifluoromethylation as an
alternative strategy to construct R-CF3 bonds.

In this thesis, the radical trifluoromethylation strategy is predominantly investigated as a
promising strategy to obtain trifluoromethylated products. While a plethora of research has
been done in the development of electrophilic and nucleophilic CF 3-reagents (Togni or
Umemoto’s reagents and Ruppert-Prakash reagents, respectively), many of these reagents
have relative low atom efficiency or require handling under an inert atmosphere.[34] Despite
the fact that CF3I is a gaseous reagent, it is a relatively unreactive reagent when compared to
the innate reactivity of electrophilic CF3-sources, such as Togni and Umemoto’s reagent,
inexpensive and can be activated by various means (e.g. EDA-complexation or SET
reduction).[35] For this reason, we sought to explore the utilization of CF3I as an inexpensive
CF3-source in combination with visible light photoredox catalysis as an activation mode for
single-electron pathways. Visible light photoredox catalysis stands as a mild and efficient
method to cope with the otherwise harsh condition requisition to generate radical
intermediates (for Photoredox catalysis, see Section 1.2).[32,33,36]
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In the past few years, visible light photoredox catalysis has gained great attention in the field
of synthetic methodology research. In a general sense, this approach relies on the ability of
excited photocatalysts to engage in single-electrontransfer (SET) processes with small organic
substrates. This has enabled numerous mild synthetic methodologies, which were generally
hampered by otherwise harsh conditions, such as stoichiometric quantities of redox reagents,
increased temperatures and elevated pressures. Furthermore, photoredox catalysis has also
demonstrated novel chemical transformations, which were previously elusive.[36,37]
Brief history – early works (80s) to the last decade (00s)

The first examples of visible light photoredox catalysis to synthesis applications were reported
almost 4 decades ago, and laid the foundations for the recent developments in this field
(Figure 1.4 and Figure 1.5). In 1978, Kellogg and co-workers demonstrated that the
combination of poly-pyridyl complex Ru(bpy)3Cl2 (bpy = 2,’2-bipyridine, see Figure 1.5 A) with
visible light irradiation in the presence of a dihydropyridine lead to the reductive
desulfuration of sulfonium salts to corresponding alkanes.[38] Subsequent reports established
that similar Ru(bpy)3Cl2−dihydropyridine catalyst systems could facilitate the reduction of a
wide range of other organic substrates, including electron deficient olefins, aromatic ketones,
and benzylic and phenacyl halides.[39,40] The fundamentals for photocatalytic reductive
intermolecular and intramolecular bond formation were laid by the pioneering works of
Deronzier and Okada around 1984 (Figure 1.5 A).[41] These general strategies represent
several early examples of photoredox-mediated single-electron activation modes. However,
despite these demonstrations of the potential of photoredox catalysis, further research
remained relatively underappreciated until roughly 2008. Where after, the independent
reports from the groups of Stephenson, MacMillan and Yoon shed new light on this field, after
which the interest in this field has exponentially grown (Figure 1.4).[42-44]
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1.2 | PHOTOREDOX CATALYSIS

Figure 1.4 | Publications per year in the field of photoredox catalysis (Data were obtained by a search on
Scifinder, August 2016).
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1

Figure 1.5 | (A) History of photoredox catalysis. (B) Chemical structures of commonly utilized photoredox
catalysts (oxidative quenching cycle is indicated in bold).

Interestingly, a variety of groups demonstrated that several metal organic complexes, as well
as various organic dyes, have been competent catalysts to convert visible light energy into
chemical energy.[36,37] Selected examples are depicted in Figure 1.5 B.
To understand the unique properties of this catalytic redox system, it is instructive to consider
the photophysics of Ru(bpy)32+ (see Figure 1.6 for an comprehensive overview of the
photochemical redox system). The ground state Ru(II) is excited by a photon from the visible
light spectrum (Omax (Ru(II)) = 452 nm), at this point an electron is generally transferred from
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1

the metal-centred t2g orbitals to a ligand-centred S* orbital.[44] This transition, also known as
metal to ligand charge transfer (MLCT), effectively results in a Ru(III) oxidation state and a
reduced ligand framework (charge separation).[45,46] The initial singlet MLCT state is
changed through consecutive intersystem crossing (ISC) to provide a more stable (lowerenergy) triplet MLCT state (*Ru(II)). This triplet state is the long-lived photoexcited species
that is responsible for consecutive single-electron transfer (SET) events. The long lifetime
derives from the fact that decay to the singlet ground state is spin-forbidden.[36] The excited
triplet state can undergo reduction (*Ru(II) to Ru(I)) or oxidation (*Ru(II) to Ru(III)), which
highlights the unique property of the photoredox catalyst being both more oxidizing and
more reducing than the initial ground state species (Figure 1.6).
The event of this initial electron transfer is usually termed reductive or oxidative quenching, as
the excited triple-state is accordingly quenched by an electron donor (reductive quench), or
an electron acceptor (oxidative quench). The dualistic nature of the excited state may be
rationalized on the basis of the molecular orbital diagram, as depicted in Figure 1.6.
Photoexcitation of Ru(II) generates a higher-energy electron (t2g o S*), this action reveals a
lower-energy hole in the t2g orbital, which is prompted to undergo a reductive SET, when the
photocatalyst acts as an oxidant.

Figure 1.6 | Simplified molecular orbital depiction of the Ru(bpy) 32+ photochemistry. Electron volts (eV) are
described versus a saturated calomel electrode (SCE) in acetonitrile. Disproportionation, self-quenching and
energy-transfer pathways are not displayed.
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Alternatively, the single occupied π* orbital electron can undergo an oxidative SET, when the
photocatalyst acts as a reductant. After this point, the photoredox catalyst can return to its
ground state, by accepting or donating an electron. These events exhibit two distinct
pathways, a reductive recombination, when the photocatalyst acts as an oxidant (Ru(III) to
Ru(II)). Alternatively, oxidative recombination can take place, when the photocatalyst acts as a
reductant (Ru(I) to Ru(II)).
The redox strength in each electron transfer step is dictated by the nature of the metalorganic complex and is often described as an electrochemical half reaction to define the
associated potential. For example, the half-reaction potential of Ru(bpy)33+ + e o *Ru(bpy)32+
can be determined through various means (experimental quenching-rates, Marcus theory,
cyclic voltammetry) and gives the reduction potential E1/2 = -0.81 eV.[47] The redox potentials
of each step for the Ru(bpy)32+ photochemistry are specified in Figure 1.6. Notably, *Ru(II)
exhibits a much higher reducing and oxidizing power in its excited state, than its counter
corresponding recombination states.[48]
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Figure 1.7 | Different radical pathways in photoredox chemistry.

Quenching of the excited state underlines the first step in the catalytic nature of the
photoredox catalyst. The photoredox catalyst and associated substrates can undergo different
mechanistic pathways (several examples are illustrated in Figure 1.7). One of the most
common pathways is the so called closed catalytic cycle. A key feature here is that the
photoredox catalyst has to interact at both SET events (quenching and recombination) with
the product-intermediates to generate the desired coupled product. For instance, Figure 1.7
example A shows the initial quenching of the photocatalyst, *Mn with R–X, which forms radical
intermediate •R and the reduced/oxidized photoredox catalyst (Mn±1). Intermediate •R then
reacts with R’ to form a second intermediate product [R–R’]* via a homolytic radical-pathway.
This intermediate then interacts again with the photoredox catalyst Mn±1, to forms the
ground-state catalyst Mn and the product R–R’. Example B follows the same pathway with
regard to the photoredox catalyst interaction. The key exception here is a radical-radical
coupling to complete the product formation. These reaction pathways often rely on more
persistent radicals to overcome the delay between the double SET events (photoredox
catalyst with starting material and couplings partner, depicted as X–R and Y–R’,
respectively).[49] In the case of a sacrificial electron donor/acceptor, the catalytic cycle is
partially disconnected, as illustrated in example C (Figure 1.7). Pathway B and C are often
much faster in catalytic turnover as the catalyst does not have to wait for a reactive
intermediate to be formed prior to continue to the next step in the catalytic cycle. Especially
in case C, the catalyst can have an exceptionally high-turnover rate, due to the partially
disconnected pathway.[50] Next to a closed photoredox cycle, some reactions exhibit in an
open photoredox cycle (example D). The key feature here is that intermediate [R–R’]* reacts
with starting material R–X, this results in the formation of product and radical-intermediate
•R, whereas •R forms [R–R’]* consequentially. This radical-chain process can take place
alongside the photoredox catalytic cycle, therefore this mechanism is considered an open
photoredox cycle.[51]
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Despite meaningful advantages of photoredox catalysis in the past years, the scalability (large
scale production) and the general robusticity (e.g. the requisition of an inert atmosphere,
temperature related selectivity and reproducibility of multiphase systems) of these reactions
are often hampered due to the nature of photonic energy-transfer and poor energy-control in
batch processes. Therefore, continuous microflow technology was used as an enabling
technology to overcome these hurdles with regard to energy-transfer and energy-control (see
Section 1.4, Microflow Technology).
Quantum yield

As mentioned, the absorption of photons is crucial to carry out photochemical reactions.
However, not every photon will give rise to the conversion of one molecule of starting
material. The quantum yield (Φ) is an important parameter to describe the efficiency of the
photo-chemical reaction. A quantum yield of Φ < 1 is typical for non-chain mechanisms.[67] In
contrast, a Φ > 1 can indicate that a chain reaction or a polymerization reaction takes
place.[51,68] The quantum yield can be determined by carrying out photon flux
measurements and subsequently performing the chemical reaction in the same setup.[69]

Page | 13

1

Chapter 1 | General introduction

1

1.3 | ELECTROCHEMISTRY
Similar to photoredox catalysis as a clean and mild method to generate radical intermediates
by means of single-electron chemistry, electrochemistry has shown slow but purposeful
advances in the field of small-molecule synthesis in the past few years.[52]
Electrochemistry presents an attractive alternative to traditional chemical redox systems for
large-scale applications, in a major part owing to the generation of less toxic waste than that
produced by current chemical processes (additives, metal-catalysts, sacrificial
reagents).[52,53] Furthermore, electrochemical conditions are generally compatible with a
wide range of functional groups and tend to have higher overall energy-efficiency, an
increasing requirement of many modern processes, as compared to traditional thermal and
reagent based processes.[54-58] The latter also allows the reversal of polarity of functional
groups, which offers a wealth of unexplored reactivity and thus novel chemical
transformations.[52] On top of this, the use of electrochemistry removes the necessity of
stoichiometric reagents, which makes the methodology in overall more environmental benign
and chemically friendly (generally mild, high selectivity and broader compatibility).
Nevertheless the use of electrochemistry remains limited throughout the last decades, which
mostly arises from the lack of general understanding and relative complexity of
electrochemical transformations, which however, can offer novel intellectual property space
for numerous applications in the area of synthetic chemistry.[52]
Electrochemical electron-transfer

Essentially, as stated above and notably in contrast to photoredox catalysis (Section 1.2),
electrochemistry relies on chemical transformations (reduction and oxidation) driven by
electrical energy (electron current).[59,60] Basically, an electrochemical cell consists of
several regions; the bulk reaction mixture with substrates and additives, the electrodes
(cathode and anode) surface material and proximate electrode area where for most
electrochemical transformations the chemical reactions takes place. For electrochemical
reactions, more polar solvents with a high dielectric constant and electron density are often
required (e.g. MeCN, MeOH, or H2O) to maintain a stable current. Furthermore, electrolyte
additives (such as ammonium salts or perchlorates) are also essential to give a uniform
electrical field distribution in the reaction mixture.[57] The choice of electrode material is
often dependant on the desired transformation, additionally, different materials can give rise
to different reaction outcome (examples of electrode materials are: C, Pt, Fe, Au, Cu).[57]
Electrochemical reactions are divided in two different types, constant-current reactions and
controlled potential reactions. This irreversible relationship (it is not possible to control both
the current and the potential) is dictated by the laws of Faraday and Ohm (see reference
list).[59,61] With a controlled constant current, the potential is uncontrolled and thus varies
during the reaction. This technique is simple and straightforward, and therefore more
commonly applied. However, a major disadvantage of this approach is the lack of potential
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control, which leads to over-reaction (reduction or oxidation) and thus a lower selectivity.
Alternatively, the redox potential can be controlled with the controlled potential mode; which
allows high degree of control as it permits only substrates or functional groups within the
redox boundary to participate in electron transfer events. Reactions are therefore more
selective, but also relatively more time consuming. Furthermore, their setups are generally
more complicated (requirement of reference electrode).[62-64]
To understand the electron-transfer pathways inside an electrochemical cell, we consider
several SET events at the electrode surfaces as depicted in Figure 1.8 A. To draw an analogy to
SET with photoredox catalysis, a neutral ground state can be considered when there is no
applied current. At the point where the electrode surface is utilized as the cathode, singleelectron reduction takes place, which produces a radical-anion active specie (A + e o *A-).
The opposite SET event takes place at the other electrode, the anode, where a radical-cation
active species is formed (A - e o *A+). Alternatively, the neutralization of a (radical) cationic
or anionic active intermediate can take place (*A+ + e o A or *A- - e o A, respectively). Due
to the nature of electron transfer regions, multiple SET events can and will take place to form
the desired product.[57]

Figure 1.8 | Simplified MO depiction of an electro-chemical-cell with regard to SET events at the electrodesurfaces, and mass-transfer depiction. The halve-arrows indicate the electron movement at surface interaction.

It should be noted that disproportionation or energy dissipation of reactive intermediates
(such as radicals species), to form more stable intermediates or heat, respectively, are often
responsible for unproductive reaction pathways or the slow turn-over of electro-chemical
reactions. A common solution to circumvent some of these issues is the use of an electron-
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mediator, which will act as an electron shuttle between the active electrode and the substrate.
These features further highlight the complex nature of electro-chemical reactions.[57]
Another key aspect with electrochemistry is the mass transfer characteristics of participating
active species (as an example a schematic illustration of the mass-transfer pathways of the
cathodic reduction is represented in Figure 1.8, section B). As mentioned above, most
chemical reactions take place within the boundaries of the electrode surface region (as
indicated by the grey dotted lines between the electrodes). Prior to the interaction with the
electrode surface, the active species has to transfer from the bulk reaction mixture (bulk
solution) toward the electrode surface area (A ↔ A’). The second key mass transfer step is the
absorption (and desorption) onto the electrode surface (A ↔ Aabs). At this point the electron
transfer event will take place to form the reduced active species (Aabs o {*A-}abs). Consecutive
desorption from the surface will release the reduced compound, which allows it to interact
with the bulk region and undergo subsequent chemical reactions. While the SET with the
electrode surface is irreversible, back electron transfer into the bulk can still occur; this has a
diminishing effect on the effective residence time of the active species at the electrode
region, which can result in permanent absorption and henceforth loss in mass.
These mass transfer events underline one of the main disadvantages of electrochemical
reactions, i.e. absorption and desorption are key to successful energy transfer (electric energy
to chemical energy). It is also highly unlikely that the complete redox cycle (reduction at
cathode and oxidation by anode for the same molecule) can occur for an individual active
substrate. Therefore, for electro chemical transformations the chemical reaction
predominantly takes place at one of the electrodes.[57] Although this can be seen as a
disadvantage, this does allow the reversal of relative polarity of the activated groups, which
permits the construction of cross-electrophile or cross-nucleophile coupling products (Figure
1.9), which is an opportunistic virtue for organic chemistry and small molecule synthesis.

Figure 1.9 | Reversal of polarity of functional groups as a novel strategy in synthetic chemistry.
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In this manuscript, next to the generation of CF3-radicals for trifluoromethylation reactions (as
mentioned in Section 1.2 above), we also sought to explore several oxidation strategies
utilizing electrochemistry as an alternative to reagent induced oxidation (Chapter 8).
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1.4 | MICROFLOW TECHNOLOGY
Continuous-flow photochemistry in microreactors has received a lot of attention from
researchers in academia and industry as this technology enabled several advantages over
standard batch-processes, such as reduced reaction times, higher selectivities, straightforward
scalability, and the possibility to safely use hazardous intermediates and gaseous reactants. A
key feature of microflow technology is miniaturization of the reaction environment (Figure
1.10).[65,66]

Figure 1.10 | Comparison overview of batch versus continuous microflow reactors.

In a general sense, in contrast to scale up in larger batch vessels, continuous microflow
reactors (micro capillary or lab-on-a-chip based) have relied on their small dimensions – 104 –
102 mm for a typical batch setup as opposed to 1 – 0.01 mm for microflow reactors – to deal
with the various issues associated with, for example, mass and energy transfer. To understand
the potential of microflow technology, a comprehensive list of ten reasons is given which
highlight the specific challenges and how microflow technology offers a solution to this.[66]
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I | Irradiation of Reaction Mixture.

1

Photochemical reactions are driven by the absorption of photons. Consequently, a
homogeneous photon distribution inside a photoreactor is crucial to obtain high selectivity
and high catalytic turn-over. According to the Bouguer-Lambert-Beer law, the radiation
distribution will not be uniform in a reactor due to absorption effects (Figure 1.11). This
equation shows the correlation between the absorption and the molar extinction coefficient
(ε) of the light absorbing molecules, their concentration (c), and the path length of light
propagation (l). Plotting this relationship between absorption and reactor radius, the
importance of reactor size can be conclusively shown (Figure 1.11). With strong absorbers,
such as common photocatalysts and organic dyes, the light intensity is rapidly diminished
toward the centre of the reactor. In order to keep the radiation distribution uniform and thus
maximize the efficiency of the photochemical process, minimizing the intrinsic path length
(diameter) of the reactor is crucial.[65]

Figure 1.11 | Bouguer-Lambert-Beer law and the Transmission (%) of light as a function of
distance in a reaction mixture with Ru(bpy)3Cl2 (c = 0.5, 1 and 2 mM, ε = 13 000 cm-1 M-1)

An important factor is the photo flux and photon efficiency. The photon flux (Øp) is defined
as the number of photons observed per unit of time. For a typical microreactor, an Øp ~ 10.0
– 1.0 E·m-2·s-1 is usually observed, while a batch reactor has typically Øp ~ 0.1 – 0.01 E·m-2·s-1.
The photon flux strongly affects the intrinsic reaction rate of photochemical processes; the
higher the photon flux, the faster the photocatalytic turn-over. The photonic efficiency (ξ) is
defined by the reaction rate over the photon flux. The ξ in batch reactors is typically in the
range of 0.001 - 0.0001, while for photomicroreactors a 200 fold increase is usually
observed.[66]
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II | Scaling-up – Continuation & Numbering-up
Increasing the productivity of photochemical reactions to industrial scale has proven to be a
challenge for chemists and chemical engineers in the past. The more important reasons for
this are the photonic extinction (Bouguer-Lambert-Beer law), inherent energy loss (low Φ)
and highly reactive intermediates (radical species).[70,71] Essentially three strategies can be
distinguished to scale-up photochemistry with microreactors: (I) longer operation times or
increasing the throughput by increasing the throughput, (II) internal and (III) external
numbering-up of the microfluidic setup. The first strategy is the most popular one on a
laboratory scale as it is simple and straightforward to do. In contrast to this, higher
production can also be achieved by internal or external numbering-up. External numberingup is achieved by placing several microreactors along with their pumping system and process
control in parallel. In contrast, internal numbering is more economically feasible as only the
reactor itself is numbered-up while the process control and pumping system is shared. The
essential part in the design of efficient internal numbering up is the distributor section,
which equalizes and regulates the reaction streams over the different microreactors.[66, 72]

III | Selectivity & Reproducibility.
It is generally accepted that microreactors provide opportunities to increase the reaction
selectivity substantially. This aspect is often attributed to the enhanced mass-, energy-, heat-,
and photon-transport phenomena observed in a microchannel, which offers a high
reproducibility of the reaction conditions. Such benefits can be attributed to the increased
surface-to-volume ratio in the microchannels and rapid alterations of chemical interactions
dictated by well-defined reaction interfaces. The high surface-to-volume ratio increases
mixing (see reason IV) and energy transport between the reactor wall and reaction mixture
(see reason V). The well-defined reaction interfaces allow a high degree of control over
initiation, reaction time and quenching. In batch, reaction time is defined by how long the
reactants are residing in the vessel. In contrast, in flow reactors, reaction time (also called
residence time) is defined by the average time that the reactants spend in the reactor.
Consequently, reaction/residence time is related to the flow rate.[66]
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IV | Fast Mixing.
As mentioned, one of the key features of microreactors is their size. As such, in microscale
photo-microreactors, the observed flow pattern is typically laminar flow. In this flow regime,
fluid is flowing in parallel layers and mixing is governed by diffusion across parallel lamellae.
The smaller the diameter of the reactor, the faster a uniform concentration of reactants
across the channel will be achieved due to the shorter diffusion pathway. This insight led to
the development of micromixers in which the diffusion distance is minimized to obtain
mixing times in the milliseconds range.[71-72] On a macroscale, such selectivity issues are
overcome by lowering the reaction temperature as this will slow down the reaction kinetics.
However, in microscale reactors, the mixing efficiency can be substantially increased due to
the decreased internal diameter of the microchannels. This provides opportunities to carry
out reactions at higher temperatures or pressures than in conventional batch equipment, a
topic well described within the paradigm of Novel Process Windows.[73]

V | Fast Heat Exchange.
Fast heat transfer to the environment is important to keep the reaction temperature inside
the reactor stable and to avoid unwanted side-product formation via thermal pathways. For
photochemical processes, increases in reaction temperature can occur due to heating from
the light source and exothermic reactions, e.g. singlet oxygen reactions.[66] Due to the high
surface-to-volume ratio, microreactors provide in general efficient heat dissipation.
Consequently, hot-spot formation can be largely avoided and microreactors are often
considered as isothermal reactors.[66,72]

VI | Multiphase Reactions.
Another advantage of microflow reactors over batch reactors is its improved capability to
deal with multiphase reactions. Multiphase reactions involve the combination of two or more
immiscible phases (e.g. gas-liquid reactions). When mass transfer from one phase to the
other is the rate limiting step, it is crucial to maximize the interfacial area. In batch, the
interfacial area is generally low and poorly defined which can lead to prolonged reaction
times. Due to the small dimensions of microreactors, large and well-defined interfacial areas
are observed. These large interfacial areas lead to efficient mass transfer between the two
immiscible phases.[66]
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VII | Multistep Reaction Sequences.
The synthesis of complex organic molecules typically involves several synthetic steps along
with intermediate purifications. This traditional way of performing organic reactions is very
time consuming and relatively expensive. Henceforth simplification of the synthetic process
was one of the main endeavours of the chemical engineering community. One attractive
technology to facilitate multistep reaction sequences is microreactor technology. Which
allows several reaction and purification steps to be combined in one continuous streamlined
flow process.[74,75] It should be noted that such flow networks often require less manual
handling for the practitioner and results in substantial time and economic gain. Furthermore,
in-line spectroscopic tools, self-optimization protocols and automation allow to further
reduce human labour.[74] The use of multistep flow sequences is especially interesting when
hazardous or highly reactive intermediates have to be prepared, such intermediates can be
generated in flow in small quantities and are immediately reacted away. Consequently, the
total inventory of reactive intermediates is low and safety risks associated with these
substances can be minimized.[66,75]

VIII | Immobilized Catalysts.
Immobilization of photocatalysts is an interesting way of recuperating and recycling the
catalyst and thus increasing the economic viability of the photocatalytic process.
Heterogeneous photocatalysts, such as TiO2 and ZnO, are extensively used in photochemical
applications due to their abundance, low cost, and robustness.[76] Notably, the use of
packed-bed reactor is often not desired as light will not be able to penetrate to the centre of
the catalyst bed. Alternatively, wall-coated photomicroreactors have been reported. In these
examples, a thin layer of photocatalyst is immobilized on the reactor walls and the catalyst
can be irradiated from the front or the backside of the catalyst. Due to the short diffusion
distances and the large surface-to-volume ratios in the microchannels, enhanced
performances are usually observed.[66]

IX | Increased Safety of Operation.
As mentioned several times before, a significant increase in the operational safety of
hazardous reactions is one of the main arguments for the chemical industry to switch to a
continuous-flow protocol. Microreactors have small dimensions which reduce the total
inventory of potential harmfull chemicals or chemical intermediates. Furthermore,
continuous and instantaneous reaction of these chemicals ensures minimizing the total
amount and thus avoid any safety risks associated with its handling.
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X | Chemical Intensification.
All of the above mentioned reasons provide novel opportunities which give rise to process
regimes which were otherwise inaccessible in standard batch processes. Especially the
combination of specific characteristics such as improved heat, mass and other energy
transfer in such small confined spaces (micro channels) can administer unanticipated, and
otherwise unknown, reactivity and therefore allow to go beyond the original intended
reaction parameters. This allows operating the reaction at higher temperatures, pressures,
increased concentrations, and so on, which further increase the intrinsic reaction kinetics.
This phenomenon, also known as chemical intensification,[77] is perhaps one of the most
unique and holistic opportunities for microflow technology (Novel Process Windows).
Notably, the synergistic cooperation of micro-process technology and flow chemistry has
given an enabling function to processes to provide shorter reaction times, smaller chemical
foothold, and higher sustainability and safety. Finally, the potential of this paradigm is not
only limited on lab scale microfluidics, but also extends its applications into the chemical
industry. [65, 66, 73, 77]
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1.5 | OUTLINE AND SCOPE OF THIS THESIS
Although the development of new trifluoromethylation methodologies has been the focus of
many research groups in the past decades, to date these methods still have one or more
drawbacks, such as the requirement of high amounts of chemical reagents or metal salts,
increased temperatures, need for pre-functionalization and the use of expensive CF 3-sources
(vide supra). In order to deal with this, we sought to utilize the combination of CF3I, as a cheap
and relative stable chemical (general reactivity and activation energy requirements), with
photoredox chemistry, as a novel activation pathway with access to a number of different
activation modes. In addition electrochemistry has been demonstrated as an enabling
technology for redox chemistry as well.
However, both photochemistry and electrochemistry suffer from mass-transfer related
drawbacks (photon flux or electron current, respectively). Therefore in this thesis we wanted
to overcome these challenges by combining the chemical methodology development with
continuous microflow technology. This would mean that in specific cases the limitations of a
procedure in batch could be improved substantially by continuous microflow, which gives the
protocol a holistic advantage – performing a reaction in continuous microflow can give an
improved result (selectivity or yield and reduce reaction time).
In Chapter 2 the development and construction of a continuous microflow reactor setup for
gas-liquid photoredox catalysis is disclosed, with a step-by-step protocol. A key feature was
the general simplicity of the construction (use of commercially available parts). Furthermore,
the constructed microfluidic setup was tested with several photocatalytic reactions to
demonstrate its potential. In addition to this, a comprehensive troubleshooting list is given to
aid the researcher with one or more issues which might occur during operation.
In Chapter 3 and 4, a method for the photocatalytic trifluoromethytion and
perfluoroalkylation of 5-membered heterocycles in batch and continuous flow is developed
and discussed. The first section (Chapter 3) uses commercially available polypyridyl complex
Ru(bpy)32+ as the photoredox catalyst. Several conditions were brought to light to acquire the
optimal combination of base and solvent for this transformation. Scope exploration revealed
that pyrroles, indoles, furans, benzofurans, thiophenes and benzothiophenes were efficiently
trifluoromethylated with this protocol. The utilization of continuouos microflow resulted in a
significant reduction in reaction time. Next, the methodology was extended to a metal-free
variant, which was disclosed in Chapter 4. Instead of a ruthenium photoredox catalyst, a series
of ten different, organic, photosensitizers were subjected to reveal their potential for the
trifluoromethylation and perfluoroalkylation of 5-membered heterocycles. Eosin Y proved to
be the most potent candidate and was further used for the optimized conditions with regard
to base and solvent system. Consequently a range of substrates and perfluoroalkyl couplings
partners revealed that this metal-free protocol was capable as an alternative to previous
reported methodology.
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At this point the developed photochemistry was further extended to two other classes of
substrates, more specifically; styrenes and arylthiols, which are discussed in Chapter 5 and
Chapter 6, respectively. Styrenes as starting material are particularly interesting due to their
abundancy and relative high reactivity. The latter remark also gives rise to the many issues
associated with styrenes in combination with photochemistry, such as unwanted
polymerization, over-oxidation or isomerization. This was indeed observed, but could be
overcome by utilizing fac-Ir(ppy)3 as the photoredox catalyst in combination with an inorganic
base. This development led to two orthogonal methodologies, a trifluoromethylation and
hydrotrifluromethylation protocol, both starting with a styrenyl derivative, as starting
material. The protocol was demonstrated in both batch and continuous microflow. Especially
for the trifluoromethylation protocol, the continuous microflow method amplified an
improved E/Z-selectivity. The trifluoromethylation of thiols was disclosed in Chapter 6. Here a
highly chemo-selective trifluoromethylation protocol for thiols was developed and performed
on a wide range of different substrates in both batch and continuous microflow. The use of
microflow resulted in exceptional short reaction times, with high selectivity and increased
atom efficiency. Furthermore, the combination of Ru(bpy)32+ as the photocatalyst and a
nitrogen base proved to be key for this high selectivity and fast reaction rate. Further
mechanistic studies indeed provided evidence of a homolytic-radical pathway and the
likelihood of a radical-chain propagation pathway.
The development of a photocatalytic aerobic oxidation of arylthiols to disulfides is discussed
in Chapter 7. An initial screening revealed that a metal-free photocatalyst, Eosin Y,
outperformed other metal-based photoredox complexes such as Ru(III) and Ir(II). This initial
result led to the development of a metal-free approach for the preparation of disulfides as a
promising alternative to other oxidation strategies. The practicality was further highlighted by
conducting the experiments in a continuous microflow reactor (improved selectivity and short
reaction times) and the facile synthesis of Oxytocin via an intramolecular disulfide-bridge
formation.
In conjunction to the latter work, we wanted to further expand on the redox chemistry toolkit
in continuous microflow. This is demonstrated in Chapter 8, where the initial results of the
oxidation of thiolethers and thiols toward sulfoxides/sulfones and disulfides, respectively,
under electrochemical control is described. This allowed to completely omit any redoxmediators (catalyst) from the reaction conditions and provided a high degree of
electrochemical control.
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CHAPTER 2
DESIGN AND CONSTRUCTION OF A CONTINUOUS MICRO
REACTOR FOR PHOTOCHEMICAL REACTIONS – A PROTOCOL
Chapter adapted from and published as: Natan J W Straathof, Yuanhai Su, Volker Hessel, Timothy Noël, Nature
Protocols 2016, 11, 10 – 21 (DOI: 10.1038/nprot.2015.113).

ABSTRACT

I

n this Chapter, the construction and use of
an operationally simple photochemical
microreactor for gas-liquid photoredox
catalysis using visible light is described. The
general procedure includes details on how to
set up the microreactor appropriately with
inlets for oxygen and organic starting
materials, and it includes examples of how to
use it to achieve continuous-flow preparation
of disulfides or trifluoromethylated
heterocycles and thiols, via the generation of
singlet oxygen. The reported
photomicroreactors are modular, inexpensive
and can be prepared rapidly from
commercially available parts within 1h even by
nonspecialists. Interestingly, typical reaction
times of gas-liquid visible light photocatalytic
reactions performed in microflow are lower (in
the minute range) than comparable reactions
performed as a batch process (in the hour
range). This can be attributed to the improved
irradiation efficiency of the reaction mixture
and the enhanced gas-liquid mass transfer in
the segmented gas-liquid flow regime.
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2.1 | INTRODUCTION

2

Recently, visible light photoredox catalysis has emerged as a new and innovative approach to
enable small-molecule activation. This activation mode relies on the use of organometallic
complexes,[1] or organic dyes,[2,3] to absorb photons and to, subsequently, engage in single
electron or energy transfer processes with organic substrates (Figure 2.1). Because of the
generally mild reaction conditions and the use of low-energy visible light as an abundant and
perennial energy source, photoredox catalysis has received an increasing amount of attention,
and it allows for unprecedented reaction pathways in high yield and selectivity.

Figure 2.1 | Representative examples of photocatalysts that are commonly used in visible light photoredox
catalysis; Ru(bpy)3 and Eosin Y are used in this chapters protocol.

However, some inherent limitations are associated with the use of conventional batch
reactors to enable photochemical transformations. One limitation is derived from the
attenuation effect of photon transport, which prevents scale-up of photochemistry in batch
reactors (Bouguer-Lambert-Beer law). Herein, photons are completely absorbed in the outer
rim of the reactor, whereas the centre of the reactor receives no light. Consequently, scaling
of photochemistry cannot be achieved by simply increasing the dimensions of the reactor
design.[4,5] Another limitation is the use of gaseous reactants in conjunction with batch
reactors, which result in poorly defined interfacial contact areas between the gas and the
liquid phases. Because of the difficulty in handling of gases in batch, such reactants are often
avoided by synthetic chemists in research laboratories.
In the past decade, the use of continuous-flow microreactors for both photochemical and gasliquid reactions has gained considerable amounts of attention, as it allows for a high degree of
control over various reaction parameters.[6,7] Owing to the small dimensions of
microreactors, a homogeneous irradiation of the entire reaction medium can be achieved,
which allows for shorter reaction/residence times, higher reaction selectivity and lower
catalyst loadings.[8,9] Moreover, carrying out gas-liquid reactions in microreactors results in a
segmented flow regime (Taylor flow) that provides enhanced mixing, increased radial mass
transfer and minimal axial dispersion.[10–13] In Taylor flow, elongated gas bubbles are
separated from each other by liquid slugs, and they are surrounded by thin liquid films. Owing
to the friction between the two phases and the slip velocity, toroidal vortices are established,
which result in intensified mixing within the slug. Because of the increased gas-liquid
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interfacial area and the internal circulations in the liquid slugs, a fast mass transfer between
the gas-liquid two phases is obtained.
One of the main drawbacks and limitations of continuous-flow microreactor technology is the
difficult handling of precipitates, which lead to microreactor clogging. Although solutions do
exist, e.g., using ultrasound, this reactor technology works best when solids are avoided or
immobilized in a packed-bed reactor. Another issue is the apparent high investment cost to
initiate flow chemistry in a chemical laboratory. The investment cost can be minimized when
making reactors, as demonstrated in this Chapter and further disclosed in this Thesis; i.e., most
reactors can be made from cheap commercially available tubing and microfluidic
connections. The greatest investment is definitely the pumping system—e.g., the syringe
pump and the HPLC pump for liquids and mass flow controllers for gases. However, these can
be either reused in other applications or exchanged by cheap needle valves. Furthermore, the
apparent complexity of many continuous-flow microreactor systems can be overwhelming at
times to users who are unfamiliar with such equipment. However, specialized courses and
books are currently available, and young people seem to be attracted by the technology.
Consequently, we anticipate that in the future continuous-flow technology will gain more
popularity in academia and industry.
In this Chapter we report a detailed procedure for the construction and application of a gasliquid photochemical microreactor starting from commercially available parts (Steps 1–24).
The reactor assembly is next demonstrated in the photocatalytic trifluoromethylation of
heterocycles,[14,15] and thiols (which are established and further described in Chapters 3, 4
and 6, respectively ),[16] using cheap CF3I gas (Steps 19–35) and in the photocatalytic aerobic
oxidation of thiols to prepare disulfides using oxygen gas (Steps 1–18, which is established
and further discussed in Chapter 7). [17,18] In the latter case, singlet oxygen is also formed in
situ via a light-induced sensitization of oxygen. The described technique provides a safe,
reproducible and scalable alternative for the traditional batch-scale methods.

Figure 2.2 | Overview of the compounds used in this protocol and prepared with the photomicroreactor setup.
Typical aerobic oxidation conditions (compounds 1-A and 2-A): thiol, TMEDA (1 equiv.), eosin Y (1 mol%),
ethanol, oxygen, white LED. Typical trifluoromethylation conditions (compounds 3-B to 6-B): heterocycle or
thiol, TEA or TMEDA (2 equiv.), Ru(bpy)3Cl2 6H2O (1 mol%), CF3I (1.2 equiv.), MeCN, blue LED.
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2.2 | OVERVIEW OF THE PROTOCOL

2

In this chapter we describe the step-by-step construction of a compact photo-microreactor,
which is broadly applicable in a wide variety of visible-light photocatalytic reactions. The
design is compact and simple, but nevertheless highly innovative, as it obeys fundamental
chemical and engineering principles. In this protocol, we have specifically focused on gasliquid photocatalytic reactions; as such reaction conditions pose particular technological
challenges to synthetic chemistry. However, the design delineated in this protocol is highly
modular, allowing it to serve as a benchmark example for other photochemical applications.
With minor changes, it can easily be extended to other photocatalytic or photochemical
protocols—e.g., homogeneous photocatalysis or UV-mediated photochemistry.[19,20]
Although excellent commercial systems do exist, our protocol allows researchers to rapidly
implement the technology in their laboratories, as it is simple to assemble, inexpensive in
construction and flexible in design, which allows the researcher to tailor the reactor to
specific requirements. In addition, variation of reaction conditions and parameters (reaction
times, gas and liquid flow rates, reagent and catalyst loadings, etc.) can be rapidly achieved
without re-engineering the design.
In Figure 2.3, a schematic overview is given of the gas-liquid photomicroreactor setup. The
microreactor is constructed using high-purity perfluoroalkoxyalkane (PFA) capillary tubing
(0.75 mm inner diameter (i.d.), 1/16-inch outer diameter (o.d.), 1.1 ml internal volume), and it
is coiled around a disposable plastic syringe coated with refractive aluminium tape. An array
of light-emitting diodes is wrapped around the reactor, and the whole assembly is fixed in a
larger-diameter disposable plastic syringe.
The gas flow rate is monitored and controlled by a mass flow controller (MFC). The liquid flow
rate is controlled by syringe pumps. All reactants are mixed in a cross micromixer and the
segmented gas-liquid flow is introduced in the photomicroreactor. The reaction can be
diluted or quenched upon exiting the photomicroreactor, which allows precise control of the
reaction times.
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Figure 2.3 | Schematic overview of a typical continuous-flow photomicroreactor setup for gas-liquid
photocatalytic transformations, containing a gas supply and pressure regulator (e.g., trifluoroiodomethane gas
or oxygen gas); a mass flow controller (MFC) assembly to regulate the gas flow (ml min−1); a mixing zone
before entering the photomicroreactor using a cross micromixer; a photomicroreactor—an assembly of a
coiled PFA capillary microreactor with an LED array as the light source; and a reaction quenching zone.

The photomicroreactor itself is quite general, and it can be readily applied in other
photochemical applications. As shown in this protocol, the light source can be exchanged to
match the requirements of a specific photocatalytic transformation. Many examples in
literature are carried out under homogeneous reaction conditions.[1] Such conditions can be
carried out as well in our system by removing the gas supply and include one additional liquid
stream, as explained in this protocol. Additional reactant streams can be incorporated by
introducing more tee micromixers.
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2.3 | EQUIPMENT SETUP
In the following section, a list of the different components of the microfluidic setup is
represented and briefly discussed. The properties of each and every individual component are
discoursed prior to its usage, which is further described in Section 2.4 of this chapter.

Photomicroreactor and microfluidic connections

2

For optimal safety and flexibility, the reactor setup should always be constructed and
operated inside a clean and empty fume hood. The photomicroreactor and microfluidic
connections to the pumps and gas bottles are constructed from commercially available
microfluidic parts and tubing, as depicted in Figure 2.4 A. Consult Steps 1–7 for the
construction of the general photomicroreactor. Consult Steps 8–23 for the construction of the
complete microfluidic setup for either the photocatalytic trifluoromethylation reaction or the
aerobic oxidation reaction.

LED arrays
Light-emitting diode (LED) strips are used as visible light sources (Figure 2.4 B). The width and
length of these LED strips are 1.05 and 97.5 cm, respectively. The number of LED pillars along
each strip is 39. Use light source 1 (white LED) for the photocatalytic oxidation of thiols to
disulfides, and use light source 2 (blue LED) for the photocatalytic trifluoromethylations of
pyrroles, indoles and thiols. Emission spectral characteristics of the light sources should match
the absorption profiles, and more specifically the absorption maximum, of the chosen
photocatalyst. We advise that every new light source be first characterized by measuring its
emission profile (Supplementary Figs. 2 and 3). This can be achieved by using an integrating
sphere equipped with a Labsphere LPS 100-0260 light detector array, which can measure the
spectral emission flux. Absorption spectra of catalyst solutions can be measured via an UVvisible spectrophotometer.

Figure 2.4 | (A) An overview of the different microfluidic parts to construct the photomicroreactor; ETFE
ferrules (1), stainless steel rings (2), PEEK nut (3), PEEK straight union (4), PEEK cross micromixer (5), check
valve (6), PEEK shut-off valve (7), extender torque wrench (8), PFA tubing (9). (B) Example of a LED strips
(coiled and extended).
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Capillaries and tubing.
Use transparent capillaries (IDEX Health and Science) of high-purity PFA to construct the
microreactors. They have a high light transmission of 91–96% for visible light (λ = 400–700
nm). The outer and inner diameters of this capillary are 1.58 mm (1/16 inch) and 0.75 mm
(0.03 inch), respectively. For example, a length of 2.5-m PFA tubing will give a total inner
volume of 1.1 ml. The calculation of the capillary volume (Vc) can be conducted based on
equation 1 (where i.d. is the inner diameter of the capillary, and L is the capillary length).

Residence times in gas-liquid flow
The actual residence time in reactive gas-liquid flows is affected by the pressure drop (Δp)
over the capillary and the gas consumption. Use equation 2 to get a first rough approximation
for the residence time; in equation 2, Vc is the volume of capillary microreactor, QG and QL are
the inlet volumetric flow rates of the gas and the liquid phase at atmospheric pressure,
respectively.

A higher degree of accuracy can be obtained by including the pressure drop and gas
consumption. Hereto, we direct the reader to the relevant references in literature.[18,21]
In the case of CF3I, special care should be taken. This gas is rapidly absorbed by the liquid
streams because of a high mass transfer coefficient and high solubility of the gas (especially in
the presence of an organic base such as tetramethylethylenediamine or triethylamine). The
actual residence time of the reactants in the microreactor can be calculated with a modified
equation 3 in which f is a correction factor for the volumetric gas flow rate, which can be
determined experimentally. For CF3I, the value of f is determined to be 0.02 for MeCN as
solvent. Furthermore, residence times can be correctly measured experimentally via residence
time distribution measurements.[22]
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Mass flow controller

2

The Mass Flow Controller (MFC) is assembled according to the supplier’s instructions. Note
that the MFC instrument should always be turned on 30–60 min before use. This ensures
correct working of the MFC according to the supplier’s specifications. In the literature, there
are many examples in which an MFC is not used to introduce a gas phase in a microreactor. In
such cases, often an inexpensive needle valve is used to reduce the gas pressure and to tune
the gas/liquid ratio. However, we recommend always using an MFC to ensure reproducible
results, to know the exact reaction stoichiometry and to facilitate the startup of the
experiments. It is important to note that there is essentially nothing wrong with the use of a
needle valve to adjust gas flow rates. However, it is more difficult to establish an exact
stoichiometry with such a manual way of regulating gas flow. An obvious drawback of a needle
valve is the dependence of the mass flow rate on both upstream and downstream pressures.
As soon as the pressure in the gas supply or in the reactor system changes, one should adjust
the screw of the needle valve carefully in order to control the gas flow rates. Thus, the use of a
needle valve is often accompanied with a flowmeter, which can display the volumetric flow
rates. For cheap gases, such as oxygen or air, the needle valve strategy is a cheap and
excellent alternative of regulating the gas flow. However, when using more expensive gases
(e.g., CF3I) or when excess of gas would lead to by-product formation, a more precise control
is mandatory and thus the use of a mass flow controller is crucial to obtain good results. After
use, we recommend purging the MFC with a flow of argon or nitrogen gas (e.g., set the gas
flow rate to 1.0 ml min-1). This ensures that the residual gas and/or solvent fumes are properly
removed. We also recommend disconnecting the MFC from the photomicroreactor to avoid
diffusion of solvent fumes, which might lead to malfunctioning of the MFC.

Back-pressure regulator (optional)
A back-pressure regulator (BPR) is a valve that opens when a certain pressure in the reactor
has been reached. The use of BPR allows one to use elevated pressures in the reactor system.
Place the regulator after the microreactor to ensure the right pressure upstream. The use of a
BPR can further improve the mass transfer rate of the gaseous reactants from the gas to the
liquid phase, as the gas is more concentrated because of the higher pressure and the driving
force for mass transfer increases. Moreover, an increase in the system pressure also affects the
hydrodynamics and residence time in microreactors for gas-liquid reaction processes. Note
that the application of a BPR will increase the operational complexity, and thus its necessity
should be carefully evaluated. In this protocol, we avoid the use of a BPR on the basis of the
fact that excellent reaction performance is obtained even without a BPR.
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2.4 | PROTOCOL PROCEDURE
The first part describes the construction of the photomicroreactor (Steps 1-7), followed by the
second part the assembly of the microfluidic setup (Steps 8-23). Hereafter, two example
photochemical reations are described, a trifluoromethylation reaction with CF3I and an
aerobic oxidation reaction with oxygen gas, Steps 24-41 and Steps 42-58, respectively.

2

Construction of the PFA capillary photomicroreactor
Step 1 | Wrap aluminium tape around a 20-ml BD plastic disposable syringe.
Step 2 | Cut 2.5 m of PFA capillary tubing (1/16-inch, i.d. = 0.75 mm, 1.10 ml volume) with a
polymer tubing cutter and wrap it around the refractive tape–coated syringe in a spiral
manner. Less than 5 cm of the tubing is left unwrapped for the ferrule/nut microfluidic
connection.
Step 3 | Drill two small holes (diameter of hole 1 = ~3.5 mm, diameter of hole 2 = ~13.5 mm)
at the end of a larger-diameter BD plastic disposable syringe (100 ml), which can fit the 20ml syringe (wrapped with the PFA capillary microreactor). One hole is used to fixate the
smaller-diameter syringe by penetrating the nozzle of the latter through the hole. Through
the other hole, the outlet of the capillary microreactor is pushed.
Step 4 | Coat the inner wall of the larger-diameter BD plastic disposable syringe (100 ml)
with aluminium tape.
Step 5 | Coil the LED array so that it fits the larger-diameter BD plastic disposable syringe
(100 ml).
Step 6 | Place the syringe wrapped with the capillary microreactor inside the largerdiameter BD plastic disposable syringe (100 ml). Fix the nozzle of the syringe through the
drilled hole.
Step 7 | Connect the ends of the PFA capillary tubing with PEEK nuts and ETFE ferrules. Use
an extender torque wrench to make sure that the stainless steel rings are pushed completely
over the ferrules.

Figure 2.5 | (A-C) Construction of the PFA capillary microreactor as clarified through steps 1-7.

The photomicroreactor is now completed and ready to be connected to the rest of the system.
Analogously to this design, a series of different reactor assemblies can be constructed,
optionally, with different capillaries (e.g., different ID, volume, etc.) or LED light sources (e.g.,
UV LEDs).[19,20]
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Assembly of the complete microfluidic setup for photocatalytic gas/liquid
reactions.
Step 8 | Fit a pressure regulator on the trifluoroiodomethane gas bottle or on the oxygen
supply.
Step 9 | Connect the inlet of the MFC to the pressure regulator using standard 1/8-inch
stainless steel fittings and connectors.

2

Step 10 | Connect the outlet of the MFC to a stainless steel tube adapter (from 1/8-inch to
1/16-inch.
Step 11 | Check the gas inlet system (Steps 1–3) for any gas leakages. This can be done by
submerging the connections in soapy water and checking whether bubbles are formed. Be
mindful that both CF3I and O2 are colourless, odourless and hazardous.
Step 12 | Cut several pieces of PFA capillary tubing (1/16-inch, i.d. = 0.5 mm) at a length of
50 cm, and then connect the ends of the tubing with PEEK nuts and ETFE ferrules. Note that
these capillaries are used to establish connections, such as the connections between the
syringe pumps and the photomicroreactor.
Step 13 | Position a PEEK cross micromixer (1/16-inch, i.d. = 0.5 mm) in a central place inside
the fume hood and fixate it with a clamp.
Step 14 | Connect the photomicroreactor with the PEEK cross micromixer using a capillary
prepared in Step 12.
Step 15 | Position and fixate the photomicroreactor in the fume hood using a clamp. It is
crucial that the photomicroreactor be kept in a stable position to maintain a steady flow
regime inside the photomicroreactor.
Step 16 | Connect an inlet check valve to the PEEK cross micromixer opposite to the
connection of the photomicroreactor; this is the gas inlet. The use of check valves (also
known as no-return valves or one-way valves) prevents the back flow of liquid reaction
streams to the MFC, which can damage the correct working of the MFC.
Step 17 | Connect the stainless steel tube adapter (Step 10) and the check valve with a PFA
capillary prepared in Step 12. Use a PEEK shut-off valve to establish a connection between
the stainless steel tube adapter and the PFA capillary. When the photomicroreactor is
clogged, back-flow of the liquid stream can occur despite the use of a check valve. The shutoff valve can be used to prevent the liquid stream from entering the MFC.
Step 18 | Connect two PFA capillaries (Step 12) with the remaining inlets of the PEEK cross
micromixer. Connect the other end with a PEEK quick connect Luer adapter. These adapters
are used to connect syringes, which contain the substrate and catalyst solution, to the
microreactor assembly.
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Assembly of the complete microfluidic setup for photocatalytic gas/liquid
reactions. Continued
Step 19 | The outlet of the reactor can be done in three different ways depending on the
application. Option A is used when the reaction stops automatically in the absence of
irradiation. When product precipitation occurs at the outlet, most often induced by
evaporation, the researcher should select option B to dilute the reaction stream and
solubilize potential precipitates. Option C is selected to stop the reaction with a chemical
quench; this allows the researcher to measure reaction times accurately.
(A) Standard outlet | Fit the outlet of the photomicroreactor with a PEEK union and
connect it with another piece of PFA tubing (Step 12) that leads to the collection vial.
(B) Product dilution | Fit the outlet of the photomicroreactor with a PEEK tee micromixer,
and connect it with another piece of PFA tubing (Step 12) that leads to the collection vial.
Fit the other inlet of the tee micromixer with a piece of PFA tubing (Step 12). Connect the
other end of this capillary with a PEEK quick connect Luer adapter so that it can be
connected to a 10-ml syringe containing a suitable dilution solvent (e.g., MeCN).
(C) Reaction mixture quenching | This is similar to Step 19 B. Fit the outlet of the
photomicroreactor with a PEEK tee micromixer and connect it with another piece of PFA
tubing (Step 12), leading to the collection vial. Fit the other inlet of the tee micromixer
with a piece of PFA tubing (Step 12). Connect the other end of this capillary with a PEEK
quick connect Luer adapter so that it can be connected to a 10-ml syringe containing a
saturated mixture of NH4Cl in H2O. This allows quenching of the reaction mixture.
Step 20 | Keep the collection vial under an argon atmosphere. This is especially important
for the photocatalytic aerobic oxidation of thiols, as the reaction proceeds slowly in the
presence of oxygen, which might lead to seemingly unreproducible results.
Step 21 | Connect a rubber hose to the nozzle of the photomicroreactor assembly to supply
pressurized air from a compressor. This ensures adequate cooling of the photomicroreactor
to keep the reaction temperature at room temperature.
Step 22 | Connect the LED array to the LED power supply.
Step 23 | Check all PEEK connections for leakage by running the entire setup with pure
solvent. In addition, check the system sealing via the soap bubble technique.

At this point the entire photomicroreactor setup is completed and ready to use for the
photocatalytic experiments. As mentioned two different examples of photocatalytic reactions
are presented and described in a step-by-step manner. It should be noted that via this way the
possibility of malfunction or poor reproducibility can be pinpointed and narrowed down to a
single step and be solved as mentioned in the troubleshooting table (vide infra).
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Photocatalytic aerobic oxidation of thiols to disulfides in continuous microflow

2

Step 24 | Add eosin Y (0.25 mmol) and TMEDA (25 mmol) to an oven-dried 50-ml volumetric
flask and fill it up with ethanol to 50 ml (solution 1-A).
Step 25 | Add thiol (25 mmol, consult Table 1) to a second oven-dried 50-ml volumetric
flask, and fill it up with ethanol to 50 ml (solution 1-B).
Step 26 | Transfer the substrate and catalyst solution from the flasks to the syringes (syringes
1-A and 1-B, respectively).
Step 27 | Prepare two other syringes (50 ml) with EtOH and saturated NH4Cl in H2O
(syringes 1-C and 1-D, respectively).
Step 28 | Mount the syringes (1-A and 1-B) containing the catalyst and substrate solutions on
a first syringe pump (Fusion 200 Classic). Fit these two syringes to the PFA tubing by means of
PEEK quick connect Luer adapters leading to the cross micromixer.
Step 29 | Mount syringes (1-C and 1-D) containing the quench and extraction solutions on a
second syringe pump (Fusion 200 Classic). Fit these two syringes to the PFA tubing by means
of the PEEK quick connect Luer adapters at the quenching zone.
Step 30 | Turn on the LED light source.
Step 31 | Open the pressurized air supply to cool the photomicroreactor.
Step 32 | Open the oxygen gas supply and the pressure regulator, and set the MFC (Q G,
Table 1).
Step 33 | Turn on the syringe pumps and set the correct volumetric flow rates (Q L, Table 2.1),
which correspond to a certain flow rate and residence time (QT and Rt, Table 2.1). Allow the
system to reach steady state.
Step 34 | Collect the reaction stream exiting the photomicroreactor in a flask (50 ml).
Enough time should be taken to ensure a steady-state data collection. For example, steadystate conditions for sampling can be ensured after about four residence times. The system
stability can be checked by careful observation of the hydrodynamics within certain sections
of the capillary microreactor in the system (e.g., entrance and exit). In other words, the
segmented gas-liquid flow should be stable, meaning that the slug lengths and the gas/liquid
ratio should be constant. The total collection time depends on the volumetric flow rate of the
substrate solution.
Step 35 | Stop the two syringe pumps.
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Step 36 | Replace the four syringes with four new syringes with cleaning solvents (e.g.,
ethanol), and then run these two syringe pumps again in order to clean the
photomicroreactor system. This step is necessary to prevent precipitation of the catalyst or
product, which will lead to microreactor clogging.
Step 37 | Stop the mass flow controller and switch off the LED light source and close the
cooling air supply in order to shut down the entire microfluidic setup.
Step 38 | Dilute the collected reaction mixture with 15 ml of EtOAc and extract it twice with
15 ml of 1 M HCl. Wash the organic phase once with 15 ml of saturated aqueous NaHCO3.
Step 39 | Collect the combined organic layers and concentrate it under reduced pressure in
a rotary evaporator. If the products are volatile, it is recommended to use Et2O (boiling point
at atmospheric pressure: 34.6 °C) instead of EtOAc (boiling point at atmospheric pressure:
77.0 °C). The temperature of the water bath is kept constant at 30 °C, and the pressure is
gradually decreased until all of the solvent has evaporated.
Step 40 | Purify the crude product by flash column chromatography (20 cm silica, column
diameter = 2.5 cm, see details in the Table below Step 41.
Step 41 | Collect the combined fractions containing the pure product and concentrate them
under reduced pressure to yield the desired product (Table 2.1). The products can be stored
on the benchtop at room temperature. However, we advise that you store the products in the
freezer (at -20 °C) if the storage time is longer than 1 month.
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Photocatalytic trifluoromethylation of heterocycles and thiols with CF3I in continuous
microflow

2

Step 42 | Add heterocycle or thiol (5.0 mmol) and TMEDA or TEA (10 mmol), respectively, to
an oven-dried 10-ml volumetric flask and fill it up with anhydrous acetonitrile to 10 ml. Seal
the flask with a rubber septum and purge it with argon (solution 2-A).
Step 43 | Add Ru(bpy)3Cl2 6 H2O (37.5 mg, 0.05 mmol, 1 mol%) to a second oven-dried 10-ml
volumetric flask and fill it up with anhydrous acetonitrile to 10 ml. Seal the flask with a rubber
septum and purge it with argon (solution 2-B). The solutions (2-A and 2-B) can be stored for
several days in the dark in the refrigerator (~8 °C).
Step 44 | Transfer both solutions from the flasks to disposable syringes (syringes 2-A and 2-B;
Fig. 11b).
Step 45 | Mount the syringes (2-A and 2-B) onto the syringe pump (Fusion 200 Classic) and
connect these two syringes to the PFA tubing by means of the PEEK quick connect Luer
adapters at the cross micromixer.
Step 46 | Turn on the LED light source.
Step 47| Open the pressurized air supply to cool the photomicroreactor. This step keeps the
photomicroreactor system at room temperature, which can be optionally monitored by a
thermocouple.
Step 48 | Open the trifluoroiodomethane gas bottle and set the gas pressure regulator to 4–5
bars. Set the MFC to the correct value (QG, Table 2.1). It is important to open the trifluoroiodomethane gas bottle completely; the MFC requires a high inlet pressure to work correctly.
Step 49 | Turn on the syringe pump and set the correct volumetric flow rate (Q L, Table 2.1),
which corresponds to a certain flow rate and residence time (QT and RT, Table 2.1). Allow the
system to reach steady state.
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Step 50 | Collect the reaction stream exiting the photomicroreactor in a flask (50 ml).
Enough time should be taken to ensure a steady-state data collection. For example, steadystate conditions for sampling can be ensured after about four residence times. The system
stability can be checked by careful observation of the hydrodynamics within certain sections
of the capillary microreactor in the system (e.g., entrance and exit). In other words, the
segmented gas-liquid flow should be stable, meaning that the slug lengths and the gas/liquid
ratio should be constant and should not vary over time in these sections (e.g., at the entrance
of the photomicroreactor). The total collection time depends on the volumetric flow rate of
substrate solution.
Step 51 | Stop the syringe pump.
Step 52 | Replace the four syringes with four new syringes with cleaning solvents (e.g.,
ethanol), and then run these two syringe pumps again to clean the photomicroreactor
system. This step is necessary to prevent precipitation of the catalyst or product, which will
lead to microreactor clogging.
Step 53 | Stop the mass flow controller and switch off the LED light source and close the
cooling air supply in order to shut down the entire microfluidic setup.
Step 54 | Disconnect the MFC and purge it with argon for at least 1 h. This is to prevent
swelling of the MFC sealings.
Step 55 | Dilute the collected reaction mixture with 15 ml of EtOAc and extract it twice with
15 ml of 1 M HCl. Wash the organic phase once with 15 ml of saturated aqueous NaHCO3.
Step 56 | Collect the combined organic layers and concentrate under reduced pressure in a
rotary evaporator. If the products are volatile, it is recommended to use Et2O (boiling point
at atmospheric pressure: 34.6 °C) instead of EtOAc (boiling point at atmospheric pressure:
77.0 °C).
Step 57 | Purify the crude product by flash column chromatography (50-cm silica, column
diameter = 2.5 cm, see details in the Table below.
Step 58 | Collect the combined fractions containing pure product and concentrate under
reduced pressure to yield the desired product (Table 2.1). The products can be stored on the
benchtop at room temperature. However, we advise storing the products in the freezer if (20 °C) the storage time is longer than 1 month.
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98–100% yield
QL = 0.116

2

83–87% yield
QL = 0.018

92–95% yield
QL = 0.40

96–98% yield
QL = 0.10

75–77% yield
QL = 0.10

69–73% yield
QL = 0.05

QG = 0.350

QG = 0.036

QG = 3.200

QG = 1.500

QG = 1.500

QG = 1.000

QT = 0.466

QT = 0.054

QT = 0.46

QT = 0.13

QT = 0.13

QT = 0.07

tR = 2.4

tR = 20

tR = 2.4

tR = 8.5

tR = 8.5

tR = 15.7

Molar ratio:
1 : 4.3

Molar ratio:
1:8

Molar ratio:
1:8

Molar ratio:

a

a

a

a

1 : 11

Light source:
white LED

Light source:
white LED

Light source:
blue LED

Light source:
blue LED

Light source:
blue LED

Light source:
blue LED

Diluted at exit:
EtOH/NH4Cl

Diluted at exit:
EtOH/NH4Cl

Diluted at exit:

Diluted at exit:
MeCN

Diluted at exit:

Diluted at exit:
MeCN

none

none

Table 2.1 | Overview of selected substrates for the aerobic oxidation and the trifluoromethylation in
continuous microflow. Key and abbreviations: QL = liquid flowrate (mL min-1), QG = gaseous flowrate (mLn
min-1, normalized flow rate), tR = residence time (min). a Trifluoroiodomethane has a higher solubility than
oxygen in the solvent; therefore, the gas flow rates of trifluoroiodomethane are much higher than those of
oxygen. NH4Cl = saturated ammonium chloride in H2O.

2.5 | CONCLUSIONS
In conclusion, in this Chapter a comprehensive and detailed step-by-step protocol for the
construction of a PFA microreactor setup is enclosed. The reactor setup is tested with
exemplary reactions; the aerobic oxidation of thiols toward the corresponding disulfides, the
trifluoromethylation of thiols and the trifluoromethylation of 5-membered heterocycles. The
overview is instructive to elucidate the possible complications which are common to
continuous microflow processing, such as clogging and selectivity issues. Furthermore, this
Chapter acts as a guide to the other chapters in this thesis, especially were the utilization of a
PFA microreactor is applied.

SUPPLEMENTARY MATERIALS
Supplementary data and pictures associated to this Chapter can be found, in the online
version, at http://dx.doi.org/10.1038/nprot.2015.113.
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SUPPLEMENTARY DATA
Troubleshooting Table for the Protocol
Step
11

Problem
Gas leakage

Possible reason
Damaged or worn connection parts

Solution
Use Teflon tape to get a tighter fit
between the connecting parts

19

Which outlet
strategy should
one choose?

Different substrate from that used in
the protocol

Use Step 19 B to prevent possible
precipitation because of evaporation
at the outlet of the microreactor

23

Liquid leakage

Nuts are not sufficiently tightened in
the connectors

Use an extender torque wrench to
tighten the connection

Damaged or worn connection parts

Replace damaged parts

34

The reproducibility
of experiments in
terms of isolated
yield is low

The collecting time is insufficient and
thus the sample size is too low,
leading to larger experimental errors

Collect the sample for a sufficient
amount of time. As a rule of thumb,
experiments at a scale >1 mmol are
reproducible

36

The PFA capillary
is blocked

Precipitation inside the PFA tubing

This often occurs in the startup
phase or when the microreactor is
stored without cleaning. Once the
reaction reaches steady state, no
clogging was observed

Replace damaged parts

2

Wash the capillary with a suitable
solvent, which can solubilize the
precipitation (acetone and water)
It is of high importance that clogging
be detected at the early stages to be
able to remediate the situation
If irreversible blockage occurs,
replace the tubing
Use sonication to break up particles
and to avoid clogging
41

Low yield

Residence time is too short

Decrease the liquid and gas flow rate
to extend the residence time

48

Desired pressure
is not reached

Gas bottle and pressure regulator
are not opened enough

Open the gas bottle and make sure
that the pressure regulator is
functioning accordingly

Gas bottle is empty

Check the pressure regulator and if
required connect a new gas cylinder

MFC is malfunctioning

Clean the MFC with acetone and
purge the MFC with argon at a flow
–1
rate of 1 ml min overnight

MFC or pressure regulator
connections are leaking

Check for leaks; use Teflon tape to
get a tighter fit between the
connection parts

Exit is blocked

Pre-test your gas regulation system
before connecting the rest of the
microfluidic setup

49

MFC does not
reach steady state
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Step
50

Problem
No reaction
mixture is exiting
the microfluidic
setup

Possible reason
Connections are leaking

Solution
Make sure that the Luer lock gives a
tight fit; if it is broken, replace it with
a new one

Syringe is leaking (rare)

Replace the syringe

Photomicroreactor is blocked:
particle formation at the start or
middle of the reactor

Remove blockage as mentioned
above (in Troubleshooting guidance
for Step 41)

Photomicroreactor is blocked:
particle formation at the end of the
reactor

Remove blockage; use a solvent
stream to dilute the reaction mixture
after the reactor

Photomicroreactor is blocked:
unsteady flow rate

Make sure that the reactor is clean
and that possible solvent inside is
miscible with the reaction mixture

Photomicroreactor is blocked: other
reasons

Pre-test the setup with solvent only;
check for possible leaks

Photomicroreactor is blocked:
increase in gas flow rate

Remove blockage; increase the prepressure of the gas pressure
regulator

Photomicroreactor is blocked: other
reasons

Use a PFA capillary of 250 μm for
the gas line. This ensures a highpressure drop for liquid back-flow

Back-flow into the
liquid inlet lines

Photomicroreactor is blocked:
leaking syringes

Remove blockage; replace syringes
(or use a smaller-diameter syringe)

Low yield

Residence time is too short

Decrease the liquid and gas flow
rate.

The gas concentration is too low

Increase the gas flow rate

Residence time is too long

Increase the liquid and gas flow rate
accordingly

Back-flow into the
gas inlet line

58

Poor selectivity
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THE TRIFLUOROMETHYLATION AND PERFLUOROALKYLATION OF
FIVE-MEMBERED HETEROCYCLES
Published as: N. J. W. Straathof, H. P. L. Gemoets, X. Wang, J. C. Schouten, V. Hessel, T. Noël, ChemSusChem 2014, 7,
1612 – 1617 (DOI: 10.1002/cssc.201301282).

ABSTRACT

T

rifluoromethylated and
perfluoroalkylated heterocycles are
important building blocks for the
synthesis of numerous pharmaceutical
products, agrochemicals and are widely
applied in material sciences. To date,
trifluoromethylated and perfluoroalkylated
hetero-aromatic systems can be prepared
utilizing visible light photoredox catalysis
methodologies in batch. While several
limitations are associated with these batch
protocols, the application of microflow
technology could greatly enhance and
intensify these reactions. A simple and
straightforward photocatalytic
trifluoromethylation and perfluoroalkylation
method has been developed in continuous
microflow, using commercially available
photocatalysts and microflow components. A
selection of five-membered hetero-aromatics
was successfully trifluoromethylated (12
examples, up to 95% yield) and
perfluoroalkylated (5 examples, up to 99%
yield) within several minutes (8–20 min)
instead of hours (typical batch procedure
required >24 hours).
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3.1 | INTRODUCTION

3

The incorporation of fluorinated functional groups, such as the trifluoromethyl (CF 3) group,
into chemical compounds has numerous advantages, including improved chemical stability,
elevated lipophilicity, and increased binding selectivity.[1, 2] The presence of CF3 in a drug
structure has a diminishing effect on the metabolic oxidation by cytochrome P450 oxidase
and increases the bioactivity by affecting the compound’s distribution and absorption. In
particular, the establishment of methodologies for the incorporation of trifluoromethyl or
perfluoroalkyl moieties to five-membered heterocycles is of great value in pharmaceutical
manufacturing, as well as agrochemistry and material science (Figure 1).[3, 4] This has
stimulated the development and improvement of novel trifluoromethylation methodologies,
which are of great importance for the production of compounds with trifluoromethyl
groups.[5–7]

Figure 3.1 | Examples of trifluoromethylated and perfluoroalkylated 5-membered heterocyclic systems.

Historically, the construction of the Ar-CF3 bond was performed by means of metal-catalyzed
cross-coupling methods,[8, 9] using different CF3 sources such as Ruppert–Prakash reagents or
the more recent Umemoto’s reagents[10,11] and Togni’s reagents.[12] However, these
methods often involve stoichiometric amounts of metal salts and/or require the presence of
functional groups,[13–18] such as boronic acids, amides, or halides and pseudohalides, to
establish the trifluoromethyl (CF3) linkage. Moreover, several synthetic methodologies have
been reported which employ radical-CF3 to functionalize unactivated CH bonds.[19] One of
the most potent strategies involves the use of photoredox catalysis to generate electrophilic
radicals.[20–27] Hereby, polypyridyl organometallic complexes, such as Ru(bpy)3Cl2, are
activated by visible light and have proven to be mild and more sustainable alternatives for
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traditional photochemistry utilizing UV energy.[28–31] Recently, the MacMillan group
reported a photocatalytic trifluoromethylation of heterocycles using triflyl chloride (CF3SO2Cl,
1b) as a radical-CF3 source (Scheme 3.2 A).[21, 22]

Figure 3.2 | (A) Reported
trifluoromethylation
batch protocols [21, 23].
(B) Accelerated trifluoromethylation and
perfluoroalkylation,
enabled by continuousflow.

Later, another approach based on inexpensive gaseous trifluoroiodomethane (CF3I, 1a) was
developed by Cho and co-workers.[23, 24] However, decisive limitations are associated with
these batch protocols, such as: i) limited scale-up potential; ii) inefficient light transmission in
the batch reactor according to the Lambert–Beer law, especially when there is significant
scattering of the incident light in a heterogeneous mixture; iii) prolonged reaction times; and
iv) the complicated handling of gaseous reagents and insufficient interfacial contact area
which leads to limited gas–liquid mass transfer rate.
To overcome these limitations, we reasoned that the use of continuous-flow processing would
significantly enhance the utility for the trifluoromethylation and perfluoroalkylation of fivemembered heterocycles. Due to their high surface-to-volume ratios, microreactors offer the
advantage of an increased control over different process parameters (e.g., heat and masstransfer, gas-liquid characteristics, residence time control), which leads to a safer handling of
hazardous compounds.[32–36] In addition, the small dimensions in microreactor technology
allow for homogeneous irradiation of the entire reaction mixture.[37, 38] As a consequence of
the relatively high extinction coefficient of photoredox catalysts, a considerable amount of
light is absorbed within the first few hundreds of micrometers of the light path, which makes
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3

the use of microreactor technology vital for successful scale-up by a numbering- up
strategy.[39–44] Moreover, owing to the improved irradiation of the reaction mixture,
microflow chemistry also allows to decrease the amount of photocatalyst without significant
loss of efficiency.[39] Herein, we report the first photocatalytic trifluoromethylation and
perfluoroalkylation of five-membered heteroarenes in continuous microflow, which renders
an extra rapid and up-scalable, industrially relevant method to construct the Ar-CF3 bond.
Based on our experience with continuous-flow chemistry,[45–47] we also felt that the
presence of a gaseous reagent (such as CF3I) would not obstruct our investigations and could
be perfectly dosed to the reaction mixture by means of a mass flow controller. Furthermore,
the presence of a gas phase leads to segmented flow which in fact provides fast mixing
(internal circulation in the liquid phase), a large and well-defined interfacial area, intensified
mass- and heat-transfer, and a reduced axial dispersion.[48, 49] Notwithstanding, a
continuous-flow protocol also allowed for an accelerated reaction protocol, enabling a fast
and robust approach to trifluoromethyl- or perfluoroalkyl-functionalized five-membered
heteroarenes (Figure 3.2 B).
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3.2 | RESULTS AND DISCUSSION
To develop a successful continuous flow procedure, we designed an operationally simple
microflow setup from commercially available components (Figure 2 a). The microreactor was
constructed by using transparent PFA capillary tubing (500 mm inner diameter, 1/16“ outer
diameter, 200 mL Vmax) coiled around a large transparent disposable syringe. Next, the
capillary microreator assembly was placed inside a beaker in which an array of blue lightemitting diodes (LEDs) (3.12 W blue LED stripe, 78 Lm, 39 LED, 97 cm length, Omax = 450–460
nm) was coiled in a spiral fashion. The CF3I gas flow rate was monitored and controlled
utilizing a mass flow controller (MFC) (mL min-1). The liquid flow rate was regulated by a
syringe pump, which introduces the liquid reagents (photocatalyst, substrate, base and
solvent) (mL min-1). A T-shaped micromixer was used to combine the gas and liquid phase
prior to irradiation inside the photomicroreactor (see Chapter 2 for more detailed information
regarding the microfluidic setup).
Trifluoromethylations

We began our studies with the trifluoromethylation of N-methylpyrrole 2 utilizing gaseous
CF3I in the presence of a base and Ru(bpy)3Cl2 (1 mol%).[50] Initially, a residence time of
approximately 4 min was applied by combining a liquid flow rate of 100 mL min-1 and a gas
flow rate of 2 mL min-1. Various organic nitrogen bases (2 equiv) were investigated, such as
DBU, TEA, DIPEA, and TMEDA (Figure 2b, entries 1–4). TMEDA proved to be the most
effective for this trifluoromethylation protocol, providing 81% conversion within 4 min
residence time (Figure 2b, entry 4). Next, the flow rates of the liquid phase or the reactor
length were adjusted until a satisfactory residence time (tR) was obtained to achieve full
conversion of the starting material (Figure 2b, entries 5 and 6). With a residence time of 8
min, we were able to achieve up to 99% conversion and the corresponding product was
obtained in 95% yield as judged by 19F NMR (Figure 2b, entry 6). Subsequently, we also
investigated different CF3I gas flow rates (Figure 2b, entries 7 and 8). The optimal gas flow
rate was found to be 2 mL min-1 (4 equiv. CF3I) (Figure 2b, entry 6), as decreasing the CF3I flow
gave lower conversions (44–62 %).
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Entry

base

Liquid:Gas flow
-1
(μL:mLn· min )

tR (min)[b]

Conv. (%)[c]

1

DBU

100 : 2

4

7

2

TEA

100 : 2

4

65
20

3

DiPEA

100 : 2

4

4

TMEDA

100 : 2

4

81

5

TMEDA

150 : 2

3

66

6

TMEDA

100 : 2

8[d]

99 (95)[e]

[d]

8

62

8[d]

44

7

TMEDA

100 : 1

8

TMEDA

100 : 0.5

Figure 3.3 | (a) Schematic representation of the continuous-flow setup for trifluoromethylation of heteroarenes. (b) Optimization of the continuous-flow reaction conditions. [a] Reactions were carried out using
Ru(bpy)3Cl2 (1.0 mol%), base (2.0 equiv) in MeCN (0.2m), and irradiated by blue LEDs. [b] Distribution; liquid
flow rate, and gas flow rate are given in mL min-1. Residence time of 4 min and 3 min are performed in a 200
mL Vmax microreactor, 8 min residence time was performed in a 400 mL Vmax microreactor. (blue bars)
Conversion, analyzed by GC with DDD-trifluorotoluene as internal standard. (red bars) 19F NMR yield of the
product. Abbreviations, DBU: 1,8-diazabicyclo[5.4.0]undec-7-en, TEA: triethylamine, DiPEA:
diisopropylethylamine, and TMEDA: N,N,N’,N’-tetramethyl-1,2-diaminoethylene.

Page | 54

Chapter 3 | Trifluoromethylation and perfluoroalkylation in flow

Trilfuoromethylations – Reaction scope

With the optimal conditions in hand, we conducted a series of experiments to evaluate the
scope of our continuous-microflow trifluoromethylation method (Figure 3.4). Nmethylpyrrole 2a and a selection of indole derivatives 2b–2f were efficiently
trifluoromethylated within a residence time of 8 min and were obtained in sufficiently pure
form to allow for a simple purification (65–95 %). A slightly lower yield was obtained for 2methylindole 2e (65 %), while 1,2-dimethylindole 2 f could be smoothly trifluoromethylated
in 79% yield. Trifluoromethylation of 1H-pyrrole-2-carboaldehyde 2g and methyl-1Hpyrrole-2-carboxylate 2h resulted in the formation of a small amount of precipitation,
clogging the microreactor. This could be efficiently prevented by using a slightly different
solvent mixture of DMSO/MeCN (1:9), which increased the solubility of the precipitate.
However, an increased catalyst loading (4 mol%) was required to compensate the lower rate
of the photocatalytic transformation in DMSO. The same method was applied to 2methylfuran and 2-methylthiophene, which were both successfully trifluoromethylated within
16 min of residence time (2i and 2j). Likewise, 3-methylbenzofuran and 3methylbenzothiophene were also trifluoromethylated and isolated in good yield (73% and 55
%, 2k and 2l).
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Figure 3.4 | Trifluoromethylation of five-membered hetero-arenes. [a] Reactions were carried out using
Ru(bpy)3Cl2 (1.0 mol%), TMEDA (2.0 equiv), CF3I (4.0 equiv) in MeCN (0.2m), and irradiated with blue LED, [b]
Yield determined with 19F NMR with a,a,a-trifluorotoluene as an internal standard, [c] An increased catalyst
loading (4 mol%) was used. [d] MeCN:DMSO (9:1) was used as solvent system. Abbreviations, TMEDA:
N,N,N’,N’-tetramethylethylenediamine.

Perfluoroalkylations

Next, we extended our focus by developing a continuous flow method for the photocatalytic
perfluoroalkylation of hetero-arenes using iodoperfluoroalkyl 1” (R-CF2-I). Perfluoroalkylation
offers, besides the profound effects of the presence of fluorine substituents for
pharmaceuticals and materials, a straightforward pathway to introduce other functional
groups such as esters, ethers or other halogens. The continuous-flow setup for the
perfluoroalkylation was a simplified version of the one used for the trifluoromethylation
(Figure 3.5 A). Instead of a biphasic gas–liquid phase reaction, homogeneous reaction
conditions were used for perfluoroalkylation. Preliminary optimization studies were carried
out to acquire the optimal perfluoroalkylation conditions. A number of soluble organic bases
were tested (Figure 3.5, Table). In contrast with the trifluoromethylation experiments, DBU
gave a good yield for the desired product (Figure 3.5, entry 1). However, TMEDA provided the
best results for the perfluoroalkylation in continuous flow (Figure 3.5, entry 4).
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Entry

base

Liquid:liquid flow
-1
(μL:μL· min )

tR (min)

Conv. (%)[b]

1

DBU

50 : 50

10

86

2

TEA

50 : 50

10

38

3

DiPEA

50 : 50

10

28

4

TMEDA

50 : 50

10

91 (75)[c]

Figure 3.5 | (a) Schematic representation of the continuous-flow setup for the perfluoroalkylation of heteroarenes. (b) Optimization of the reaction conditions. [a] Reactions were carried out using [Ru(bpy)3Cl2] (0.5
mol%), base (3 equiv) nonafluoro-1-iodobutane (2 equiv) in MeCN, and irradiated by blue LEDs. [b]
Distribution; liquid/liquid flow rate are given in mL min-1 and mL min-1, respectively. Conversion, analyzed by
GC with α,α,α-trifluorotoluene as internal standard. [c] 19F NMR yield of the product.

DBU gave a dark solution upon irradiation, leading to a less-efficient photon flux through the
reaction mixture. On the contrary, TMEDA remained a clear and transparent solution even
after prolonged irradiation times. To further optimize the reaction conditions, a variety of
solvents were screened (see Supplementary Data 3.2). The best results were obtained in
acetonitrile. Other polar solvents were less efficient, while the use of nonpolar solvents
resulted in an incomplete dissolution of the photoredox catalyst.
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Perfluoroalkylations – Reaction scope

With the optimal conditions in hand, we evaluated the method by perfluoroalkylating a
selection of five-membered hetero-arenes with different perfluoro-1-iodoalkanes (Figure
3.6). The construction of perfluoroalkylated N-methylpyrrole 3a and a number of indole
analogues 3b and 3e was easily achieved within several minutes (tR = 10 min) and delivered
the target compound in good yields (53–88%). In addition, 3-methylindole was also reacted
with perfluoro-2-iodopropane and ethyl 2-bromo-difluoroacetate, providing products 3c and
3d in good yield (99% and 72%).

3

Figure 3.6 | Perfluoroalkylation of hetero-arenes. [a] Reactions were carried out using Ru(bpy)3Cl2 (0.5 mol%),
base (3.0 equiv) in MeCN, and irradiated with blue LED. [b] 19F NMR yield of the product. [c] Ethyl 2-bromodifluoroacetate was used as the alkyl halide source.

Gram scale preparation & low catalyst loading

To exploit the advantages of our continuous-flow protocol, we also performed a long
durational reaction to demonstrate its scalability and stability (Figure 3.7). As such, we were
able to produce a substantial amount of trifluoromethylated 3- methylindole 4a in less than 9
h (1.98 g, 9.5 mmol). Additionally, we investigated whether it was feasible to decrease the
catalyst system in flow (Figure 3.7). The catalyst loading could be decreased (down to 0.05
mol%) without significant loss of efficiency (75 %). Such low catalyst loadings are of great
interest to the pharmaceutical industry and clearly show the process intensification in
microflow reactors.
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Figure 3.7 | Large scale trifluoromethylation and the reaction with low catalyst loading. [a] Reactions were
carried out using Ru(bpy)3Cl2 (1 or 0.05 mol%), TMEDA (2 equiv), 1 (2 mL min-1) in MeCN (100 mL min-1),
Microreactor (Vmax: 250 mL or 1000 mL), and irradiated with Blue LED.

3

3.3 | OUTLOOK AND CONCLUSIONS
The pharmaceutical industry is always looking for more efficient strategies to introduce
functional groups into drug candidates. The functionalization of hetero-aromatics with
perfluoroalkyl moieties is one of the important strategies to enhance its biological, chemical
and physical properties. Many, if not all, of the current batch strategies are suffering from
long reaction times, high catalyst loadings, limited scalability, and operational flexibility. We
have successfully realized for the first time a continuous-flow method for the fast radical
trifluoromethylation and perfluoroalkylation of five-membered hetero-arenes using
inexpensive perfluoroalkyl sources (e.g., CF3I and CF3(CF2)3I). The trifluoromethylation of fivemembered heteroarenes was achieved within several minutes (8– 16 min) in continuous-flow
due to the excellent light irradiation of the reaction mixture, the increased gas-liquid mass
transfer of CF3I, and the excellent mixing achieved in liquid slugs as a consequence of the
Taylor flow regime.[47] In comparison, similar reactions required many hours (12–24 h) in
batch to achieve full conversion. Next, the continuous-flow photocatalytic protocol was
extended for homogeneous liquid perfluoroalkylation reactions and we were able to
perfluoroalkylate a number of five-membered hetero-aromatics in less than 1 h of reaction
time (10–20 min). The potential to use lower catalyst loadings (as low as 0.05 mol%
photoredox catalyst) and to scale-up the photocatalytic process are additional features of our
continuous-flow protocol that are not easy to achieve in a batch mode.
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In conclusion, the continuous-flow perfluoroalkylation process could be significantly
accelerated (from hours in batch to minutes in flow) making this methodology suitable for the
production and scale-up of pharmaceutical compounds and agrochemicals agents. The mild
reaction conditions (room temperature, visible light activation, atmospheric pressure) should
allow easy implementation of this methodology into both academia and industry. Further
investigations regarding accelerated incorporation of fluorine-containing functional groups
are under development in our laboratory.

3

SUPPLEMENTARY MATERIALS
Supplementary data, compound preparation, spectra of all compounds and pictures
associated to this Chapter can be found, in the online version, at
http://dx.doi.org/10.1002/cssc.201301282
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SUPPLEMENTARY DATA 3.1 | GENERAL PROCEDURES
General considerations and analytical techniques
All components and reagents were all used as received, unless stated otherwise. Reagents and anhydrous solvents (MeCN and DMSO)
(Sure/Seal™) were bought from Sigma-Aldrich, used as received and kept under an argon atmosphere using standard Schlenk-Line
techniques. Technical solvents were bought from VWR-International and used as received. Product isolation 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, 13C and 19F NMR analysis were performed on a Bruker-Avance 400
(400 MHz). 1H NMR spectra are reported in parts per million (ppm) downfield relative to TMS (0.00 ppm). All

13

C NMR spectra are

19

reported in ppm relative to CDCl3 (77.16 ppm) and all F NMR spectra are reported in ppm relative to DDD- trifluorotoluene (-63.72

3

ppm). 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-FID (Varian 430-GC) in combination with an auto sampler (Varian CP8400) or GC-MS combination (Shimadzu GC-2010 Plus coupled to a Mass Spectrometer; Shimadzu GCMS-QP 2010 Ultra, electron
ionization (EI)) with an auto sampler unit (AOC-20i, Shimadzu).

Trifluoromethylation in flow
An oven dried volumetric flask was loaded with heteroarene (1 eq., 1 mmol, 0.2 M), TMEDA (2 eq., 2 mmol) and photocatalysts
Ru(bpy)3Cl2 • 6H2O (1 – 4 mol%). The flask was closed with a rubber septum and degassed; evacuated and backfilled with argon (three
times). Internal standard DDD-trifluorotoluene (10 mol%) was added and the volumetric flask was filled with anhydrous MeCN to
make up the solution to 5 mL. Subsequently, the mixture was taken up into a syringe and mounted on the syringe pump (see picture).
The CF3I gas flow was maintained at a constant flow rate (0.4 – 1.2 mLn • min-1) by means of a MFC and a stable outlet pressure (max. 8
– 10 psi). The syringe pump delivered a constant liquid flow rate (25 – 100 μL• min-1). After collection of the reaction mixture,
purification was performed using column chromatography (2 – 10 % EtOAc in PE) to afford the desired trifluoromethylated product.
Depending on the substrate – different catalysts loading, gas flow rate, liquid flow rate and/or additives (reagents or solvent) are
utilized to gain the most optimal conditions; see more detailed information per substrate below.

Perfluoromethylation in flow
To an oven-dried volumetric flask was added, heterocyclic compound (1.6 mmol, 0.3 M), perfluoroalkyl iodide (2 eq., 3.2 mmol),
photocatalysts Ru(bpy)3Cl2 • 6H2O (0.5 – 1 mol%), sealed with a rubber septum and degassed by alternating vacuum and argon
backfill. Subsequently, internal standard DDD-trifluorotoluene (1 eq.) and anhydrous MeCN (5 mL) were then added. A second ovendried volumetric flask was loaded with TMEDA (3 eq., 8.5 mmol) degassed and filled with anhydrous MeCN (5 mL). Both mixtures were
loaded into individual syringes and mounted on a syringe pump and connected to a continuous microfluidic setup (see picture). The
syringe pump was operated at a constant flow rate (50 – 100 μL• min-1). The collected reaction mixture was purified by silica column
chromatography (2 – 10 % EtOAc in PE) to furnish the desired perfluoroalkylated product.
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SUPPLEMENTARY DATA 3.2 | ADDITIONAL OPTIMIZATION DATA
1

BuOH

2

MeOH

3

THF

4

NMP

5

DMF

6

DMSO

7

MeCN

8

DiPEA

9

TEA

10

DBU

11

Additional screening of solvents system for the perfluoroalkylation

TMEDA

5%

7%

17%

64%

76%

Conversion (%)

85%

19F NMR (%)
86%

28%

38%

86%

91%
75%

Table 3.S1 | Solvent and base optimization table. [a] All reactions regarding the solvents screening were
carried out using; N-Methylpyrrole (1 mmol), nonafluoro-4-iodobutane (2 mmol), Ru(bpy)3Cl2 (0.5 mol%),
TMEDA (3 mmol) at a concentration of 0.25 M. [b] All reaction regarding the base screening were performed
using; N-methylpyrrole (1 mmol), nonafluoro-4-iodobutane (2 mmol), Ru(bpy)3Cl2 (0.5 mol%), base (3 mmol) in
MeCN (0.25 M).
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SUPPLEMENTARY DATA 3.3 | SPECIFIC COMPOUND DATA
1-methyl-2-(trifluoromethyl)-1H-pyrrole (2a). The general procedure for trifluoromethylation in segmented
(gas/liquid) continuous microflow was applied. N-methyl- 1H-pyrrole (81.1 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1
mol%) were used; in combination with a CF3I gas flow-rate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100
μL • min-1; this corresponds with a residence time of 8 min. After operation the mixture was collected and directly analysed ( 19F NMR
yield: 95%). 1H NMR (399 MHz, CDCl3): 6.77 (t, J = 2.1 Hz, 1H), 6.55 – 6.50 (m, 1H), 6.08 (t, J = 3.1 Hz, 1H), 3.66 (s, 3H). 13C NMR (100
MHz, CDCl3): 134.1, 126.6, 121.6, 111.6, 107.2, 29.7.

19

F NMR (377 MHz, CDCl3): -59.79. HRMS (ESI): calcd. for C6H5F3N – H+

148.0374; found 148.0378.
2-trifluoromethyl-1H-indole (2b). The general trifluoromethylation procedure in continuous microflow was

3

applied. Indole (117.1 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1 mol%) were used; in combination with a CF3I gas flowrate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100 μL • min-1; to constitute a residence time of 8 min. After
operation the mixture was collected, and purified (5% EtOAc/PE, v/v) to yield title compound as a white solid (80%). 1H NMR (399
MHz, CDCl3): 8.40 (s, 1H), 7.69 (d, J = 7.9, 1H), 7.44 (d, J = 8.3, 1H), 7.37 – 7.30 (m, 1H), 7.20 (t, J = 7.5, 1H), 6.94 (s, 1H). 13C NMR (100
MHz, CDCl3): 124.9, 122.2, 121.3, 111.8, 104.4.

19

F NMR (377 MHz, CDCl3): -60.5. HRMS (ESI): calcd. for C9H6F3N – H+ 184.0374;

found 184.0376.
2-trifluoromethyl-1-methyl-1H-indole (2c). The general trifluoromethylation procedure in continuous microflow
was applied. N-methyl-1H-indole (131.2 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1 mol%) were used; in combination
with a CF3I gas flow-rate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100 μL • min-1; to afford a residence
time of 8 min. After operation the mixture was collected, and purified by column chromatography (2% EtOAc/PE, v/v) to yield title
compound (91%). 1H NMR (399 MHz, CDCl3): 7.78 (t, J = 9.0 Hz, 1H), 7.45 – 7.22 (m, 4H), 3.82 (d, J = 10.2 Hz, 3H).. 13C NMR (100
MHz, CDCl3): 136.9, 128.6, 123.1, 121.2 (d, J = 1.3 Hz), 119.7, 109.9 (d, J = 1.3 Hz), 29.85. 19F NMR (377 MHz, CDCl3): -56.74. HRMS
(ESI): calcd. for C10H8F3N + H+ 200.0687; found 200.0680.
2-trifluoromethyl-3-methyl-1H-indole (2d). The general trifluoromethylation procedure in continuous microflow
was applied. 3-methyl-1H-indole (131.2 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1 mol%) were used; in combination
with a CF3I gas flow-rate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100 μL • min-1; to give a residence time
of 8 min. After the reaction the mixture was collected, and purified by means of silica chromatography (5% EtOAc/PE, v/v) to yield the
desired compound 2d (80%).1H NMR (399 MHz, CDCl3) 8.20 (s, 1H), 7.65 (d, J = 8.0, 1H), 7.39 (d, J = 8.2, 1H), 7.33 (t, J = 7.6, 1H), 7.20
(t, J = 7.5, 1H), 2.45 (s, 3H). 13C NMR (100 MHz, CDCl3): 135.3, 128.2, 124.9, 120.5, 120.2, 111.7, 29.8. 19F NMR (377 MHz, CDCl3): 58.38. HRMS (ESI): calcd. for C10H8F3N – H+ 198.0531; found 198.0532.
3-trifluoromethyl-2-methyl-1H-indole (2e). The general trifluoromethylation procedure in continuous microflow
was applied. 2-methyl-1H-indole (131.2 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1 mol%) were used; in combination
with a CF3I gas flow-rate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100 μL • min-1; to constitute a residence
time of 8 min. After operation the mixture was collected and purified (5% EtOAc/PE, v/v) to yield titled compound (65%). 1H NMR (399
MHz, CDCl3): 1H NMR (399 MHz, Chloroform-d) 8.07 (bs, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.32 – 7.00 (m, 3H), 2.48 (s, 3H). 13C NMR (100
MHz, CDCl3): 122.45, 121.19, 118.99, 110.54, 29.69.
198.0531; found 198.0530.
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Large scale synthesis of 2-trifluoromethyl-3-methyl-1H-indole. The same method was applied as described above. 3-methyl indole
(1.31 g, 10 mmol) as starting material. After operation the reaction mixture was collected and purified by column chromatography (5%
EtOAc/PE, v/v), which afforded 2d (95%, 1,98 g).

Low catalysts loading synthesis of 2-trifluoromethyl-3-methyl-1H-indole. The same method was applied as described above with
exceptions to catalyst loading and residence time (tR). The following results were obtained:
Entry

Ru(bpy)3Cl2 loading (mol%)

Residence time (min)

Yield

1

0.1

16

99%

2

0.05

16

48%

3

0.05

32

75%

3
3-trifluoromethyl-1,2-dimethyl-1H-indole (2f). The general trifluoromethylation procedure in continuous
microflow was applied. 1,2-dimethyl-1H-indole (145.2 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (1 mol%) were used; a
CF3I gas flow-rate of 2.0 mL • min-1 (MFC) and a liquid flow-rate of 100 μL • min-1; to give a residence time of 8
min. The mixture was collected and purified (2% EtOAc/PE, v/v) after the reaction, and yielded compound 2f (79%).1H NMR (399
MHz, CDCl3): 7.72 (d, J = 7.9 Hz, 1H), 7.35 – 7.08 (m, 3H), 3.68 (s, 3H), 2.54 (s, 3H). 13C NMR (100 MHz, CDCl3): 136.28, 122.13, 121.17,
119.19 (d, J = 1.4 Hz), 109.33, 29.87, 29.62, 11.08. 19F NMR (377 MHz, CDCl3): -53.74. HRMS (ESI): calcd. for C11H10F3N + H+ 214.0844;
found 214.0840.
5-(trifluoromethyl)-1H-pyrrole-2-carbaldehyde (2g). The general trifluoromethylation procedure in continuous
microflow was applied. 1H-pyrrole-2- carbaldehyde (95.1 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (4 mol%) were used;
in combination with solvent mixture of DMSO/MeCN (1:9, v/v), a CF3I gas flow-rate of 1.5 mL • min-1 (MFC) and a
liquid flow-rate of 50 μL • min-1; to give a residence time of 16 min. After the reaction the mixture was purified (5% EtOAc/PE, v/v) to
yield 2g (85%).1H NMR (399 MHz, CDCl3): 10.13 (s, 1H), 9.65 (s, 1H), 6.98 (s, 1H), 6.68 (s, 1H).

13

C NMR (100 MHz, CDCl3): 180.5,

133.9, 127.5, 120.1, 111.5 (q, J = 2.7 Hz). 19F NMR (377 MHz, CDCl3): - 60.9. HRMS (ESI): calcd. for C6H4F3NO - H+ 162.0167; found
162.0171.
Methyl 5-(trifluoromethyl)-1H-pyrrole-2-carboxylate (2h). The general trifluoromethylation procedure in
continuous microflow was applied. Methyl 1H-pyrrole-2- carboxylate (125.1 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (4
mol%) were used; in combination with solvent mixture of DMSO/MeCN (1:9, v/v), a CF3I gas flow-rate of 1.5 mL •
min-1 (MFC) and a liquid flow-rate of 50 μL • min-1; to give a residence time of 16 min. After operation the mixture was collected and
purified (5% EtOAc/PE, v/v) (69%). 1H NMR (399 MHz, CDCl3): 9.97 (s, 1H), 6.81 (s, 1H), 6.52 (s, 1H), 3.84 (s, 3H). 13C NMR (100 MHz,
CDCl3): 161.3, 125.1, 124.6, 121.8, 115.1, 111.1 (q, J = 2.7 Hz), 52.2. 19F NMR (377 MHz, CDCl3): -60.54. HRMS (ESI): calcd. for
C7H6F3NO2 – H+ 192.0272; found 192.0272.
2-methyl-5-(trifluoromethyl)furan (2i). The general trifluoromethylation procedure in continuous microflow was
applied. 2-methyl furan (82.1 mg, 1 mmol), Ru(bpy)3(Cl)2 • 6H2O (4 mol%) were used; in combination with solvent
mixture of DMSO/MeCN (1:9, v/v), a CF3I gas flow-rate of 1.5 mL • min-1 (MFC) and a liquid flow-rate of 50 μL •
min-1; to give a residence time of 16 min. The reaction mixture was collected and the crude mixture was directly analysed (19F NMR
Yield: 75%). 1H NMR (399 MHz, CDCl3): 6.71 (d, J = 2.3 Hz, 1H), 6.27 (t, J = 2.5 Hz, 1H), 2.31 (s, 3H). 13C NMR (100 MHz, CDCl3): 155.6,
138.5, 118.9, 112.7, 106.2, 12.0. 19F NMR (377 MHz, CDCl3): -64.09. HRMS (ESI): calcd. for C6H5F3O – H+ 149.0214; found 149.0213.
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2-methyl-5-(trifluoromethyl)thiophene (2j). The general trifluoro methylation procedure in continuous microflow
was applied. 2-methyl thiophene (98.2 mg, 1 mmol), Ru(bpy)3(Cl)2 • 6H2O (2 mol%) were used; a CF3I gas flowrate of 1.5 mL • min-1 (MFC) and a liquid flow-rate of 50 μL • min-1; to give a residence time of 16 min. The
reaction mixture was collected and the crude mixture was directly analysed (19F NMR Yield: 65%). 1H NMR (399 MHz, CDCl3): 7.09
(dd, 1H), 6.89 (dd, J = 5.1, 3.5 Hz, 1H), 2.53 (s, 3H). 13C NMR (100 MHz, CDCl3): 144.8, 129.0, 126.3, 124.5, 122.4, 14.2. 19F NMR (377
MHz, CDCl3): -55.36. HRMS (ESI): calcd. for C6H5F3S + H+ 167.0142; found 167.0137.
2-methyl-5-(trifluoromethyl)benzofuran (2i). The general trifluoromethylation procedure in continuous
microflow was applied. 3-methyl benzofuran (132.2 mg, 1 mmol), Ru(bpy)3(Cl)2 • 6H2O (4 mol%) were used; in
combination with solvent mixture of DMSO/MeCN (1:9, v/v), a CF3I gas flow-rate of 1.5 mL • min-1 (MFC) and a

3

liquid flow-rate of 50 μL • min-1, in a 1000 μL (Vmax) micro reactor; to give a residence time of 32 min. After operation the mixture was
collected and purified by silica chromatography (1% EtOAc/Pe, v/v) to afford 2i (73%). 1H NMR (399 MHz, CDCl3): 7.58 (d, J = 7.5 Hz,
1H), 7.48 (d, J = 8.2 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 7.31 (t, J = 7.4 Hz, 1H), 2.41 (s, 3H). 13C NMR (100 MHz, CDCl3): 154.0, 138.5
127.9, 126.7, 123.2, 120.2, 121.1, 119.1, 111.4, 7.2. 19F NMR (377 MHz, CDCl3): -62.46.
2-methyl-5-(trifluoromethyl)benzothiophene (2j). The general trifluoromethylation procedure in continuous microflow was applied. 3methyl benzothiophene (148.2 mg, 1 mmol), Ru(bpy)3Cl2 • 6H2O (2 mol%) were used, a CF3I gas flow-rate of 1.5 mL • min-1 (MFC) and
a liquid flow-rate of 50 μL • min-1 were applied; which enabled a residence time of 16 min. The reaction mixture was collected and
purified by column chromatography (100% Heptane) and afforded 2j as a yellow oil (55%) 1H NMR (399 MHz,
CDCl3): 7.32 – 7.17 (m, 2H), 7.09 – 6.98 (m, 1H), 6.98 – 6.88 (m, 1H), 1.67 (dt, J = 17.1, 2.1 Hz, 3H). 13C NMR (100
MHz, CDCl3): 140.4, 139.1, 129.4 (d, J = 22.8 Hz), 128.3, 126.5, 124.2 (d, J = 18.3 Hz), 121.5 (d, J = 20.3 Hz), 18.7.
19

F NMR (377 MHz, CDCl3): -73.09 (dd, J = 126.6, 9.6 Hz).

1-methyl-2-(perfluorobutyl)-1H-pyrrole (3a). The general perfluoroalkylation method was applied. Nmethyl-1H-pyrrole (0.46 g, 5.6 mmol), Ru(bpy)3Cl2 • 6H2O (0.5 mol%) were used, in combination with a
flow rate of 50 μL • min-1 to constitute a residence time of 10 minutes. After operation the reaction
mixture was collected, and analysed (19F NMR Yield: 75%). 19F NMR (377 MHz, CDCl3): -82.13, -105.46, 126.86, -128.68.
3-methyl-2-(perfluorobutyl)-1H-indole (3b). The general perfluoroalkylation method was applied. 3methyl-1H-indole (0.74 g, 5.6 mmol), Ru(bpy)3Cl2 • 6H2O (0.5 mol%) were used, combined with a flow
rate of 50 μL • min-1, which gave a residence time of 10 minutes. After reaction the sample was collected
and purified by flask chromatography (2% EtOAc in PE, v/v) to receive compound 3b as a crystalline solid
1

(88%). H NMR (399 MHz, CDCl3): 8.15 (br s, 1H), 7.67 (d, J = 8 Hz, 1H), 7.40 (d, J = 8 Hz, 1H), 7.34 (t, J = 8 Hz, 1H), 7.21 (t, J = 8 Hz,
1H), 2.45 (s, 3H). 13C NMR (100 MHz, CDCl3): 135.9, 128.3, 124.9, 120.4, 120.0, 116.7, 111.5, 8.6. 19F NMR (377 MHz, CDCl3): -81.0, 108.8, -123.0, -126.0. HRMS (ESI): calcd. for C13H8F9N – H+ 348.0435; found 348.0437.
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3-methyl-2-(perfluoropropane-2-yl)-1H-indole (3c). The general perfluoroalkylation method was
applied. 3-methyl-1H-indole (0.74 g, 5.6 mmol), heptafluoro- 2-iodopropane (3.25 g, 11.0 mmol) as alkyl
halide, Ru(bpy)3Cl2 • 6H2O (0.5 mol%) were used, in combination with a flow rate of 50 μL • min-1, which
afforded a residence time of 10 minutes. After completion the reaction mixture was collected and
quenched, and subsequently purified by silica chromatography (5% EtOAc in PE, v/v) to afford title compound 3c (99% yield). 1H NMR
(399 MHz, CDCl3): 8.17 (s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.37 – 7.26 (m, 2H), 7.18 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 2.43 (d, J = 2.2 Hz, 3H).
13

C NMR (100 MHz, CDCl3): 171.6, 136.1, 128.7, 124.6, 120.4, 119.7, 111.4, 29.9, 21.1, 14.2, 8.8. 19F NMR (377 MHz, CDCl3): -76.02 (d,

J = 8.3 Hz, 6F), -182.33 (p, J = 8.3 Hz, 1F). HRMS (ESI): calcd. for C12H8F7N – H+ 298.0467; found 298.0478.
Ethyl 2,2-difluoro-2-(3-methyl-1H-indol-2-yl)acetate (3d). The general perfluoroalkylation method was
applied. 3-methyl-1H-indole (0.74 g, 5.6 mmol), Ethyl 2,2- difluoro-2-bromoacetate (2.75 g, 11.0 mmol)
as alkyl halide, Ru(bpy)3Cl2 • 6H2O (0.5 mol%) were used, in combination with a flow rate of 25 μL • min-1,
to give a residence time of 20 minutes. The reaction mixture was collected and quenched, and purified by
flask chromatography (5% EtOAc in PE, v/v) which acquired an inseparable mixture of compound 3d and 3-methyl-1H-indole (19F
NMR yield: 72%). 1H NMR (399 MHz, CDCl3): 8.33 (s, 1H), 7.64 – 7.55 (m, 1H), 7.29 (dt, J = 20.3, 7.7 Hz, 2H), 7.22 – 7.08 (m, 1H), 2.41
(t, J = 2.3 Hz, 3H), 2.33 (s, 3H), 1.26 (s, 2H). 13C NMR (100 MHz, CDCl3): 163.6, 135.6, 128.3, 124.3, 121.9, 120.2, 119.2, 111.0, 63.6,
29.8, 14.0, 9.7. 19F NMR (377 MHz, CDCl3): -101.47 (d, J = 2.1 Hz). HRMS (ESI): calcd. for C13H13F2NO2 – H+ 252.0836; found 252.0847.
1,2-dimethyl-3-(perfluorobutyl)-1H-indole (3e). The generalized perfluoroalkylation in flow method was
applied. 1,2-dimethyl-1H-indole (0.81 g, 5.6 mmol), Ru(bpy)3Cl2 • 6H2O (0.5 mol%) were used, combined
with a flow rate of 50 μL • min-1; which allowed for a 10 minutes residence time. After operation the
reaction mixture was collected and purified by silica column chromatography (1% EtOAc in PE, v/v) to
afford 3e (53%). 1H NMR (399 MHz, CDCl3): 7.69 (d, J = 8 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.25 (t, J = 8 Hz, 1H), 7.19 (t, J = 8 Hz, 1H),
3.71 (s, 3H), 2.51 (s, 3H). 13C NMR (100 MHz, CDCl3): 138.8, 136.4, 125.5, 122.0, 121.1, 119.6, 119.1, 117.8, 112.3, 110.0, 109.2, 100.0,
29.6, 11.2. 19F NMR (377 MHz, CDCl3): -82.1, -104.9, -124.1, -126.9. HRMS (ESI): calcd. for C14H10F9N + H+ 364.0748; found 364.0745.
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TRIFLUOROMETHYLATION AND
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ABSTRACT

A

visible light photocatalytic metal-free
perfluoroalkylation method for the
functionalization of heteroarenes in
continuous flow was developed. Eosin Y was
the most efficient photocatalyst with regard to
substrate scope, reaction time and cost prize.
Faster reaction times were observed in
continuous flow compared to batch due to an
improved irradiation of the reaction mixture
on a microscale. Several pyrroles and indoles
were perfluoroalkylated within 30 min
residence time (six examples). The
trifluoromethylation of pyrroles and indoles
was achieved by using a gas̽liquid flow with
CF3I as a cheap CF3 source (three examples).
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4.1 | INTRODUCTION

4

The introduction of trifluoromethyl and other perfluoroalkyl substituents into arenes and
heteroarenes is at the moment arguably one of the most active research areas within synthetic
organic chemistry. Current interest in this field has been fuelled by the favorable chemical and
physical properties that these substituents impart on pharmaceuticals, agrochemicals and
materials [1,2]. Despite the apparent importance of perfluoroalkyl moieties, many, if not all,
perfluoroalkylation strategies lack practicality, generality and efficiency [3-5]. The most
potent methods involve transition metals to establish a perfluoroalkyl–carbon bond [6].
Palladium and copper based crosscoupling strategies exhibit good selectivity but often
require large amounts of the metal catalysts [7-11]. Recently, radical perfluoroalkylation
methods have been developed which demonstrate a wide substrate scope, including a broad
range of heterocyclic substrates [12-22]. Radical perfluoroalkyl species can be efficiently
generated by photoredox catalysis starting from cheap perfluoroalkyl iodide compounds [2327]. The use of photoredox catalysts, such as Ru(bpy)3Cl2, allows to perform the process under
mild reaction conditions, i.e., at room temperature and under visible light irradiation [23-27].
However, as with any light-induced reaction, the transformation suffers from limited scale-up
potential and long reaction times (typically hours to days), arising from an inefficient light
transmission through the reaction vessel (Bouguer–Lambert–Beer law) [28]. Moreover, the use
of gaseous reagents, such as CF3I as a trifluoromethyl radical source, complicates the batch
procedure even further. Recently, we have demonstrated that the use of continuous-flow
microreactors allows to accelerate photocatalytic perfluoroalkylations of heterocycles [2934]. Such accelerations could be rationalized by the high surface-to-volume ratios which allow
a uniform irradiation of the entire reaction medium [35-38].
During the course of our investigations, which is partially disclosed in Chapter 3, a catalyst
screening revealed that Ru(bpy)3Cl2 was the most potent catalyst for the photocatalytic
perfluorobutylation of N-methyl pyrrole (Figure 4.1). However, it was found that 78%
conversion could be realized in the presence of Eosin Y, as a photoredox catalyst. The use of
such metal-free reaction conditions would be highly advantageous for the preparation of
active pharmaceutical ingredients, which have to abide to strict product purity regulations
[39,40]. Moreover, the use of organic dyes not only avoids tedious downstream purifications
but also provides a more cost-efficient alternative compared to metal-based photoredox
catalytic processes (Figure 4.2) [41-47]. In this Chapter we describe the development of a
metal-free photocatalytic continuous-flow perfluoroalkylation process for the
functionalization of heteroarenes.
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1

Ru(bpy)3Cl2
Ru(bpy)
3Cl2

91%

2

fac-fac-Ir(ppy)3
Ir(ppy)3

3

fac-fac-Ir(bzq)3
Ir(bpz)3

40%

Conversion (%)
29%

4

Eosin YEosin Y

78%

Figure 4.1 | Screening of different photoredox catalysts. Conversions are determined by GC analysis and
internal standard method (DDD-trifluorotoluene). [a] Reaction conditions: N-methylpyrrole (0.56 mmol),
catalyst (1 mol%), CF3(CF2)3I (1.12 mmol), DDD-trifluorotoluene (0.33 mmol), DBU (1.68 mmol), acetonitrile (2
mL), 1 h reaction time.

4.2 | RESULTS AND DISCUSSION
We began our investigations by evaluating a wide variety of different organic photoredox
catalysts in batch (Figures 4.2 and 4.3) for the coupling of N-methylpyrrole with CF3(CF2)3I in
the presence of TMEDA (N,N,N′,N′-tetramethyl-1,2-diaminoethylene) as a base and
acetonitrile as a solvent [48]. A common CFL household bulb was used for photonic excitation
of the different organic dyes. It was found that most catalysts gave good to excellent
conversions (Figure 4.3). However, Eosin Y, Rose Bengal and Fluorescein were identified as the
most potent photoredox catalysts. Despite the low cost prize of Fluorescein, Eosin Y was
selected for further studies since it exhibited an improved substrate scope.
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4

Figure 4.2 | Overview of different photoredox catalysts
evaluated in this study and their cost prize. [a] cost prizes
are obtained from Sigma-Aldrich Co. and Furuya Metal
Co. (accessed on: 15 October 2013).
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Rhodamine B
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Figure 4.3 | Overview of different organic dyes as photoredox catalysts for the perfluoroalkylation of Nmethylpyrrole in batch (see Supplementary Data 4.1 for an alternative depiction). Conversions are determined
by GC analysis and internal standard method (α,α,α-trifluorotoluene). [a] Reaction conditions: N-methylpyrrole
(0.56 mmol), catalyst (1 mol%), CF3(CF2)3I (1.12 mmol), α,α,α-trifluorotoluene (0.33 mmol), DBU (1.68 mmol),
acetonitrile (2 mL)

We next evaluated different organic and inorganic bases (Figure 4.4). A base is involved in the
mechanism during the deprotonation step leading to re-aromatization of the heterocycle (see
mechanistic outline, Figure 4.10). It was observed that organic nitrogen bases are more
efficient than inorganic bases (Figure 4.4). We reasoned that the lower efficiency of inorganic
bases in this photocatalytic transformation could be attributed to the significant light
scattering due to the presence of the insoluble base.[29] In addition, organic nitrogen bases
can also function as competent electron donors (reductive quencher) [49]. Further studies
showed that TMEDA proved most efficient since the solution remained transparent over
longer reaction times. In contrast, it was observed that the presence of DBU (1,8diazabicyclo[5.4.0]undec-7-ene) gave rise to black non-transparent solutions. Especially, for
more challenging substrates, this resulted in a less efficient system due to inefficient photoirradiation of the reaction mixture.
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DMAP

90%
92%
67%
91%
61%

Conversion (%)
62%
55%
64%
50%
30%

Figure 4.4 | Different bases evaluated in the Eosin Y-induced perfluoroalkylation of N-methylpyrrole in batch.
Conversions are determined by GC analysis and internal standard method (α,α,α-trifluorotoluene). [a] Reaction
conditions: N-methylpyrrole (0.56 mmol), Eosin Y (1 mol %), CF3(CF2)3I (1.12 mmol), α,α,α-trifluorotoluene
(0.33 mmol), base (1.68 mmol), acetonitrile (2 mL), 4 h reaction time. Abbreviations, TEA: Triethylamine, DBU:
1,8-Diazabicycloundec-7-ene, DiPEA: diisopropylethylamine, DMAP: N,N-dimethylaminopyridine.

With optimal batch conditions in hand, we examined the efficiency of the reaction in
continuous flow. An operationally simple and versatile photomicroreactor utilizing LED was
assembled as shown in Figure 4.5. The microreactor consisted of a transparent PFA capillary
tubing (750 μm ID, 500 μL V) coiled around a disposable syringe coated with aluminum foil to
refract the incident light back to the reactor. The tip of the syringe was connected to a
pressurized air supply and allowed to keep the reaction temperature stable to room
temperature. Moreover, it is known that the efficiency of LED irradiation is lower at elevated
temperatures, so a rigorous temperature control of the photomicroreactor is crucial to
maintain optimal irradiation circumstances. Next, the capillary microreactor assembly was
placed inside a larger disposable syringe in which a stripe of white LED was coiled in a spiral
fashion. TMEDA and Eosin Y were dissolved in acetonitrile and merged with the reagents in a
mixing tee. Subsequently, the reaction mixture was subjected to irradiation in the LED
microreactor to initiate the photocatalytic process.
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Figure 4.5 | (A) (Top) Schematic representation of the photomicroreactor assembly for the perfluoroalkylation of five-membered heterocycles. (Note: The total amount of Eosin Y was distributed over two
syringes due to its low solubility). (B) (Bottom) Continuous-flow photocatalytic perfluoroalkylation of Nmethylpyrrole with Eosin Y as a photocatalyst. [a] Reaction conditions: N-methylpyrrole (0.07 M), Eosin Y (X
mol%), CF3(CF2)3I (0.14 M), α,α,α-trifluorotoluene (0.04 M), TMEDA (0.21 M) in acetonitrile.
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Upon exiting the microreactor, the reaction mixture is diluted with ethyl acetate to avoid
precipitation at the outlet which led to microreactor clogging at higher Eosin Y loadings. The
perfluorobutylation of N-methylpyrrole with 1 mol% of Eosin Y resulted in 80% conversion
after a residence time of 45 min (Figure 4.5 B). Increasing the catalyst loading to 5 mol% Eosin
Y resulted in full conversion within 45 min. Despite the high catalyst loading required for the
perfluoroalkylation of heterocycles with Eosin Y, the transformation remains cost efficient due
to the low cost of organic dyes as photocatalysts and the avoidance of transition metals which
simplifies the purification process.
Metal-free Perfluoroalkylation - Reaction scope

4

Next, we evaluated the scope of our new perfluoroalkylation method under continuous flow
conditions (Figure 4.6). This radical-based coupling is compatible with a variety of pyrrole and
indole substrates. The mildness of this transformation is demonstrated by the presence of
unprotected NH groups (Figure 4.6, entries 3, 5 and 6). A variety of perfluoralkyl iodides are
compatible with the reaction conditions leading to different fluorous tagged pyrroles and
indoles in good to excellent yield (Figure 4.6).

Figure 4.6| Visible light-mediated perfluoroalkylation of indoles and pyrroles with Eosin Y as a photoredox
catalyst. [a] Reaction conditions: N-methylpyrrole or indole substrate (0.07 M), Eosin Y (5 mol%), CF3(CF2)3I
(0.14 M), α,α,α-trifluorotoluene (0.04 M), TMEDA (0.21 M) in acetonitrile. [b] Isolated yield. [c] 4 mol% Eosin Y
was used. [d] Yield determined via 19F NMR due to volatility of the product.

Notably, all reactions could be completed within 30 min residence time under continuousflow conditions. The use of ethyl 2-bromo-difluoroacetate resulted into lower yields (Figure
4.6, entries 3 and 5). We surmise that this can be attributed to the more challenging cleavage
of the carbon–bromide bond compared to the carbon–iodide bond.
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Metal-free Trifluoromethylation

After establishing optimal reaction conditions for the homogeneous perfluoroalkylation, we
turned our attention toward the trifluoromethylation of pyrroles and indoles in continuous
flow. Several trifluoromethylating reagents have been reported in the literature. However,
most of them require a multistep preparation and are therefore expensive, e.g., Umemoto and
Togni reagent. One of the cheapest trifluoromethylating reagents is CF3I. However, this bulk
chemical is a gaseous reagent making it more difficult to handle under standard batch
operating conditions. In contrast, the dosing of gaseous reagents can be easily done in
continuous flow [50]. A similar continuous-flow setup was used as for the homogeneous
perfluoroalkylation (Figure 4.7). One point of difference constitutes the addition of gaseous
CF3I to the liquid reagents, which was controlled and monitored by means of a mass flow
controller (MFC).
Different reaction/residence times were investigated for the trifluoromethylation of Nmethylpyrrole in flow (Figure 4.8 A). It was found that longer reaction times did not lead to an
improvement in yield. This can be attributed to a lower mass transfer rate between the gas
and the liquid phase at decreasing flow rates. In contrast, a higher mass transfer rate can be
obtained at higher flow rates in microreactors [51]. At extremely high flow rates, the mass
transfer rate is high and can completely match the intrinsic reaction rate. In this particular
case, the reaction rate is dominated by intrinsic reaction kinetics and thus a longer reaction
time (residence time) would result in a higher conversion. However, it was found that the mass
transfer rate cannot match the intrinsic reaction rate when the flow rate is below a certain
value. Under this situation, the reaction is controlled by both the intrinsic reaction kinetics
and the mass transfer rate [52]. The negative effect of the decrease in mass transfer rate
cannot be completely counteracted by the increase in residence time, so the conversion of Nmethylpyrrole decreases slightly. An optimal reaction time was found to be 15 min, allowing
for sufficient reaction time and providing excellent mixing between the CF3I gas bubble and
the liquid slug.

Page | 77

4

Chapter 4 | Metal-free trifluoromethylation and perfluoroalkylation

4

Figure 4.7 | Schematic representation of the photo-microreactor assembly for the trifluoromethylation of fivemembered heterocycles
80%

80%

70%

70%

60%

60%

50%

50%

40%

40%
0

15

30

45

60

0

Residence time (min)

Figure 4.8 | (A) Eosin Y-catalyzed

5

10

15

20

Backpressure (psi)

(B) Eosin Y-catalyzed trifluoromethylation of N-

trifluoromethylation of N-methylpyrrole in flow:

methylpyrrole in flow: Effect of backpressure.

Effect of residence time. Reaction conditions:

Reaction conditions: N-methylpyrrole (0.07 M),

N-methylpyrrole (0.07 M), Eosin Y (4 mol%), CF3I (4

Eosin Y (4 mol%), CF3I (4 eq.), α,α,α-trifluorotoluene

eq.), α,α,α- trifluorotoluene (0.04 M), TMEDA (0.21

(0.04 M), TMEDA (0.21 M) in acetonitrile (1 psi =

M) in acetonitrile.

0.069 Bar).

Page | 78

Chapter 4 | Metal-free trifluoromethylation and perfluoroalkylation

Next, we evaluated the effect of backpressure on the photocatalytic trifluoromethylation
(Figure 4.8 B). Higher pressures lead to improved solubility of gases in the liquid phase which
should result in an acceleration of the photocatalytic process. Indeed, we saw a slight increase
in yield (6% yield increase) when the pressure was raised from 0 to 10 psi backpressure.
Further improvements in yield by applying higher pressures were not observed since at such
pressures the gas was entirely dissolved in the liquid stream.
Extending the substrate scope toward indole substrates resulted in somewhat lower yields
than encountered in the corresponding perfluoroalkylation experiments (Figure 4.9). A yield
of 47% could be obtained for 2-methylindole, while 3- methylindole gave a sluggish reaction
leading to 19% yield in 60 min. Nevertheless, control experiments performed in batch
demonstrated that superior yields were still obtained in continuous-flow experiments (24 h in
batch versus 15–60 min in flow) (Figure 4.9). These surprising results can be rationalized
taking into account (i) the lower irradiation efficiency in batch due to the Bouguer–Lambert–
Beer law, (ii) less efficient interfacial contact between the gas and liquid phase, and (iii) the
presence of a larger headspace in batch reactors leading to less efficient CF3I usage.

Figure 4.9 | Visible light-mediated trifluoromethylation of indoles and pyrroles with Eosin Y as a photoredox
catalyst: Comparison between a batch and continuous-flow process. A Reaction conditions: N-methyl-pyrrole
(0.07 M), Eosin Y (4 mol% for N-methylpyrrole and 5 mol% for indole substrates), CF3I (4 eq.), α,α,αtrifluorotoluene (0.04 M), TMEDA (0.21 M) in acetonitrile.
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Mechanistic proposal

A plausible mechanism based upon these results is shown in Figure 4.10. Excitation of
Eosin Y (EYn) by visible light provides an excited species (*EYn), which can subsequently accept
an electron of the nitrogen base. Next, the [Eosin Y]n–1 species is engaged in a single electron
transfer event generating the perfluoroalkyl radical species, hereby, closing the
photocatalytic cycle. The perfluoroalkyl radical can subsequently add to the electron-rich
heterocycle A generating a stabilized carbon radical B. This carbon radical can be oxidized
and is followed by a deprotonation step providing the desired compound C.

Figure 4.10 |
Proposed mechanism
for the visible light-

4

mediated perfluoroalkylation of indoles
and pyrroles with
Eosin Y as a photoredox catalyst
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4.3 | CONCLUSION
We have described the first photocatalytic metal-free perfluoroalkylation of pyrroles and
indoles in continuous flow. It was shown that Eosin Y was the optimal photocatalyst with
respect to catalytic efficiency and cost prize. Despite the fact that Ru(bpy)3Cl2 demonstrated a
better overall performance [9], the use of Eosin Y as a metal-free photocatalyst provides
opportunities for the pharmaceutical industry by avoiding the contamination of transition
metals in the final product. Capillary microreactors allow to reduce the reaction/residence
time significantly compared to batch due to the optimized irradiation of the reaction sample
at such short length scales. For the gas–liquid trifluoromethylation specifically, further
improvements with respect to batch experiments could be attributed to the improved gas–
liquid interaction in flow. Notably, higher backpressures provided a complete dissolution of
the CF3I gaseous reagent leading to improved yields.

4

SUPPLEMENTARY MATERIALS
Supplementary data, compound preparation, spectra of all compounds and other pictures
associated to this Chapter can be found, in the online version, at
http://dx.doi.org/10.1556/JFC-D-13-00032.
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SUPPLEMENTARY DATA 4.1 | ADDITIONAL FIGURES
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Figure 4.S1 | Alternative depiction of Figure4.3. (a) Conversions are determined by GC analysis and internal
standard method (α,α,α-trifluorotoluene). [a] Reaction conditions: N-methylpyrrole (0.56 mmol), catalyst (1
mol%), CF3(CF2)3I (1.12 mmol), α,α,α-trifluorotoluene (0.33 mmol), DBU (1.68 mmol), acetonitrile (2 mL)

This depiction shows more clearly that Eosin Y, Rose Bengal and Fluorescein are the most
effective photocatalysts for this transformation.
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SUPPLEMENTARY DATA 4.2 | GENERAL METHODS AND
COMPOUND DATA
General Procedure for the trifluoromethylation of hetero-aromatics
General procedure for trifluoromethylation in segmented (gas/liquid) continuous microflow: An oven dried volumetric flask was
loaded with heteroarene (1 eq., 0.704 mmol, 0.0704 M), and photocatalyst Eosin Y (1 – 4 mol%). The flask was closed with a rubber
septum and degassed; evacuated and backfilled with argon (three times). Internal standard a,a,a-trifluorotoluene (0.407 mmol) and
the base TMEDA (3 eq., 2.112 mmol) was added and the volumetric flask was filled with anhydrous MeCN to make up the solution to
10 mL. Subsequently, the mixture was taken up into a syringe and mounted on the syringe pump (see picture). The CF3I gas flow was
maintained at a constant flow rate (0.33 – 2.0 mLn • min-1) by means of a mass flow controller (MFC) and a stable outlet pressure (max.
8 – 10 psi). The syringe pump delivered a constant liquid flow rate (16.67 – 100 μL• min-1). Depending on the substrate – different
catalysts loading, gas flow rate, liquid flow rate and/or additives (reagents or solvent) are utilized to gain the most optimal conditions;
see more detailed information per substrate below.

4
General Procedure for the perfluoroalkylation of hetero-aromatics
General procedure for the perfluoroalkylation in mixed (liquid/liquid) continuous microflow: To an oven-dried volumetric flask was
added, heterocyclic compound (1.408 mmol, 0.0704 M), perfluoroalkyl iodide (2 eq., 2.816 mmol), 1/3 Eosin Y (0.5 – 5.0 mol%), sealed
with a rubber septum and degassed by alternating vacuum and argon backfill. Subsequently, internal standard α,α,α-trifluorotoluene
(0.814 mmol) and anhydrous MeCN (10 mL) were then added. A second oven-dried volumetric flask filled with 2/3 Eosin Y (0.5 – 5.0
mol%) degassed and loaded with TMEDA (3 eq., 4.224 mmol) and anhydrous MeCN (10 mL). Both mixtures were loaded into individual
syringes and mounted on a syringe pump and connected to a continuous microfluidic setup (see picture). The syringe pump was
operated at a constant flow rate (16.67 – 100 μL• min-1). The collected reaction mixture was purified by silica column chromatography
(1 – 10 % EtOAc in PE) to furnish the desired perfluoroalkylated product. Depending on the substrate – different catalysts loading, gas
flow rate, liquid flow rate and/or additives (reagents or solvent) are utilized to gain the most optimal conditions; see more detailed
information per substrate below.
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Specific compound data
Synthesis of 1-methyl-2-(trifluoromethyl)-1H-pyrrole).[1] The general procedure for trifluoromethylation in segmented (gas/liquid)
continuous microflow was applied. N-methyl-1H-pyrrole (0.704 mmol, 57.1 mg), Eosin Y (4 mol%), TMEDA (2.11 mmol, 245.2 mg),
α,α,α-trifluorotoluene (0.407 mmol, 59.5 mg) were used; in combination with a CF3I gas flow-rate of 1.33 mL • min-1 (MFC) and a
liquid flow-rate of 66.66 μL • min-1; this corresponds with a residence time of 15 minutes (VR = 1000 μl). After operation directly
analysed (19F NMR yield: 75%). 1H NMR (399 MHz, CDCl3): δ 6.77 (t, J = 2.1 Hz, 1H), 6.55 – 6.50 (m, 1H), 6.08 (t, J = 3.1 Hz, 1H), 3.66
(s, 3H).13C NMR (100 MHz, CDCl3): δ 134.1, 126.6, 121.6, 111.6, 107.2, 29.7. 19F NMR (377 MHz, CDCl3): -59.8. HRMS (ESI): calcd. for
C6H5F3N – H+ 148.0374; found 148.0378.
Synthesis of 3-trifluoromethyl-2-methyl-1H-indole. The general trifluoromethylation procedure in continuous microflow was applied.
2-methyl-1H-indole (0.704 mmol, 92.3 mg), Eosin Y (5 mol%), TMEDA (2.11 mmol, 245.2 mg), α,α,α-trifluorotoluene (0.407 mmol,
59.5 mg) were used; in combination with a CF3I gas flow-rate of 0.33 mL • min-1 (MFC) and a liquid flow-rate of 16.67 μL • min-1; to
constitute a residence time of 60 minutes (VR = 1000 μl). After operation directly analysed (19F NMR yield: 47%).1H NMR (399 MHz,
Chloroform-d) δ 8.07 (br s, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.32 – 7.00 (m, 3H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 122.45, 121.19,

4

118.99, 110.54, 29.69. 19F NMR (377 MHz, CDCl3): -54.7. HRMS (ESI): calcd. for C10H8F3N – H+ 198.0531; found 198.0530.
Synthesis of 2-trifluoromethyl-3-methyl-1H-indole.[2] The general trifluoromethylation procedure in continuous microflow was
applied. 3-methyl-1H-indole (0.704 mmol, 92.3 mg), Eosin Y (5 mol%), TMEDA (2.11 mmol, 245.2 mg), α,α,α-trifluorotoluene (0.407
mmol, 59.5 mg) were used; in combination with a CF3I gas flow-rate of 0.33 mL • min-1 (MFC) and a liquid flow-rate of 16.67 μL • min-1;
to constitute a residence time of 60 minutes (VR = 1000 μl). After operation directly analysed (19F NMR yield: trace). 1H NMR (399
MHz, CDCl3) δ 8.20 (s, 1H), 7.65 (d, J = 8.0, 1H), 7.39 (d, J = 8.2, 1H), 7.33 (t, J = 7.6, 1H), 7.20 (t, J = 7.5, 1H), 2.45 (s, 3H). 13C NMR (100
MHz, CDCl3): δ 135.3, 128.2, 124.9, 120.5, 120.2, 111.7, 29.8. 19F NMR (377 MHz, CDCl3): -58.4. HRMS (ESI): calcd. for C10H8F3N – H+
198.0531; found 198.0532.
Synthesis of 1-methyl-2-(perfluorobutyl)-1H-pyrrole. The general perfluoroalkylation method was applied. N-methyl-1H-pyrrole
(1.408 mmol, 114.2 mg), Eosin Y (4 mol%), TMEDA (4.224 mmol, 490.85 mg), perfluorobutyl iodide (2.816 mmol, 974.13 mg), α,α,αtrifluorotoluene (0.814 mmol, 119 mg) were used, in combination with a flow rate of 16.67 μL • min-1 to constitute a residence time of
30 minutes (VR = 500 μl). After operation the reaction mixture was collected, and analysed ( 19F NMR Yield: 99%). 19F NMR (377 MHz,
CDCl3): δ -82.1, -105.5, -126.9, -128.7.
Synthesis of 1,2-dimethyl-3-(perfluorobutyl)-1H-indole. The generalized perfluoroalkylation in flow method was applied. 1,2dimethyl-1H-indole (1.408 mmol, 204.44 mg), Eosin Y (5 mol%), TMEDA (4.224 mmol, 490.85 mg), perfluorobutyl iodide (2.816 mmol,
974.13 mg), α,α,α-trifluorotoluene (0.814 mmol, 119 mg) were used, combined with a flow rate of 16.67 μL • min-1; which allowed for a
30 minutes residence time (VR = 500 μl). After operation the reaction mixture was collected and purified by silica column
chromatography (1% EtOAc in PE, v/v) to afford 3e (86%). 1H NMR (399 MHz, CDCl3): δ 7.69 (d, J = 8 Hz, 1H), 7.31 (d, J = 8 Hz, 1H),
7.25 (t, J = 8 Hz, 1H), 7.19 (t, J = 8 Hz, 1H), 3.71 (s, 3H), 2.51 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 138.8, 136.4, 125.5, 122.0, 121.1,
119.6, 119.1, 117.8, 112.3, 110.0, 109.2, 100.0, 29.6, 11.2.

F NMR (377 MHz, CDCl3): δ -82.1, -104.9, -124.1, -126.9 ppm. HRMS

19

+

(ESI): calcd. for C14H10F9N + H 364.0748; found 364.0745. Mp. = 88-93 ºC
Synthesis of 2-methyl-3-(perfluorobutyl)-1H-indole. The generalized perfluoroalkylation in flow method was applied. 2-methyl-1Hindole (1.408 mmol, 184.69 mg), Eosin Y (5 mol%), TMEDA (4.224 mmol, 490.85 mg), perfluorobutyl iodide (2.816 mmol, 974.13 mg),
α,α,α-trifluorotoluene (0.814 mmol, 119 mg) were used, combined with a flow rate of 16.67 μL • min-1; which allowed for a 30 minutes
residence time (VR = 500 μl). After operation the reaction mixture was collected and purified by silica column chromatography (1%
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EtOAc in PE, v/v) to afford 3e (88%). 1H NMR (399 MHz, CDCl3): δ 8.23 (br s, J = 8 Hz, 1H), 7.65 (d, J = 8 Hz, 1H), 7.31 (t, J = 8 Hz, 1H),
7.21 (t, J = 8 Hz, 1H), 7.17 (t, J = 8 Hz, 1H), 2.53 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 134.7, 129.2, 126.5, 122.6, 121.4, 120.3, 119.8,
116.7, 114.0, 110.7, 29.9.

F NMR (377 MHz, CDCl3): δ -81.0, -104.9, -123.1, -125.9 ppm. HRMS (ESI): calcd. for C13H8F9N + H+

19

350.0591; found 350.0600.
Synthesis of 1,2-dimethyl-3-(perfluorohexyl)-1H-indole. The generalized perfluoroalkylation in flow method was applied. 1,2dimethyl-1H-indole (1.408 mmol, 204.44 mg), Eosin Y (5 mol%), TMEDA (4.224 mmol, 490.85 mg), perfluorohexyl iodide (2.816 mmol,
1255.80 mg), α,α,α-trifluorotoluene (0.814 mmol, 119 mg) were used, combined with a flow rate of 16.67 μL • min-1; which allowed for
a 30 minutes residence time (VR = 500 μl). After operation the reaction mixture was collected and purified by silica column
chromatography (1% EtOAc in PE, v/v) to afford 3e (84%). 1H NMR (399 MHz, CDCl3): δ 7.69 (d, J = 8 Hz, 1H), 7.31 (d, J = 8 Hz, 1H),
7.25 (t, J = 8 Hz, 1H), 7.19 (t, J = 8 Hz, 1H), 3.69 (s, 3H), 2.51 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 139.0, 139.0, 138.9, 136.6, 125.8,
125.7, 125.7, 121.3, 119.9, 118.1, 116.0, 112.5, 109.4, 100.3, 29.7, 11.4. 19F NMR (377 MHz, CDCl3): δ -80.9, -103.6, -121.8, -122.1, 122.8, -126.2. HRMS (ESI): calcd. for C16H10F13N + H+ 464.0684; found 464.0677. Mp. = 85-89 ºC
Synthesis of 2-methyl-3-(heptafluoro-2-propane)-1H-indole. The generalized perfluoroalkylation in flow method was applied. 2methyl-1H-indole (1.408 mmol, 184.7 mg), Eosin Y (5 mol%), TMEDA (4.224 mmol, 490.9 mg), heptafluoro-2-propane (2.816 mmol,
833.33 mg), α,α,α-trifluorotoluene (0.814 mmol, 119 mg) were used, combined with a flow rate of 16.67 μL • min-1; which allowed for
a 30 minutes residence time (VR = 500 μl). After operation the reaction mixture was collected and purified by silica column
chromatography (10% EtOAc in PE, v/v) to afford 3e (80%). 1H NMR (399 MHz, CDCl3): δ 8.37 (br s, 1H), 7.68 (d, J = 8 Hz, 1H), 7.31 (d,
J = 8 Hz, 1H), 7.21 (t, J = 8 Hz, 1H), 7.16 (t, J = 8 Hz, 1H), 2.54 (s, 3H). 19F NMR (377 MHz, CDCl3): δ -75.8, -178.7. HRMS (ESI): calcd. for
C14H10F9N + H+ 364.0748; found 364.0745. Mp. = 82-84 ºC
Synthesis of 2-methyl-3-(ethyl difluoroacetate)-1H-indole. The generalized perfluoroalkylation in flow method was applied. 2-methyl1H-indole (1.408 mmol, 184.7 mg), Eosin Y (5 mol%), TMEDA (4.224 mmol, 490.8 mg), ethyl bromodifluoroacetate (2.816 mmol, 571.6
mg), α,α,α-trifluorotoluene (0.814 mmol, 119.0 mg) were used, combined with a flow rate of 16.67 μL • min-1; which allowed for a 30
minutes residence time (VR = 500 μl). After operation the reaction mixture was collected and purified by silica column
chromatography (10% EtOAc in PE, v/v) to afford 3e (30%). 1H NMR (399 MHz, CDCl3): 8.30 (s, 1H), 7.62 – 7.53 (m, 1H), 7.24 (dt, J =
20.3, 7.7 Hz, 2H), 7.20 – 7.06 (m, 1H), 2.43 (t, J = 2.3 Hz, 3H), 2.36 (s, 3H), 1.26 (m, 2H).

13

C NMR (100 MHz, CDCl3): 163.6, 135.6,

128.3, 124.3, 121.9, 120.2, 119.2, 111.0, 63.6, 29.8, 14.0, 9.7. F NMR (377 MHz, CDCl3): δ -104.1. HRMS (ESI): calcd. for C13H13F2NO2
19

– H+ 252.0836; found 252.0847.
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CHAPTER 5
TRIFLUOROMETHYLATION & HYDROTRIFLUOROMETHYLATION
OF STYRENES
This chapter is adapted from: Natan J.W. Straathof, Sten E. Cramer, Volker Hessel, Timothy Noël, Angew. Chem. Int.
Ed. 2016, (DOI: 10.1002/anie.201608297).

ABSTRACT
Styrenes represent a challenging class of
substrates for current radical
trifluoromethylation and hydrotrifluoromethylation methods due to a myriad of
potential side reactions. Herein, we describe
the development of mild, selective and broadly
applicable photocatalytic trifluoromethylation
and hydrotrifluoro-methylation protocols for
these challenging substrates. The methods use
fac-Ir(ppy)3, visible light and inexpensive CF3I
and can be applied to a diverse set of
vinylarene substrates. The use of continuousflow photochemical reaction conditions
allowed to reduce the reaction time and
increase the reaction selectivity.
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5.1 | INTRODUCTION
Olefins are versatile synthons for the synthesis of various commodity chemicals. Consequently,
numerous catalytic methodologies have been developed allowing olefins to engage into
efficient carbon-carbon or carbon-heteroatom bond forming reactions, such as,
hydroformylations,[1] hydroaminations,[2] and Wacker oxidations.[3] One specific example
that received a lot of attention in recent years is the trifluoromethylation and hydrotrifluoromethylation of olefins.[4] Trifluoromethylated compounds are important for the
pharmaceutical, agrochemical and material industries as this substituent imparts important
properties to a molecule, such as improved bioavailability, lipophilicity and metabolic
stability.[5]

5

While several examples on the trifluoromethylation of terminal olefins have been reported, a
direct and practical route to C–H functionalization of these structures remains a challenging
task and is often hampered by the need for prefunctionalized substrates (Figure 5.1 A).[6] In
this context, radical trifluoromethylation[7] and hydrotrifluoromethylation[8] strategies arose
as efficient strategies to circumvent the need for olefin prefunctionalization.[9] Despite the
great progress, styrene derivatives remain an unsolved case due to the unique challenges with
regard to unproductive polymerization, product isomerization, oxidation,[10]
dimerization[11] and nucleophilic trapping (Figure 5.1 B).[12] Therefore, a key aspect in the
development of new synthetic methods is the efficient single electron oxidation of the
benzylic radical to suppress these undesired outcomes (Figure 5.1 B). For example, Qing et al.
achieved a good selectivity for the desired trifluoromethylated styrene compounds but
required the presence of electron-donating groups on the ortho position to prevent a
nucleophilic attack on the carbocation.[13] A versatile hydrotrifluoromethylation protocol for
β-substituted styrenes was developed by Nicewicz et al., but terminal styrenes proved
challenging due to their propensity for undesired polymerization.[14] Nonetheless, a reliable
and broadly applicable strategy to access these seemingly simple compounds remains
underdeveloped but is highly desirable.
Herein, we report a facile method for both trifluoromethylation and hydrotrifluoromethylation of terminal and α- or β-substituted styrenes via visible light photoredox catalysis
using CF3I as an inexpensive trifluoromethylation reagent (Figure 5.1 C). The method is mild
(room temperature, visible light, use of weak bases) and displays a broad substrate scope. In
addition, continuous-flow photochemistry allowed to accelerate the trifluoromethylation
protocol and to increase the E/Z ratio of trifluoromethylated styrenes
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5

Figure 5.1 | (A) Reported protocols suffer from several disadvantages. (B) Outline synthetic strategy to access
trifluoromethylated and hydrotrifluoromethylated styrenes via photoredox catalysis and overview of the
common pitfalls. (C) Our strategy for the photocatalytic radical trifluoromethylation and
hydrotrifluoromethylation of styrenes.
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5.2 | RESULTS AND DISCUSSION
Our efforts to effect the targeted trifluoromethylation of styrene (1) were initially focused on
the use of Ru(bpy)3Cl2 as a common photocatalyst[15] with CF3I as cheap and abundant
trifluoromethylating agent. Various conditions were screened but no product could be
obtained with this photocatalyst (see Figure 5.2).

E/Z [b]

Base / Solvent

Yield [b]

1

DBU in MeCN

Trace (messy reaction)

-

2

TMEDA in MeCN

Trace (<1%, GC-MS)

-

Entry

3

TEA in MeCN

No Reaction

-

4

DiPEA in MeCN

Trace (<1%, GC-MS)

-

Figure 5.2 | Initial screening studies for the photocatalytic trifluoromethylation of styrene. Reaction
conditions: Ru(bpy)3Cl2 (1 mol%), styrene (0.5 mmol), base (1.5 mmol), solvent (5 mL, 0.1 M), visible light (2 x

5

24 W CFL), room temperature, stirred for 18 hours

Next, fac-Ir(ppy)3 was evaluated for this transformation (Figure 5.3), as this photocatalyst
exhibits a higher reducing power in its excited state (E1/2red [*Ir3+/Ir4+] = -1.72 V vs SCE,
compared to E1/2red [*Ru2+/Ru3+] = -0.81 V vs SCE). As proven by a Stern-Volmer kinetic
analysis, this is sufficient to allow for oxidative quenching of the excited state of the
photocatalyst by CF3I (E1/2 = -1.22 V vs SCE in DMF).[16] The high quenching rate (kq = 8.7 x
1010 M-1 s-1, with τ0 = 1900 ns, resulting in a quenching fraction of Q > 0.95) reveals that the
required CF3 radicals for the intended transformation can be efficiently generated. No
product could be obtained in the presence of amine bases, presumably by reductive
quenching of the excited state thus hampering the CF3 radical formation process (Figure 5.3,
Entries 1-3). However, switching to mild inorganic bases, which are not competent to quench
the excited state of the photocatalyst, resulted in the formation of the targeted compound
(Figure 5.3, Entries 4-7). Optimal results were obtained by using CsOAc in DMF furnishing the
trifluoromethylated styrene in good yield (89% 19F-NMR yield, 75% isolated yield) within 18
hours (Figure 5.3, Entry 7). Control experiments established the importance of the
photocatalyst, the presence of visible light and a suitable base as no reaction was observed in
the absence of any of these (Figure 5.3, Entries 8-10).
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[a]

Entry

Base / Solvent

Yield

E/Z

[b]

1

DBU / CH3CN

Trace

-

2

TMEDA / CH3CN

Trace

-

[b]

3

DBU / DMF

Trace

4

K2CO3 / DMF

3%, (35% after 72 h)

-

5

Cs2CO3 / DMF

5%, (57% after 72 h)

-

6

KOAc / DMF

76%

55 : 45
[c]

7

CsOAc / DMF

Entry

Change from best conditions (Entry 7)

89% (75%)
yield

E/Z

8

No light

0%

-

9

No photocatalyst

0%

-

10

No base

Trace (messy reaction)

-

74 : 26
c

Figure 5.3| Reaction discovery and optimization studies for the photocatalytic trifluoromethylation of styrene.
[a]

Reaction conditions: fac-Ir(ppy)3 (1 mol%), styrene (0.5 mmol), base (1.5 mmol), solvent (5 mL, 0.1 M), visible

light (2 x 24 W CFL), room temperature, stirred for 18 hours. [b]Yield and E/Z values are determined with 19FNMR with α,α,α-trifluorotoluene as internal standard. Isolated yield between parethesis (volatile compound).
[c]

Having found optimal reaction conditions, we set out to examine the scope of the
photocatalytic trifluoromethylation of styrenes in batch (Figure 5.4). Our protocol was found
to readily accommodate a variety of styrenes (1A-5A). In addition, the presences of chlorine or
bromine substituents were well tolerated providing opportunities for further decoration of
the molecule (6A-8A). Also ester- and aldehyde-bearing derivatives were also well tolerated
(9A and 10A). Furthermore, a variety of challenging vinylic heterocycles, including pyridines, a
pyrazine, and a thiazole, could be exposed to the reaction conditions giving access to the
targeted trifluoromethylated compounds in satisfying yields (11A-14A). More complex
substrates, such as estrone-derivative 15A and silane 16A, could be efficiently
trifluoromethylated, highlighting the applicability of the described methodology for the
synthesis of compounds of interest to the pharmaceutical and materials industry. Also α/βdisubstituted styrenes proved to be a suitable substrate class (17A-22A). Both β-methyl and αmethyl styrene could be efficiently trifluoro-methylated (17A-18A). Other β-substituted
styrenes gave predominantly the E isomer in good to excellent yields (see Figure 5.4, 19A22A).
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Figure 5.4 | Substrate scope for the photocatalytic trifluoromethylation of
styrenes in batch: (i) Reaction conditions: fac-Ir(ppy)3 (0.5 mol%), styrene (0.5
mmol), CF3I (0.8-1.5 mmol), CsOAc (1.5 mmol), DMF (5 mL, 0.1 M), visible light
(2 x 24 W CFL), room temperature, stirred for 24 hours. (ii) Reported yields are
those of isolated compounds. The E/Z ratio was determined with 19F-NMR. [a]
Reaction time of 48 hours. [b] Combined yield of protected (60%) and
unprotected (35%) compound. [c] Reaction time of 72 hours. [d] DMF/MeOH
(4.5 mL / 0.5 mL) used as solvent system. [e] DMF/MeOH (4.0 mL / 1.0 mL) used
as solvent system. [f ] compound 3A on large scale reaction in flow: 3.9 gram
isolated product.

Despite the high yield for the desired compounds, the E/Z ratio was often poor in batch. We
hypothesized that the thermodynamically most stable E-isomer was first formed and
subsequently transformed into the Z-isomer via an energy transfer (ET) mechanism.[17]
During the course of our investigations, we observed that indeed the E/Z ratio was reduced at
longer reaction times (see Supplementary Data 5.1). In order to obtain full conversion with a
high E/Z ratio at short reaction times, the photocatalytic trifluoro-methylation of styrenes was
carried out in a continuous flow photo-microreactor.[18] Such flow reactors are ideally suited
to carry out photochemical transformations,[19] as they provide homogeneous irradiation of
the reaction mixture and facile scale-up via numbering up.[20] The reaction could be
completed in flow in less than an hour and the formation of E/Z products was monitored over
time. As can be seen from Figure 5.5, the formation of the Z isomer could be avoided in flow
resulting in excellent E/Z ratios.

100
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91

78

56

60

Cis-product

40

Trans-product
23

Mass balance

20
2

2

3

3

3

4
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20

30

40

50

60

0
0

Residence time (min)

Figure 5.5 | E/Z ratio versus residence time for the photocatalytic trifluoromethylation of styrene in flow.
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These observations appeared to be generally true (Figure 5.6). A significant acceleration and a
higher yield were observed when the reaction was carried out in a photo-microreactor
resulting in a reduction of the reaction time (from 24-72 h in batch to 0.5-1.5 h in flow, up to
97% yield). Notably, higher E/Z ratios were observed in all cases which can be attributed to
the significantly reduced reaction time, thus avoiding the occurrence of isomerization via an
ET mechanism.[38]

5
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Figure 5.6 | Substrate scope for the trifluoromethylation in flow: (i) Conditions: fac-Ir(ppy)3 (0.5 mol%), styrene
(0.5 mmol), CF3I (0.8-1.5 mmol), CsOAc (1.5 mmol), DMF/MeOH (4.5 mL/0.5 mL, 0.1 M), visible light (3.12 W
blue LED), at r.t. The residence time to reach full conversion is given for each compound. (ii) Reported yields
are those of isolated compounds. (iii) The E/Z ratio was determined with 19F-NMR.
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Hydrotrifluoromethylation

Next, we turned our attention to develop a suitable photocatalytic protocol for the
hydrotrifluoromethylation of styrenes. During the initial screening of our trifluoromethylation protocol, we observed that in ethanol, along with 41% of 1A, 12% of the
hydrotrifluoromethylated product 1B was formed (Figure 5.7, Entry 1). An increase in yield was
observed when dichloroethane/ethanol (9:1) was used as a solvent mixture (Figure 5.7, Entries
2-3). However, the product came along with many by-products, originating from e.g. overoxidation and dimerization reactions. Screening of a small library of thiols and other H-atom
donors revealed that the addition of aromatic thiols resulted in a clean conversion of the
starting material (see Supplementary Data 5.2, overview of HAT reagent library). Optimal
results were obtained with 4-hydroxythiophenol (4-HTP) and increasing the amount to 1.2
equiv. provided excellent yields (Figure 5.7, Entry 6). Control experiments demonstrated that
the reaction did not proceed in the absence of fac-Ir(ppy)3 or light (Figure 5.7, Entries 8 and
9).

5
Yield [b]

Entry

Solvent

Aromatic thiol

1

EtOH

-

12%

2

CH2Cl2 / EtOH (9:1)

-

25%[c]

3

Dichloroethane / EtOH (9:1)

-

27%[c]

4

Dichloroethane / EtOH (9:1)

Thiophenol (20 mol%)

13%

[c,d]

5

Dichloroethane / EtOH (9:1)

4-HTP (20 mol%)

23%

6

Dichloroethane / EtOH (9:1)

4-HTP (1.2 equiv)

94% (78%)[e]

Entry

Change from best conditions (Entry 6)

8

No light

Yield
-

[b]

0%

9

No photocatalyst

-

0%

10

No dichloroethane

-

55%

Figure 5.7 | Reaction discovery and optimization studies for the photocatalytic hydrotrifluoromethylation of
styrene.[a] Reaction conditions: fac-Ir(ppy)3 (1 mol%), styrene (1.0 mmol), 4-HTP (1.2 mmol),
dichloroethane/ethanol (18/2 mL, 0.05 M), visible light (2 x 24 W CFL), room temperature, stirred for 18 hours.
[b]

Yield are determined with

F-NMR with α,α,α-trifluorotoluene as internal standard.

19

inseparable reaction mixture, incl. over-oxidation, dimerization, etc.
Isolated yield (volatile compound).
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The optimized hydrotrifluoromethylation conditions proved generally useful to a wide variety
of different styrenes (Figure 5.8). High yields were obtained in most cases including 2vinylnaphthalene (3-B), styrenes bearing aliphatic (2-B), hydroxyl (4-B), acetyl-protected
hydroxyl (5-B) and halogen functional groups (6-8 B) and 4-vinylpyridine (9-B). Moreover,
sterically more demanding substrates, such as α- and β-substituted styrenes, were efficiently
hydrotrifluoromethylated (10-13 B). Also for the hydrotrifluoromethylation protocol,
continuous-flow photomicroreactors served as an enabling technology to reduce the reaction
times of photocatalytic transformations (from 18 h in batch to 50 min in flow).

5

Figure 5.8 | Substrate scope for the photocatalytic hydrotrifluoromethylation of styrenes: (i) Batch reaction
conditions: fac-Ir(ppy)3 (0.5 mol%), styrene (1.0 mmol), CF3I (1.2 mmol), 4-HTP (1.2 mmol), dichloroethane /
ethanol (18/2 mL, 0.05 M), visible light (2 x 24 W CFL), room temperature, stirred for 24 hours. (iii) Reported
yields are those of isolated compounds.
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The products obtained by our trifluoromethylation and hydrotrifluoromethylation protocol
serve as useful synthetic building blocks (Figure 5.9 A). As an example, we converted
potassium 4-ethenylphenyltrifluoroborate according to our developed trifluoromethylation
protocol (eq. 4, Figure 5.9 A). The corresponding trifluoromethylated organo trifluoroborate
was subsequently subjected to C–C and C–N cross-coupling reaction conditions in a
convenient one-pot protocol leading to products 22-A and 23-A, respectively (eq. 5 and
6).[21] Notably, due to higher reaction temperatures, the E-isomer was exclusively formed.

5

Figure 5.5 | Synthetic application and perfluoroalkylation examples. (A) One-pot strategy combining
trifluoromethylation / cross-coupling (B) Perfluoroalkylation and hydroperfluoroalkylation of styrene.
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Lastly, we evaluated the breadth of the perfluoroalkyl halide coupling partner in our
photocatalytic protocol (Figure 5.9 B). Efficient perfluoroalkylation of styrene could be
achieved with 1,1,1-trifluoro-2-iodoethane (1C), perfluoropropyliodide (2C), heptafluoro-2iodopropane (3C) and perfluorohexyliodide (4C) as commercially available coupling partners.
Also efficient hydroperfluoroalkylation was possible with these reagents resulting in excellent
yields (1D and 4D). Having access to perfluoroalkyl analogues by merely changing the
coupling partner represents a significant advantage over other protocols that use
perfluoroalkyl electrophilic reagents which are either expensive, not commercially available
or difficult to synthesize.

Mechanistic considerations

The proposed mechanism is depicted in Figure 5.10. As opposed to the reductive quenching
cycle with the previous reported Ru(bpy)32+ catalyst (see Chapter 3), here an oxidative
quenching cycle with fac-Ir(ppy)3 is proposed. Therefore, the initiation starts with the
reduction of CF3I by the excited state Ir-catalyst (*Ir3+) (*Ir(III)/Ir(IV): Ered = -1.73 V vs SCE, CF3I:
E1/2 = -1.28 V vs SCE in DMF), which yields iodide and a trifluoromethyl radical (•CF3). This
radical then reacts with the styrenyl derivative, giving radical intermediate A. At this point the
oxidation of A by Ir4+ (Ir(III)/Ir(IV): Eox = 0.31 V vs SCE, (PhC(CH3)H•/PhC(CH3)H+) Eox = 0.37 V
vs SCE in MeCN) affords intermediate B,[48,49] which further resolves in the trifluoromethylstyrene product 1-A after base assisted E-deprotonation.

Figure 5.6 | Proposed mechanism for the trifluoromethylation of styrene with CF3I.
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To this end there are two significant SET steps in this proposed mechanism, the initial
oxidative quenching of the Ir(III) excited state (*Ir3+) by CF3I and the oxidation of intermediate
A by Ir4+. Stern-Volmer quenching analysis of irradiated Ir(III) (irradiation at Omax = 375 nm,
fluorescence extinction measured at Hmax = 520±2 nm) in combination with different
quenchers indeed provided the evidence of the proposed quenching interaction by CF3I
(Figure 5.11).

16
Ir(ppy)3 + CF3I
y = 120,6x + 1,0556
R² = 0,998

14
12

l / l0

10
8
6
Ir(ppy)3 + Styrene
y = -1,1462x + 1,1978
R² = 0,0511

4
2

5

0
0

0.02

0.04

0.06

0.08

0.1

0.12

concentration quencher (M)

Figure 5.11 | Stern-Volmer Quenching plot of Ir(ppy)3 in combination with different quenchers.

The proposed mechanism for the hydrotrifluoromethylation is identical at the initial
quenching stage and radical addition on styrene up to intermediate A (Figure 5.12). At this
point, the 4-hydroxythiophenol (4-HTP, here depicted as Q–H) additive is believed to deliver
the hydrotrifluoromethylation product (1-B) via a hydrogen atom transfer (HAT) event. This
HAT event would create persistent radical intermediate Q• (captodative radical stability),
which is then readily oxidized (Q• o Q+) by Ir4+ via facile back-electron transfer to close the
photoredox catalytic cycle.
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Figure 5.12 | proposed hydrotrifluoromethylation mechanism.

5

5.3 | CONCLUSION
In summary, we have established a robust methodology for the trifluoromethylation and
hydrotrifluoromethylation of styrenes. Challenges associated with this substrate class were
efficiently overcome by using visible light photoredox catalysis. The mild nature of the
reaction conditions has been exemplified by the broad substrate scope (27 examples
trifluoromethylation and 15 examples hydrotrifluoromethylation). A substantial reduction in
reaction time and a higher E/Z selectivity for the trifluoromethylation process was witnessed
under continuous-flow photochemical conditions. Other perfluoroalkyl halide coupling
partners can be readily engaged in these reaction protocols giving rise to perfluoroalkylated
analogues. Extending this chemistry to other challenging olefinic substrate classes is currently
being explored.

SUPPLEMENTARY MATERIALS
Supplementary data, compound preparation, spectra of all compounds and pictures
associated to this Chapter can be found, in the online version, at
http://dx.doi.org/10.1002/anie.201608297
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SUPPLEMENTARY DATA 5.1 | PRODUCT ISOMERIZATION
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Figure 5.S1 | Trifluoromethylation of styrene followed in time with 24 W CFL light source. Relative abundancy
(integrated NMR signals) of the E- and Z-product are recorded by 19F-NMR.
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Figure 5.S2 | Trifluoromethylation of styrene followed in time with 3.12 W Blue LED light source. Relative
abundancy (integrated NMR signals) of the E- and Z-product are recorded by 19F-NMR.
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SUPPLEMENTARY DATA 5.2 | HAT REAGENTS LIBRARY

5

Figure 5.S2 | Overview of HAT reagents tested in this study.
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SUPPLEMENTARY DATA 5.3 | GENERAL METHODS AND
COMPOUND DATA
General procedure for the photocatalytic trifluoromethylation of styrenes (method A)

In an oven-dried reaction tube (7.5 mL) was prepared with fac-Ir(ppy)3 (3.3 mg, 0.5 mol%), CsOAc (287 mg, 1.5 mmol, 3 equiv.) and a
magnetic stirring bar, sealed with a rubber septum and subsequently degassed by purged with argon using standard Schlenktechniques. To this mixture was added DMF (5 mL) and the vinylic compound (0.5 mmol, 1 equiv., C = 0.1 M) which was added with a
micro-syringe. Finally, trifluoroiodomethane (0.8–1.5 mmol, >1 equiv.) was added to the reaction mixture (unless a stock solution of
CF3I in DMF was utilized, see below), by bubbling through the reaction mixture with CF3I gas (directly from the gas bottle or using the

gaseous addition method , see below). The reaction mixture was then stirred and irradiated with a fluorescent light source (2 x 24 W,
approx. 5 cm away from the sources, temperature was kept around 23±1 °C) until completion upon judgement by TLC or GC analysis
(18 hours, unless stated per specific compound). Reaction workup was done by first diluting the reaction mixture with equal amounts
of Et2O, followed by extraction with 1 M HCl, aqueous saturated NaHCO 3 and finally Brine. The combined aqueous layers were
extracted once with Et2O. The organic layers were combined and dried over MgSO 4 and concentrated in vacuo. The residue was then
purified by column chromatography with silica gel and solvent system as indicated below, to afford the desired product.

General procedure for the photocatalytic hydrotrifluoromethylation of styrenes (method B)

An oven-dried reaction tube (7.5 mL) was charged with fac-Ir(ppy)3 (3.3 mg, 0.5 mol%), 4-hydroxythiophenol (76 mg, 0.6 mmol, 1.1
equiv.), EtOH (0.5 mL) a magnetic stirring bar and sealed with a rubber septum. The subsequent mixture was degassed with three
cycles of freeze-pump-thaw using standard Schlenk-techniques. Thereafter, styrene derivative (0.25 mmol, C = 0.05 M, 1 equiv.) was
added with a micro-syringe and DCE (4.5 mL), followed by the addition of CF3I (0.6–0.8 mmol, >1 equiv.) (Unless a stock solution of
CF3I in DMF was utilized, see below), by bubbling through the reaction mixture with CF3I gas (directly from the gas bottle or using the

gaseous addition method , see below). The reaction mixture was then stirred and irradiated with a fluorescent light source (2 x 24 W,
approx. 5 cm away from the sources, temperature was kept around 23±1 °C) until completion upon judgement by TLC or GC analysis
(18 hours, unless stated otherwise per specific compound). Reaction workup was done by first diluting the reaction mixture with equal
amounts of Et2O, followed by extraction with 1 M HCl, saturated aqueous NaHCO 3 and finally Brine. The combined aqueous layers
were extracted once with Et2O. The organic layers were combined and dried over MgSO 4 and concentrated in vacuo. The residue was
then purified by column chromatography with silica gel and solvent system as indicated per specific compound.
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General procedure for the photocatalytic perfluoroalkylation of styrenes (method C)

Unless stated otherwise, this procedure follows the same protocol as mentioned above – the trifluoromethylation of styrenes, Method
A. Instead of CF3I, the desired perfluoroalkyliodide (e.g. CF 3CF2CF2I, etc., 1.2 equiv.) was added to the reaction mixture. The reaction
mixture was then stirred and irradiated with a fluorescent light source (2 x 24 W, approx. 5 cm away from the sources, temperature
was kept around 23±1 °C) until completion upon judgement by TLC or GC analysis (18 hours, unless stated per specific compound).
Reaction workup was done by first diluting the reaction mixture with equal amounts of Et2O, followed by extraction with 1 M HCl,
saturated aqueous NaHCO3 and finally Brine. The combined aqueous layers were extracted once with Et 2O. The organic layers were
combined and dried over MgSO4 and concentrated in vacuo. The residue was then purified by column chromatography with silica gel
and solvent system as indicated per specific compound.

General procedure for the photocatalytic hydroperfluoroalkylation of styrenes (Method D)

5
Unless stated otherwise, this procedure follows the same protocol as mentioned above; hydrotrifluoromethylation of styrenes, Method
B. Instead of CF3I, the desired perfluoroalkyliodide (e.g. CF 3CF2CF2I, etc., 1.2 equiv.) was added to the reaction mixture upon addition
moment. The reaction mixture was then stirred and irradiated with a fluorescent light source (2 x 24 W, approx. 5 cm away from the
sources, temperature was kept around 23±1 °C) until completion upon judgement by TLC or GC analysis (18 hours, unless stated per
specific compound). Reaction workup was done by first diluting the reaction mixture with equal amounts of Et 2O, followed by
extraction with 1 M HCl, saturated aqueous NaHCO3 and finally Brine. The combined aqueous layers were extracted once with Et 2O.
The organic layers were combined and dried over MgSO4 and concentrated in vacuo. The residue was then purified by column
chromatography with silica gel and solvent system as indicated per specific compound.
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Specific compound data – Trifluoromethylation in batch
(E)-(3,3,3-trifluoroprop-1-enyl)benzene (E-1-A) & (Z)-(3,3,3-trifluoroprop-1-enyl)benzene (Z-1-A). Compound 1-A was prepared
according to the described general procedure A, with styrene as starting material (1.0 mmol scale). The reaction was run for 24 hours,
and directly analysed due to the volatility of the products. Column chromatography (100% petroleum ether) afforded a mixture of E/Z
products as a colourless volatile liquid (185 mg, 75% yield, 72 : 28 E/Z).[14,16] TLC: Rf = 0.85 (100% petroleum ether). GC-MS: (m/z)
172.01 [M+]. IR: (neat) vmax 691, 748, 970, 1074, 1113, 1176, 1205, 1273, 1312, 1339, 1456, 1672 cm-1. (E-product) [major] 1H-NMR
(399 MHz, CDCl3): δ 7.49 – 7.32 (m, 5H), 7.13 (dd, J = 16.1, 2.2 Hz, 1H), 6.18 (dq, J = 16.1, 6.5 Hz, 1H). 13C-NMR (100 MHz, CDCl3):
137.81 (q, J = 6.5 Hz), 137.74, 129.06, 127.94, 126.36, 115.98 (q, J = 33.8 Hz), 112.25, CCF3 signal of this product was not obtained due
to insufficient signal to noise ratio. 19F-NMR (377 MHz, CDCl3): δ -63.8. (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 7.49 – 7.32
(m, 5H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H), 5.49 (dd, J = 17.6, 10.9 Hz, 1H). 13C-NMR (100 MHz, CDCl3): 137.02, 133.54, 130.15, 128.66,
116.31, 114.15, C-CF3 signal of this product was not obtained due to insufficient signal to noise ratio. 19F-NMR (377 MHz, CDCl3): δ 58.2.
(E)-1-tert-butyl-4-(3,3,3-trifluoroprop-1-enyl)benzene (E-2-A) & (Z)-1-tert-butyl-4-(3,3,3-trifluoroprop-1-enyl)benzene (Z-2-A).
Substrate 2-A was prepared following the general procedure A. 4-tert-butyl-styrene was used as starting material (2.0 mmol scale).
The reaction was run for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was
obtained as a mixture of E/Z products after purification, as a pale-yellow liquid (419 mg, 92% yield, 45 : 55 E/Z).[15] TLC: Rf = 0.85
(100% petroleum ether). GC-MS: (m/z) 228.1 [M+]. IR: (neat) vmax 572, 650, 813, 839, 972, 1105, 1178, 1271, 1311, 1335, 1364, 1514,
1653, 1664, 2964 cm-1. (Z-product) [major] 1H-NMR (399 MHz, CDCl3): δ 7.35-7.25 (m, 4H), 6.62 (dd, J = 17.6, 10.9 Hz, 1H), 5.61 (dd,
J = 8.5, 4.1 Hz, 1H)., 1.25 (s, 9H). 13C-NMR (100 MHz, CDCl3): δ 137.57 (q, J = 6.8 Hz), 130.80, 127.48, 125.58, 125.47, 123.93 (d, J =
268.6 Hz), 117.13 (q, J = 35.0 Hz), 34.98, 31.32. 19F-NMR (377 MHz, CDCl3): -57.58 (d, J = 9.4 Hz). (E-product) [minor] 1H-NMR (399
MHz, CDCl3): δ 7.35-7.25 (m, 4H), 7.05 (dd, J = 16.1, 2.1 Hz, 1H), 6.08 (dq, J = 16.1, 6.6 Hz, 1H), 1.25 (s, 9H). 13C-NMR (100 MHz,
CDCl3): δ 139.67 (q, J = 5.9 Hz), 136.75, 129.17, 126.08, 126.03, 123.12 (d, J = 267.7 Hz), 115.14 (q, J = 33.9 Hz), 34.88, 31.32. 19F-NMR
(377 MHz, CDCl3): -63.15 (d, J = 7.1 Hz).
(E)-1-octyl-4-(3,3,3-trifluoroprop-1-enyl)benzene (E-3-A) & (Z)-1-octyl-4-(3,3,3-trifluoroprop-1-enyl)benzene (Z-3-A). The general

procedure was followed to prepare compound 3-A. The reaction was performed on a 2.0 mmol scale using 1-octyl-4-vinylbenzene as
starting material. The reaction was run for 48 hours, and purification was done with column chromatography (100% petroleum ether).
The desired product was obtained as a E/Z mixture as a colourless liquid (511 mg, 90% yield, 73 : 27 E/Z). TLC: Rf = 0.82 (100%
petroleum ether). GC-MS: (m/z) 284.1 [M+]. IR (neat): vmax 650, 732, 906, 972, 1118, 1172, 1273, 1311, 1456, 1506, 2854, 2926, 2954
cm-1. (E-product) [major] 1H-NMR : (399 MHz, CDCl3): δ 7.33-7.20 (m, 2H), 7.17-7.00 (m, 3H), 6.08 (dq, J = 16.1, 6.6 Hz, 1H), 2.60-2.46
(m, 2H), 2.53 (dd, J = 14.3, 6.6 Hz, 2H), 1.67-1.45 (m, 2H), 1.32-1.12 (m, 10H), 0.80 (t, J = 6.9 Hz, 3H). 13C-NMR: (100 MHz, CDCl3) δ
142.88, 137.70 (q, J = 6.8 Hz), 136.88, 128.69, 126.23, 123.93 (q, J = 268.5 Hz), 114.91 (q, J = 33.6 Hz), 35.93, 35.85, 32.03, 31.41,
29.62, 29.46, 29.41, 14.24. 19F-NMR: -63.11 (d, J = 7.0 Hz). (Z-product) [minor] 1H-NMR : (399 MHz, CDCl3): δ 7.33-7.20 (m, 2H), 7.177.00 (m, 2H), 6.79 (d, J = 12.7 Hz, 1H), 2.60-2.46 (m, 2H), 2.60-2.46 (m, 2H), 2.53 (dd, J = 14.3, 6.6 Hz, 2H), 1.67-1.45 (m, 2H), 1.321.12 (m, 10H), 0.80 (t, J = 6.9 Hz, 3H). 13C-NMR: (100 MHz, CDCl3) δ 145.48, 139.79 (q, J = 6.0 Hz), 135.15, 129.11, 127.62, 123.08 (d, J
= 270.6 Hz), 117.05 (q, J = 34.9 Hz), 35.90, 32.01, 31.60, 31.38, 29.59, 29.38, 22.81, 14.24. 19F-NMR: -57.54 (d, J = 9.4 Hz).
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(E)-4-(3,3,3-trifluoroprop-1-enyl)biphenyl (E-4-A) & (Z)-4-(3,3,3-trifluoroprop-1-enyl)biphenyl (Z-4-A). Compound 4-A was prepared
according to the described general procedure A, with 4-vinylbiphenyl as starting material (1.0 mmol scale). The reaction was run for 24
hours. Column chromatography (100% petroleum ether) afforded a mixture of E/Z products as an off-white solid (221 mg, 89% yield,
83 : 17 E/Z).[15] TLC: Rf = 0.77 (100% petroleum ether). GC-MS: (m/z) 248.01 [M+]. IR: (neat) vmax 648, 673, 696, 729, 762, 839, 906,
975, 1007, 1076, 1111, 1271, 1311, 1487 cm-1. M.p.: 75-77 °C (E-product) [major] 1H-NMR (399 MHz, CDCl3): δ δ 7.56 – 7.42 (m, 4H),
7.43 – 7.30 (m, 5H), 7.08 (dd, J = 16.1, 2.1 Hz, 1H), 6.13 (dq, J = 16.1, 6.6 Hz, 1H)j. 13C-NMR (100 MHz, CDCl3): δ 137.35 (q, J = 6.8 Hz),
136.56, 132.48, 129.04, 128.92, 127.36, 127.18, 127.10, 126.79, 123.83 (d, J = 268.6 Hz), 115.85 (q, J = 33.9 Hz). 19F-NMR (377 MHz,
CDCl3): δ -63.14 (d, J = 6.9 Hz). (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 7.56 – 7.42 (m, 4H), 7.43 – 7.30 (m, 5H), 6.82 (d, J =
12.6 Hz, 1H), 5.68 (d, J = 12.6 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 139.38 (q, J = 5.9 Hz), 136.76, 132.63, 129.74 (d, J = 2.3 Hz),
127.98, 127.69, 127.46, 127.22, 127.14, 123.03 (d, J = 271.6 Hz), 117.95 (q, J = 35.1 Hz). 19F-NMR (377 MHz, CDCl3): δ -57.46 (d, J = 8.6
Hz).
(E)-2-(3,3,3-trifluoroprop-1-enyl)naphthalene (E-5-A) & (Z)-2-(3,3,3-trifluoroprop-1-enyl)naphthalene (Z-5-A). Substrate 5-A was
prepared following the general procedure A. 2-vinyl-naphthalene was used as starting material (1.0 mmol scale). The reaction was run
for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a mixture of
E/Z products after purification, as an off-white solid (145 mg, 65% yield, 87 : 13 E/Z).[15, 17] TLC: Rf = 0.75 (100% petroleum ether).
GC-MS: (m/z) 222.0 [M+]. IR: (neat): vmax 669, 734, 750, 817, 871, 966, 1093, 1116, 1276, 1298, 1313, 1653, 1664 cm-1. (E-product)

5

[major] 1H-NMR (400 MHz, CDCl3): δ 7.77 – 7.70 (m, 4H), 7.51 – 7.38 (m, 3H), 7.20 (dq, J = 16.1, 2.3 Hz, 1H), 6.21 (dq, J = 16.1, 6.5 Hz,
1H). 13C-NMR (100 MHz, CDCl3): δ 137.88 (q, J = 6.8 Hz), 134.17, 133.38, 130.98, 129.21, 128.92, 128.54, 127.93, 127.30, 126.93,
123.89 (d, J = 268.8 Hz), 123.25, 116.12 (q, J = 33.8 Hz). 19F-NMR (377 MHz, CDCl3): δ -63.12 (d, J = 6.3 Hz). (Z-product) [minor] 1HNMR (400 MHz, CDCl3): δ 7.84 – 7.67 (m, 4H), 7.61 – 7.37 (m, 3H), 6.97 (d, J = 12.6 Hz, 1H), 5.74 (dq, J = 12.6, 9.1 Hz, 1H). 13C-NMR
(100 MHz, CDCl3): δ 139.84 (q, J = 6.0 Hz), 134.56, 133.64, 131.27, 129.74, 129.42, 128.58, 128.12, 127.34, 127.05, 122.84 (q, J = 269.8
Hz), 119.88, 118.28 (q, J = 35.1 Hz). 19F-NMR (377 MHz, CDCl3): δ -57.30 (d, J = 9.1 Hz).
(E)-1-chloro-4-(3,3,3-trifluoroprop-1-enyl)benzene (E-6-A) & (Z)-1-chloro-4-(3,3,3-trifluoroprop-1-enyl)benzene (Z-6-A). Substrate
6-A was prepared following the general procedure A. 4-chloro-styrene was used as starting material (2.0 mmol scale). The reaction
was run for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a
mixture of E/Z products after purification, as a colourless liquid (363 mg, 88% yield, 54 : 46 E/Z).[15] TLC: Rf = 0.85 (100% petroleum
ether). GC-MS: (m/z) 206.2 [M+]. IR: (neat): vmax 707, 808, 833, 972, 1014, 1091, 1118, 1178, 1222, 1273, 1313, 1491 cm-1. (Zproduct) [major] 1H-NMR (399 MHz, CDCl3): δ. 7.36 – 7.16 (m, 4H), 6.80 (d, J = 12.6 Hz, 1H), 5.71 (dq, J = 12.6, 8.9 Hz, 1H). 13C-NMR
(100 MHz, CDCl3): δ 138.44 (q, J = 5.9 Hz), 136.13, 131.92, 129.23, 128.78, 122.78 (d, J = 271.1 Hz), 116.44 (q, J = 34.0 Hz). 19F-NMR
(377 MHz, CDCl3): δ -63.50 (d, J = 7.6 Hz). (E-product) [minor] 1H-NMR (399 MHz, CDCl3): 7.36 – 7.16 (m, 4H), 7.03 (dq, J = 16.1, 2.0
Hz, 1H), 6.11 (dq, J = 16.1, 6.5 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 136.50 (q, J = 6.8 Hz), 135.74, 133.52, 128.75, 127.52, 123.57 (d,
J = 269.1 Hz), 118.63 (q, J = 34.9 Hz).19F-NMR (377 MHz, CDCl3): δ -57.69 (d, J = 8.4 Hz).
(E)-1-bromo-3-(3,3,3-trifluoroprop-1-enyl)benzene (E-7-A) & (Z)-1-bromo-3-(3,3,3-trifluoroprop-1-enyl)benzene (Z-7-A). The

general procedure was followed to prepare compound 7-A. The reaction was performed on a 2.0 mmol scale using 3-bromo-styrene as
starting material. The reaction was run for 48 hours, and purification was done with column chromatography (100% petroleum ether).
The desired product was obtained as a E/Z mixture as a colourless liquid (405 mg, 81% yield, 97 : 3 E/Z).[15] TLC: Rf = 82 (100%
petroleum ether). GC-MS: (m/z) 251.1 [M+]. IR: (neat): vmax 577, 663, 683, 777, 792, 893, 968, 1072, 1113, 1178, 1223, 1273, 1311,
1668 cm-1. (Z-product) [major] 1H-NMR (399 MHz, CDCl3): δ. 7.56 – 7.15 (m, 4H), 6.81 (d, J = 12.6 Hz, 1H), 5.77 (dq, J = 12.6, 8.9 Hz,
1H). 13C-NMR (100 MHz, CDCl3): δ 138.14 (q, J = 6.0 Hz), 135.79, 133.01, 131.83 (q, J = 2.4 Hz), 130.53, 130.44, 123.17, 122.67 (d, J =
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271.4 Hz), 119.53 (q, J = 34.9 Hz). 19F-NMR (377 MHz, CDCl3): δ -57.61 (d, J = 8.8 Hz). (E-product) [minor] 1H-NMR (399 MHz, CDCl3):
δ 7.56 – 7.15 (m, 4H), 7.02 (dd, J = 16.1, 2.4 Hz, 1H), 6.15 (dq, J = 16.1, 6.4 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 136.34 (q, J = 6.8
Hz), 135.57, 132.07, 129.97, 127.47 (q, J = 2.9 Hz), 126.28, 122.44, 123.43 (q, J = 268.7 Hz), 117.40 (q, J = 34.0 Hz). 19F-NMR (377 MHz,
CDCl3): δ -63.61 (d, J = 5.1 Hz).
(E)-1,3-dichloro-2-(3,3,3-trifluoroprop-1-enyl)benzene (E-8-A) & (Z)-1,3-dichloro-2-(3,3,3-trifluoroprop-1-enyl)benzene (Z-8-A).
Compound 8-A was prepared according to the described general procedure A, with 2,6-dichloro-styrene as starting material (1.0
mmol scale). The reaction was run for 24 hours. Column chromatography (100% petroleum ether) afforded a mixture of E/Z products
as a colourless volatile liquid (180 mg, 75% yield, 68 : 32 E/Z).[17] TLC: Rf = 0.72 (100% petroleum ether). GC-MS: (m/z) 239.2 [M+]. IR:
(neat) vmax 609, 688, 721, 735, 775, 797, 839, 885, 966, 1120, 1184, 1273, 1311, 1431, 1558 cm-1. (E-product) [major] 1H-NMR (399
MHz, CDCl3): δ 7.22 (dd, J = 13.5, 8.0 Hz, 2H), 7.13 (dq, J = 16.3, 2.4 Hz, 1H), 7.10 – 7.05 (m, 1H), 6.29 (dq, J = 16.3, 6.3 Hz, 1H). 13CNMR (100 MHz, CDCl3): δ 134.90, 131.59 (q, J = 7.5 Hz), 131.01, 128.92, 127.79, 124.64 (q, J = 33.9 Hz), 123.03 (q, J = 269.9 Hz).
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F-

NMR (377 MHz, CDCl3): δ -53.14 (d, J = 5.6 Hz). (Z-product) [minor] H-NMR (399 MHz, CDCl3): δ 7.22 (dd, J = 13.5, 7.9 Hz, 1H), 7.11
1

– 7.04 (m, 1H), 6.65 (d, J = 12.1 Hz, 0H), 5.92 (dq, J = 12.1, 7.9 Hz, 0H). 13C-NMR (100 MHz, CDCl3): δ 135.43, 133.09 (q, J = 5.5 Hz),
132.69, 130.10, 129.77, 122.78 (q, J = 33.8 Hz), 122.31 (q, J = 271.6 Hz). 19F-NMR (377 MHz, CDCl3): δ -51.18 (d, J = 7.6 Hz).
(E)-4-(3,3,3-trifluoroprop-1-enyl)phenyl acetate (E-9-A) & (Z)-4-(3,3,3-trifluoroprop-1-enyl)phenyl acetate (Z-9-A). Substrate 9-A was
prepared following the general procedure A. 4-vinylphenyl acetate was used as starting material (2.0 mmol scale). The reaction was
run for 24 hours, followed by purification with column chromatography (10%EtOAc in petroleum ether). The product was obtained as
a mixture of E/Z products after purification, as an off-white solid (418 mg, 91% yield, 19 : 81 E/Z). TLC: Rf = 0.25 (10% EtOAc in
petroleum ether). GC-MS: (m/z) 260 [M+]. IR: (neat) vmax 630, 821, 910, 983, 1010, 1103, 1116, 1193, 1274, 1311, 1506, 1662, 1762
cm-1. M.p.: 27-31 °C. (Z-product) [major] 1H-NMR (399 MHz, CDCl3): δ 7.43 – 7.35 (m, 2H), 7.09 – 7.01 (m, 2H), 6.81 (d, J = 12.6 Hz,
1H), 5.69 (dq, J = 12.6, 9.1 Hz, 1H), 2.23 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 169.26, 152.01, 136.77 (q, J = 6.8 Hz), 130.40 (d, J = 2.4
Hz), 128.78, 123.65 (q, J = 268.0 Hz), 122.32, 116.19 (q, J = 33.7 Hz), 21.24. 19F-NMR (377 MHz, CDCl3): δ -56.35 (d, J = 8.4 Hz). (Eproduct) [minor] 1H-NMR (399 MHz, CDCl3): δ. δ 7.42 – 7.31 (m, 2H), 7.11 – 7.00 (m, 3H), 6.08 (dq, J = 16.1, 6.5 Hz, 1H), 2.23 (s, 3H).
13

C-NMR (100 MHz, CDCl3): 169.26, 151.26, 138.77 (q, J = 6.0 Hz), 131.25, 128.78, 122.85 (q, J = 271.1 Hz), 121.69, 118.27 (q, J = 34.9

Hz), 21.24. 19F-NMR (377 MHz, CDCl3): δ -64.57 (t, J = 10.6 Hz).
(E)-3-(3,3,3-trifluoroprop-1-enyl)pyridine (E-10-A) & (Z)-3-(3,3,3-trifluoroprop-1-enyl)pyridine (Z-10-A). Compound 10-A was
prepared according to the described general procedure A, with 3-vinyl-pyridine as starting material (1.0 mmol scale). The reaction was
run for 48 hours. Column chromatography (1-5% EtOAc in petroleum ether) afforded a mixture of E/Z products as a brown volatile
liquid (129 mg, 75% yield, 75 : 25 E/Z).[17,19] TLC: Rf = 0.25 (20% EtOAc in petroleum ether). GC-MS: (m/z) 173.0 [M+]. IR: (neat)
vmax 520, 680, 877, 1116, 1132, 1282, 1321, 1456, 1504, 2555, 2565, 3358, 3381, 3392 cm-1. (E-product) [major] 1H-NMR (399 MHz,
D4-MeOH) δ 9.23 (s, 1H), 8.97 (dd, J = 14.8, 6.9 Hz, 2H), 8.22 (q, J = 6.9 Hz, 1H), 7.54 (dd, J = 16.1 Hz, 1H), 7.05 (dq, J = 16.1, 6.4 Hz,
1H). 13C-NMR (100 MHz, D4-MeOH): 145.90, 143.06, 142.29, 135.30, 132.63 (q, J = 7.2 Hz), 128.98, 124.20 (q, J = 269.1 Hz), 123.96
(q, J = 34.5 Hz). 19F-NMR (377 MHz, D4-MeOH): δ -65.93 (d, J = 6.0 Hz). (Z-product) [major] 1H-NMR (399 MHz, D4-MeOH): 9.23 (s,
1H), 9.08 – 8.82 (m, 2H), 8.26 – 8.17 (m, 1H), 7.37 (d, J = 12.3 Hz, 1H), 6.43 (dq, J = 12.3, 8.7 Hz, 1H). 13C-NMR (100 MHz, D4-MeOH):
δ 147.59, 142.62, 142.19, 135.62, 134.07 (q, J = 5.8 Hz), 128.65, 124.95 (q, J = 34.4 Hz), 123.63 (q, J = 271.2 Hz). 19F-NMR (377 MHz,
D4-MeOH): δ -59.34 (d, J = 8.5 Hz).
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(E)-4-(3,3,3-trifluoroprop-1-enyl)pyridine (E-11-A) & (Z)-4-(3,3,3-trifluoroprop-1-enyl)pyridine (E-11-A). Substrate 11-A was
prepared following the general procedure A. 4-vinyl-pyridine was used as starting material (1.0 mmol scale). The reaction was run for
48 hours, followed by purification with column chromatography (1-5% EtOAc in petroleum ether). The product was obtained as a
mixture of E/Z products after purification, as a brownish oil (123 mg, 71% yield, 94 : 6 E/Z).[19] TLC: Rf = 0.25 (20% EtOAc in
petroleum ether). GC-MS: (m/z) 173.1 [M+]. IR: (neat) vmax 688, 831, 879, 991, 112, 1141, 1224, 1280, 1309, 1323, 1346, 1514, 1608,
1635 cm-1. (E-product) [major] 1H-NMR (399 MHz, D4-MeOH): δ. δ 8.88 (d, J = 6.8 Hz, 2H), 8.26 (d, J = 6.8 Hz, 2H), 7.54 (dq, J = 16.2,
2.0 Hz, 1H), 7.18 (dq, J = 16.2, 6.4 Hz, 1H). 13C-NMR (100 MHz, D4-MeOH): δ 143.82, 140.56, 134.61 (d, J = 7.0 Hz), 127.59 (d, J = 35.1
Hz), 126.63. 19F-NMR (377 MHz, D4-MeOH): δ -66.48 (d, J = 4.3 Hz). (Z-product) [minor] 1H-NMR (399 MHz, D4-MeOH): δ. 8.88 (d, J
= 6.4 Hz, 2H), 8.02 (d, J = 6.4 Hz, 2H), 7.37 (d, J = 12.7 Hz, 1H), 6.45 (dq, J = 12.7, 8.6 Hz, 1H).

13

C-NMR (100 MHz, D4-MeOH):

insufficient signal to noise ratio. 19F-NMR (377 MHz, D4-MeOH): δ -59.41 (d, J = 8.3 Hz).
(E)-2-(3,3,3-trifluoroprop-1-enyl)pyrazine (E-12-A) & (Z)-2-(3,3,3-trifluoroprop-1-enyl)pyrazine (Z-12-A). Substrate 12-A was
prepared following the general procedure A. 2-vinylpyrazine was used as starting material (1.0 mmol scale). The reaction was run for
48 hours, followed by purification with column chromatography (1-5% EtOAc in petroleum ether). The product was obtained as a
mixture of E/Z products after purification, as a red brownish oil (75 mg, 43% yield, 91 : 9 E/Z). TLC: Rf = 0.12 (20% EtOAc in petroleum
ether). GC-MS: (m/z) 174.2 [M+]. IR: (neat) vmax 689, 831, 880, 1123, 1142, 1280, 1309, 1323, 1514, 1609, 1636 cm-1. (E-product)
[major] 1H-NMR (399 MHz, CDCl3): δ. 8.68 – 8.50 (m, 3H), 7.22 (dq, J = 15.7, 2.0 Hz, 1H), 6.93 (dq, J = 15.7, 6.7 Hz, 1H). 13C-NMR (100

5

MHz, CDCl3): δ 136.34 (q, J = 6.8 Hz), 132.07, 130.53, 126.28, 122.67 (q, J = 271.3 Hz), 119.53 (q, J = 34.8 Hz).
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F-NMR (377 MHz,

CDCl3): δ -64.29 (d, J = 6.8 Hz). (Z-product) [minor] H-NMR (399 MHz, CDCl3): δ. 8.68 – 8.50 (m, 3H), 6.79 (dd, J = 12.8, 10.8 Hz, 1H),
1

6.09 (dq, J = 12.8, 8.8 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ insufficient noise signal ratio. 19F-NMR (377 MHz, CDCl3): δ -58.49 (d, J =
8.4 Hz).
(E)-4-methyl-5-(3,3,3-trifluoroprop-1-enyl)thiazole

(E-13-A)

&

(Z)-4-methyl-5-(3,3,3-trifluoroprop-1-enyl)thiazole

(Z-13-A).

Substrate 13-A was prepared following the general procedure A. 4-methyl-5-vinyl-thiazole was used as starting material (1.0 mmol
scale). The reaction was run for 48 hours, followed by purification with column chromatography (2-10% EtOAc in petroleum ether).
The product was obtained as a mixture of E/Z products after purification, as a deep dark brown liquid (68 mg, 35% yield, 66 : 34
E/Z).[20] TLC: Rf = 0.12 (20% EtOAc in petroleum ether). GC-MS: (m/z) 193.1 [M+]. IR: (neat) vmax 642, 823, 837, 864, 943, 954, 1112,
1251, 1271, 1298, 1409, 1508, 1654 cm-1. (E-product) [major] 1H-NMR (399 MHz, CDCl3): δ 8.58 (s, 1H), 6.80 (dd, J = 16.1, 10.9 Hz,
1H), 5.49 (d, J = 16.1 Hz, 1H), 2.47 (s, 3H).

C-NMR (100 MHz, CDCl3): δ 194.78, 150.07, 149.90, 140.55, 138.15, 131.22, 126.54,
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116.60, 15.22. F-NMR (377 MHz, CDCl3): δ -64.24 (d, J = 5.9 Hz). (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 8.58 (s, 1H), 6.60
19

(dd, J = 12.1, 10.5 Hz, 0H), 5.28 (d, J = 12.1 Hz, 1H), 2.47 (s, 3H). 13C-NMR (100 MHz, CDCl3):insufficient noise signal ratio 19F-NMR
(377 MHz, CDCl3): δ -58.61 (d, J = 7.3 Hz).
(±)-(8R,9S,13S,14S)-13-methyl-3-(3,3,3-trifluoroprop-1-enyl)-7,8,9,11,12,13,15,16-octahydro-6H-cyclopenta[a]phenanthren17(14H)-one (14-A). Compound 14-A was prepared following the General Method A with 10% MeOH as co-solvent. Reaction was
performed on a 0.5 mmol scale. The reaction was run for 24 hours, followed by dilution of the reaction mixture with Et 2O, the organic
crude reaction mixture was extracted with 10% HCl in H2O, sat. NaHCO3 in H2O and Brine to remove the DMF after which the crude
product was further purified by column chromatography (DCM to 1% EtOH in DCM). The product was obtained as a mixture as offwhite solid (78 mg, 45% yield, 26 : 74 E/Z).[20,21] TLC: Rf = 0.75 (1% EtOH in DCM). IR: (neat) vmax 1763, 1507, 1193, 1167, 1116,
1103, 911, 631 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.70 – 7.56 (m, 1H), 7.51 – 7.40 (m, 1H), 7.36 – 7.10 (m, 1H), 6.74 (d, J = 8.7 Hz,
1H), 6.55 (dd, J = 12.1, 8.7 Hz, 1H), 3.07 – 2.75 (m, 3H), 2.56 – 1.84 (m, 6H), 1.69 – 1.11 (m, 7H), 0.93 – 0.74 (m, 4H). 13C-NMR (100
MHz, CDCl3): δ 152.69, 137.05, 133.38, 132.27, 131.19, 130.93, 130.72, 130.46, 129.62, 129.36, 128.82, 126.89, 124.80, 123.61,
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123.35, 121.29, 118.76, 117.55, 116.24, 77.34, 77.02, 76.70, 50.34, 47.91, 44.29, 43.66, 38.07, 37.26, 35.88, 31.57, 31.41, 29.71, 29.28,
27.74, 26.68, 26.23, 26.09, 25.80, 21.57, 21.50, 13.84. 19F-NMR (377 MHz, CDCl3): δ -55.39, -63.00.
(±)-N1-(4-(3,3,3-trifluoroprop-1-enyl)benzyl)-N2-(3-(trimethoxysilyl)propyl)ethane-1,2-diamine (15-A). Substrate 15-A was prepared
following the general procedure A. N1-(3-(trimethoxysilyl)propyl)-N2-(4-vinylbenzyl)ethane-1,2-diamine (40% in MeOH w/t) was used
as starting material. Reaction was performed on a 0.5 mmol scale with 20% MeOH in DMF as the solvent system (taking the solvent
from the starting material solution into account). The reaction was run for 24 hours, followed by dilution of the reaction mixture with
Et2O, the organic crude reaction mixture was extracted with 10% HCl in H 2O, sat. NaHCO3 and Brine to remove excess DMF. The
crude product was directly analysed with NMR in d6-DMSO with 10% d4-MeOH, as a mixture of E/Z products (113 mg, 56% yield, 55 :
45 E/Z). IR: (neat) vmax 549, 696, 831, 993, 1313, 1338, 1373, 1616, 1695, 2980, 3246, 3385, 3566 cm-1. 1H-NMR (399 MHz, d6DMSO): δ. δ 7.36 – 7.00 (m, 4H), 6.69 – 6.56 (m,, 1H), 5.77 – 5.58 (m, 1H), 3.82 – 3.52 (m, 2H), 3.49 (d, J = 3.3 Hz, 9H), 3.08 – 2.35 (m,
8H), 1.76 – 1.42 (m, 2H), 0.71 – 0.39 (m, 2H).

C-NMR (100 MHz, d6-DMSO): δ 139.55, 138.95, 138.51, 137.77, 137.74, 137.37,
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136.79, 136.71, 136.53, 136.37, 136.26, 136.22, 129.20, 129.12, 128.90, 128.77, 128.62, 128.36, 128.29, 128.24, 127.80, 126.78,
126.56, 126.36, 126.20, 126.15, 125.95, 125.42, 125.05, 124.72, 114.18, 113.97, 113.65, 58.21, 57.94, 56.77, 56.30, 52.90, 52.61,
49.85, 48.27, 47.72, 46.67, 44.61, 38.12, 37.78, 37.61, 20.83, 20.68, 20.12, 19.56, 19.41, 19.37, 7.64, 7.49, 6.33, 6.26, 6.23, 6.15. 19FNMR (377 MHz, d6-DMSO): δ -55.44 (d, J = 9.4 Hz), -61.01 (d, J = 7.1 Hz).
(E)-(3,3,3-trifluoro-2-methylprop-1-enyl)benzene (E-16-A) & (Z)-(3,3,3-trifluoro-2-methylprop-1-enyl)benzene (Z-16-A). Substrate
16-A was prepared following the general procedure A. beta-methyl-styrene was used as staring material (0.5 mmol scale). The
reaction was run for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was
obtained as a mixture of E/Z products after purification, as a colourless liquid (140 mg, 75% yield, 69 : 31 E/Z).[22] TLC: Rf = 0.88
(100% petroleum ether). GC-MS: (m/z) 186.01 [M+]. IR: (neat) vmax 692, 742, 972, 1072, 1112, 1174, 1204, 1274, 1312, 1337, 1456,
1673 cm-1 (E-product) [major] 1H-NMR (399 MHz, CDCl3): δ 7.34 – 7.14 (m, 5H), 6.97 (s, 1H), 1.92 (d, J = 0.8 Hz, 3H). 13C-NMR (100
MHz, CDCl3): δ 135.14 (q, J = 3.7 Hz), 134.73, 131.41 (q, J = 6.4 Hz), 129.30, 128.60, 128.37, 126.44 (q, J = 28.9 Hz), 124.73 (q, J = 272.7
Hz), 12.27 (d, J = 1.4 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.21. (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 7.34 – 7.14 (m, 5H),
6.70 (s, 1H), 1.95 (d, J = 1.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ δ 135.35, 131.41 (q, J = 6.4 Hz), 129.30, 128.47, 128.12, 127.93,
126.52 (q, J = 29.7 Hz), 123.87 (q, J = 274.9 Hz), 19.17 (d, J = 2.9 Hz). 19F-NMR (377 MHz, CDCl3): δ -57.80.
(E)-(4,4,4-trifluorobut-2-en-2-yl)benzene (E-17-A) and (Z)-(4,4,4-trifluorobut-2-en-2-yl)benzene (Z-17-A). Substrate 17-A was
prepared following the general procedure A. alfa-methylstyrene was used as starting material (0.5 mmol scale). The reaction was run
for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a mixture of
E/Z products after purification, as a colourless liquid (150 mg, 81% yield, 18 : 82 E/Z).[23] TLC: Rf = 0.87-0.82 (100% petroleum ether).
GC-MS: (m/z) 186.03 [M+]. IR: (neat) vmax 742, 973, 1112, 1173, 1203, 1275, 1312, 1338, 1456, 1673 cm-1 (Z-product) [major] 1HNMR (399 MHz, CDCl3): δ 7.53 – 7.12 (m, 5H), 5.69 (qd, J = 8.2, 1.5 Hz, 1H), 2.16 (d, J = 0.5 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ
128.60, 128.24, 128.16, 126.91, 126.21, 121.20 (q, J = 366.5 Hz), 115.68 (q, J = 35.1, 33.9 Hz), 27.06 19F-NMR (377 MHz, CDCl3): δ 56.35 (d, J = 8.4 Hz). (E-product & isomer) [minor] 1H-NMR (399 MHz, CDCl3): δ. δ 7.53 – 7.12 (m, 5H), 5.48 (d, J = 89.6 Hz, 2H), 2.18 –
2.11 (m, 2H). 13C-NMR (100 MHz, CDCl3): insufficient signal to noise ratio. 19F-NMR (377 MHz, CDCl3): δ -64.57 (t, J = 10.6 Hz).

Although preliminary evidence of unwanted isomerization of this particular substrate was expected; letting the reaction run for an
extended period of time resulted in the formation of the desired isomer. Presumably the increased acidity of the ß -protons (pKa ≈ 25,
which are alfa with respect to the CF3 moiety) is considerably higher than the ß’-protons (pKa > 40, see figure below) which gives rise
to the formation of the desired product. The increased Z-product formation, might be accounted for by the steric repulsion between
the trifluoromethyl group and the ß’-protons.
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(E)-ethyl 3-p-tolyl-2-(trifluoromethyl)acrylate (E-18-A) & (Z)-ethyl 3-p-tolyl-2-(trifluoromethyl)acrylate (Z-18-A). Substrate 18-A was
prepared following the general procedure A. (E)-ethyl 3-p-tolylacrylate was used as starting material (2.0 mmol scale). The reaction
was run for 24 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a
mixture of E/Z products after purification, as an orange liquid (294 mg, 57% yield, 82 : 18 E/Z).[24] TLC: Rf = 0.67 (2% EtOAc in
petroleum ether). GC-MS: (m/z) 258.1 [M+]. IR: (neat) vmax 732, 810, 1028, 1126, 1159, 1203, 1224, 1278, 1296, 1321, 1381, 1728 cm. (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 7.32 – 7.06 (m, 5H), 4.20 (q, J = 7.1 Hz, 2H), 2.30 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H).

1

C-NMR (100 MHz, CDCl3): δ 163.72, 148.33 (d, J = 3.0 Hz), 141.00, 140.11 (q, J = 5.9 Hz), 129.41, 129.17, 122.67 (q, J = 31.1 Hz),
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122.43 (q, J = 273.0 Hz), 62.02, 21.58, 13.88. 19F-NMR (377 MHz, CDCl3): δ -58.00. (E-product) [major] 1H-NMR (399 MHz, CDCl3): δ
7.31 – 7.06 (m, 5H), 4.27 (q, J = 7.2 Hz, 2H), 2.31 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 163.72, 140.89, 140.11
(q, J = 5.9 Hz), 129.86 (q, J = 2.6 Hz), 129.74, 129.48, 122.16 (q, J = 274.0 Hz), 121.84 (q, J = 32.1 Hz), 62.02, 21.58, 14.25. 19F-NMR (377
MHz, CDCl3): δ -63.72.
(E)-3-phenyl-2-(trifluoromethyl)allyl acetate (E-19-A). Substrate 19-A was prepared following the general procedure A. Cinnamyl
acetate, which was synthetically prepared according a literature procedure ( vide supra), was used as starting material (1.0 mmol scale).
The reaction was run for 24 hours, followed by purification with column chromatography (10% EtOAc in petroleum ether). The product
was obtained as a single isomer after purification, as a colourless liquid (193 mg, 79% yield, only E).[24] TLC: Rf = 0.65 (10% EtOAc in
petroleum ether). GC-MS: (m/z) 244.2 [M+]. IR: (neat) vmax 698, 750, 935, 1026, 1076, 1087, 1116, 1163, 1219, 1371, 1743 cm-1. 1H-
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NMR (399 MHz, CDCl3): δ. 7.40 – 7.22 (m, 5H), 4.76 (s, 1H), 2.05 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 170.59, 139.03 (q, J = 5.9 Hz),
133.06, 129.63, 129.17, 128.92, 125.06 (q, J = 29.3 Hz), 123.95 (q, J = 273.7 Hz), 57.80, 20.96. 19F-NMR (377 MHz, CDCl3): δ -66.49.
(E)-3-phenyl-2-(trifluoromethyl)prop-2-en-1-ol (E-20-A). Substrate 20-A was prepared following the general procedure A. Cinnamyl
alcohol was used as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column
chromatography (100% petroleum ether). The product was obtained as a single isomer after purification, as a colourless liquid (87 mg,
43% yield, only E).[25] TLC: Rf = 0.53 (20% EtOAc in petroleum ether). GC-MS: (m/z) 202.1 [M+]. IR: (neat) vmax 699, 752, 934, 1024,
1074, 1087, 1115, 1164, 1219, 1372, 1743 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.56 – 7.28 (m, 6H), 4.38 (s, 2H), 1.94 (bs, 1H). 13C-NMR
(100 MHz, CDCl3): δ 137.00 (q, J = 6.0 Hz), 133.23, 130.88 (d, J = 3.2 Hz), 129.34, 128.69, 128.59 (q, J = 27.6 Hz), 124.59 (q, J = 273.3
Hz), 56.27. 19F-NMR (377 MHz, CDCl3): δ -66.41
(E)-(3,3,3-trifluoro-2-(methoxymethyl)prop-1-enyl)benzene (E-21-A). Substrate 21-A was prepared following the general procedure

A. (E)-(3-methoxyprop-1-enyl)benzene, which was synthetically prepared according a literature procedure ( vide supra), was used as
starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a single isomer after purification, as a colourless liquid (166 mg, 77% yield, only E).[24]
TLC: Rf = 0.61 (10% EtOAc in petroleum ether). GC-MS: (m/z) 216.1 [M+]. IR: (neat) vmax 670, 752, 937, 1028, 1077, 1088, 1117, 1164,
1222, 1372 cm-1. 1H NMR (399 MHz, CDCl3) δ 7.54 – 7.11 (m, 5H), 2.96 – 2.80 (m, 2H), 2.42 (dq, J = 16.6, 10.7 Hz, 2H). 13C NMR (100
MHz, CDCl3) δ 138.96, 128.69, 128.19, 126.67 (q, J = 276.5 Hz), 126.61, 35.63 (q, J = 28.6 Hz), 27.99 (q, J = 3.1 Hz). 19F NMR (376 MHz,
CDCl3) δ -66.73 (t, J = 10.3 Hz).
Potassium (±)-trifluoro(4-(3,3,3-trifluoroprop-1-enyl)phenyl)borane (24-A). Substrate 24-A was prepared following the general

procedure A with 10% MeOH in DMF as solvent system. Potassium 4-trifluoroboryl-styrene was used as starting material (1.0 mmol
scale). The reaction was run for 24 hours, followed by purification by re-crystallization (Acetone vs. Et2O, three times) and directly
analysed. The crude product was obtained as a mixture of E/Z products after purification, as a yellow solid and directly analysed (104
mg, 75% yield, 81 : 19 E/Z). TLC: Rf = 0.15–0.25 (100% EtOAc). IR: (neat): 621, 636, 904, 914, 956, 968, 1004, 1045, 1215, 1338, 1385,
1556, 1661 cm-1. M.p.: 56-67 °C. (E-product) [major] 1H-NMR (399 MHz, D6-DMSO): δ 7.44 – 7.08 (m, 4H), 6.70 – 6.50 (m, 1H), 5.87 –
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4.97 (m, 1H). 13C-NMR (100 MHz, D6-DMSO): δ 137.77, 133.90, 131.55, 131.27 (d, J = 24.0 Hz), 126.19, 124.33, 111.55 19F-NMR (377
MHz, D6-DMSO): δ -60.93 (d, J = 6.3 Hz), -138.91 (bs). (Z-product) [minor] NMR (399 MHz, D6-DMSO): insufficient signal to noise
ratio.
(E)-2-methyl-6-(4-(3,3,3-trifluoroprop-1-enyl)phenyl)pyridine (22-A) (one-pot-two-step reaction).

Reagents and conditions: (a) Pd(OAc)2 (20 mol%), 2-bromo-6-methylpyridine, K2CO3, DMF/EtOH (1:1 v/v, 20 mL), 80
°C.
Intermediate compound, potassium (4-(3,3,3-trifluoroprop-1-enyl)phenyl)trifluoroborate, was prepared on a 1 mmol scale following
the general Method A with a solvent system MeOH in DMF (1:9 v/v, 20 mL). After 24 hours (or as judged by NMR and TLC), the crude
reaction mixture was transferred to a oven-dried flask with Pd(OAc)2 (9 mg, 20 mol%), 2-bromo-6-methylpyridine (410 mg, 1.2 equiv.),
K2CO3 (1.2 equiv), EtOH (20 mL), and a stirring rod. The flask was equipped with a small reflux cooler. This mixture was stirred at 80 °C
for 18 hours, and followed by TLC (10% EtOAc in petroleum ether). After completion, the reaction mixture was cooled down to room
temperature and diluted with Et2O (20 mL). This mixture was then extracted with HCl (10% in H2O), NaHCO3 (sat. in H2O) and brine.
The combined aqueous layers were washed with Et2O one time. Hereafter, the combined organic layers were dried over MgSO 4 and
concentrated in vacuo. The crude product was then purified by column chromatography to afford the title compound (197 mg, 75%
yield in two steps, only E). TLC: Rf = 0.75 (10% EtOAc in petroleum ether). IR: (neat) vmax 877, 1116, 1132, 1282, 1321, 1456, 1504,
2555, 2565, 3358, 3381 cm-1. 1H-NMR (400 MHz, DMSO-d6) δ 8.39 (s, 2H), 7.95 (d, J = 8.3 Hz, 1H), 7.64 (t, J = 7.7 Hz, 39H), 7.43 (d, J
= 7.9 Hz, 42H), 7.30 (d, J = 7.5 Hz, 42H), 7.12 (d, J = 7.5 Hz, 1H), 6.98 (d, J = 8.0 Hz, 0H), 2.44 (s, 125H). 13C-NMR (100 MHz, DMSOd6): δ 174.20, 160.18, 143.37, 140.93, 140.21, 127.71, 125.49, 123.16, 122.13 (q, J = 257.3 Hz), 23.97. 19F-NMR (377 MHz, DMSO-d6):
δ -61.88.
(E)-1-(4-(3,3,3-trifluoroprop-1-enyl)phenyl)-1H-imidazole (23-A) (one-pot-two-step reaction).

Reagents and conditions: (a) Cu(OAc)2 (40 mol%), ethyl acetoacetate (80 mol%), imidazole (1.5 equiv.), H 2O (5 mL),
air, 40 °C.
Intermediate compound, potassium (4-(3,3,3-trifluoroprop-1-enyl)phenyl)trifluoroborate, was prepared on a 1 mmol scale following
the general Method A with a solvent system MeOH in DMF (1:9 v/v, 20 mL). After 24 hours (or as judged by NMR and TLC), the crude
reaction mixture was concentrated in vacuo to remove the majority of solvent. To this mixture was added, Cu(OAc) 2 (40 mol%), ethyl
acetoacetate (80 mol%), imidazole (1.5 equiv.), H2O (5 mL), and air (via open flask or balloon). This reaction mixture was stirred at 40
°C until completion, as judged by TLC analysis or GC. After completion, the reaction mixture was cooled down to room temperature
and diluted with Et2O (20 mL). This mixture was then extracted with HCl (10% in H2O), NaHCO3 (sat. in H2O) and brine. The combined
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aqueous layers were washed with Et 2O one time. Hereafter, the combined organic layers were dried over MgSO 4 and concentrated in

vacuo. The crude product was then purified by column chromatography to afford the title compound (100 mg, 42% in two steps, only
E). TLC: Rf = 0.55 (1% EtOH in DCM). IR: (neat) vmax 648, 673, 696, 729, 761, 836, 906, 1112, 1217, 1487 cm-1. 1H-NMR (399 MHz,
CDCl3) δ 7.69 – 7.38 (m, 3H), 7.37 – 7.13 (m, 4H), 6.81 (d, J = 12.5 Hz, 1H), 6.16 (dd, J = 16.1, 6.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ
138.14 (q, J = 6.0 Hz), 133.01, 132.07, 130.53, 130.44, 129.97, 126.28, 123.43 (q, J = 268.7 Hz), 119.53 (q, J = 34.9 Hz). 19F NMR (188
MHz, CDCl3) δ -63.61 (d, J = 7.0 Hz).

Specific compound data – hydrotrifluoro methylation
(3,3,3-trifluoropropyl)benzene (1-B). Substrate 1-B was prepared following the general procedure B. Styrene was used as starting
material (1.0 mmol scale). The reaction was run for 18 hours, followed by purification with column chromatography (100% petroleum
ether). The product was obtained as a colourless liquid (137 mg, 79% yield).[26] TLC: Rf = 0.95 (100% petroleum ether). GC-MS: (m/z)
174.1 [M+]. IR: (neat) vmax 691, 970, 1074, 1113, 1176, 1273, 1312, 1339 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.44 – 7.13 (m, 5H), 2.97
– 2.80 (m, 2H), 2.41 (dq, J = 16.5, 10.6 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 138.98, 128.70, 128.20, 126.68 (q, J = 276.9 Hz), 126.63,
35.65 (q, J = 28.7 Hz), 28.20 (q, J = 3.2 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.75 (t, J = 10.4 Hz).
1-octyl-4-(3,3,3-trifluoropropyl)benzene (2-B). Substrate 2-B was prepared following the general procedure B. 4-octyl-styrene was
used as starting material (1.0 mmol scale). The reaction was run for 18 hours, followed by purification with column chromatography

5

(100% petroleum ether). The product was obtained as a colourless liquid (252 mg, 88% yield). TLC: Rf = 0.88 (100% petroleum ether).
GC-MS: (m/z) 286.2 [M+]. IR: (neat) vmax 650, 732, 907, 1117, 1274, 1311, 2927 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.23 – 7.08 (m,
4H), 2.95 – 2.79 (m, 2H), 2.63 (d, J = 15.6 Hz, 1H), 2.42 (dq, J = 16.5, 10.7 Hz, 2H), 1.65 (p, J = 7.2 Hz, 2H), 1.46 – 1.24 (m, 10H), 0.94 (t,
J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 141.33, 136.13, 128.72, 128.06, 126.77 (q, J = 276.6 Hz), 35.75 (q, J = 28.2 Hz), 35.58,
31.94, 31.59, 29.53, 29.40, 29.32, 27.79 (q, J = 3.2 Hz), 22.72, 14.12. 19F-NMR (377 MHz, CDCl3): δ -66.74 (t, J = 10.5 Hz).
2-(3,3,3-trifluoropropyl)naphthalene (3-B). Substrate was prepared following the general procedure B. 2-vinylnaphthalene was used
as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a colourless yellowish oil (199 mg, 89% yield).[27] TLC: Rf = 0.65 (100% petroleum
ether). GC-MS: (m/z) 224.2 [M+]. IR: (neat) vmax 691, 971, 1075, 1113, 1176, 1274, 1313, 1339 cm-1. 1H-NMR (399 MHz, CDCl3): δ
7.81 – 7.64 (m, 4H), 7.48 – 7.16 (m, 3H), 3.03 – 2.88 (m, 2H), 2.51 – 2.31 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 137.87 (q, J = 6.8 Hz),
136.56, 133.71, 132.40, 127.81, 127.61, 126.88 (q, J = 276.7 Hz), 126.74, 126.67, 126.39, 125.80, 35.70 (q, J = 28.4 Hz), 28.50 (q, J = 3.1
Hz). 19F-NMR (377 MHz, CDCl3): δ -66.55 (t, J = 10.8 Hz).
4-(3,3,3-trifluoropropyl)phenol (4-B). Substrate was prepared following the general procedure B. 4-hydroxy-styrene was used as
starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (1% - 5%
EtOAc in petroleum ether). The product was obtained as a amorphous colourless solid (99 mg, 52% yield). TLC: Rf = 0.35-0.45 (1%
EtOAc in petroleum ether). GC-MS: (m/z) 190.1 [M+]. IR: (neat) vmax 697, 752, 934, 1025, 1074, 1116, 1165, 1218, 1375 cm-1. M.p.:
27-33 °C. 1H-NMR (399 MHz, CDCl3): δ 6.98 (d, J = 8.5 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 5.27 (bs, 1H), 3.37 – 3.17 (m, 2H), 2.36 – 2.17
(m, 2H). 13C-NMR (100 MHz, CDCl3): δ 154.36, 131.32, 129.52, 126.84 (q, J = 276.9 Hz), 115.68, 36.01 (q, J = 28.1 Hz), 15.15. 19F-NMR
(377 MHz, CDCl3): -66.61 (t, J = 10.9 Hz).
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4-(3,3,3-trifluoropropyl)phenyl acetate (5-B). Substrate 3-B was prepared following the general procedure B. 4-acetyl-styrene was
used as starting material (1.0 mmol scale). The reaction was run for 6 hours, followed by purification with column chromatography (1%
EtOAc in petroleum ether). The product was obtained as a colourless liquid (220 mg, 95% yield). TLC: Rf = 0.45 (100% petroleum
ether). GC-MS: (m/z) 232.2 [M+]. IR: (neat) vmax 692, 971, 1073, 1113, 1177, 1274, 1311, 1337 cm-1. 1H-NMR (399 MHz, CDCl3): δ
7.13 (d, J = 8.6 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 3.37 – 3.18 (m, 2H), 2.34 – 2.18 (m, 2H), 1.18 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ
157.59, 155.80, 129.49, 128.01, 125.84 (q, J = 277.3 Hz), 115.68, 42.35 (q, J = 27.2 Hz), 29.84, 15.16. 19F-NMR (377 MHz, CDCl3): δ 66.62 (t, J = 10.7 Hz).
1-chloro-4-(3,3,3-trifluoropropyl)benzene (6-B). Substrate was prepared following the general procedure B. 4-chlorostyrene was used
as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a volatile colourless liquid (148 mg, 71% yield).[28] TLC: Rf = 0.70 (100% petroleum
ether). GC-MS: (m/z) 208.1 [M+]. IR: (neat) vmax volatile liquid. 1H-NMR (399 MHz, CDCl3): δ. δ 7.42 – 7.15 (m, 4H), 2.96 – 2.84 (m,
2H), 2.41 (dq, J = 16.4, 10.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 138.98, 128.72, 128.22, 126.68 (q, J = 276.9 Hz), 126.63, 35.65 (q, J
= 28.7 Hz), 28.20 (q, J = 3.2 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.81 (t, J = 9.4 Hz).
1-bromo-3-(3,3,3-trifluoropropyl)benzene (7-B). Substrate was prepared following the general procedure B. 3-bromostyrene was used
as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a yellow/orange colourless liquid (195 mg, 77% yield). TLC: Rf = 0.65 (100% petroleum
ether). GC-MS: (m/z) 252.1 [M+]. IR: (neat) vmax 692, 971, 1073, 1113, 1177, 1274, 1311 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.27 (d, J
= 8.9 Hz, 2H), 7.16 – 6.96 (m, 2H), 2.83 – 2.65 (m, 2H), 2.46 – 2.13 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 141.36, 131.46, 130.40,
129.98, 127.03, 126.64 (q, J = 276.7 Hz), 122.83, 35.48 (q, J = 28.7 Hz), 27.98 (q, J = 3.3 Hz). 19F-NMR (377 MHz, CDCl3): -66.64 (t, J =
10.3 Hz).
1,3-dichloro-2-(3,3,3-trifluoropropyl)benzene (8-B). Substrate was prepared following the general procedure B. 2,6-dichlorostyrene
was used as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column
chromatography (100% petroleum ether). The product was obtained as a reddish colourless liquid (181 mg, 75% yield). TLC: Rf = 0.68
(100% petroleum ether). GC-MS: (m/z) 242.1 [M+]. IR: (neat) vmax 972, 1014, 1091, 1118, 1178, 1222, 1273 cm-1. 1H-NMR (399 MHz,
CDCl3): δ 7.22 (dd, J = 8.0, 2.1 Hz, 2H), 7.04 (t, J = 8.0 Hz, 1H), 3.19 – 3.05 (m, 2H), 2.36 – 2.14 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ
135.53, 134.95, 128.67, 128.50, 126.60 (q, J = 276.7 Hz), 32.11 (q, J = 28.9 Hz), 24.15 (q, J = 3.6 Hz). 19F-NMR (377 MHz, CDCl3): δ 67.10 (t, J = 10.8 Hz).
4-(3,3,3-trifluoropropyl)pyridine (9-B). Substrate was prepared following the general procedure B. 4-vinyl-pyridine was used as
starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (1% - 5%
EtOAc in petroleum ether). The product was obtained as a yellowish colourless oil (125 mg, 72% yield). TLC: Rf = 0.45 (1% EtOAc in
petroleum ether). GC-MS: (m/z) 175.1 [M+]. IR: (neat) vmax 831, 991, 1112, 1224, 1279, 1309 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.44
(d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 2.25 – 2.05 (m, 2H), 1.27 – 1.10 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 158.46, 138.68,
129.74 (q, J = 308.1 Hz), 116.69, 66.28, 15.08. 19F-NMR (377 MHz, CDCl3): δ -67.12 (t, J = 7.9 Hz).
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(4,4,4-trifluorobutan-2-yl)benzene (10-B). Substrate was prepared following the general procedure B. alfa-methyl-styrene was used as
starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a colourless liquid (111 mg, 59% yield). TLC: Rf = 0.82 (100% petroleum ether). GC-MS:
(m/z) 188.0 [M+]. IR: (neat) vmax 692, 971, 1073, 1113, 1175, 1274, 1312, 1339 cm-1. 1H-NMR (399 MHz, CDCl3): δ. δ 7.31 – 7.05 (m,
5H), 3.03 (h, J = 7.0 Hz, 1H), 2.44 – 2.13 (m, 2H), 1.27 (d, J = 7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 138.27, 131.15, 129.23, 128.69,
128.33 (q, J = 279.3 Hz), 40.17 (q, J = 26.0 Hz), 35.75 (d, J = 2.5 Hz), 12.17 (d, J = 2.7 Hz). 19F-NMR (377 MHz, CDCl3): δ -63.89 (t, J =
11.0 Hz).
(3,3,3-trifluoro-2-methylpropyl)benzene (11-B). Substrate 11-B was prepared following the general procedure B. 4-acetyl-styrene was
used as starting material (1.0 mmol scale). The reaction was run for 6 hours, followed by purification with column chromatography (1%
EtOAc in petroleum ether). The product was obtained as a colourless liquid (154 mg, 82% yield). TLC: Rf = 0.82 (100% petroleum
ether). GC-MS: (m/z) 188.1 [M+]. IR: (neat) vmax 692, 971, 1073, 1113, 1175, 1274, 1312, 1339 cm-1. 1H-NMR (399 MHz, CDCl3): δ
7.48 – 7.11 (m, 5H), 3.16 (d, J = 9.7 Hz, 1H), 2.49 (d, J = 9.7 Hz, 1H), 1.93 (d, J = 6.3 Hz, 1H), 1.06 (d, J = 6.3 Hz, 3H). 13C-NMR (100
MHz, CDCl3): δ 138.15, 131.07 (q, J = 263.3 Hz), 131.03, 129.11, 128.57, 126.62, 125.83, 40.05 (q, J = 26.0 Hz), 35.63 (q, J = 2.8 Hz),
18.50, 12.05 (q, J = 2.8 Hz). 19F-NMR (377 MHz, CDCl3): δ -73.47 (d, J = 8.1 Hz).
(2-benzyl-3,3,3-trifluoropropoxy)trimethylsilane (12-B). Substrate was prepared following the general procedure B. Cinnamyl-oxytrimethylsilane was used as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with column
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chromatography (100% petroleum ether). The product was obtained as a colourless liquid (201 mg, 73% yield). TLC: Rf = 0.48-0.52 (1%
EtOAc in petroleum ether). GC-MS: (m/z) 276.2 [M+]. IR: (neat) vmax 699, 753, 935, 1025, 1075, 1117, 1165, 1217, 1373 cm-1. 1H-NMR
(399 MHz, CDCl3): δ 7.61 – 7.13 (m, 5H), 4.36 (dd, J = 5.4, 1.5 Hz, 2H), 1.82 – 1.54 (m, 1H), 1.07 – 0.78 (m, 2H), 0.22 (s, 9H). 13C-NMR
(100 MHz, CDCl3): δ 137.11, 131.20, 130.27, 130.07 (q, J = 262.2 Hz), 128.90, 128.63, 127.53, 126.54, 63.57, 29.84, -0.18. 19F-NMR
(377 MHz, CDCl3): δ -69.05 (d, J = 9.4 Hz), -72.83 (d, J = 8.1 Hz).
2-(trifluoromethyl)-2,3-dihydro-1H-indene (13-B). Substrate was prepared following the general procedure B. Indene was used as
starting material (2.0 mmol scale). The reaction was run for 24 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a volatile yellowish liquid (106 mg, 57% yield). TLC: Rf = 0.85 (100% petroleum ether).
GC-MS: (m/z) 186.1 [M+]. IR: (neat) vmax 691, 970, 1074, 1113, 1176, 1273, 1312, 1339 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.11 – 7.06
(m, 4H), 3.28 (s, 1H), 3.17 – 2.94 (m, 4H). 13C-NMR (100 MHz, CDCl3): δ 140.68, 128.24 (q, J = 276.8 Hz), 127.05, 124.58, 42.59 (q, J =
27.9 Hz), 33.00 (q, J = 2.6 Hz). 19F-NMR (377 MHz, CDCl3): δ -71.54 (d, J = 7.3 Hz).

Specific compound data – Perfluoroalylaktions and hydroperfluoroalkylations in batch
(E)-(4,4,4-trifluorobut-1-enyl)benzene and (Z)-(4,4,4-trifluorobut-1-enyl)benzene (1-C). Substrate was prepared following the general

procedure C. Styrene was used as starting material (1.0 mmol scale). The reaction was run for 24 hours, followed by purification with
column chromatography (100% petroleum ether). The product was obtained as a mixture of E/Z products as a volatile colourless liquid
(75 : 25 E/Z, 140 mg, 75% yield).[29] TLC: Rf = 0.85 (100% petroleum ether). GC-MS: (m/z) 186.1 [M+]. IR: (neat) vmax 694, 746, 839,
854, 883, 1103, 1130, 1205, 1217, 1230 cm-1. (E-product) [major] 1H-NMR (399 MHz, CDCl3): δ 7.42 – 7.08 (m, 5H), 6.63 (dd, J = 17.6,
10.9 Hz, 1H), 5.66 (d, J = 17.7 Hz, 1H), 2.89 (ddd, J = 10.9, 7.3, 1.2 Hz, 2H).
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C-NMR (100 MHz, CDCl3): δ 136.76, 134.94, 128.73,

128.19, 126.52, 126.02 (q, J = 276.7 Hz), 117.26 (q, J = 3.6 Hz), 37.76 (q, J = 29.9 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.26 (t, J = 10.6
Hz). (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): δ 7.42 – 7.08 (m, 5H), 6.51 (d, J = 15.9 Hz, 1H), 6.01 (dt, J = 15.8, 7.3 Hz, 1H),
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3.00 (ddd, J = 10.7, 7.3, 1.8 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 136.98, 136.04, 128.60, 127.89, 126.29, 126.02 (q, J = 276.7 Hz),
119.24 (q, J = 3.7 Hz), 33.56 (q, J = 29.5 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.04 (t, J = 10.6 Hz).
(E)-(3,3,4,4,5,5,5-heptafluoropent-1-enyl)benzene and (Z)-(3,3,4,4,5,5,5-heptafluoropent-1-enyl)benzene (2-C). Substrate was
prepared following the general procedure C. Styrene was used as starting material (1.0 mmol scale). The reaction was run for 48 hours,
followed by purification with column chromatography (100% petroleum ether). The product was obtained as a mixture of E/Z products
as a volatile colourless liquid (64 : 36 E/Z, 242 mg, 89% yield).[30] TLC: Rf = 0.85 (100% petroleum ether). GC-MS: (m/z) 272.1 [M+]. IR:
(neat) vmax 694, 746, 839, 854, 883, 1026, 1103, 1130, 1205, 1217, 1230, 1354 cm-1. (E-product) [major] 1H-NMR (399 MHz, CDCl3):
δ 7.43 – 7.23 (m, 5H), 7.04 (dt, J = 12.8, 3.0 Hz, 1H), 6.11 (dt, J = 16.1, 12.2 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 142.32 (t, J = 5.0 Hz),
134.17, 129.12, 128.88 (t, J = 3.6 Hz), 128.28, 115.67 (t, J = 21.9 Hz), 115.02 – 113.47 (m), 110.27 – 107.84 (m). (Z-product) [minor] 1HNMR (399 MHz, CDCl3): δ 7.43 – 7.23 (m, 5H), 7.11 (t, J = 2.3 Hz, 1H), 6.11 (dt, J = 16.1, 12.2 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ
139.90 (t, J = 9.5 Hz), 133.70, 130.35, 128.99, 127.80, 120.34 – 118.78 (m), 117.69 – 116.20 (m), 114.57 – 113.49 (m), 109.95 – 107.96
(m). (E+Z product) [major + minor] 19F-NMR (377 MHz, CDCl3): δ -80.35 (dt, J = 19.3, 9.3 Hz), -106.29 (dq, J = 18.1, 9.3 Hz), -112.19 (p,
J = 9.3 Hz), -127.60 (dt, J = 3.0, 1.3 Hz), -127.63 (dt, J = 3.6, 1.5 Hz).
(E)-(3,4,4,4-tetrafluoro-3-(trifluoromethyl)but-1-enyl)benzene and (Z)-(3,4,4,4-tetrafluoro-3-(trifluoromethyl) but-1-enyl)benzene
(3-C). Substrate was prepared following the general procedure C. Styrene was used as starting material (1.0 mmol scale). The reaction
was run for 48 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a
mixture of E/Z products as a volatile colourless liquid (55 : 45 E/Z, 150 mg, 55% yield).[31] TLC: Rf = 0.85 (100% petroleum ether). GCMS: (m/z) 272.2 [M+]. IR: (neat) vmax 694, 746, 839, 854, 883, 1027, 1104, 1131, 1206, 1217, 1230, 1354 cm-1. (E-product) [major] 1HNMR (399 MHz, CDCl3): 7.46 – 6.94 (m, 6H), 6.06 (dd, J = 20.1, 16.1 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 141.45, 130.00, 129.09,
128.05, 120.58 (qd, J = 286.3, 285.9, 27.8 Hz), 113.51 (d, J = 15.0 Hz), 92.48 – 89.86 (m). (Z-product) [minor] 1H-NMR (399 MHz,
CDCl3): 7.46 – 6.94 (m, 6H), 5.52 (dd, J = 29.0, 12.9 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 138.70 (d, J = 11.2 Hz), 134.59, 128.44,
128.39, 128.09, 127.53, 120.58 (qd, J = 286.3, 285.9, 27.8 Hz), 112.05 (d, J = 16.8 Hz), 94.34 – 92.48 (m). (E+Z product) [major + minor]
F-NMR (377 MHz, CDCl3): δ -76.94 (d, J = 7.9 Hz), -77.14 (d, J = 7.4 Hz), -183.98 (ddtt, J = 23.0, 10.5, 5.5, 2.5 Hz), -186.11 (ddt, J =

19

19.6, 15.1, 7.4 Hz).
(E)-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooct-1-enyl)benzene and (Z)-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooct-1-enyl)benzene (4C). Substrate was prepared following the general procedure C. Styrene was used as starting material (1.0 mmol scale). The reaction
was run for 48 hours, followed by purification with column chromatography (100% petroleum ether). The product was obtained as a
mixture of E/Z products as a volatile colourless liquid (72 : 28 E/Z, 372 mg, 88% yield).[20] TLC: Rf = 0.85 (100% petroleum ether). GCMS: (m/z) 422.1 [M+]. IR: (neat) vmax 694, 746, 854, 883, 1027, 1104, 1131, 1206, 1218, 1231 cm-1. (E-product) [major] 1H-NMR (399
MHz, CDCl3): 7.25 (ddt, J = 7.9, 5.2, 2.9 Hz, 5H),, 7.08 – 6.96 (m, 1H), 5.62 (q, J = 15.5 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 142.19 (t,
J = 5.0 Hz), 134.28, 130.35, 129.13, 128.91 (t, J = 3.6 Hz), 128.29, 118.86 (t, J = 33.0 Hz), 116.02 (t, J = 22.0 Hz), 112.19 – 109.86 (m),
109.83 – 107.25 (m). (Z-product) [minor] 1H-NMR (399 MHz, CDCl3): 7.41 – 7.32 (m, 5H), 7.10 (d, J = 10.2 Hz, 1H), 6.09 (dt, J = 15.6,
12.2 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 139.95 (t, J = 9.5 Hz), 133.82, 129.24, 129.00, 128.91 (t, J = 3.6 Hz), 127.82, 117.76 (q, J =
32.1, 30.8 Hz), 114.60 (t, J = 23.1 Hz), 112.19 – 109.86 (m), 109.83 – 107.25 (m). (E+Z product) [major + minor] 19F-NMR (377 MHz,
CDCl3): -81.18 (t, J = 9.8 Hz), -105.46 (q, J = 13.6 Hz), -111.31 (q, J = 12.2 Hz), -121.58 (dq, J = 19.5, 6.1 Hz), -121.79 (dt, J = 13.3, 6.9
Hz), -122.25 (dt, J = 17.6, 7.1 Hz), -122.82 – -123.06 (m), -123.38 (dt, J = 13.9, 8.2 Hz), -123.68 (dt, J = 13.4, 5.9 Hz), -126.41 (dq, J =
14.8, 7.0 Hz).
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(4,4,4-trifluorobutyl)benzene (1-D). Substrate was prepared following the general procedure D, following the hydrogenative coupling
procedure. Styrene in combination with 1,1,1-trifluoro-2-iodoethane and acetic acid (1.0 equiv.) was used as starting material (1.0
mmol scale). The reaction was run for 24 hours, then a second portion of 1,1,1-trifluoro-2-iodoethane and acetic acid (1.0 equiv.) was
added and run for another 24 hours. The reaction was followed by purification with column chromatography (100% petroleum ether).
The product was obtained as a volatile off-white colourless liquid (126 mg, 67% yield).[26] TLC: Rf = 0.85 (100% petroleum ether). GCMS: (m/z) 188.1 [M+]. IR: (neat) vmax 694, 746, 883, 1027, 1104, 1131, 1218, 1231 cm-1. 1H-NMR (399 MHz, CDCl3): δ 7.39 – 7.09 (m,
5H), 2.60 (t, J = 6.5 Hz, 2H), 1.99 (td, J = 10.6, 6.5 Hz, 2H), 1.89 – 1.75 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 137.03, 128.68, 128.51,
127.34 (q, J = 275.9 Hz), 126.35, 34.77, 33.24 (q, J = 28.5 Hz), 23.65 (q, J = 2.8 Hz). 19F-NMR (377 MHz, CDCl3): δ -66.16 (t, J = 10.8 Hz).
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)benzene (4-D). Substrate was prepared following the general procedure D following the
hydrogenative coupling procedure. Styrene in combination with 1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-6-iodohexane was used as
starting material (1.0 mmol scale). The reaction was run for 48 hours, followed by purification with column chromatography (100%
petroleum ether). The product was obtained as a volatile colourless liquid (348 mg, 82% yield). TLC: Rf = 0.85 (100% petroleum ether).
GC-MS: (m/z) 424.2 [M+]. IR: (neat) vmax 694, 746, 854, 883, 1027, 1104, 1131, 1206, 1218, 1231 cm-1. 1H-NMR (399 MHz, CDCl3): δ
7.31 – 7.01 (m, 5H), 2.92 – 2.72 (m, 2H), 2.29 (td, J = 18.3, 9.3 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 139.33, 128.94, 128.43, 126.86,
119.70 – 117.13 (m), 115.83 (q, J = 31.8, 30.3 Hz), 114.89 – 112.64 (m), 112.78 – 109.80 (m), 109.62 – 107.09 (m), 33.17 (t, J = 22.2 Hz),
26.60 (t, J = 4.2 Hz). 19F-NMR (377 MHz, CDCl3): δ -81.06 (t, J = 10.1 Hz), -114.80 (dt, J = 18.3, 9.0 Hz), -121.55 – -122.55 (m), -122.55 –
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-123.61 (m), -123.48 – -123.82 (m), -126.08 – -126.56 (m).
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ABSTRACT

S

–CF3 bonds are important structural
motifs in various pharmaceutical and
agrochemical compounds. However,
their preparation remains a major challenge in
synthetic organic chemistry. Here, we report
the development of a mild and fast
photocatalytic trifluoromethylation of thiols.
The combination of commercially available
Ru(bpy)3Cl2, visible light and inexpensive CF3I
gas proved to be an efficient method for the
direct trifluoromethylation of thiols. The
protocol is demonstrated on a wide range of
aromatic, hetero-aromatic and aliphatic
substrates in both batch and continuous
microflow (32 examples, 52–98% yield).
Process intensification through continuous
microflow application resulted in a 15-fold
increase in production rate (0.25 mmol min-1)
due to improved gas–liquid mass transfer,
enhanced irradiation as well as convenient
handling of the gaseous CF3 source.
Furthermore, the efficiency of the flow process
allowed to reduce the amount of CF3I (1.1
equiv.) to reach full conversion.
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6.1 | INTRODUCTION
The development of mild methods regarding the incorporation of Fluorine-containing
functional groups has gained increasing attention.[1,2] This is undoubtedly driven by the
growing demand in the pharmaceutical and agrochemical industry, as well as its increasing
need for the development of 18F-labeled organic compounds for positron emission
tomography (PET) imaging.[3-6] In particular, the incorporation of trifluoromethyl moieties
(CF3) has been widely investigated on e.g. alkenes, arenes and hetero-arenes.[7-12] In
contrast, the trifluoromethylation of thiols (S–CF3) is much less developed.[13-15] The
incorporation of a trifluoromethylthio (S–CF3) motif in a drug molecule results in an extremely
high lipophilicity (Hansch parameter, SR = 1.44) and improves the stability of the molecule in
acidic media. Access to such compounds is crucial since they constitute a key intermediate for
the synthesis of biologically active (trifluoromethyl)-sulfoxides and sulfones.
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To date, a number of methods have been developed for the construction of S–CF3 bonds via
direct trifluoromethylation of readily accessible aryl and alkyl thiols.[16-19] These bonds can
be constructed via an ion-radical mechanism employing inexpensive CF3 sources such as CF3I
or CF3Br.[20-23] However, most of these methods, if not all, suffer from limited substrate
scope, prolonged reaction times and require harsh conditions, such as the use of liquid
ammonia as a solvent system, elevated pressure and the use of UV light (Figure 6.1 A, eq. 1). A
more convenient radical-chain approach via a single electron transfer (SET) was reported by
Koshechko and coworkers but still rendered a very limited scope and relative long reaction
times.[24-26] More recently, great effort was conducted in the development of shelf-stable
CF3-electrophilic (CF3+) reagents, such as Umemoto's reagent,[27] and Togni's reagent.[28,29]
These reagents are well-known and easy-to-handle trifluoromethylating agents and
demonstrate good selectivity and broad substrate scope. However, commercial sources of
these reagents are expensive, and the preparation requires multiple synthetic steps, making
them less attractive for scale-up.[30] In contrast, radical CF3 sources, such as CF3I (bulk
chemical) or triflyl chloride (CF3SO2Cl), would be more advantageous to use given their low
cost price and availability.
In search of a mild and broadly applicable method for the trifluoromethylation of thiols, we
turned our attention to the use of visible-light photoredox catalysis.[31-34] Visible-light
photoredox catalysis has emerged as a mild and efficient method to functionalize molecules
and is tolerant to a broad range of functional groups. Recently, we have established the
efficient and mild formation of C–S bonds via a photocatalytic Stadler–Ziegler reaction.[35]
Hereby, aryl radicals are generated from in situ prepared diazonium salts which subsequently
react with thiols to generate the required C–S linkage (Figure 6.1 B, eq. 2).[36] We
anticipated that a similar strategy could be exploited for the trifluoromethylation of thiols,
thereby rendering a more general and practical approach to the formation of RS–CF3
compounds (Figure 6.1 C, eq. 3). Furthermore, the use of CF3I, as an inexpensive, stable and
widely available CF3 source, makes our method cost-efficient.[37-44] Taking advantage of
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continuous-flow photochemistry, we were able to accelerate the developed S–CF3 protocol
significantly to increase its throughput and scalability.[45-52]

6

Figure 6.1 | (A) Overview of proceedings. (B) Prior art and reaction concept (photocatalytic S-C bond
formation). (C) Proposed methodology for the direct synthesis of the S-CF3 linkage via photoredox catalysis.
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6.2 | RESULTS AND DISCUSSION
The proposed trifluoromethylation strategy was first evaluated with thiophenol (1a),
Ru(bpy)3Cl2, and a 24 W Fluorescent lamp (Figure 6.2). Both CF3I and CF3SO2Cl were used as a
CF3 source (Figure 6.2, Table entries 1–3). In the absence of any additive, only a trace amount
of the desired compound (1b) could be observed, while the major reaction was the formation
of diphenyl disulfide (1c). A high selectivity for the disulfide product was found when
CF3SO2Cl was used, which also occurred in the absence of a photocatalyst. The use of an
organic base effectively suppressed by-product formation (Figure 6.2, Table entries 4–8).[53]
Optimal conditions were obtained when 2.0 equivalents of triethylamine (TEA) was
introduced to the reaction, resulting in the selective trifluoromethylation of thiophenol within
one hour. Further, only a slight excess (1.1 equiv.) of TEA was required to obtain full
conversion of thiophenol (Figure 6.2, Table entries 9–10).

CF3X = CF3I

6

Additive

Conv.
[b]
(%)

CF3X = CF3SO2Cl

#

Catalyst

Selectivity
[b]
(%, 1B : 1C)

Conv.
[b]
(%)

Selectivity
[b]
(%, 1B : 1C)

1

Ru(bpy)3Cl2

-

35

Trace : 33

98

0 : 98

2

fac-Ir(ppy)3

-

22

Trace : 21

100

0 : 89

3

Ir(dF-ppy)3

-

26

Trace : 25

100

5 : 75

4

Ru(bpy)3Cl2

Pyr

72

4 : 68

-

-

5

Ru(bpy)3Cl2

TEA

100

97 : 3

-

-

6

Ru(bpy)3Cl2

DiPEA

100

99 : 1

-

-

7

Ru(bpy)3Cl2

TMEDA

100

100 : 0

-

-

8

Ru(bpy)3Cl2

TEA

100

99 : 1

-

9

Ru(bpy)3Cl2

TEA[e]

100

100 : 0

-

-

10

Ru(bpy)3Cl2

TEA

[f]

76

75 : 1

-

-

[c]

-

TEA

[e]

100

55 : 45

-

-

[d]

Ru(bpy)3Cl2

TEA

[e]

n.r.

-

-

-

11
12

Figure 6.2| Optimization of reaction conditions. [a] Reaction conditions: thiophenol (1 mmol), CF3I (4 mmol) or
CF3SO2Cl (1.2 mmol), additive (2 mmol), photoredox catalyst (1 mol%), MeCN (5 mL), CFL (24 W), room
temperature, 1 hour. [b] Conversion of 1A and selectivity of 1B and 1C are determined by GC and 19F-NMR. [c]
Absence of photocatalyst showed rapid disulfide formation. [d] Reaction carried out in absence of light. [e] 1.1
mmol additive. [f] 0.55 mmol additive. Abbreviations, bpy: bipyridine, ppy: phenylpyridine, dF-ppy: 3,5difluorophenylpyridine, Pyr: pyridine, TEA: triethylamine, DIPEA: (diisopropyl)ethylamine, DBU: 1,8diazobicyclo[5.4.0]undec-7-ene, TMEDA: tetramethylethane-1,2-diamine, n.r. = no reaction.
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Control experiments established the necessity of both the photoredox catalyst and the
presence of visible light (Figure 6.2, Table entries 11–12), as a high degree of disulfide
formation or no reaction was observed in both these cases. The formation of the SCF3-product
in the absence of a photocatalyst occurs through homolysis of CF3I upon irradiation.[54]

Trifluoromethylation – reaction scope

With the optimized conditions in hand (Figure 6.2, Table entry 9), we set out to explore the
scope of this photocatalytic transformation. A broad array of aromatic thiols, heteroaromatic
thiols and aliphatic thiols were subjected to our optimized trifluoromethylation protocol
(Figure 6.3). Aromatic thiols bearing electron-withdrawing and electron-donating functional
groups were all competent substrates. Notably, most examples could be finished within one
hour reaction time. As expected, aromatic thiols with strong electron-withdrawing functional
groups reacted much slower (up to 5 hours reaction time) but were still obtained in moderate
to good yields (Figure 6.3, examples 6B, 8B, 18B). The mildness of our protocol is exemplified
by its tolerance towards aromatic thiols bearing a free carboxylic acid, an alcohol, or an amine
(Figure 6.3, examples 9B, 15B, 19B). In addition, the presence of chlorine and bromine
substituents was well tolerated providing opportunities for orthogonal selectivity with crosscoupling chemistry (Figure 6.3, examples 11B and 12B). These representative examples
illustrate the general applicability of our method to prepare S–CF3 bearing aromatic
compounds by photocatalytic trifluoromethylation of aromatic thiols.
Encouraged by these results, we extended our investigations towards the photocatalytic
trifluoromethylation of heteroaromatic thiols (Figure 6.3, examples 20B–26B). 2Mercaptopyridine, 4-mercaptopyridine, 2-mercaptobenzoxazole, 2-mercaptobenzothiazole,
unprotected and protected 2-mercaptobenzimidazole and 2-mercaptopyrimidine could be
efficiently trifluoromethylated within one hour reaction time under the given conditions. It
should be noted that extended reaction times resulted in lower selectivity for the desired
compound through the incorporation of additional CF3-groups on the aromatic ring.[55]
Aliphatic thiols proved to be the most challenging substrate class (Figure 6.4, 27B–29B).
Under the established reaction conditions, the formation of the corresponding disulfides
could not be prevented. This could be partially overcome by an in situ reduction of the formed
disulfide by adding triphenylphosphine and water.[56]
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Figure 6.3 | Substrate scope of aryl thiols (1B–19B) and
heteroaryl thiols (20B–26B). [a] Reagents and conditions:
thiol (1 mmol), Ru(bpy)3Cl2 (0.01 mmol), CF3I (4 mmol) in
MeCN (5 mL). Then add TEA (1.1 mmol) and irradiate with
a 24 W CFL household light bulb at room temperature.
Reported yields are those of isolated compounds or
calculated with 19F-NMR with internal standard for volatile
compounds.

Figure 6.4 | Substrate scope of aliphatic thiols (27b–29b) [a] Reagents and conditions: thiol (1 mmol),
Ru(bpy)3Cl2 (0.01 mmol), CF3I (4 mmol) in MeCN (5 mL). Then add Ph3P/H2O (1 : 1, 1 equiv.), TEA (1.1 mmol)
and irradiate with a 24 W CFL household light bulb at room temperature. Reported yields are those of isolated
compounds or calculated with 19F-NMR with internal standard for volatile compounds.

During the course of our investigations, we observed that the rate of the reaction in batch is
affected by the mixing efficiency. To establish a better contact between gaseous CF3I and the
liquid reaction mixture in batch, CF3I was added via syringe pump and bubbled through the
reaction mixture in 10 minutes. A further increase in interfacial area between gaseous CF3I
and liquid reaction mixture can be obtained in continuous-flow microreactors.[57] In such
devices, gas–liquid flow results in the formation of a segmented flow regime which provides
an intense contact between liquid and gas phase. Furthermore, process intensification of
photochemical transformations can be efficiently achieved in microreactors.[45-52,58-61]
The observed intensification is a consequence of the improved irradiation of the reaction
medium in such confined reactors, which leads to a more uniform local volumetric rate of
energy absorption.[62 ]
The microflow setup consists of a high purity perfluoroalkoxyalkane (PFA) capillary
microreactor (500 mm ID, 2.5 m length, 500 mL volume) and a Tefzel cross-mixer, which was
connected to a CF3I gas cylinder and two syringes containing the liquid reagents (Figure 6.5).
CF3I was dosed into the reactor system by means of a mass flow controller (MFC). The liquid
reagents were added by syringe pump and upon merging with gaseous CF3I, a segmented
gas–liquid flow was established. The reaction mixture was exposed to blue LED irradiation
which matches the absorption maximum of the photocatalyst.
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6

Figure 6.5 | (A) Continuous-flow setup for the visible-light photocatalytic trifluoromethylation of thiols. (B)
Substrate scope of the continuous flow protocol. [a] Continuous flow reagents and conditions: thiol (1 mmol),
Ru(bpy)3Cl2 (0.01 mmol), CF3I (1.1 mmol), TEA (1.1 mmol) in MeCN are mixed via a cross-mixer and irradiated
with an array of 3.12 W Blue LED's. [b] Ph3P/H2O (1 : 1, 1 mmol) were added to the batch procedure.

Nine different thiols, including aryl, heteroaryl and alkyl thiols, were evaluated in our
continuous-flow system (Figure 6.5 B). A significant acceleration could be observed in all
cases; several examples could be completed within one minute residence time (1B, 10B, 11B,
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14B, 15B, 20B). Thiophenols bearing electron-withdrawing functional groups could be
accelerated; however, it was difficult to reach complete conversion within 30 minutes
residence time (18b). A substantial increase was observed for cyclohexylthiol (28b).
Importantly, it should be noted that the required amount of CF3I gas could be drastically
reduced in flow to 1.1 equivalents (4 equivalents in batch) due to the improved contact
between the gas and liquid reactants in the photomicroreactor.
Synthetic applications

So far, we only used thiols as substrates for the formation of trifluormethylthio compounds. As
was demonstrated with aliphatic thiols, disulfide by-products can be in situ reduced by the
triphenylphosphine/water system and allowed to produce the desired S–CF3 products.
Utilizing this protocol, disulfides could be directly used as substrates for the
trifluoromethylation protocol (Figure 6.6, eq. 4). The products of this photocatalytic
trifluoromethylation of thiols may serve as useful synthetic intermediates towards interesting
biologically active compounds. To demonstrate this, compound 7B was oxidized to yield the
corresponding sulfoxide (Figure 6.6 B, eq. 5). Furthermore, as demonstrated above, reductive
dehalogenation was not observed under the current reaction conditions (Figure 6.3, examples
10B-12B). This feature allows to further decorate the molecule by e.g. cross-coupling
chemistry (Figure 6.6 B, eq. 6).
We next examined the structural diversity of the perfluoroalkyl halide coupling partner in this
photocatalytic protocol. Efficient coupling could be achieved with ethyl 2-bromodifluoroacetate, perfluorohexyliodide and perfluorobutyliodide as representative examples
(Figure 6.6 C, eq. 7, and examples below it). The coupling with ethyl 2-bromodifluoroacetate
gives rise to a versatile intermediate (30b) which can be used to introduce 18F via a Agcatalyzed decarboxylative fluorination.[63-64] The possibility to prepare perfluoroalkyl
analogues represents a significant advantage of our method compared to the use of
perfluoroalkyl electrophilic reagents, which are either expensive, not commercially available,
or difficult to synthesize.
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Figure 6.6 | Synthetic applications of the photocatalytic trifluoromethylation protocol. (A) Use of disulfides as
a substrate (eq. 4). (B) Formation of sulfoxides via a one-pot photocatalytic trifluoromethylation/ oxidation
sequence (eq. 5), and exploitation of the orthogonal selectivity between photoredox catalysis and crosscoupling chemistry (eq. 6). (C) Scope of photocatalytic perfluoroalkylation of aryl thiols.
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Mechanistic proposal

A plausible mechanism for the photocatalytic trifluoromethylation of thiols is depicted in
Figure 6.7. Reductive quenching of the exited state of *[Ru(bpy)3]2+ (*Ru(II), bpy = 2,2’bipyridine) occurs via the nitrogen base. Replacing the nitrogen base by an inorganic base, i.e.
K2HPO4, resulted in the exclusive formation of disulfide with no S–CF3 bond formation (see
Figure 6.7, and Supplementary Data 6.2).[65] This observation supports the necessity of a
reductive quencher to obtain the desired product.[66] Next, oxidizing the [Ru(bpy)3]+
(Ru(I)/Ru(II), E1/2 = -1.33 eV) species to its ground state generates an electrophilic CF3
radical.[44] This CF3 radical can subsequently react with the thiol substrate (A) to yield the
desired S–CF3 bond (via intermediate B) and consequently the desired S-CF3 product.

Figure 6.7 |
Proposed
mechanism for the
photocatalytic
trifluoromethylation
of thiols. (A) Effect
of base (Et3N or
K2HPO4) on the
trifluoromethylation
reaction.
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6.3 | CONCLUSIONS
In conclusion, we have developed a mild and fast photocatalytic approach to the direct
trifluoromethylation of thiols. The method was shown to have a broad substrate scope
allowing for the preparation of aryl, heteroaryl and alkyl S–CF3 compounds in good-toexcellent yields. Furthermore, our protocol allows for variation of the perfluoroalkyl halide
coupling partner giving rise to perfluoroalkylated thiophenols. Acceleration of the
photocatalytic protocol was achieved in a continuous-flow photomicroreactor (reaction times
can be reduced to the minute range). Most notably, only a slight excess of CF3I (1.1
equivalents) was required in the continuous-flow experiments due to excellent gas–liquid
mass transfer characteristics. Given the operational simplicity of both batch and flow
protocols, we anticipate that our photocatalytic method for the tri- fluoromethylation of
thiols will find broad application in academia and industry.

6

SUPPLEMENTARY MATERIALS
Supplementary data, compound preparation, spectra of all compounds and pictures
associated to this Chapter can be found, in the online version, at
http://dx.doi.org/10.1039/c4sc01982b/
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SUPPLEMENTARY DATA 6.1 | CONTINUOUS FLOW
OPTIMIZATION
Effect of Et3N equivalents and Thiophenol/ CF3I ratio in continuous flow.
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Figure 6.S1 | Effect of trimethylamine equivalents in continuous flow. Yields are recorded on a GC-MS with an
internal standard.

6

100%
90%
80%
70%

yield

60%
50%
40%
30%
20%

yield based on Thiophenol

10%

yield based on CF3I

0%
0.561 ratio

0.748 ratio

0.936 ratio

1.123 ratio

1.310 ratio

1.497 ratio

0.017 mmol/min

0.022 mmol/min

0.028 mmol/min

0.033 mmol/min

0.039 mmol/min

0.045 mmol/min

Figure 6.S2 | Effect of CF3I concentration (flow rate via MFC) in continuous flow. Yields are recorded on a GCMS with an internal standard.
Under continuous microflow conditions, the amount of base (triethylamine) could be kept at an equimolar ratio without loss in
efficiency (Figure 6.S1). Furthermore, the amount of CF3I could also be lowered to an equimolar ratio, and could be perfectly dosed via
the MFC.
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SUPPLEMENTARY DATA 6.2 | MECHANISTIC INVESTIGATIONS
Chemo-selectivity and radical scavenging experiments

Figure 6.S3 | Competition experiment between thiophenol, phenol and aniline (1:1:1, 3 mmol in total) reveals
the chemoselective trifluoromethylation of thiols.

6

Figure 6.S4 | Radical scavenging experiments. Reagents and conditions: thiophenol (0.5 mmol), scavenger (0.5
mmol), CF3I (4 mmol), Ru(bpy)3Cl2 (1 mol%), Et3N (1.1 mmol) in MeCN (0.2 M, 5 mL), irradiated by 24W CFL for
1 hour, and analysed by GC-MS
Inhibition of the trifluoromethylation on thiols with TEMPO suggests a radical mediated mechanism. However, TEMPO is also known
as an oxidant under these conditions, hence we could not fully rule out the lack of S-CF3 bond formation due to excessive disulfide
formation. Therefore a second radical scaffeging test was performed, using N-methylpyrrole as the radical-CF3 acceptor. This
experiment indeed revealed that the formation of a CF3 radical is the operative mechanism.
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Entry

Catalyst
(1 mol%)

Light
source

Additive
(mmol)

1B

1C

1

Ru(bpy)3Cl2

24 W CFL

Et3N (1.1)

100%

-

2

Ru(bpy)3Cl2

24 W CFL

-

Trace

33%

3

Ru(bpy)3Cl2

-

Et3N (1.1)

4

-

24 W CFL

Et3N (1.1)

No reaction
55%

45%
99%

5

Ru(bpy)3Cl2

24 W CFL

K2HPO4 (1.1)

Trace

6

-

24 W CFL

K2HPO4 (1.1)

Trace

7

-

-

Et3N (5.0)

45%
No reaction

Figure 6.S5 | Additional overview of the control experiments for the photocatalyzed trifluoromethylation
reaction. Reagents and conditions: Thiophenol (1 mmol), CF3I (4 mmol), Ru(bpy)3Cl2 (1 mol%), additive (1.1 or
5.0 mmol) in MeCN (0.2 M, 5 mL), irradiated by 24 W CFL for 1 hour, and analysed by GC-MS and NMR

6
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SUPPLEMENTARY DATA 6.3 | GENERAL PROCEDURES
Method A: General Procedure for the Trifluoromethylation of Aromatic Thiols (compounds; 1b – 26b).
An oven-dried vial was charged with Ru(bpy)3Cl2•6H2O (1.0 mol%), thiol (1 mmol, 1 equiv.) and dissolved in MeCN (4 mL) (mixture A).
The mixture was degassed by the freeze-pump-thaw method, using standard Schlenk-Techniques. A second mixture (mixture B) was
prepared with, Et3N (1.1 mmol, 1.1 eq.) in degassed MeCN (1 mL). Thereafter a gas-tight syringe was filled with gaseous
trifluoroiodomethane (50 mL, 200 psi, 0.78 g, ~4 mmol, ~4 equiv.; Calculated with Ideal-Gas-Law, eq. 1, see below), and subsequently
added to the reaction mixture A (bubbled through the reaction mixture in 10 min, see Gaseous CF3I Addition Method in the

Supporting Information), followed with the dropwise addition of mixture B. The reaction mixture was placed approximately 5 cm away
from a 24 W Compact Fluorescent Lightbulb. The reaction mixture was followed by TLC, GC-MS and/or

19

F-NMR analysis until

completion. After completion, the reaction mixture was diluted with Et 2O (5 mL) and washed with aqueous HCl (1 M in H 2O, three
times), and washed with aqueous NaHCO3 (sat. in H2O, one time). The combined water layers were collected and extracted with Et 2O
(one time), followed by concentrating the combined Et2O layers in vacuo. The crude mixture was purified with flash chromatography.

Method B: General Procedure for the trifluoromethylation of other thiols (compounds; 27b – 29b)

6

In addition to Method A, a portion of triphenylphosphine (1 mmol, 1 equiv.) and H 2O (1 mmol, 1 equiv.) was added to the reaction
mixture prior to the addition of gaseous CF3I and Mixture B. Analysis, workup and purification according to Method A.

Method C: 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,
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 (1.1 equiv., 0.05 – 5.0 mL • 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 volumes). After collection of the reaction mixture it was quantified by GC/MS and

19

F-NMR

analysis. Note: a slug flow regime was established at the reactor inlet. However, upon progress of the reaction, a homogeneous flow

was obtained when most of the CF3I was consumed.
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SUPPLEMENTARY DATA 6.4 | COMPOUND DATA

6

Figure 6.S6 | Overview of starting materials used in this study as reference for the specific compound data. All
compounds were used as received, without additional purification ( vide infra).
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Phenyl(trifluoromethyl)sulfane (1B). Thiophenol (1A) was subjected to Method A and obtained in 95% yield as judged by NMR analysis
(volatile product). TLC Rf.: 0.65 (100% PE). GC-MS: found m/z: 187.1 [M*], 109.0 [C6H5S*], 77.1 [C6H5*], 69.1 [CF3*]. 19F-NMR: δ -44.12
p-tolyl(trifluoromethyl)sulfane (2B). 4-methylthiophenol (2A) was subjected to Method A and obtained in 92% yield as judged by NMR
analysis (volatile product). TLC Rf.: 0.78 (100% PE). GC-MS: found (m/z): 192.1 [M*], 91.0 [C7H7S*], 76.1 [C6H4*], 69.1 [CF3*]. 1H-NMR:
δ 7.52 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 8.1 Hz, 2H), 2.36 (s, 3H). 13C-NMR: δ 141.52, 136.50, 130.37, 129.85 (q, J = 307.6 Hz), 121.02 (q, J
= 1.9 Hz), 21.35. 19F-NMR: δ -44.76. IR (neat): Qmax 2957, 2924, 2854, 1457, 1311, 1171, 1156, 1116, 1087, 1039, 1031, 1018, 822, 810,
771, 755, 685 cm-1.
(3-methylphenyl)(trifluoromethyl)sulfane (3B). 3-methylthiophenol (3A) was subjected to Method A and obtained in 88% yield as
judged by NMR analysis (volatile product). TLC Rf.: 0.75 (100% PE). GC-MS: found (m/z): 192.1 [M*], 91.0 [C 7H7S*], 76.1 [C6H4*], 69.1
[CF3*] 19F-NMR: δ -44.12.
(4-tert-Butylphenyl)(trifluoromethyl)sulfane (4B). 4-tert-butyl thiophenol (4A) was subjected to Method A and obtained in 85% yield
(199 mg, white oil) after column chromatography (100% PE). TLC Rf.: 0.90 (100% PE), 0.82 (100% n-heptane) GC-MS: found (m/z):
234.1 [M*], 165.1 [C10H13S*], 133.1 [C10H13*], 69.1 [CF3*]. 1H-NMR: δ 7.55 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 1.31 (s, 9H). 13CNMR: δ 154.27, 136.06, 129.62 (q, J = 307.7 Hz), 126.47, 120.77, 79.65 – 73.76 (m), 30.98. 19F-NMR: δ -43.16. IR (neat): Qmax 2965,
2908, 2872, 1596, 1490, 1464, 1395, 1365, 1268 cm-1.
Naphthalene-2-yl(trifluoromethyl)sulfane (5B). Naphthalene-2-thiol (5A) was subjected to Method A and obtained in 73% yield (166
mg, oil) after column chromatography (100% PE). TLC Rf.: 0.77 (100% PE). GC-MS: found (m/z): 228.1 [M*], 159.1 [C 10H7S*], 127.1
[C10H7*], 69.2 [CF3*]. 1H-NMR: δ 8.23 (s, 1H), 7.89 (d, J = 8.2 Hz, 3H), 7.71 (d, J = 8.2 Hz, 1H), 7.60 (ddd, J = 7.1, 5.3, 1.6 Hz, 2H). 13C-

6

NMR: δ 137.01, 133.86, 133.37, 131.74, 129.81 (q, J = 308.2 Hz), 129.19, 128.13, 127.90, 127.74, 126.97, 121.45 (d, J = 2.1 Hz).

19

F-

NMR: δ -42.52. IR (neat): Qmax 3059, 2982, 1593, 1502, 1311, 1151, 1100, 1074, 945, 896, 858 cm-1.
(4-trifluoromethylphenyl)(trifluoromethyl)sulfane (6B). 4-(trifluoromethyl)thiophenol (6A) was subjected to Method A and obtained in
96% yield as observed by NMR analysis (volatile product). TLC Rf.: >0.90 (100% PE) GC-MS: found (m/z): 246.2 [M*], 177.1 [C7H4F3S*],
157.1 [C7H3F2S*], 145.0 [C7H4F3*], 68.9 [CF3*]. 19F-NMR: δ -42.24, - 62.86.
Biphenyl-4-yl(trifluoromethyl)sulfane (7B). biphenyl-4-thiol (7A) was subjected to Method A and obtained in 77% yield (196 mg,
transparent solid) after column chromatography (100% PE). TLC Rf.: 0.84 (100% PE), 0.53 (100% n-pentane). M.p.: 39 – 42 °C (Lit.: 40 –
42 °C). GC-MS: found (m/z): 254.2 [M*], 185.1 [C12H9S*], 153.1 [C12H9*], 77.1 [C6H5*], 69.1 [CF3*]. 1H-NMR: δ 7.67 (d, J = 8.3 Hz, 2H),
7.60 – 7.49 (m, 3H), 7.41 (dd, J = 8.3, 6.6 Hz, 2H), 7.38 – 7.32 (m, 2H). 13C-NMR: δ 143.89, 139.67, 136.77, 129.78 (q, J = 308.1 Hz),
129.01, 128.21, 128.16, 127.24, 123.12 (d, J = 2.2 Hz). 19F-NMR: δ -43.91. IR (neat): Qmax 1477, 1395, 1142, 1105, 1082, 1039, 1015,
1003, 970, 952, 913, 837, 759, 715, 690, 660 cm-1.
(4-nitrophenyl)(trifluoromethyl)sulfane (8B). 4-nitrothiophenol (8A) was subjected to Method A and obtained in 80% yield (178 mg,
white solid) after column chromatography (2% EtOAc in PE). TLC Rf.: 0.48 (2% EtOAc in PE). M.p.: 37 – 42 °C (Lit.: 42 °C). GC-MS: found
(m/z): 223.1 [M*], 154.1 [C6H4NO2S*], 76.1 [C6H4*], 69.1 [CF3*]. 1H-NMR: δ 8.28 (d, J = 8.9 Hz, 2H), 7.84 (d, J = 8.9 Hz, 2H). 13C-NMR: δ
149.11, 136.05, 132.49 (d, J = 1.8 Hz), 128.91 (q, J = 308.7 Hz), 124.31. 19F-NMR: δ -41.45. IR (neat): Qmax 2982, 2957, 2923, 2872, 2853,
1730, 1480, 1463, 1459, 1399, 1288, 1277, 1260, 1152, 1134, 1109, 1080, 1055, 1009, 963, 911, 840, 798, 754, 740, 668 cm-1.
4-(trifluoromethylthio)benzoic acid (9B). 4-mercaptobenzoic acid (9A) was subjected to Method A and obtained in 90% yield (200 mg,
white sold) after column chromatography (10% EtOAc in PE + 1% AcOH). TLC Rf.: 0.29 (10% EtOAc in PE + 1% AcOH). M.p.: 150 – 152
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°C (Lit.: 161 – 163 °C). GC-MS: found (m/z): 222.1 [M*], 153.1 [C7H5O2S*], 120.9 [C7H5O2*], 68.9 [CF3*]. 1H-NMR: δ 11.11 (bs, 1H), 8.13
(d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H). 13C-NMR: δ 177.88, 175.07, 170.99, 135.42, 130.92, 129.22 (q, J = 308.8 Hz). 19F-NMR: δ 45.73. IR (neat): Qmax 2982, 2962, 2929, 2925, 2854, 1595, 1424, 1400, 1180, 1035, 934, 912, 818, 805 cm-1.
(4-fluorophenyl)(trifluoromethyl)sulfane (10B). 4-fluorothiophenol (10A) was subjected to Method A and obtained in 65% yield as
observed by NMR analysis (volatile product). TLC Rf.: >0.90 (100% PE). GC-MS: found (m/z): 196.1 [M*], 127.1 [C 6H4SF*], 95.1
[C6H4F*], 69.1 [CF3*]. 19F-NMR: δ -43.37, -117.2.
(4-chlorophenyl)(trifluoromethyl)sulfane (11B). 4-chlorothiophenol (11A) was subjected to Method A and obtained in 78% yield (165
mg, volatile liquid) after column chromatography (100% PE). TLC Rf.: >0.90 (100% PE), 0.71 (n-heptane). GC-MS: found (m/z): 212.5
[M*], 143.2 [C6H4SCl*], 111.2 [C6H4Cl*], 69.0 [CF3*]. 1H-NMR: δ 7.57 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H). 13C-NMR: δ 143.33,
137.59, 129.80, 129.35 (q, J = 308.2 Hz), 122.83 (d, J = 2.2 Hz). 19F-NMR: δ -43.26.
(4-bromophenyl)(trifluoromethyl)sulfane (12B). 4-bromothiophenol (12A) was subjected to Method A and obtained in 82% yield (210
mg, transparent oil) after column chromatography (100% PE). TLC Rf.: 0.85 (100% PE). GC-MS: found (m/z): 257.1 [M*], 187.1
[C6H4SBr*], 155.2 [C6H4Br*], 69.1 [CF3*]. 1H-NMR: δ 7.56 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H). 13C-NMR: δ 137.89, 132.93, 129.33
(q, J = 308.4 Hz), 126.14, 123.54. 19F-NMR: δ -42.81. IR (neat): Qmax 1474, 1387, 1158, 1113, 1081, 1066, 1009, 817, 756, 732 cm-1.
Methyl (4-(trifluoromethylthio)phenyl)sulfane (13B). 4-(methylthio)benzenethiol (13A) was subjected to Method A and obtained in
78% yield (174 mg, yellow oil) after column chromatography (1% EtOAc in PE). TLC Rf.: 0.79 (20% EtOAc in PE). GC-MS: found (m/z):
224.3 [M*], 155.1 [C7H7S2*]. 1H-NMR: δ 7.53 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 2.48 (s, 3H).

13

C-NMR: δ 143.31, 136.67,

129.51 (q, J = 308.3 Hz), 126.33, 119.69 (d, J = 2.1 Hz), 14.97. F-NMR: δ -43.88. IR (neat): Qmax 1576, 1479, 1437, 1391, 1151, 1114,
19

1089, 1041, 1011, 968, 956, 812, 755, 748 cm-1.

6

(4-methoxyphenyl)(trifluoromethyl)sulfane (14B). 4-methoxybenzenethiol (14A) was subjected to Method A and obtained in 87% yield
(180 mg, volatile liquid) after column chromatography (2% EtOAc in PE). TLC Rf.: 0.70 (2% EtOAC in PE). GC-MS: found (m/z): 208.4
[M*], 139.1 [C7HSO*], 107.1 [C7H7O*], 69.2 [CF3*]. 1H-NMR: δ 7.57 (d, J = S22 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H). 13CNMR: δ 161.84, 138.26, 129.62 (q, J = 308.2 Hz), 114.98, 114.82 (d, J = 2.2 Hz), 55.37. 19F-NMR: δ -43.88. IR (neat): Qmax 1593, 1575,
1494, 1464, 1294, 1252, 1175, 1151, 1111, 1105, 1086, 1030, 1007, 929, 799, 755 cm-1.
4-(trifluoromethylthio)aniline (15B). 4-aminobenzenethiol (15A) was subjected to Method A and obtained in 88% yield (170 mg,
yellow oil) after column chromatography (20% EtOAc in PE + 1% TEA). TLC Rf.: 0.28 (20% EtOAc in PE + 1% TEA). GC-MS: found (m/z):
193.5 [M*], 124.0 [C6H6SN*], 92.1 [C6H6N*], 68.9 [CF3*]. 1H-NMR: δ 7.61 (d, J = 1.6 Hz, 2H), 7.44 (dd, J = 8.5, 1.6 Hz, 2H), 6.67 (d, J =
8.5 Hz, 2H). 13C-NMR: δ 146.05, 140.12, 123.13 (q, J = 272.2 Hz), 116.77, 109.74. 19F-NMR: δ -65.76. IR (neat): Qmax 2959, 2924, 2873,
2855, 1724, 1718, 1653, 1507, 1495, 1490, 1465, 1457, 1448, 1379, 1270, 1118, 1072, 1039, 962, 740, 705 cm-1.
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N,N-dimethyl-4-(trifluoromethylthio)aniline (16B). 4-(N,N-dimethylamino)benzenethiol (16A) was subjected to Method A and
obtained in 85% yield (199 mg, oil) after column chromatography (100% PE). TLC Rf.: 0.39 (100% PE). GC-MS: found (m/z): 221.3 [M*],
152.2 [C8H10SN*], 120.1 [C8H10N*], 76.1 [C6H4*], 69.1 [CF3*]. 1H-NMR: δ 7.46 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 2.98 (s, 6H).
C-NMR: δ 151.92, 137.95, 129.84 (q, J = 308.6 Hz), 112.35, 108.33, 40.06. 19F-NMR: δ -44.70. IR (neat): Qmax 2925, 2856, S23 1737,

13

1734, 1594, 1510, 1445, 1363, 1227, 1197, 1147, 1110, 1092, 1065, 1048, 999, 946, 812, 753 cm-1.
N-(4-(trifluoromethylthio)phenyl)acetamide (17B). N-(4-mercaptophenyl)acetamide (17A) was subjected to Method A and obtained
in 95% yield (223 mg, white solid) after column chromatography (50% EtOAc in PE). TLC Rf.: 0.24 – 0.32 (50% EtOAc in PE). M.p.: 185 –
186 °C (Lit.: 183 °C). GC-MS: (found (m/z): 235.4 [M*], 166.1 [C8H8NOS*], 134.1 C8H8NO*], 69.1 [CF3*]. 1H-NMR (D6-DMSO) δ 10.19
(bs, 1H), 7.68 (d, J = 8.7 Hz, 2H), 7.56 (d, J = 8.7 Hz, 2H), 2.03 (s, 3H). 13C-NMR (D6-DMSO): δ 168.82, 142.25, 137.17, 129.53 (q, J =
308.2 Hz), 119.72, 115.52, 109.54. 19F-NMR (D6-DMSO): δ - 42.99. IR (neat): Qmax 1665, 1650, 1607, 1589, 1492, 1468, 1399, 1372,
1317, 1298, 1262, 1183, 1119, 1107, 1088, 1040, 1014, 968, 960, 949, 836, 827, 796, 761, 753, 716, 706 cm-1.
4-(trifluoromethylthio)benzonitrile (18B). 4-mercaptobenzonitrile (18A) was subjected to Method A and obtained in 67% yield (136
mg, oil) after column chromatography (10% EtOAc in PE). TLC Rf.: 0.71 (10% EtOAc in PE). GC-MS: found (m/z): 203.2 [M*], 134.2
[C7H4SN*], 102.1 [C7H4N*], 69.1 [CF3*]. 1H-NMR: δ 7.71 (dd, J = 5.7, 3.3 Hz, 2H), 7.53 (dd, J = 5.7, 3.3 Hz, 2H).

13

C-NMR: δ 167.73,

132.42, 130.85, 129.91 (q, J = 308.5 Hz), 128.78, 109.99. 19F-NMR: δ -42.60. IR (neat): Qmax 2957, 2924, 2873, 2855, 1729, 1458, 1437,
1379, 1363, 1270, 1120, 1071, 1039, 961, 771, 740, 704 cm-1.
4-(trifluoromethylthio)phenol (19B). 4-hydroxythiophenol (19A) was subjected to Method A and obtained in 92% yield (178 mg,
yellow oil) after column chromatography (5% EtOAc in PE + 1% AcOH). TLC Rf.: 0.38 (5% EtOAc in PE + 1% AcOH). GC-MS: found
(m/z): 194.1 [M*], 125.1 [C6H5SO*], 93.1 [C6H5O*], 69.1 [CF3*]. 1H-NMR: δ 7.51 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.22 (bs,

6

1H). 13C-NMR: δ 158.01, 138.72, 129.72 (q, J = 308.0 Hz), 116.67, 115.39 (d, J = 2.2 Hz). 19F-NMR: δ -45.75. IR (neat): Qmax 3241, 1601,
1584, 1494, 1437, 1248, 1226, 1172, 1110, 1099, 1087, 1011, 828, 755, 651 cm-1.
2-(trifluoromethylthio)pyridine (20B). 2-mercaptopyridine (20A) was subjected to Method A and obtained in 91% yield (163 mg, mild
volatile fluid) after column chromatography (20% EtOAc in PE). TLC Rf.: 0.38 (20% EtOAc in PE). GC-MS: found (m/z): 179.2 [M*],
110.2 [C5H4SN*], 78.1 [C5H4N*], 69.1 [CF3*]. 1H-NMR: δ 8.61 (ddd, J = 4.7, 1.9, 0.7 Hz, 1H), 7.72 (td, J = 7.9, 1.9 Hz, 1H), 7.58 (d, J = 7.9
Hz, 1H), 7.31 (ddd, J = 7.9, 4.7, 0.7 Hz, 1H). 13C-NMR: δ 150.64, 149.37 (d, J = 2.9 Hz), 137.68, 129.35 (q, J = 308.2 Hz), 128.21, 123.82.
F-NMR: δ -40.23.

19

4-(trifluoromethylthio)pyridine (21B). 4-mercaptopyridine (21A) was subjected to Method A and obtained in 73% yield (131 mg,
volatile liquid) after column chromatography (20% EtOAc in PE). TLC Rf.: 0.40 (20% EtOAc in PE). GC-MS: (found (m/z): 179.1 [M*],
110.1 [C5H4SN*], 78.1 [C5H4N*], 69.1 [CF3*]. 1H-NMR: δ 8.67 (d, J = 5.8 Hz, 2H), 7.51 (d, J = S25 5.8 Hz, 2H).

C-NMR: δ 150.42,

13

135.91, 128.90 (q, J = 308.3 Hz), 127.78. 19F-NMR: δ - 40.56.
2-(trifluoromethylthio)pyrimidine (22B). 2-mercaptopyrimidine (22A) was subjected to Method A and obtained in 91% yield (163 mg,
oil) after column chromatography (1% EtOAc in PE). TLC Rf.: 0.25 (1% EtOAc in PE). GC-MS: found (m/z): 180.2 [M*], 111.2 [C4H3N2S*],
79.1 [C4H3N2*], 69.2 [CF3*].1H-NMR: δ 8.56 (dd, J = 4.7, 1.7 Hz, 2H), 7.12 (td, J = 4.7, 1.7 Hz, 1H). 13C-NMR: δ 165.74 (q, J = 3.1 Hz),
158.02, 128.32 (q, J = 307.6 Hz), 119.03 . 19F-NMR: δ -40.56.
2-(trifluoromethylthio)benzo[d]oxazole (23B). 2-mercaptobenzo[d]oxazole (23A) was subjected to Method A and obtained in 77%
yield (169 mg, oil) after column chromatography (1% EtOAc in PE). TLC Rf.: 0.37 (1% EtOAc in PE). GC-MS: (found (m/z): 219.2 [M*],
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150.1 [C7H4SNO*], 118.1 [C7H4NO*], 69.1 [CF3*]. 1H-NMR: δ 7.78 (dd, J = 6.8, 2.1 Hz, 1H), 7.62 (dd, J = 6.8, 3.3 Hz, 1H), 7.59 (dd, J =
7.3, 2.1 Hz, 1H), 7.42 (dd, J = 7.3, 1.3 Hz, 1H). 13C-NMR: δ 152.51, 141.49, 131.02, 129.35 (q, J = 312.2 Hz), 126.61, 125.42, 120.62,
110.98. 19F-NMR: δ -41.35. IR (neat): Qmax 2957, 2924, 2873, 2855, 1730, 1718, 1653, 1507, 1490, 1465, 1458, 1448, 1379, 1362, 1270,
1121, 1071, 1039, 958, 741, 705 cm-1.
2-(trifluoromethylthio)benzo[d]thiazole (24B). 2-mercaptobenzo[d]thiazole (24A) was subjected to Method A and obtained in 79%
yield (186 mg, oil) after column chromatography (100% PE). TLC Rf.: 0.50 (100% PE). GC-MS: found (m/z): 235.2 [M*], 166.0
[C7H4S2N*], 134.0 [C7H4SN*], 68.9 [CF3*]. 1H-NMR: δ 8.12 (d, J = 8.1 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.50 (dt, J = 26.8, 8.1 Hz, 2H). 13CNMR: δ 153.18, 151.78 (d, J = 2.9 Hz), 137.96, 128.30 (q, J = 311.1 Hz), 127.05, 126.75, 124.20, 121.37.

F-NMR: δ -42.56. IR (neat):
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Qmax 1456, 1419, 1410, 1405, 1313, 1140, 1125, 1101, 1076, 989, 945, 756, 727, 707, 682 cm-1.
2-(trifluoromethylthio)-1H-benzo[d]imidazole (25B). 2-mercapto-1H-benzo[d]imidazole (25A) was subjected to Method A (with
solvent system 1:5 DMF/MeCN, instead) and obtained in 50% yield (110 mg, transparent oil) after column chromatography (2% EtOAc
in PE). TLC Rf.: 0.65 (1% EtOAc in PE). GC-MS: found (m/z): 218.1 [M*], 149.1 [C 7H5N2S*], 117.1 [C7H5N2*], 69.0 [CF3*]. 1H-NMR: δ
13.55 (s, 1H), 7.65 (s, 1H), 7.31 (dd, J = 6.1, 3.1 Hz, 3H). 13C-NMR: δ 148.90, 140.64, 133.66 (q, J = 310.2 Hz), 129.50, 127.77, 124.78,
117.09, 100.54. 19F-NMR: δ -44.56. IR (neat): Qmax 2980, 2960, 2930, 2873, 2680, 1723, 1717, 1458, 1407, 1395, 1352, 1330, 1301,
1275, 1162, 1144, 1102, 1075, 1052, 1008, 979, 966, 932, 762, 756, 743 cm-1.
1-methyl-2-(trifluoromethylthio)-1H-benzo[d]imidazole (26B). 1-methyl-2-mercapto-1Hbenzo[d]imidazole (26A) was subjected to
Method A (with solvent system 1:5 DMF/MeCN, instead) and obtained in 75% yield (175 mg, oil) after column chromatography (10%
EtOAc in PE). TLC Rf.: 0.38 (10% EtOAc in PE). GC-MS: found (m/z): 232.2 [M*], 163.2 [C8H7N2S*], 131.2 [C8H7N2*], 116.1 [C7H4N2*],
69.1 [CF3*]. 1H-NMR: δ 7.86 (dt, J = 8.3, 0.8 Hz, 1H), 7.41 (dd, J = 3.8, 0.8 Hz, 2H), 7.36 (dq, J = 8.3, 3.8 Hz, 1H), 3.95 (s, 3H). 13C-NMR: δ
143.39, 136.80, 132.85, 128.31 (q, J = 311.5 Hz), 125.07, 123.53, 121.13, 110.45, 31.46. 19F-NMR: δ -40.23. IR (neat): Qmax 2925, 1465,
1447, 1412, 1337, 1327, 1282, 1160, 1145, 1117, 1100, 1088, 1004, 969, 818, 764, 746, 727 cm-1.

Trifluoromethylation of thioalkanes
Benzyl(trifluoromethyl)sulfane (27B). Benzylthiol (27A) was subjected to Method B and obtained in 45% yield as observed by NMR
analysis (volatile product). GC-MS: found (m/z): 192.1 [M*], 123.1 [C7H7S*], 77.1 [C6H5*], 69.1 [CF3*]. 19F-NMR: δ -41.73.
Cyclohexyl(trifluoromethyl)sulfane (28B). Cyclohexanethiol (28A) was subjected to Method B and obtained in 41% yield as observed
by NMR analysis (volatile product). GCMS: found (m/z): 184.2 [M*], 115.1 [C6H11S*], 69.1 [CF3*]. 19F-NMR: δ -39.30.
phenethyl(trifluoromethyl)sulfane (29B). 2-phenylethanethiol (29A) was subjected to Method B and obtained in 55% yield as observed
by NMR analysis (volatile product). GCMS: found (m/z): 206.1 [M*], 137.1 [C8H9S*], 91.1 [C7H7*], 69.1 [CF3*]. 19F-NMR: δ - 41.25.
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Ethyl 2,2-difluoro-2-(phenylthio)acetate (30B). An oven-dried vial was charged with Ru(bpy)3Cl2•6H2O (1.0 mol%), thiophenol (1
mmol, 1 equiv.), ethyl 2-bromo-2,2- difluoroacetate (D, 2 mmol, 2 equiv.) and dissolved in MeCN (4 mL) (mixture A). The mixture was
degassed by the freeze-pump-thaw method, using standard Schlenk-Techniques. A second mixture was prepared with amino base TEA
(1.1 mmol, 1.1 eq.) in degassed MeCN (1 mL) and added drop wise to mixture A. The reaction mixture was placed approximately 5 cm
away from a Compact Fluorescent Lightbulb (24 W, 1480 lm). The reaction mixture was followed by TLC, GC-MS and/or

19

F-NMR

analysis until completion. After completion; the reaction mixture was diluted with Et2O (5 mL) and washed with aqueous HCl (1 M in
H2O, three times), and washed with aqueous NaHCO3 (sat. in H2O, one time). The combined water layers were collected and extracted
with Et2O (one time), followed by concentrating the combined Et 2O layers in vacuo. The crude mixture was purified with flash
chromatography (2% EtOAc in PE) to yield 87% (200 mg, oil) product. TLC Rf.: 0.38 (2% EtOAc in PE). GC-MS: found (m/z): 232.1 [M*],
159.1 [C7H5F2S*], 109.1 [C6H5S*], 77.1 [C6H5*]. 1H-NMR: δ 7.64 – 7.56 (m, 2H), 7.47 – 7.41 (m, 1H), 7.41 – 7.34 (m, 2H), 4.22 (q, J = 7.1
Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C-NMR: δ 161.62 (t, J = 32.4), 136.74, 130.66, 129.34, 124.86 (t, J = 2.5 Hz), 120.15 (t, J = 286.9 Hz),
63.60, 13.78. 19F-NMR: δ -82.17. IR (neat): Qmax 1763, 1728, 1475, 1442, 1392, 1371, 1287, 1173, 1102, 1086, 1068, 1014, 975, 856,
834, 784, 751, 721, 701, 689 cm-1.
Phenyl(perfluorohexyl)sulfane (31B). An oven-dried vial was charged with Ru(bpy)3Cl2•6H2O (1.0 mol%), thiophenol (1 mmol, 1 equiv.),
1,1,1,2,2,3,3,4,4,5,5,6,6- tridecafluoro-6-iodohexane (F, 2 mmol, 2 equiv.) and dissolved in MeCN (4 mL) (mixture A). The mixture was
degassed by the freeze-pump-thaw method, using standard Schlenk Techniques. A second mixture was prepared with amino base TEA
(1.1 mmol, 1.1 eq.) in degassed MeCN (1 mL) and added drop wise to mixture A. The reaction mixture was placed approximately 5 cm
away from a Compact Fluorescent Lightbulb (24 W, 1480 lm). The reaction mixture was followed by TLC, GC-MS and/or

19

F-NMR

analysis until completion. After completion; the reaction mixture was diluted with Et2O (5 mL) and washed with aqueous HCl (1 M in
H2O, three times), and washed with aqueous NaHCO3 (sat. in H2O, one time). The combined water layers were collected and extracted

6

with Et2O (one time), followed by concentrating the combined Et2O layers in vacuo. The crude mixture was purified with flash
chromatography (100% PE) to yield 75% (378 mg, yellow oil) product. TLC Rf.: 0.5 (100% PE). GC-MS: found (m/z): 428.1 [M*]. 1HNMR: δ 7.38 (t, J = 7.2 Hz, 2H), 7.34 – 7.28 (m, 1H), 7.25 (d, J = 7.2 Hz, 2H).

C-NMR: δ 139.05, 128.91, 128.67, 127.15, 126.25 –

13

122.08 (m), 119.90 – 118.06 (m), 116.03 (t, J = 33.1 Hz), 113.82 (d, J = 33.1 Hz), 111.12 (d, J = 33.1 Hz), 109.81 – 107.50 (m). 19F-NMR: δ
-80.16 – -82.56 (m), -87.50 (ddt, J = 13.7, 6.5, 3.2 Hz), -119.97 (ddt, J = 18.5, 10.2, 3.2 Hz), -121.55 (dt, J = 13.0, 6.5 Hz), - 122.83 – 123.10 (m), -126.38 (ddd, J = 18.5, 9.3, 3.9 Hz). IR (neat): Qmax 1362, 1284, 1235, 1195, 1144, 1122, 1093, 1044, 1020, 1009, 742, 735,
720, 707, 696, 690, 668 cm-1.
(4-methoxyphenyl)(perfluorobutyl)sulfane (32B). An oven-dried vial was charged with Ru(bpy)3Cl2•6H2O (1.0 mol%), 4methoxythiophenol (1 mmol, 1 equiv.), 1,1,1,2,2,3,3,4,4- nonafluoro-4-iodobutane (E, 2 mmol, 2 equiv.) and dissolved in MeCN (4 mL)
(mixture A). The mixture was degassed by the freeze-pump-thaw method, using standard Schlenk-Techniques. A second mixture was
prepared with amino base TEA (1.1 mmol, 1.1 eq.) in degassed MeCN (1 mL) and added drop wise to mixture A. The reaction mixture
was placed approximately 5 cm away from a Compact Fluorescent Lightbulb (24 W, 1480 lm). The reaction mixture was followed by
TLC, GC-MS and/or
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F-NMR analysis until completion. After completion; the reaction mixture was diluted with Et 2O (5 mL) and

washed with aqueous HCl (1 M in H2O, three times), and washed with aqueous NaHCO3 (sat. in H2O, one time). The combined water
layers were collected and extracted with Et2O (one time), followed by concentrating the combined Et 2O layers in vacuo. The crude
mixture was purified with flash chromatography (10% EtOAc in PE) to yield 91% (325 mg, yellow oil) product. TLC Rf.: 0.45 (10% EtOAc
in PE). GC-MS: found (m/z): 358.1 [M*], 139.1 [C7H7OS*], 69.1 [CF3*]. 1H-NMR: δ 7.55 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 3.80
(s, 3H). 13C-NMR: δ 162.32, 139.32, 122.94 (t, J = 33.4 Hz), 119.08 (t, J = 33.4 Hz), 116.21 (t, J = 33.4 Hz), 115.15, 113.22, 110.83 (t, J =
33.4 Hz), 55.41. 19F-NMR: δ -81.32 (tt, J = 9.8, 2.8 Hz), -88.19 (ddd, J = 15.6, 9.8, 2.8 Hz), -120.37 (ddd, J = 14.9, 7.3, 2.8 Hz), -125.77 (tt,
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J = 12.3, 6.1 Hz). IR (neat): Qmax 1593, 1573, 1495, 1465, 1349, 1294, 1231, 1199, 1183, 1174, 1133, 1101, 1086, 1031, 982, 864, 828,
792, 745, 729, 693 cm-1.

4-(trifluoromethylsulfinyl)biphenyl (35). In an oven-dried vial was loaded; biphenyl-4- yl(trifluoromethyl)sulfane (7B) (0.1 mmol,
prepared as mentioned above, after pH neutralisation of the reaction medium) dissolved in MeCN (0.5 mL, 0.2 M) and stirred at room
temperature. Hydrogen peroxide (30% w/w. in H 2O, 0.5 mL) was added drop wise to this solution at room temperature and stirred for
3 hours. Alternatively, the hydrogen peroxide was substituted with 3-chlorobenzoperoxoic acid (mCBPA). A disolved mixture of

mCBPA was added to the reaction mixture at 0 °C and then allowed to warm up to room temperature, and stirred for 3 hours. The
reaction was followed with TLC or GC analysis. After this; the reaction mixture was diluted with Et2O and washed with aqueous HCl (1
M in H2O, three times), and washed with aqueous NaHCO3 (sat. in H2O, one time). The combined water layers were collected and
extracted with Et2O, followed by concentrating the combined organic layers. The crude mixture was purified with flash
chromatography (100% PE, transparent oil) to afford 35 in 60% yield over 2 steps. GC-MS: found (m/z): 298.1 [M*]. 1H-NMR: δ 7.69 –
7.64 (m, 2H), 7.58 – 7.50 (m, 4H), 7.44 – 7.31 (m, 3H). 13C-NMR: δ 143.97, 139.75, 136.86, 129.86 (q, J = 333.0 Hz), 129.10, 128.29,
128.25, 127.33, 123.20.

F-NMR: δ -72.4. IR (neat): Qmax 1477, 1396, 1142, 1105, 1084, 1015, 1003, 970, 914, 838 cm-1. Note:
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excessive use of the oxidant can lead to the double oxidation product (CF 3-sulfonyl). This can be prevented by adding the oxidant
dropwise to the reaction mixture at a decreased temperature.

6

N-phenyl-4-(trifluoromethylthio)aniline (36). An oven-dried vial was charged with Pd(OAc)2 (1 mol%), JohnPhos ligand (2 mol%,),
NaOMe (1.4 mmol, 1.4 equiv) and (4- bromophenyl)(trifluoromethyl)sulfane (12b, as prepared above) (1 mmol). The vial was sealed
and degassed with argon, using standard Schlenk-Techniques. Toluene (5 mL) was added and the mixture was stirred. Aniline (1.2
mmol, 1.2 equiv) was added and the reaction was stirred at 60 °C. The reaction mixture was followed by TLC, GC-MS and/or 19F-NMR
analysis until completion. After all starting material had been consumed, the mixture was cooled to room temperature and diluted
with ether and washed with aqueous HCl (1 M in H2O, three times), and washed with aqueous NaHCO 3 (sat. in H2O, one time). The
combined water layers were collected and extracted with Et2O (one time), followed by concentrating the combined Et2O layers in

vacuo. The crude mixture was purified with silica flash chromatography (Et2O and PE) to yield 75% product. 1H-NMR: δ 8.23 (s, 1H),
7.94 – 7.84 (m, 5H), 7.74 – 7.54 (m, 4H).

C-NMR: δ 137.97, 136.33, 132.78, 131.11, 130.18, 129.09, 127.59 (q, J = 308.2), 127.51,

13

127.12. F-NMR: δ -42.78. IR (neat): Qmax 2959, 2924, 2873, 2855, 1724, 1718, 1653, 1507, 1495, 1490, 1465, 1448, 1379, 1270, 1118,
19

1072, 1039 cm-1.
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ABSTRACT

D

isulfides represent significant
molecular and structural features in
various biologically active compounds
and fine chemicals. Therefore, the
development of mild, efficient and sustainable
methods to access disulfides is of great
importance. Here, we describe the
development of a mild metalfree
photocatalytic aerobic oxidation of thiols to
disulfides using Eosin Y and visible-light
irradiation. A continuous flow procedure was
developed to accelerate the photocatalytic
process, enabling the preparation of disulfides
with high purity in a timeframe of minutes. The
mildness and applicability of our method was
exemplified by the flow synthesis of the cyclic
peptide hormone, oxytocin, requiring only a
200 s reaction time and an efficient one-pot
batch protocol for the preparation of the
therapeutic thiuram disulfide, disulfiram.
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7.1 | INTRODUCTION
Organic disulfides are a commonly encountered moiety in organic compounds and are
important in chemistry and biology. Applications of disulfides range from anti-oxidants,
pharmaceuticals, pesticides, to rubber vulcanization reagents.[1] In biological systems,
disulfide formation is essential for peptides and proteins to fold into their biologically active
conformation.[2-4] The oxidative coupling of thiols is the most direct and popular way to
prepare symmetric disulfides.[5] Traditional thiol oxidation-based methods often use
stoichiometric amounts of metal oxides or hydrogen peroxide. More recently, catalytic
aerobic oxidation of thiols has gained in popularity due to its increased sustainability. These
methods rely on the use of transition metal complexes,[6-11] or enzymes.[12,13] While
numerous catalytic methods have been developed, most, if not all, suffer from at least one
drawback with regard to high catalyst loading, generality and practicality, long reaction times,
and over-oxidation. Moreover, the use of metal catalysts is not preferred for late-stage
functionalization of biologically active molecules, such as peptides or other
pharmaceuticals.[14] Trace amounts of metals in disulfide reagents can also harm the
physicochemical properties of rubber upon vulcanization.[15] Given the importance of
organic disulfides, the development of mild and effective methods remains a major objective.
We envisioned that an ideal disulfide method would use air or oxygen as a green and cheap
oxidant, a metal-free catalyst to initiate the reaction, and should operate at room
temperature. We anticipated that we could use photoredox catalysis as a mild approach to
prepare such disulfides (Figure 7.1).[16-20]

7

Figure 7.1 | Anticipated mechanism of the photocatalytic oxidation of thiols to disulfides with oxygen as the
terminal oxidant.
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7.2 | RESULTS AND DISCUSSION
Our investigations commenced with para-methoxythiophenol as a substrate and studied the
effect of the photocatalyst on the formation of the desired disulfide product (Figure 7.2). The
reaction mixture was vigorously stirred under an air atmosphere and irradiated with a
standard 24W compact fluorescent light bulb (CFL) at room temperature. In this case, the
widely used ruthenium-based photocatalysts gave a moderate 50% yield over a 16-hour
reaction time, while the iridium based catalysts proved to be ineffective (10% yield).
Switching to metal-free photocatalytic systems, the reaction with 9-mesityl-10methylacridinium perchlorate (MMAP) afforded only 20% yield. In contrast, the organic dye
Eosin Y gave an excellent yield of 95% over 16 h with no evidence of over-oxidation.

100%

Ru(bpy)3
Ru(phen)3
Ir(dF-ppy)3
Ir(ppy)3
Eosin Y
MMAP

80%

60%

40%

7

20%

0%
0

5

10

15
Reaction time (hours)

Figure 7.2 | Influence of the photocatalyst on the yield of disulfide formation versus time in batch (GC
analysis).

Under otherwise identical conditions, no disulfide could be detected in the absence of light
irradiation, highlighting the importance of the photocatalytic system. Further optimization
studies revealed that the addition of the tetramethylethylenediamine (TMEDA) had a
pronounced effect on the reaction rate. A substantial acceleration (from 16 h to 2–4 h
reaction time) could be found even if substoichiometric quantities of TMEDA were added (see
Supplementary Data 7.1). In early studies, we found that ethanol (EtOH) worked equally well
as acetonitrile, thus enhancing the sustainability of the process.
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Disulfide formation – reaction scope in batch

Next, we explored the substrate scope of the Eosin Y photocatalytic aerobic oxidation in
batch (Figure 7.3). Thiophenols bearing a variety of functional groups all went to complete
conversion within 16h when subjected to our reaction conditions in the absence of TMEDA,
and formed the corresponding disulfides in near quantitative isolated yields. Free hydroxy and
halogen groups were well tolerated by the mild reaction conditions (i.e., 2f–2i). Sterical
hindered thiophenols bearing ortho methyl or methoxy substituents could be efficiently
converted to the corresponding disulfides (i.e., 2c and 2e). In these cases, TMEDA was added
to reduce the reaction time of the photocatalytic aerobic oxidation (from>16 h to 2–4 h
reaction time).
The scope of this oxidation methodology was further demonstrated using heteroaromatic (2j–
2l) and aliphatic thiols (2m–2n) (Figure 7.4). Interestingly, aliphatic disulfides formed a second
apolar phase which could be readily separated from the reactants by phase separation.

7

Figure 7.3 | Photocatalytic aerobic oxidation of thiols to disulfides using Eosin Y: substrate scope in batch
experiments. [a] Reaction conditions: thiol (1 mmol, 1.0 M), Eosin Y (1 mol%), EtOH (1 mL), air, 24 W CFL.
Reported yields are those of isolated material on a 1 mmol scale. [b] 1 equivalent of TMEDA was added.
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Figure 7.4 | Photocatalytic aerobic oxidation of thiols to disulfides using Eosin Y: substrate scope of
heteroaromatic and aliphatic thiols. [a] Reaction conditions: thiol (1 mmol, 1.0 M), Eosin Y (1 mol%), EtOH (1
mL), air, 24 W CFL. Reported yields are those of isolated material on a 1 mmol scale. [b] 1 equivalent of TMEDA
was added.

7
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During the course of our investigations, it was observed that the rate of the reaction in batch
was strongly influenced by the mixing efficiency as a function of the stirring rate in revolutions
per minute (RPM) and in the presence of TMEDA (Figure 7.5 and 7.6). The results in the
presence of TMEDA could be fitted to first order kinetics in thiophenol and an observed rate
constant (kobs) could be determined (Figure 7.5 A, B, and Supplementary Data 7.1 for more
details). The increase of kobs as a function of the stirring rate can be rationalized by the
increasing amounts of oxygen dissolved in the liquid phase at higher mixing efficiencies
(Figure 6). Such gas-liquid mass-transfer limitations in batch can be overcome by using
continuous flow microreactor technology.[21-23] In these devices, gas-liquid flow results in
the formation of a segmented (Taylor or slug) flow regime. In the liquid slug, toroidal vortices
are established which lead to an enhanced mixing and increased mass transfer from the gas to
the liquid phase. In addition, it is well-known that the confined dimensions of microreactors
lead to an improved irradiation of the reaction mixture.[24-39] Furthermore, the use of this
technology enables safe handling of oxygen.[40-45]
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The microflow set-up consists of a high purity perfluoroalkoxyalkane (PFA) capillary
microreactor (0.750 mm ID, 208 cm length, 0.950 mL volume) and a Tefzel mixing tee (Figure
7.7). In a standard experiment, pure oxygen is introduced in the reactor via a mass flow
controller (MFC) and merged with the liquid reagents, added by syringe pump, to establish
the gas-liquid segmented flow regime. The reaction stream is then exposed to white LED light
(3.12 W) and upon exiting the photomicroreactor, diluted with EtOH to avoid clogging.

Figure 7.7 | Continuous flow set-up for the visible-light photocatalytic aerobic oxidation of thiols to disulfides
using Eosin Y.

Disulfide formation – reaction scope in continuous flow

Various thiophenols were subjected to the continuous flow protocol (Figure 7.8). A lower
concentration was used to avoid clogging of the photomicreactor. The corresponding
disulfides were obtained in excellent yield and high purity. A substantial acceleration was
observed compared to the corresponding batch reactions; all runs could be completed within
a residence time of 20 min. The high purity of the obtained disulfides in flow can be attributed
to limiting the irradiation time to what is kinetically required. Notably, the synthesis of
difurfuryl disulfide (2t), an important food flavour additive,[45] could exclusively be carried
out in flow. Prolonged exposure to light irradiation of the reaction sample under batch
conditions resulted in the formation of over-oxidized by-products before full conversion
could be reached.[46,47]
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Figure 7.8 | Photocatalytic aerobic oxidation of thiols to disulfides using Eosin Y: substrate scope in flow
experiments. [a] Reaction conditions: thiol (0.25M), Eosin Y (1 mol%), TMEDA (0.25M), EtOH, air, 3.12 W white
LED. Reported yields are those of isolated material on a 1 mmol scale. [b] Full conversion and quantitative yield
was observed via GC FID. A lower isolated yield was due to the volatility of the product.

7

To demonstrate the mildness of our disulfide transformation and its applicability to the
modification of biomolecules, we conducted the photocatalytic aerobic oxidation on a
peptide substrate to produce oxytocin in continuous flow (Figure 7.9). Oxytocin is a cyclic
peptide hormone listed on the World Health Organization’s list of essential medicines.[48.49]
The hormone is produced in mammalian brains where it functions as a neuromodulator.
Interestingly, full conversion could be obtained in water with only 200 s residence time.
Critically, a lower concentration of the peptide (0.23 mM) was needed to suppress peptide
dimerization. The combination of metal-free photocatalytic conditions, water as a solvent,
visible-light irradiation, and very short reaction times, is a strong indication that the method
described herein can be broadly applicable in chemical biology and medicinal chemistry
fields. These advantages set our method also apart from the classical disulfide bond forming
reactions in peptides.[50-52]
Encouraged by these results, we turned our attention to another synthetic challenge: the
synthesis of tetraalkylthiuram disulfides via a one-pot photocatalytic process.
Tetraalkylthiuram disulfides are used extensively in the rubber industry as an important
vulcanization reagent.[53] In the established methods, sodium hydroxide is added to the
reaction mixture of carbon disulfide and the secondary amine, giving the intermediate sodium
dialkylcarbamodithioate, which is isolated and subsequently oxidized by hydrogen peroxide in
stoichiometric amount or in excess.[54] As shown in Figure 7.10, an improved one-pot
photocatalytic strategy was realized to prepare disulfiram. This compound displays biological
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properties and is sold under the trade name Antabuse to support treatment of chronic
alcoholism.[55] Disulfiram could be obtained in 45% isolated yield by mixing amine with
carbon disulfide in EtOH in the presence of 1 mol% of Eosin Y under visible-light irradiation.

7

Figure 7.9 | Continuous flow
photocatalytic aerobic
oxidation to produce
oxytocin.

Figure 7.10 | One-pot batch protocol to prepare
disulfiram via a photocatalytic aerobic oxidation
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Mechanistic investigations

The specific mechanistic details of our photocatalytic aerobic oxidation of thiols are given in
Figure 7.11. Irradiation of Eosin Y by visible light results in the formation of an excited state.
Next, a proton-coupled electron transfer (PCET), which involves a concerted transfer of an
electron and a proton, generates an electrophilic thiyl radical.[56-59] Support for this PCET
event can be found in the acceleration of the disulfide formation in the presence of a base,
i.e., TMEDA, as observed from our kinetic experiments (see Figure 7.5 above, and
Supplementary Data 7.1).
When adding K2HPO4 as a base, a similar reactivity was observed as for TMEDA which
excludes the possibility that TMEDA functions as an reductive quencher (Figure 7.11, Eq.
1).[60] The unique reactivity of the Eosin Y photocatalyst in the absence of a base can be
attributed to the acid-base behaviour of Eosin Y. As reported by Jacobi von Wangelin, only the
basic Eosin Y is photocatalytically active.[61] Interestingly, Ru(bpy)3Cl2, which was less
efficient in the absence of base, was equally active when a base was added suggesting that the
PCET step is indeed a crucial event in the catalytic cycle (Figure 7.11, Eq. 2). Subsequently
[Eosin Y]-1 (EYn-1) undergoes a single electron transfer (SET) with oxygen to close the
photoredox cycle. The importance of oxygen for our method is demonstrated by the gasliquid mass transfer limitations encountered in our batch experiments (see Figure 7.6, vide
supra). Moreover, exclusion of air in batch and flow gave no disulfide formation. Next, the
thiyl radical reacts with the thiolate anion to produce the desired disulfide product.[ 62] In the
absence of light or photocatalyst, no reaction occurred which suggests that a radical chain
reaction is not occurring under the given reaction conditions (see Figure 7.12).

7

It should be noted that the disproportionation of superoxide (O2▪-) can lead to peroxides (O22), and subsequently to hydrogen peroxides under acidic conditions. Peroxides are also known
as oxidants, and could subsequently partake in this reaction as a secondary oxidation pathway.
Another pathway is the formation of singlet-oxygen, by direct energy transfer between the
excited photocatalyst and oxygen (not displayed in mechanism). Singlet-oxygen can also
generate peroxides and consequently contribute in the oxidation of thiols. However given the
dramatic reaction rate improvement with the addition of an (organic) base such as K 2HPO4 or
TMEDA (vide supra), and the comparable results by the replacement of Eosin Y with Ru(bpy) 32+
as the photocatalyst, a direct oxidation pathway of the thiol by the excited state of the
photocatalyst is more likely to be the operative mechanism.
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Figure 7.11 | Proposed mechanism for the photocatalytic aerobic oxidation of thiols to disulfides using Eosin Y
as a photoredox catalyst.
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7.3 | CONCLUSIONS
In conclusion, we have developed an operationally simple procedure to prepare disulfides via
a visible light photocatalytic aerobic oxidation of thiols. Eosin Y was found to be the optimal
photoredox catalyst. A broad range of thiophenols could be converted in good-to-excellent
yields in batch. We found that the addition of a base substantially accelerated the reaction. A
further acceleration of the reaction was achieved in a continuous flow photomicroreactor,
shortening reaction times from hours to minutes. Most notably, a high purity and yield was
obtained for difurfuryl disulfide in flow, while in batch resulted only in product
decomposition. The mildness of our method was further demonstrated by producing the
complex peptide hormone, oxytocin, in continuous flow in only 200 seconds and the thiuram
disulfide, disulfiram, in a one pot batch protocol. Given the operational simplicity of both
batch and flow protocols, we anticipate that this metal-free photocatalytic method for the
oxidative formation of disulfides from thiols will find broad application in academia and
industry.

7

SUPPLEMENTARY MATERIALS
Supplementary data, compound preparation, spectra of all compounds and pictures
associated to this Chapter can be found, in the online version, at
http://dx.doi.org/10.1002/adsc.201401010.
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SUPPLEMENTARY DATA 7.1 | ADDITIONAL OPTIMIZATION DATA
Effect of TMEDA on the conversion of thiophenol to diphenyldisulfide.

[c]TMEDA (equiv.)

0

26%

0.2

75%

0.4

83%

0.6

91%

0.8

100%

1

100%

Figure 7.S1 | Effect of TMEDA concentration/equivalents in continuous flow. Data recorded via GC-MS and
NMR with an internal standard.
Effect of TMEDA on the reaction rate
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Figure 7.S2 | Alternative depiction of Figure 7.5: Overlaid version of date (with TMEDA and without TMEDA).

Additional data point retrieved from Figure 8 (100% conv. in 20 minutes reaction time). Data recorded via GCMS and NMR with an internal standard.
In both figures, Figure 7.S1 and 7.S2, a clear trend is noticeable with regard to the addition of TMEDA to the reaction initial rate. The
addition of an organic base, such as TMEDA, clearly increases the reaction rate and shortens the reaction time with a factor 200.
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SUPPLEMENTARY DATA 7.2 | OXYTOCIN
Preparation of Oxytocin precursor

Supplemental Figure 7.S3 | Solid-phase peptide synthesis using an NHFmoc-protecting group strategy.

Reagents and conditions: (a) Deprotection step: 20% piperidine/NMP (v/v), 2 x 5 min. (b) Coupling step: FmocGly-OH or Fmoc-Leu-OH or Fmoc-Pro-OH or Fmoc-Cys(Trt)-OH or Fmoc-Gln(Trt)-OH or Fmoc-Asn(Trt)-OH
or Fmoc-Ile-OH or Fmoc-Tyr(tBu)-OH, HBTU, DiPEA, NMP, 2 x 30 min. (c) Cleavage step: TFA/H2O/TIS/EDT,
92.5/2.5/2.5/2.5 (v/v), rt, 2,5 h. (d) Analysis: reverse-phase preparative HPLC, MeCN/H2O/0.1% TFA.
Oxytocin precursor was synthesized via automated solid-phase peptide synthesis (Intavis MultiPep RSi, INTAVIS Bioanalytical
Instruments AG) on Rink amide resin (Novabiochem®, 100-200 mesh, 0.59 mmol/g loading). Briefly, per reaction column, the resin (50
μmol scale) was pre-swollen in 1,7 mL of NMP for 5 x 10 min and the N-Fmoc protecting group cleaved by treating the resin with 1,5
mL of a stock solution of 20 % piperidine (v/v) in NMP for 2 x 8 min. Each amino acid coupling was performed by premixing 1052 μL of
a 0.38 M stock solution of HBTU in NMP with 500 μL of a 0.5 M stock solution of the amino acid in NMP, followed by 840 μL of a 1.6 M
stock solution of DIPEA stock solution, also in NMP. The reaction mixture was immediately added to the resin and the reaction vessel
vortexed intermittently at ambient temperature for 2 x 30 min (double coupling). After the final Fmoc deprotection step, oxytocin
precursor was manually cleaved from the resin, with simultaneous deprotection of the side chain functional groups, by incubating the

7

resin in 3 mL of a 92.5/2.5/2.5/2.5 (v/v) mixture of TFA/H2O/TIS/EDT, and then precipitated through dropwise addition into ice-cold
diethyl ether. The oxytocin precursor was further purified by reverse-phase HPLC using an Alltima HP C18 column (5 μm, length 125
mm, ID: 20 mm) and 0.1% trifluoroacetic acid (TFA) in H 2O/MeCN as mobile phase. The H2O/MeCN solvents were removed to
dryness by lyophilization to leave the pure peptide as a white powder. Peptide analysis by LC-MS using a Shimadzu LC Controller V2.0,
LCQ Deca XP Mass Spectrometer V2.0, Alltima C18-column 125 x 2.0 mm, Surveyor AS and PDA with solvent eluent conditions:
CH3CN/H2O/1% TFA. Alternatively, the peptides were analyzed by LC-MS using a LCQ Fleet from Thermo Scientific on a C18 column,
Surveyor AS and PDA with solvent eluent conditions: CH3CN/H2O/0.1% formic acid.
LC-MS: calc. for C43H68N12O12S2+H+ (M+H)+: 1009.46 Da, found: 1009.52 Da; calc. for (M+2H)2+: 505.23 Da, found: 505.42 Da; calc. for
C43H68N12O12S2+Na+ (M+Na)+: 1031.44 Da, found: 1031.50 Da.
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Photocatalytic synthesis of oxytocin in a continuous-flow microreactor

An oven-dried vial was charged with the Oxytocin precursor (1 mg) and 1 mL of milli-Q water and 10 μL of the reagent stock solution
(see Table below). The reaction mixture was loaded in a sample loop and connected to the photo-microreactor system. The reagents
were pumped into the system using a syringe pump and merged with an oxygen gas flow using a 1:10 (Liquid:Gas) volume flow ratio,
resulting in a residence time of 200 seconds. After completion of the reaction, the reaction mixture was lyophilized to remove water
and analysed using HPLC-MS.
Entry

C0
(mM)

Oxytocin precursor
(mg)

Eosin Y
(mg)

TMEDA
(PL)

1

0.23

0.7

0.45

10.4

2

0.42

0.5

0.32

7.4

3

0.86

1.7

1.10

25

Table 7.S4 |different reagent loadings and concentrations for the photocatalytic synthesis of oxytocin in flow.
In all cases, 100% conversion of precursor peptide was observed by HPLC-MS, with a residence time of 200 seconds. Lower
concentrations favour higher oxytocin formation and purity.
LC-MS: calc. for C43H66N12O12S2+H+ (M+H)+: 1007.67 Da, found: 1007.44 Da; calc. for (M+2H)2+: 504.42 Da, found: 504.23 Da; calc. for
C43H66N12O12S2+Na+ (M+Na)+: 1029.58 Da, found: 1029.43 Da.

7
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SUPPLEMENTARY DATA 7.3 | GENERAL METHODS AND
COMPOUND DATA
All components and reagents were all used as received, unless stated otherwise. Reagents (thiols) and solvents (MeCN and Ethanol)
were bought from Sigma-Aldrich, used as received and kept under an argon atmosphere using standard Schlenk-Line techniques.
Technical solvents were bought from VWR-International and used as received. The Rink amide resin and all amino acid building blocks
were purchased from Novabiochem®. HBTU, N,N-diisopropylamine, NMP, CH2Cl2, HPLC-grade CH3CN and HPLC-grade TFA were
all purchased from Biosolve B.V. Diethyl ether was purchased from Actu-All Chemicals. HPLC-grade formic acid was purchased from
Merck KGaA. Ethanedithiol, and triisopropylsilane were both purchased from Sigma-Aldrich. H2O refers to Millipore grade distilled
water. Product isolation 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, 13C and 19F NMR analysis
were performed on a Bruker-Avance 400 (400 MHz). 1H NMR spectra are reported in parts per million (ppm) downfield relative to
TMS (0.00) and all

13

C NMR spectra are reported in relative to CDCl3 (77.23). 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-FID (Varian 430-GC) in combination with an auto sampler (Varian CP-8400) or GC-MS combination (Shimadzu GC-2010 Plus
coupled to a Mass Spectrometer; Shimadzu GCMS-QP 2010 Ultra) with an auto sampler unit (AOC-20i, Shimadzu). Melting points
were measured with a Buchi Melting Point B-540. UV-VIS spectra were recorded on a Pharmacia Biotech Ultraspec 1000 UV/Visible
spectrophotometer. Infrared spectra were recorded on a Shimadzu IR Affinity-1 Fourier Transform Infrared Miracle 10 Single
Reflection ATR Spectrometer.

General procedure: photocatalytic aerobic oxidation of thiols to disulfides in batch (compound 2a-2n).
To an oven-dried vial equipped with a magnetic stir bar was added Eosin Y (6.5 mg, 1 mol%), thiol (1 mmol), and ethanol (1 mL). The
vial was placed in a test tube rack and irradiated by a compact fluorescent light bulb (24 W, E-27 240V Calex Daylight Lamp, 24 Watt,

7

1460 Lumen, 3.8 mg Hg) (Figure S1). The distance between reaction mixture and the light source is approx. 2 cm. The reaction was
stirred vigorously to increase the contact between the liquids and air. The progress of the reaction was monitored using GC-MS and/or
thin-layer chromatography (TLC). After completion of the reaction, the solvent was removed under vacuum and the residue was
purified by flash column chromatography. Note: In some cases (as indicated in the main article), TMEDA (150 μL, 1 mmol) was added

to the reaction mixture. This was done after the solvent was added to Eosin Y and thiol.
General procedure: photocatalytic aerobic oxidation of thiols to disulfides in flow (compounds 2a, 2f, 2o-2t).
To an oven-dried volumetric flask of 10 mL was added Eosin Y (16.2 mg, 1 mol%), thiol (2.5 mmol), TMEDA (375 μL, 2.5 mmol), and
ethanol to make up the solution to 10 mL. The solution was taken up in a BD Discardit plastic syringe and introduced into the
photomicroreactor setup with a syringe pump (see Photomicroreactor section). The syringe pump and mass flow controller were
operated at a 1:2 reaction mixture:oxygen volume flow ratio to obtain a maximum residence time of 20 minutes. The progress of the
reaction was monitored using GC-MS and/or thin-layer chromatography (TLC). Three residence times were discarded to ensure
steady-state data collection. Next, the reaction mixture was collected until 1 mmol of product was collected. The solvent was removed
under vacuum and the residue was purified by flash column chromatography.
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Diphenyldisulfide (2a). Compound was prepared according to the general procedure. Mp.: 58.959.3 ºC (Lit: 59-61 ºC). 1H NMR (400 MHz, CDCl3) G 7.48 (td, J = 1.3, 7.5 Hz, 4H), 7.28 (tt, J = 1.3, 7.5
Hz, 4H), 7.21 (tt, J = 1.3, 7.5 Hz, 2H). 13C NMR (100 MHz, CDCl3) G 127.4, 127.7, 129.3, 137.2. IR
-1

(ATR, cm ): 2955, 2920, 2853, 1574, 1474, 1458, 1437, 1020, 735, 685.
1,2-bis(4-methoxyphenyl)disulfane (2o). Compound was prepared according to the general
procedure. Mp.: 35.9-36.4 ºC (Lit: 34-35 ºC). 1H NMR (400 MHz, CDCl3): G7.41 (d, J = 9.0 Hz, 4H),
6.84 (d, J = 9.0 Hz, 4H), 3.80 (s, 6H). 13C NMR (100 MHz, CDCl3): G55.5, 114.8, 128.6, 132.8, 160.1.
-1

IR (ATR, cm ): 2924, 1587, 1570, 1489, 1456, 1441, 1242, 1171, 1020, 821.
1,2-bis(4-fluorophenyl)disulfane (2f). Compound was prepared according to the general procedure.
H NMR (400 MHz, CDCl3): G7.45 (m, 4H), 7.01 (m, 4H).

1

13

C NMR (100 MHz, CDCl3):G 116.5,

131.5, 132.4, 161.8, 163.8. 19F NMR (377 MHz, CDCl3): G-113.4. IR (ATR, cm-1): 1587, 1485, 1396,
1290, 1225, 1153, 1092, 1076, 1013, 820.
Compound was prepared according to the general procedure. 1H NMR (400 MHz, CDCl3) G 7.40
(dd, J = 0.9, 1.9 Hz, 2H), 6.35 (dd, J = 1.9, 3.3 Hz, 2H), 6.24 (d, J = 3.3 Hz, 2H), 3.70 (s, 4H). 13C NMR
(100 MHz, CDCl3) G 35.7, 109.1, 110.9, 142.6, 150.3. IR (ATR, cm-1): 1500, 1238, 1148, 1121, 1069,
1009, 934, 808, 727, 708.
Compound was prepared according to the general procedure. Mp.: 69.3-70.4 ºC (Lit: 83-83 ºC). 1H
NMR (400 MHz, CDCl3) G 7.45 (d, J = 8.6 Hz, 4H), 7.33 (d, J = 8.6 Hz, 4H), 1.31 (s, 18H). 13C NMR
(100 MHz, CDCl3) G 31.5, 34.8, 126.3, 128.0, 134.2, 150.7. IR (ATR, cm-1): 2957, 1495, 1475, 1458,
1396, 1362, 1267, 1115, 1011, 816.
Compound was prepared according to the general procedure. Mp.: 70.6-71.2 ºC (Lit: 70-71 ºC). 1H
NMR (400 MHz, CDCl3) G 7.39 (d, J = 8.5 Hz, 4H), 7.26 (d, J = 8.5 Hz, 4H).

13

C NMR (100 MHz,

CDCl3) G 129.5, 129.5, 133.8, 135.3. IR (ATR, cm-1): 2922, 1558, 1470, 1429, 1420, 1385, 1086,
1009, 814, 741.
Compound was prepared according to the general procedure. 1H NMR (400 MHz, CDCl3) G 7.58
(dt, J = 1.3, 7.8 Hz, 2H), 7.27-7.22 (m, 2H), 7.10 (dt, J = 1.3, 7.8 Hz, 2H) , 7.04 (dt, J = 1.3, 7.8 Hz,
2H). 13C NMR (100 MHz, CDCl3) G 115.9, 116.1, 123.7, 123.8, 124.9, 125.0, 129.9, 130.0, 131.4,
159.8, 161.7 (Apparent complexity is due to C–F splitting). 19F NMR (377 MHz, CDCl3): G -109.9. IR (ATR, cm-1): 1593, 1574, 1466,
1446, 1260, 1221, 1121, 1067, 820, 746.
Compound was prepared according to the general procedure. 1H NMR (400 MHz, CDCl3) G 2.712.64 (m, 2H), 2.06-2.00 (m, 4H), 1.79-1.76 (m, 4H) , 1.63-1.60 (m, 2H), 1.36-1.17 (m, 10H). 13C NMR
(100 MHz, CDCl3) G 25.9, 26.3, 33.0, 50.1. IR (ATR, cm-1): 2925, 2851, 1447, 1338, 1261, 1196, 995,
887.
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Compound was prepared according to the general procedure. 1H NMR (400 MHz, CDCl3) G 2.68 (t,
J = 7.4 Hz, 4H), 1.71-1.63 (m, 4H), 1.40-1.28 (m, 20H) , 0.90-0.86 (m, 6H).

13

C NMR (100 MHz,

CDCl3) G 14.3, 22.9, 28.8, 29.4, 29.4, 29.4, 32.0, 39.4. IR (ATR, cm-1): 2955, 2923, 2853, 1458, 722.
Compound was prepared according to the general procedure. Mp.: 130.4-131.5 ºC (Lit: 130-133
ºC). 1H NMR (400 MHz, CDCl3) G 7.99 (s, 2H), 7.79 (d, J = 8.5 Hz, 4H), 7.73 (d, J = 7.6 Hz, 2H), 7.62
(d, J = 8.5 Hz, 2H), 7.49-7.43 (m, 4H).

C NMR (100 MHz, CDCl3) G 134.5, 133.7, 132.7, 129.2,

13

-1

128.0, 127.7, 127.0, 126.8, 126.5, 125.9. IR (ATR, cm ): 3053, 1583, 1560, 1500, 1337, 907, 897, 865, 813, 738.
Compound was prepared according to the general procedure. 1H NMR (400 MHz, CDCl3) G 7.357.33 (m, 4H), 7.21 (t, J = 8.0 Hz, 2H), 7.05 (d, J= 8.0 Hz, 2H), 2.35 (s, 6H).

13

C NMR (100 MHz,

CDCl3) G139.1, 137.1, 129.1, 128.2, 124.8, 21.6. IR (ATR, cm ): 2921, 1591, 1572, 1472, 1081, 995,
-1

870, 849, 769, 684.
Compound was prepared according to the general procedure. Mp.: 40.2-40.7 ºC (Lit: 45-46 ºC).[10]
H NMR (400 MHz, CDCl3) G 7.43 (d, J = 8.0 Hz, 4H), 7.13 (d, J = 8.0 Hz, 4H), 2.36 (s, 6H). 13C NMR

1

(100 MHz, CDCl3) G137.6, 134.1, 130.0, 128.7, 21.2. IR (ATR, cm-1): 3019, 2920, 1489, 1449, 1397,
1179, 1115, 1078, 1015, 801.
Compound was prepared according to the general procedure. Mp.: 92.8-93.4 ºC (Lit: 93-95
ºC).[10] 1H NMR (400 MHz, CDCl3) G 7.42 (d, J = 8.0 Hz, 4H), 7.33 (d, J = 8.0 Hz, 4H). 13C NMR (100
MHz, CDCl3) G135.9, 132.4, 129.6, 121.7. IR (ATR, cm-1): 1456, 1437, 1383, 1078, 1065, 1005, 941,
806, 721, 692.
Compound was prepared according to the general procedure. Mp.: 80.7-84.6 ºC (Lit: 85-90 ºC). 1H
NMR (400 MHz, CD3OD) G 7.07 (t, J = 8.0 Hz, 2H), 6.93 (t, J = 2.0 Hz, 2H), 6.89 (ddd, J = 1.0, 2.0, 8.0

7

Hz, 2H), 6.20 (ddd, J = 1.0, 2.0, 8.0 Hz, 2H). 13C NMR (100 MHz, CD3OD) G 159.2, 139.1, 131.0,
119.2, 115.4, 114.6. IR (ATR, cm-1): 3268, 1598, 1577, 1468, 1296, 1183, 1157, 882, 862, 849.
Compound was prepared according to the general procedure. Mp.: 147.4-147.9 ºC (Lit: 145-147
ºC). 1H NMR (400 MHz, CD3OD) G 7.25 (d, J = 7.6 Hz, 4H), 6.72 (d, J = 7.6 Hz, 4H). 13C NMR (100
MHz, CD3OD) G 159.4, 134.6, 128.1, 117.0. IR (ATR, cm-1): 3314, 1584, 1491, 1432, 1359, 1256,
1181, 1163, 1099, 803.
Compound was prepared according to the general procedure. Mp.: 54.7-55.4 ºC. 1H NMR (400
MHz, CDCl3) G 8.44 (m, 2H), 7.62-7.56 (m, 4H), 7.11-7.07 (m, 2H). 13C NMR (100 MHz, CDCl3) G
159.0, 149.7, 137.5, 121.2, 119.8. IR (ATR, cm-1): 1570, 1558, 1445, 1415, 1111, 1084, 1043, 987,
753, 718.
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Compound was prepared according to the general procedure. Mp.: 32.4-32.7 ºC (Lit: 35-36 ºC). 1H
NMR (400 MHz, CDCl3) G 7.57-7.55 (m, 2H), 7.20-7.15 (m, 6H), 2.46 (s, 6H). 13C NMR (100 MHz,
CD3OD) G 159.2, 139.1, 131.0, 119.2, 115.4, 114.6. IR (ATR, cm-1): 2923, 2853, 1586, 1464, 1378,
1275, 1040, 741, 710, 674.
Compound was prepared according to the general procedure. Mp.: 114.9-115.4 ºC (Lit: 116-118
ºC). 1H NMR (400 MHz, CDCl3) G 7.55 (dd, J = 1.0, 8.0 Hz, 2H), 7.19 (dt, J = 1.0, 8.0 Hz, 2H), 6.92 (dt,
J = 1.0, 8.0 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H), 3.90 (s, 6H).

C NMR (100 MHz, CD3OD) G 156.8,

13

-1

127.9, 127.7, 124.7, 121.5, 110.7, 56.0. IR (ATR, cm ): 2927, 1577, 1473, 1464, 1449, 1270, 1235, 1059, 1020, 789.
Compound was prepared according to the general procedure. Mp.: 153.3-153.9 ºC (Lit: 156 ºC). 1H
NMR (400 MHz, CDCl3) G 7.87 (dd, J = 1.0, 7.5 Hz, 4H), 7.51 (s, 2H), 7.42 (dt, J = 1.0, 7.5 Hz, 4H),
7.35 (t, J = 7.5 Hz, 2H).

13

C NMR (100 MHz, CD3OD) G165.0, 157.4, 133.9, 129.0, 128.7, 126.5,

-1

115.9. IR (ATR, cm ): 2981, 1477, 1443, 1418, 1270, 1048, 1039, 1025, 747, 725.
Compound was prepared according to the general procedure. Mp.: 176.3-177.0 ºC (Lit: 186 ºC). 1H
NMR (400 MHz, CDCl3) G 8.34 (s, 2H), 7.88 (d, J = 8.6 Hz, 4H), 7.64 (d, J = 8.6 Hz, 4H). 13C NMR (100
MHz, CD3OD) G 163.9, 154.6, 132.4, 131.8, 128.0, 121.7, 119.1. IR (ATR, cm-1): 2923, 1468, 1420,
1398, 1072, 1008, 841, 826, 745, 736.
Compound was prepared according to the general procedure. Mp.: 70.6-71.1 ºC (Lit: 68-70 ºC). 1H
NMR (400 MHz, CDCl3) G4.01 (q, J = 5.0 Hz, 8H), 1.48 (t, J = 5.0 Hz, 6H), 1.30 (t, J= 5.0 Hz, 6H). 13C
NMR (100 MHz, CD3OD) G 192.8, 52.2, 47.8, 13.7, 11.6. IR (ATR, cm-1): 2974, 1496, 1456, 1417,
1271, 1193, 1150, 966, 913, 817.

7
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CHAPTER 8
ELECTROCHEMICAL PREPARATION OF SULFOXIDES , SULFONES
AND DISULFIDES IN FLOW
Chapter based on: Natan J. W. Straathof, Benny Knoops, Menno D. Lanting, Gabriele Laudadio, Volker Hessel,
Timothy Noël, 2016 unpublished work.

ABSTRACT
In this Chapter, the initial results of the
development of an electrochemical oxidation
protocol of sulfides toward sulfoxides and
sulfones are presented. The protocol describes
an operationally simple method using simple
reagents, which are used in a continuous
microflow electrochemical cell. Several
settings were screened to find optimal
conditions for the selective oxidation to a
sulfoxide or a sulfone from the corresponding
sulfide derivative. The first set of substrates is
presented in this chapter. The method showed
good to excellent selectivity and functional
group compatibility (14 examples, 31-86%
yield). Next to this, the protocol was further
extended toward a electrochemical thiol to
disulfide coupling strategy (4 examples, 6591% yield).
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8.1 | INTRODUCTION
Sulfoxides and sulfone moieties are omnipresent in numerous chemical compounds; several
examples are illustrated in the figure below (Figure 8.1 A). Nonetheless, their presence
extents to other fields as well – polymer industry, material sciences, precursors of biomedical
agents and in asymmetric catalysis.[1-3] The incorporation of a sulfoxide or sulfone moiety has
several advantages, as it leads to an increase in bioavailability through increased electron
interaction, improved hydrogen bridge formation and acidity interaction.[3-5] Furthermore,
their involvement in oxidase and reductase mediated biological pathways has recently gained
increased attention with elucidating biodegradation and related mechanisms.[6,7]
The preparation of these structures can be done through several means; however, the most
practical route should be the selective mono- or di-oxidation of thioethers via a direct
oxidation pathway (Figure 8.1 B). Nonetheless, the direct synthesis of sulfoxides and sulfones
is generally hampered by the use of excess oxidants (peroxides such as H2O2 or tBuOOH) or
the use of stoichiometric amounts of metal salts (e.g. CrO3, RuCl3, MnO4, etc.) and is therefore
often avoided.[8] On top of this, the general selectivity of these methodologies is typically low
on more complex molecules, which makes the preparation and isolation of the desired
sulfoxide or sulfone derivative impractical. Several advances were made in the synthetic
preparation of sulfoxides from corresponding thioethers with the use of metachloroperoxybenzoic acid (mCBPA).[9] However, its use remains hampered with selectivity
when used in excess and, furthermore, has low atom efficiency on larger production scales.

8

To overcome these drawbacks, we propose the direct oxidation of thioethers under
electrochemical control. Electrochemistry has several advantages over reagent based redox
systems.[10-13] Firstly, with electrochemistry, the electrons can be treated as a traceless
redox reagent. Secondly, electrochemistry allows a high degree of control with regard to the
initiation rate and the driving force.[11] More specifically, the applied current dictates the
rate of redox initiation, which permits a controlled radical intermediate production.
Moreover, the applied potential directs the driving force, which in turn dictates the chemical
selectivity.[11,12,14]
Despite the advantages of electrochemical oxidation, electrochemistry is often hampered
with mass- and energy-transfer related issues (such as inefficient absorption or desorption at
the electrode surface, and homogeneous mixing to maintain a stable current). Therefore, we
opted to use continuous microflow technology in combination with electrochemistry, which
should alleviate the mass- and energy-transfer related issues (Figure 8.1 C).[15-17] In this
chapter, we describe the development of an environmental friendly and easily scalable
oxidation methodology under electrochemical control in continuous microflow.
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8

Figure 8.1 | (A) Examples of sulfoxides and sulfone containing drug structures. (B) Proceedings of sulfoxide or
sulfone preparation. (C) Electrochemical preparation of sulfoxides or sulfones (This Chapter).

Page | 173

Chapter 8 | Electrochemical synthesis of sulfoxides, sulfones and disulfides

8.2 | RESULTS AND DISCUSSION
Our initial focus was to find the optimal conditions for the direct oxidation of a thioether
derivative under electrochemical control. In this work, the Asia Flux (Syrris) was used as a
electrochemical flow cell. The potentiostatic oxidation of thioanisole (1) was taken as the
model reaction. We were pleased to find that the combination of tertabutylammonium
perchlorate in MeCN with aqueous HCl (3:1 v/v, 0.1 M HCl in H2O) with an applied potential
of 2.5 V (corresponding to a current of approximately 2.1 mA per cm 2), resulted in the
efficient oxidation of 1 toward methylsulfinylbenzene 1-A (63% yield). The optimized
conditions and variations are presented in Figure 8.2. Notably, an increase in residence time
(by reintroducing the reaction mixture into the electrochemical cell, 10 minutes in total)
afforded increased amounts of sulfoxide 1-A (72%, entry 2). Furthermore, an increase in the
applied potential clearly shifted the selectivity and resulted in an increase of sulfone 1-B
(entries 7-9). Absence of the specific acidic conditions, electrolyte or use of excess oxygen gas
resulted in diminished results (entries 3-6).

8

Entry

Variations from above

Conv. (%)a

% 1-Aa

% 1-Ba

1

none

63

62

0

2

residence time of 10 min

75

72

2

3

no H2O/HCl

n.r.

-

-

4

0.2 M H2O/HCl

37

34

-

5

no electrolyte

n.r.

-

-

6

saturated with O2

39

39

0

7

potential at 3.0 V

92

65

27

8

potential at 3.5 V

98

59

39

9

potential at 4.0 V

99

7

92

Figure 8.2 | Reaction conditions and variations thereof of the electrochemical oxidation of thioanisole.

Reagents and conditions: thioanisole (1 mmol, 0.1 M), Bu4N/ClO4 (0.1 mmol), MeCN/HCl (10 mL, 3:1 v/v
, with 0.1 M HCl in H2O), applied potential: 2.5 V (2.1 mA cm -2, Fe anode/cathode, Vint: 600 PL),
residence time: 5 min (at a flowrate of 0.06 mL min-1). a Conversion and selectivity determined by GCMS with an internal standard.
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At this point we wanted to find the optimal applied potential to predict the desired product
selectivity. Single sweep voltammetry was performed at a residence time of 5 min with a
steady flowrate of 0.06 mL min-1 (Figure 8.3 A). The polarogram shows a clear plateau at 2.0 –
2.5 V, which corresponds to the first oxidation step of thioanisole toward 1-A (Figure 8.3 B).
When the applied potential reaches about 3.5 V, another plateau is observed, which
corresponds to the second oxidation step (via 1-A o 1-B or 1 o 1-B).[18]

140
120

Current (mA)

100
1-A o 1-B
1 o 1-B

80
60
40
A o 1-A

20
0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
4.5
5.0
Applied potential (V)

100%

8

1-A

80%

yield

1-B
mass balance

60%
40%
20%
0%
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Applied potential (V)

Figure 8.3 | (A) Polarogram of thioanisole at a residence time of 5 min. (B) product distribution of 1-A and 1-B
with respect to applied potential. Data recorded by GC-MS with an internal standard.
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At an applied potential of 4 V or above, over-oxidation and solvent degradation occurs, which
denotes the maximum potential window for this transformation. This is also reflected by the
loss in mass at higher applied potentials (Figure 8.3 B, mass balance). Particularly, both
plateaus are well defined and show significant selectivity at 2.0 - 2.5 V and at 3.5 - 4 V, for the
formation of the corresponding sulfoxide 1-A and sulfone 1-B products, respectively.
We next investigated the effect of flow rate and effective residence time (Figure 8.4). While
electrochemical procedures are often hampered by mass-transfer limitations, an increase in
flow rate should increase the mixing efficiency in the electrochemical microflow reactor, and
thus improve the mass transfer.[15] Nevertheless, an increase in flow rate would constitute to
a decrease in residence time, due to the fixed internal volume of the electrochemical
microflow reactor. Therefore the flowrate/residence time ratio was explored to reach the
optimal throughput versus mixing capability (Figure 8.4).

8
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Figure 8.4 | Effect of

100%
Series1
1-A

flow velocity. Data recorded

80%

Yield

residence time, flow rate &
via GC-MS with an internal

60%

standard. Internal reactor
volume: 300 PL, length:

40%

~0.58 m.
20%
0%
9.7E-04

1.3E-03

1.6E-03

1.9E-03

2.4E-03

3.2E-03

V (m/s)

10.0

7.5

6.0

5.0

4.0

3.0

Rt (min)

0.03

0.04

0.05
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0.075

0.1

Q (mL/min)
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Figure 8.4 shows a clear relationship between the residence time and flowrate. At a residence
time of 10 minutes, the observed yield was lower due to the low flowrate and corresponding
velocity. Although full conversion of thioanisole 1 was not reached within a single run, an
optimum flowrate regime was found between the rates of 0.04 to 0.06 mL per minute, which
are corresponding to residence times of 7.5 to 5 minutes, respectively. Moreover, a decreased
yield is observed at a flowrate of 0.1 mL min-1, because the effective residence time is to short
(3 min). While a residence time of 7.5 minutes gave a slightly better yield in 1-A, it also
produced low amounts (<5%) of the corresponding sulfone 1-B. Therefore, a standard
residence time of 5 minutes per run was taken as the optimal flow conditions to maintain a
steady flow rate for each consecutive run when a longer residence time is required.

8
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Sulfoxide and sulfone reaction scope
With the optimal conditions in hand, we turned our attention to investigate the substrate
scope of this electrochemical oxidation methodology. Various thioethers bearing a range of
different groups and functionalities, were subjected to Method A and Method B, yielding the
corresponding sulfoxide A or sulfone B, respectively (Figure 8.5).

8

Figure 8.5 | Reaction scope of the electrochemical preparation of sulfoxides and sulfones. Reagents and

conditions: thioanisole (1 mmol, 0.1 M), Bu4N/ClO4 (0.1 mmol), MeCN/HCl (10 mL, 3:1 v/v , with 0.1 M
HCl in H2O), applied potential: 2.5 or 3.5 V (2.1 mA cm-2, Fe anode/cathode, Vint: 300 PL), residence
time: see table. areported yields are those of isolated product. bresidence time: 2 x 5 min. cresidence
time: 3 x 5 min.
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Under the given conditions the resultant sulfoxides and sulfones could be prepared in in a
selective manner in good to high yield (31-86%) within several minutes (5-15 minutes
residence time). Particularly, the corresponding sulfoxide and sulfone products of
cyclopropyl(phenyl)sulfane (Figure 8.5, entry 2) could be prepared without significant loss in
mass or cyclopropyl ring opening (61% and 31% yield, 2-A and 2-B, respectively). Systems
containing multiple aromatic structures (entry 3) or benzylic structures (entry 4) were also
compatible substrates for this oxidation strategy and were obtained in high yield (59-83%
yield, compounds 3-A, B, 4-A, B). Thioanisole derivatives with functional groups such as
acetates and halogens were converted to their corresponding sulfoxides and sulfones in high
yield (55-73%, 5-A, B, 6-A, B). Notably the conversion of 2-(methylthio)pyridine (entry 7)
resulted in the exclusive conversion toward the sulfoxide 7-A in 41% yield with a potential of
2.5 V at 10 minutes residence time. The formation of the corresponding sulfone 7-B was
achieved at 3.5 V with 15 minutes residence time at a moderate yield (58% yield). These
substrates are often more difficult to undergo selective oxidation at the sulfide, due to the
electron rich nitrogen hetero atom.[] Therefore a direct route toward sulfone derivatives with
nitrogen containing functionalities is highly desirable, whereas this methodology could
greatly enlarge the toolkit of late stage oxidation of API’s or more complex structures (vide
infra).
At this point we sought to extent the scope of this electrochemical oxidation methodology to
prepare symmetric disulfides from analogous thiols (Figure 8.6). Simple thiols, such as
thiophenol, benzylthiol and octanethiol, were all effortlessly converted to the corresponding
disulfide and obtained in good yield (65-91%, 1-C, 2-C and 3-C). Notably, 2mercaptopyrimidine (entry 4) could also be converted to its disulfide derivative and was
obtained in good yield (75% yield).

8

Figure 8.6 | Scope of the electrochemical oxidation of thiols toward disulfides.
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8.3 | CONCLUSION AND FUTURE OUTLOOK
The initial results on the development of an electrochemical oxidation in a continuous
microflow reactor are described in this Chapter. This ongoing research demonstrates the
preliminary development of the highly selective oxidation protocols of sulfides toward
sulfoxides and sulfones under potentiostatic conditions. The applied potential, flow rate and
residence time were investigated to find optimal flow conditions for the selective conversion
toward the sulfoxide or the sulfone. Notably, the protocol is operationally simple and uses
simple reagents, giving rise to a more convenient workup and product isolation. An initial set
of substrates were subjected to the reaction conditions, demonstrating high selectivity and
good functional group compatibility of this protocol (14 examples, 31-86% yield). The
protocol was further extended toward a thiol to disulfide strategy. Relatively identical
conditions showed good conversions of thiols toward their corresponding disulfides in good
to excellent yield (4 examples, 65-91% yield).
While the foundation of this work is essentially disclosed, the scope of the electrochemical
oxidation is still a topic of investigation. It would be highly desirable to investigate substrates
containing a nitrogen functional group such as amines (1°, 2° and 3°), amides, nitriles and
imines). Furthermore, the scope also lacks heterocyclic structures such as 5-membered
heterocycles. Finally, the applicability of the protocol to biologically active scaffolds such as
pinenes, amino acids and steroid-based structures will also be investigated. The various
structures are highlighted in the figure below (Figure 8.7).

8

Figure 8.7 | Selected structures for further investigation with regard to scope.
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SUPPLEMENTARY DATA 8.1 | GENERAL PROCEDURES AND
COMPOUND DATA
General procedure for the continuous-flow electro-oxidation and disulfide coupling of the substrate scope.
A solution of thioether (1.05 mmol, 1 equiv.) was prepared by dissolving it in 7 mL of a 34:1 (v/v) mixture of acetonitrile and 0.1M HCl
solution in water. Tetrabutyl ammonium perchlorate (0.10 mmol, 10 mol%) was added as supporting electrolyte. The solution was
sonicated, transferred into a syringe and loaded into the syringe pump. The solution was pumped through the electrochemical setup
(section 4.1.1) at predetermined potential and flow rate, specific data will be stated below. The flux module was assembled with
indentical anode and cathode (Fe). The crude reaction mixture was collected at the outlet of the reactor. Workup was performed by
diluting the reaction mixture with Et2O followed by extraction with sat. NaHCO3 in H2O and brine. The combined water layers were
extracted once with Et2O, and the combined organic layers were dried over MgSO 4 and concentrated in vacuo. The product was futher
purified by column chromatography with the appropriate solvent system as indicated below.

Methyl phenyl sulfoxide (2) was prepared as described in the general procedure (3.2.4). Thioanisole (130.4 mg) was used as starting
product and was exposed to 3 V over 6 minutes. Flash chromatography was used for purification (EtOAc). Yielding 95.6 mg of product
(0.68 mmol, 65 %). 1H-NMR (399 MHz, Chloroform-d) δ 7.68 – 7.62 (m, 2H), 7.57 – 7.45 (m, 3H), 2.73 (s, 3H). 13C-NMR (100 MHz,
Chloroform-d) δ 146.08, 131.37, 129.69, 123.83, 44.32. GC-MS (EI): (M+) 140 , 125, 109, 77, 65, 51, 39.
Methyl phenyl sulfone (3) was prepared as described in the general procedure (3.2.4). Thioanisole (130.4 mg) was used as starting
product and was exposed to 3.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc: PE, 1:4 v/v). Yielding 129.6
mg of product (0.83 mmol, 79 %). 37 1H NMR (399 MHz, Chloroform-d) δ 7.98 – 7.90 (m, 2H), 7.70 – 7.62 (m, 1H), 7.61 – 7.52 (m, 2H),
3.05 (s, 3H).13C NMR (100 MHz, Chloroform-d) δ 140.90, 134.00, 129.67, 127.65, 44.80. GC-MS (EI): (M+) 156, 141, 139, 125, 111, 94,
77, 51, 39.
Diphenyl sulfoxide (4) was prepared as described in the general procedure (3.2.4). Diphenyl sulfide (195.6 mg) was used as starting
product and was exposed to 3 V over 7.5 minutes. Flash chromatography was used for purification (EtOAc). Yielding 131.7 mg of
product (0.65 mmol, 62 %).

H NMR (399 MHz, Chloroform-d) δ 7.68 – 7.61 (m, 4H), 7.50 – 7.39 (m, 6H).

1

13

C NMR (100 MHz,

Chloroform-d) δ 145.91, 131.37, 129.65, 125.10. GC-MS (EI): (M ) 202, 186, 173, 154, 139, 125, 109, 97, 77, 65, 51, 39.
+

Diphenyl sulfone (5) was prepared as described in the general procedure (3.2.4). Diphenyl sulfide (195.6 mg) was used as starting
product and was exposed to 3.5 V over 15 minutes. Flash chromatography was used for purification (EtOAc:Pe, 1:1 v/v). Yielding 185.6
mg of product (0.85 mmol, 81 %). 1H NMR (399 MHz, Chloroform-d) δ 7.98 – 7.88 (m, 4H), 7.55 – 7.42 (m, 6H). 13C NMR (100 MHz,
Chloroform-d) δ 142.01, 133.76, 129.81, 128.10. GC-MS (EI): (M+) 218, 171, 152, 125, 109, 97, 77, 65, 51, 39.
3,5-Dichlorophenyl methyl sulfoxide (6) was prepared as described in the general procedure (3.2.4). Diphenyl sulfide (203.7 mg) was
used as starting product and was exposed to 3 V over 7.5 minutes. Flash chromatography was used for purification (EtOAc:Pe, 1:1 v/v).
Yielding 120.7 mg of product (0.58 mmol, 55 %). 1H NMR (399 MHz, Chloroform-d) δ 7.48 (s, 2H), 7.43 (s, 1H), 2.73 (s, 3H). 13C NMR
(100 MHz, Chloroform-d) δ 149.74, 136.50, 131.25, 122.17, 44.40. GC-MS (EI): (M+) 209, 193, 165, 145, 125, 109, 85, 75, 63, 45, 38.
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3,5-Dichlorophenyl methyl sulfone (7) was prepared as described in the general procedure (3.2.4). Diphenyl sulfide (203.7 mg) was
used as starting product and was exposed to 3.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc:PE, 1:9 v/v).
Yielding 151.2 mg of product (0.67 mmol, 64 %). 1H NMR (399 MHz, Chloroform-d) δ 7.98 – 7.77 (m, 2H), 7.65 – 7.51 (m, 1H), 3.09 (d,
J = 1.1 Hz, 3H). 13C NMR (100 MHz, Chloroform-d) δ 143.58, 136.81, 134.16, 126.29, 44.76. GC-MS (EI): (M+) 225, 209, 193, 177, 162,
145, 133, 109, 84, 75, 63, 50, 37.
Cyclopropyl methyl sulfoxide (8) was prepared as described in the general procedure (3.2.4). Cyclopropyl methyl sulfide (157.5 mg)
was used as starting product and was exposed to 3 V over 7.5 minutes. Flash chromatography was used for purification (EtOAc).
Yielding 106.3 mg of product (0.64 mmol, 61 %). 1H NMR (400 MHz, Chloroform-d) δ 7.64 (dd, J = 7.5, 2.1 Hz, 2H), 7.49 (d, J = 6.6 Hz,
3H), 2.24 (ddd, J = 12.8, 8.1, 4.8 Hz, 1H), 1.22 (dq, J = 10.9, 4.8 Hz, 1H), 1.01 (dq, J = 9.1, 5.1 Hz, 1H), 0.97 – 0.86 (m, 2H). 13C NMR (101
MHz, Chloroform-d) δ 145.17, 131.17, 129.41, 124.26, 34.07, 3.68, 3.03. GC-MS (EI): (M+) 166, 149, 125, 109, 97, 77, 65, 51, 41.
Cyclopropyl methyl sulfone (9) was prepared as described in the general procedure (3.2.4). Cyclopropyl methyl sulfide (157.5 mg) was
used as starting product and was exposed to 3.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc:PE, 1:3 v/v).
Yielding 59.4 mg of product (0.32 mmol, 31 %). 1H NMR (400 MHz, Chloroform-d) δ 7.93 – 7.87 (m, 2H), 7.67 – 7.59 (m, 1H), 7.55 (t, J
= 7.6 Hz, 2H), 2.46 (ddd, J = 12.7, 8.2, 4.8 Hz, 1H), 1.41 – 1.14 (m, 2H), 1.11 – 0.91 (m, 2H). 13C NMR (101 MHz, Chloroform-d) δ
141.01, 133.64, 129.51, 127.82, 33.20, 6.26. GC-MS (EI): (M+) 182, 141, 126, 117, 91, 77, 65, 51, 41.
Benzyl methyl sulfoxide (10) was prepared as described in the general procedure (3.2.4). Benzyl methyl sulfide (144.9 mg) was used as
starting product and was exposed to 3 V over 10 minutes. Flash chromatography was used for purification (EtOAc). Yielding 95.4 mg of
product (0.62 mmol, 59 %). 1H NMR (400 MHz, Chloroform-d) δ 7.38 (q, J = 7.7, 7.0 Hz, 3H), 7.31 – 7.28 (m, 2H), 4.06 (d, J = 12.8 Hz,
1H), 3.92 (d, J = 12.8 Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 130.36, 129.34, 128.80, 60.73, 37.66. GC-MS (EI): (M+)
154, 138, 91, 65, 39.
Benzyl methyl sulfone (11) was prepared as described in the general procedure (3.2.4). Benzyl methyl sulfide (144.9 mg) was used as
starting product and was exposed to 3.5 V over 15 minutes. Flash chromatography was used for purification (EtOAc:PE, 1:4 v/v).
Yielding 153.5 mg of product (0.90 mmol, 86 %). 1H NMR (400 MHz, Chloroform-d) δ 7.42 (s, 5H), 4.25 (s, 2H), 2.75 (s, 3H). 13C NMR
(101 MHz, Chloroform-d) δ 130.84, 129.51, 128.65, 61.72, 39.34. GC-MS (EI): (M+) 170, 155, 91, 65, 39.

8

2-(Methylsulfinyl)pyridine (12) was prepared as described in the general procedure (3.2.4). 2-(Methylthio)pyridine (131.2 mg) was
used as starting product and was exposed to 2.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc). Yielding
67.6 mg of product (0.54 mmol, 51 %). 1H NMR (400 MHz, Chloroform-d) δ 8.62 (dd, J = 4.8, 1.5 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.95
(td, J = 7.7, 1.7 Hz, 1H), 7.38 (ddd, J = 7.7, 4.7, 1.2 Hz, 1H), 2.85 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 166.36, 149.88, 138.44,
124.90, 119.60, 41.65. GC-MS (EI): (M+) 141, 124, 98, 93, 78, 67, 51, 39.
2-(Methylsulfonyl)pyridine (13) was prepared as described in the general procedure (3.2.4). 2-(Methylthio)pyridine (131.2 mg) was
used as starting product and was exposed to 3.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc:PE, 1:9 v/v).
Yielding 95.6 mg of product (0.61 mmol, 58 %). 1H NMR (399 MHz, Chloroform-d) δ 8.70 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.05 (dt, J =
7.9, 1.0 Hz, 1H), 7.95 (td, J = 7.7, 1.7 Hz, 1H), 7.54 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 3.19 (d, J = 0.6 Hz, 3H).
Chloroform-d) δ 158.16, 150.32, 138.56, 127.74, 121.30, 40.28. GC-MS (EI): (M ) 157, 93, 78, 67, 51, 39. 39
+
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4-(Methylsulfinyl)phenyl acetate (14) was prepared as described in the general procedure (3.2.4). 4-(Methylthio)phenyl acetate (191.1
mg) was used as starting product and was exposed to 3 V over 10 minutes. Flash chromatography was used for purification (EtOAc).
Yielding 124.7 mg of product (0.63 mmol, 60 %). 1H NMR (400 MHz, Chloroform-d) δ 8.11 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H),
2.76 (s, 3H), 2.65 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 197.65, 151.64, 139.78, 129.81, 124.41, 44.51, 27.45. GC-MS (EI): (M+)
183, 167, 152, 139, 121, 104, 91, 76, 43, 39
4-(Methylsulfonyl)phenyl acetate (15) was prepared as described in the general procedure (3.2.4). 4-(Methylyhio)phenyl acetate
(191.1 mg) was used as starting product and was exposed to 3.5 V over 10 minutes. Flash chromatography was used for purification
(EtOAc:PE, 1:7 v/v). Yielding 164.2 mg of product (0.77 mmol, 73 %). 1H NMR (400 MHz, Chloroform-d) δ 8.12 (d, J = 8.2 Hz, 2H), 8.04
(d, J = 8.1 Hz, 2H), 3.08 (s, 3H), 2.66 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 196.93, 144.57, 141.28, 129.48, 128.16, 44.68, 27.27.
GC-MS (EI): (M+) 198, 183, 155, 121, 104, 91, 76, 43, 39
Diphenyl disulfide (16) was prepared as described in the general procedure (3.2.4). Thiophenol (115.5 mg) was used as starting
product and was exposed to 2.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc with 2% (v/v)
Triethylamine). Yielding 104.1 mg of product (0.48 mmol, 91 %). 1H NMR (400 MHz, Chloroform-d) δ 7.27 – 7.13 (m, 10H), 3.52 (s,
3H). 13C NMR (101 MHz, Chloroform-d) δ 137.61, 129.65, 128.72, 127.66, 43.54. GC-MS (EI): (M+) 218, 185, 154, 140, 108, 77, 65, 51,
39.
Dibenzyl disulfide (17) was prepared as described in the general procedure (3.2.4). Benzyl mercaptan (128.1 mg) was used as starting
product and was exposed to 2.5 V over 10 minutes. Flash chromatography was used for purification (EtOAc with 2% (v/v)
Triethylamine). Yielding 89.1 mg of product (0.36 mmol, 69 %). 1H NMR (400 MHz, Chloroform-d) δ 7.27 – 7.13 (m, 10H), 3.52 (s, 3H).
C NMR (101 MHz, Chloroform-d) δ 137.61, 129.65, 128.72, 127.66, 43.54.

13

Di-n-octyl disulfide (18) was prepared as described in the general procedure (3.2.4). n-Octane thiol (128.1 mg) was used as starting
product and was exposed to 2.5 V over 10 minutes. No purification was performed. 1H-NMR gave a yield of 65 %. 1H NMR (400 MHz,
Chloroform-d) δ 2.66 (td, J = 7.5, 2.4 Hz, 4H), 1.73 – 1.24 (m, 24H), 0.86 (td, J = 6.9, 2.2 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ
39.50, 32.07, 29.63 – 29.41 (m), 29.31, 28.80, 28.65, 22.91, 14.34.t

8

Page | 185

CHAPTER 9
SUMMARY, GENERAL CONCLUSIONS , DISCUSSION AND FUTURE
OUTLOOK

Chapter 9 | General Conclusions, Discussion & Future Outlook

9.1 | SUMMARY OF THESIS
The preparation of chemicals is constantly under pressure to improve its efficiency, to utilize
more mild reaction conditions and to develop more environmental benign approaches. On
top of this, numerous fields rely heavily on the direct application of modern synthetic methods
to prepare innovative materials, pharmaceutical ingredients and other related chemicals. In
this Thesis, the development of several novel synthetic strategies, which include the
photocatalytic trifluoromethylation, the photocatalytic oxidation and electrochemical
oxidation, are explored and disclosed. Despite the successful implementation of the novel
bond forming strategies, some obstacles could not be overcome in standard batch processing.
Therefore, the newly developed methodologies were further improved with the utilization of
microflow technology. Due to the intrinsic small dimensions inside the microflow reactor, an
improved heat and mass transfer regime could be applied. Furthermore, the microchannels
could be irradiated in a much more efficient manner than compared to batch, which resulted
in improved process control, higher selectivity and shorter reaction times. The processes were
further intensified, by elaborating on the general productivity (multigram scale preparation),
increased catalyst turnover (decreased catalyst loading) and, in some cases, expanding further
with regard to substrate scope beyond that of batch.
In Chapter 1, the topics of trifluoromethylation, photoredox catalysis, electrochemistry and
microflow technology are introduced, and the scope and outline of this thesis is discussed.
Chapter 2 describes the construction of a microflow reactor setup, via a step-by-step
protocol. The protocol acts as a guide throughout the thesis, as the microflow setup is used
multiple times. Moreover, the microflow setup is subjected to the developed methodology – a
gas liquid photocatalytic reaction – to illustrate the applicability. Furthermore, a
comprehensive troubleshooting overview is composed to aid the user on a detailed level.

9

The development of a trifluoromethylation methodology for 5-memebered heterocycles is
described in Chapter 3. Here, the use of a photoredox catalyst with visible light in
combination with inexpensive CF3I in a microflow reactor resulted in the successful C-H
trifluoromethylation of a variety of 5-membered heterocyclic compounds, including pyrroles,
indoles, furans, thiophenes, benzofurans and benzothiophenes. Noteworthy is the significant
decrease in reaction time and improved selectivity inside the microflow reactor, due to the
enhanced photon flux and mass-transfer. This chemistry was further extended into a metalfree photocatalytic methodology, which is disclosed in Chapter 4. Most notable is the
examination of a large variety of fluorophores for the efficient trifluoromethylation and
perfluoroalkylation of 5-membered heterocycles.
In Chapter 5 the trifluoromethylation and hydrotrifluoromethylation of styrenes is disclosed.
The designed methodology makes efficient use of CF3I in combination with fac-Ir(ppy)3 as the
photoredox catalyst. The methodology was further improved by microflow technology, which
demonstrated improved selectivity, shorter reaction times and improved atom efficiency. The
trifluoromethylation of thiophenols is described in Chapter 6. Here, a highly chemoselective
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perfluoroalkylation methodology was disclosed to forge S-CF3 and S-CF2R bonds using
inexpensive CF3I or equivalent perfluoroalkylating agents, respectively, with Ru(bpy)3Cl2 and a
mild base. Furthermore, significant rate acceleration was observed in continuous microflow.
The photochemical oxidation of thiol derivatives in continuous microflow is described in
Chapter 7. The combination of a metal-free photoredox catalyst under aerobic conditions was
highly effective to oxidize a variety of thiols to their corresponding disulfide products.
Furthermore the preparation of oxytocin addresses the applicability of this protocol in a
biological environment. Finally, in Chapter 8, the initial results of an electrochemical
oxidation methodology are presented. The development of a facile oxidation strategy under
potentiostatic control is elaborated and explored for the preparation of sulfoxides, sulfones
and disulfides. Preliminary evidence of a highly selective oxidation strategy is obtained and
further explored with regard to substrate scope and functional group compatibility.

9
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9.2 | CONCLUSIONS , DISCUSSION AND OUTLOOK
In this thesis, a wide variety of different synthetic methodologies have been developed which
find their use in the synthesis of pharmaceuticals, agrochemicals and fine chemicals. The use
of continuous-flow technology resulted in an enhanced control over the reaction conditions.
Chapters 3 until 6 describe the successful development of several new synthetic
methodologies to introduce trifluoromethyl moieties into organic molecules. This was
demonstrated on various classes of starting materials, such as heteroaromatic compounds,
styrenyl and thiol derivatives. Interestingly, the trifluoromethylation protocol proved to be
more efficient when performed in a continuous microflow reactor (from hours in batch to
minutes in continuous flow). This can be attributed to the increased mass transfer or the
relative higher photon flux, which results in a more efficient generation of trifluoromethyl
radicals.
In all cases, we have used CF3I as a versatile and cheap trifluoromethyl (CF3) source. However,
it should be mentioned that the use of CF3I is not without drawbacks. Especially when used in
excess, the recycling of the gas should be done to avoid unnecessary release in the
atmosphere (CF3I has an atmospheric lifetime of < 1month and has a global warming potential
of 0.4). Albeit having a relative lower environmental impact that the well-known Halon 1301
(CF3Br), extra care is still advised. Although in this thesis the use of a mass flow controller
(MFC) to supply the reagent is highly advised when using a microfluidic system, this technique
is less efficient for batch applications. Further, users should be aware that the generation of
CF3-radicals can also lead to other side products, such as perfluoroethane, fluoroform or in
rare cases hydrogen fluoride (similar issues are also encountered with other
trifluoromethylation reagents).

9
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It should be noted that the developed radical approach can be extended to other
transformations using a broad variety of alkylhalogens. As an example, we were able to
prepare (4,4,4-trifluorobutyl)benzene starting from styrene and 3,3,3-trifluoroiodoethane,
with the conditions as described in Chapter 5. This approach indeed demonstrates the
amenability of the developed catalytic protocol toward a more general alkylation strategy for
sp3-sp3 bond formation (Figure 9.1 A). A more generalized alkylation strategy is proposed in
Figure 9.1 B, using otherwise identical conditions and couplings agents as the developed
trifluoromethylation protocols. However, several considerations must be made as this radicalbased coupling strategy relies on the electron-density characteristics of the couplings
partners – where styrene is a nucleophile and 3,3,3-trifluoroiodoethane is the electrophile.

9
Figure 9.1 | Extension of trifluoromethylation chemistry toward radical mediated alkylation & methylation.
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The role of 4-hydroxythiophenol (4-HTP) as a hydrogen source for the hydrotrifluoromethylation protocol should be investigated more thoroughly. Thiophenols are known as
hydrogen atom transfer reagents (up to 1 x 108 m-1 s-1 for thiophenol, HAT) and are therefore
highly efficient in HAT procedures.[1] Nevertheless, it should be noted that the non-innocent
role of thiophenol as substrate or HAT in this thesis was somewhat surprising. This can be
explained when the synthetic methods of Chapters 5 (Method B), 6 and 7 are compared. In
Chapter 5 and 6 a trifluoromethylation takes place, creating a C-CF3 bond or a S-CF3 bond,
respectively. In both case studies, the generation of the CF3-radical is a photoinduced SET,
however, both methods yield different products. On the first hand, this can be attributed to
the more reactive styrenyl coupling partner as compared to the thiophenol derivative. A
second consideration is the operational mechanism. Chapter 5 describes the use of facIr(ppy)3 as the photoredox catalyst, a highly reducing catalyst in its excited state (Ered
(*Ir2+/Ir3+) = -1.72 eV vs SCE in DMF). While Chapter 6 uses Ru(bpy)32+, which is a more
oxidizing photoredox catalyst (Eox (*Ru2+/Ru+) = 0.77 eV vs SCE in MeCN), in combination with
an amine base (e.g. TMEDA or TEA). Therefore, it not unlikely that the reason for this
selectivity is through an electron donating intermediate by the combination of the amine base
and the thiol, making the S atom more electron negative, which gives rise to the orthogonal
selectivity (Figure 9.2 A).[2] Regardless of reagents, when the oxidation of the thiol occurs
prior to any other event, the formation of the corresponding disulfide is observed. This
observation highlights the relationship between the amine base and the thiol, and their role as
electron source for the reductive quenching of the photocatalyst. This led to the design of a
highly efficient photocatalytic oxidation strategy for thiols toward disulfides (Chapter 7,
Figure 9.2 B).

9

Figure 9.2 | (A) Orthogonal selectivity of CF3-radical. (B) Direct oxidation of thiophenol leads to disulfide
product.
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This highly selective coupling strategy also provides several opportunities with regard to
radical addition thiols (Figure 9.3 A). A more interesting approach would be the preparation
of asymmetric disulfides. Furthermore, the selective trifluoromethylation of thiophenols could
be extended to prepare sulfonyl derivatives or other alkylation products, which would permit
a more wide-ranging alkylation methodology. This strategy would also permit selective
bioconjugation (e.g. on cysteine residues) under mild conditions, to incorporate a variety of
other small (bio)molecules, such as fluorescent tags, antibodies or proteins.[3,4] To highlight
the potential, an example of a bioconjugated BODIPY scaffold is shown in Figure 9.3. Due to
the photophysical properties of BODIPY and the high selectivity of the cysteine residue, this
linkage can be prepared following our methodology.[5,6]

9
Figure 9.3 | (A) Extension of radical addition chemistry on thiols; e.g. asymmetric disulfides, in situ sulfonyl
derivatization, thiol alkylaton & radical coupling on cysteine residues. (B) An example of BODIPY bioconjugation by selective cysteine functionalization.
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In a final chapter, Chapter 8, we developed a continuous-flow electrochemical approach for
the selective oxidation of thioethers to sulfones and sulfoxides. Furthermore, this strategy also
allows the preparation of disulfides in an atom-efficient fashion. While the scope of this
electrochemical oxidation is not yet complete, our results demonstrate the versatility of our
protocol compared to literature examples. Firstly, as mentioned before, the electrochemical
oxidation should be highly selective, which could give rise to activate otherwise incompatible
substrates (Figure 9.4). For example the chemoselective oxidation of internal thioethers can
allow the activation of the alfa position in a facile manner. Likewise, this strategy can be
extended to other classes of molecules, as an example, the anomeric activation in the
glycosylation of carbohydrates is depicted in Figure 9.4.

Figure 9.4 | Opportunities for selective electrochemical oxidation of sulfides.

9

In general, most of the developed chemical strategies proved to be selective and showed
good chemo selectivity, which is also demonstrated by the broad substrate scope as presented
in this thesis. Nevertheless, extending the presented methodologies – e.g. toward alkylation
or mono- and difluoromethylation –will be an important future goal to further advance the
foothold of this research. Furthermore, elucidating the mechanistic pathways of these redox
systems should be the topic of investigation in due course.
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NEDERLANDSE SAMENVATTING
De bereiding van chemische stoffen staat voortdurend onder druk om de efficiëntie te
verbeteren, om meer milde reactie-omstandigheden te benutten en om de methode meer
milieuvriendelijker te maken. Daarnaast, tal van terreinen zijn sterk afhankelijk voor de
inovative ontwikkeling van nieuwe synthetische methoden om zo innovatieve materialen,
farmaceutische ingrediënten en andere verwante stoffen te bereiden. In dit proefschrift is de
ontwikkeling van een aantal nieuwe synthetische strategieën omschreven. Hierbij zijn de
fotokatalytische trifluoromethylatie, de fotokatalytische oxidatie en elektrochemische
oxidatie onderzocht. Ondanks de succesvolle implementatie van deze nieuwe strategieën,
werden sommige obstakels niet direct overwonnen in een meer conventioneele batch
opstelling. Daarom werden de ontwikkelde methoden verder verbeterd door het gebruik van
microflow technologie. Vanwege de intrinsieke kleine afmetingen in de microflow reactor,
kan een verbeterde warmte- en massaoverdracht worden gehandhaafd. Voorts kon
microkanalen worden bestraald in een veel efficiëntere wijze dan vergeleken batch, waardoor
betere procesbesturing, hogere selectiviteit en kortere reactietijden. De werkwijzen werden
verder verbeterd, door verhoging op de algemene productiviteit (multie gram schaal),
verhoogde efficientie van de katalysator (verminderde katalysator belading) en, in sommige
gevallen verdere uitbreiding van de substraat scoop.
In Hoofdstuk 1, de introductie, worden de onderwerpen van trifluoromethylatie, fotoredox
katalyse, elektrochemie en microflow technologie geïntroduceerd. Daarnaast worden de
hoofdlijnen van dit proefschrift wordt besproken. Hoofdstuk 2 beschrijft de constructie van
een reactor microflow opstelling, via een stap-voor-stap protocol. Het protocol dient als een
gids voor het gehele proefschrift, waarbij de microflow installatie meerdere malen wordt
gebruikt. Bovendien is de microflow opstelling onderworpen aan de ontwikkelde methode een gas vloeibaar fotokatalytische reactie – om zo de toepasbaarheid illustreren. Verder is er
een uitgebreid overzicht voor probleem-oplossingen samengesteld om de gebruiker te
helpen op een gedetailleerd niveau.
De ontwikkeling van een methode voor de trifluoromethylatie van heterocyclische
verbindingen is beschreven in Hoofdstuk 3. Hier heeft de combinatie van een photoredox
katalysator, zichtbaar licht en CF3I in een microflow reactor geleid tot een succesvolle C-H
trifluoromethylation van diverse heterocyclische verbindingen. Waaronder pyrrolen, indolen,
furanen, thiofenen, benzofuranen en benzothiofenen. Opmerkelijk is de sterke afnamen van
de reactietijd en de verbeterde selectiviteit in de microflow reactor. Deze chemie werd verder
uitgebreid tot een metaalvrije fotokatalytische methode, deze is omschreven in Hoofdstuk 4.
Het meest opvallend is de brede scala aan active fluoroforen voor de efficiënte
trifluoromethylatie en perfluoroalkylatie van heterocyclische verbindingen.
In Hoofdstuk 5, wordt de trifluoromethylatie en hydrotrifluoromethylatie van styrenen
ontwikkeld. De ontworpen methode maakt efficiënt gebruik van CF 3I in combinatie met fac-Ir
(ppy)3 als de fotoredox katalysator. De methodologie werd verder verbeterd door microflow
technologie toe te passen; die een verbeterde selectiviteit, kortere reactietijd en verbeterde
atoom efficientie terwegen bracht. De trifluoromethylatie van thiophenolen wordt
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beschreven in Hoofdstuk 6. Hier werd een zeer chemoselectieve perfluoroalkylatie
methodologie omschreven voor de bereiding van S-CF3 en S-CF2R banden met behulp van
CF3I of gelijkwaardig perfluoroalkylatie reagentia, respectievelijk, met behulp van Ru(bpy)3Cl2
en een milde base. Bovendien werd significante versnelling waargenomen in continue
microflow.
De fotochemische oxidatie van thiol derivaten in continue microflow wordt beschreven in
Hoofdstuk 7. De combinatie van een metaalvrije photoredox katalysator onder aërobe
omstandigheden bleek zeer effectief om verschillende thiolen te oxideren. Verder is de
oxidatie van oxytocine een voorbeeld op de toepassing van dit protocol in een biologische
omgeving. Tenslotte, worden in Hoofdstuk 8 de eerste resultaten van een elektrochemische
oxidatie methodologie gepresenteerd. De ontwikkeling van een gemakkelijke oxidatie
strategie onder potentiostatische controle is hier omschreven en onderzocht voor de
bereiding van sulfoxiden, sulfonen en disulfiden.
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