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1
HIGH DIELECTRIC CONSTANT

MATERIALS IN PHOTOVOLTAICS

Abstract: The development of organic materials with high values of their dielectric con-
stant is an intriguing approach to substantially improve the power conversion efficiency
(PCE) of organic photovoltaic cells (OPVs). Such materials might be capable of lowering
exciton binding energies and potentially eradicating excitons entirely, eliminating a major
cause of inefficiency in OPV devices. However, design rules for manipulating the dielectric
properties of π-conjugated organic materials do not exist at the moment and there are
many open questions.

The goal of this chapter is to elucidate the principles of designing organic materials with
high dielectric constants without sacrificing other properties that contribute to high PCEs.

The contents of this chapter were published in Emerging Photovoltaic Materials, S. K. Kurinec (Ed.)
(10.1002/9781119407690.ch11) as a book chapter.

1



1. HIGH DIELECTRIC CONSTANT MATERIALS IN PHOTOVOLTAICS

1.1. THE FIELD OF ORGANIC PHOTOVOLTAICS

It is almost impossible to imagine our life without electronics. Every day we deal with
computers, smartphones, GPS, Internet and numerous other inventions that have irre-
vocably changed humanity over the last century.

This technological breakthrough was largely possible due to the discovery of semi-
conductors. What began as devices based on the application of Group IV elements (Si,
Ge) or binary compounds of Group III-V elements (e.g., GaAs) has now expanded its
range and includes organic materials [1].

Following the rapid development of semiconducting materials was a thought of us-
ing them to create devices that could convert sunlight directly into electricity and po-
tentially replace fossil fuels with an unlimited source of energy. That is when the idea of
photovoltaic (PV) solar cells arose.

The first inorganic photocell in the modern sense was introduced in 1941 by Vadim
Lashkaryov, who discovered p-n junction of copper (I) oxide and silver sulfide [2]. But
it was not until 1954 that Bell Laboratories made a breakthrough with their crystalline
silicon photovoltaic device, which demonstrated efficiency of 4.5% [3]. Over the next
decade silicon PV devices gained prominence as they were incorporated into satellites
as an alternative power source to primary batteries. Since then, due to the needs of space
exploration, PV materials evolved even further, becoming main power sources to most
of earth orbiting satellites and numerous probes sent into space, which is largely due to
their superior power density. Although space exploration was an initial driving force of
PV development, starting from early 1990s silicon solar cell technology allowed them to
move from spacecraft to terrestrial use.

The general principle of silicon solar cells remains largely the same and in most cases
it is based on p-n junctions. The p-type material contains an excess of holes (positive
charges) and is typically doped with atoms containing fewer electrons than silicon (e.g.,
gallium), whilst the n-type material contains a surplus electrons (negative charges) and
is typically doped by atoms containing more electrons than silicon (e.g., arsenic). At the
interface between the p-type and n-type materials, these charge-carriers begin to diffuse
from regions of higher concentration to the regions of lower concentration.

Holes and electrons from p- and n-type materials interchange, migrating to the op-
posite layers and leaving behind static negative and positive charges on atoms in the
solid state, respectively. This redistribution of charge creates an internal electric field
that causes migrated carriers to drift back, which happens at the same rate as diffusion
until it equilibrium is reached. Hence, it originates the formation of a thin region of high
potential gradient near the p-n junction, which is called the depletion layer. This process
is schematically represented in Figure 1.1

While a non-excitonic and p-n junction-based inorganic PV device is absorbing
light, free electrons and holes are immediately generated and then further separate in
the depletion layer, which serves as a variation of charge-selective area. Then electrons
move towards the associated electrodes either by diffusion, drift or both, depending on
the operating conditions of the solar cell [4]. The open-circuit voltage (Voc) results from
the energy difference between the quasi-Fermi levels of holes and electrons. Their en-
ergies are identical in the dark (i.e., the Fermi level), but become increasingly different
under stronger illumination (see Figure 1.2).

1
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1.1. THE FIELD OF ORGANIC PHOTOVOLTAICS

Figure 1.1 Working principles of a p-n junction

Figure 1.2 A p-n junction solar cell under illumination

Since 1990s, several important techniques, concepts and optimized design criteria
of inorganic solar cells were made, which, alongside the growing scale of silicon produc-
tion, allowed the decrease of the cost of silicon-based PV modules, which was predicted
in 2016 to be lower than 0.33$/W by 2025 [5]. In 2020, the bulk mainstream PV module
market price was already down to 0.22$/W in Europe. Meanwhile, the power conversion

1
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1. HIGH DIELECTRIC CONSTANT MATERIALS IN PHOTOVOLTAICS

efficiencies of silicon PV modules keep increasing due to the optimization of back con-
tacts, additional passivation, minimization of electrical losses and light trapping. Thanks
to all acquired knowledge, various silicon-based solar cell modules have already sur-
passed the 20% power conversion efficiency mark and have become a cost-efficient and
competing energy technology, being implemented worldwide. With such growth rate, PV
technology has already reached terawatt scale of energy production. Despite the current
achievements of Si-based solar cell technology, inorganic solar cells have some major
disadvantages such as poor absorption, high density, brittleness, thickness and the fact
that their bandgap is non-optimal for terrestrial sunlight. Due to the non-ideal bandgap,
Si solar cells possess a theoretical efficiency limit of 29% [6], which is lower than the 33%
Shockley-Queisser limit for ideal materials [7].

However, a PV cell does not need to be based on a p-n junction. A single semicon-
ductor between two charge-selective contacts suffices. This concept was first proposed
by Peter Würfel [8]. He drew a direct analogy between electrochemical reaction cells and
solar cells, where holes and electrons generated by illumination in the latter case, while
parallel hydrogen and oxygen in the former. Hence, the charge selective electrodes in a
PV cell function as analogues to the semipermeable membranes in the electrochemical
cell. In this way, electrons and holes flow out of the PV device at selective areas (sides).
One way to make charge-selective contacts is through a junction with a p-type material
for the holes and a junction with an n-type material for the electrons. Hence, a p-i-n cell,
with the intrinsic semiconductor as the absorber layer. A schematic cell based on this
principle is shown in Figure 1.3.

Each membrane should be impenetrable to the passing of one carrier and transpar-
ent to the other one. In case of electrons this property is possessed by n-type semicon-
ductors, and vice versa, p-type semiconductors can act as membranes for holes. Ideal
selective contacts (which should be metallic at the same time) can minimize both de-
fect concentration at the interface of contacts and band offsets for charge-transparent
contact, while maximizing band offset for charge-blocking contact [8]. After the initial
start in Grätzel-type structures [9], modern perovskite cells are also based on the select-
ive contacts principle.

Even though silicon-PV field is clearly established, the societal shift towards renew-
able energy demands new materials to accommodate various use-cases. These factors
are prompting the scientific community to seek alternative technologies and materials
that complement the shortcomings of current silicon-based PV technologies. One of the
most promising alternatives is organic photovoltaics (OPVs).

The first well-defined organic material that demonstrated electrical conductivity was
polyaniline, which was described in 1862 [10]. However, it wasn’t until 1977, when poly-
acetylene was synthesized by Hideki Shirakawa and co-workers [11] that the idea of elec-
troactive organic materials (as opposed to small-molecules and charge-transfer com-
plexes) gained significant scientific interest. This discovery marked the beginning of
the rapid development of polymer-based organic electronics, the origins of which are
rooted in the field of (predominantly small-molecule) organic electronics that emerged
in the 1970’s. The following decade introduced the first single-layer organic solar cells
(OSC), which demonstrated efficiencies below 0.1% [12], followed by organic thin-film
transistors (1983) [13] and organic light emitting diodes (1987) [14]. Since then, the field

1
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1.1. THE FIELD OF ORGANIC PHOTOVOLTAICS

Figure 1.3 Schematic depiction of an ideal solar cell with selective contacts

of organic photovoltaics has kept evolving, especially due to increasing attention of the
scientific community over the last three decades. After realizing that the low quantum
efficiencies of single-layer solar cells were directly caused by the strongly limited dissoci-
ation of excitons into free carriers, the molecular heterojunction concept was proposed
as an elegant solution [15]. In a molecular heterojunction, two or more organic semi-
conductors with different energy levels are placed together to create an interface. The
dissociation of excitons is driven by charge-transfer between donor and acceptor mater-
ials [16]. The first heterojunction devices were designed by Tang in 1986 [17] in straight-
forward, planar junctions. Compared to their single-component counterparts, planar
heterojunctions immediately proved much more efficient — their PCEs immediately in-
creased by a factor of 10 to 1 % and have steadily evolved since, with modern multilayer
non-bulk heterojunction (BHJ) devices reaching PCE of more than 8 % [18, 19]. The ma-
jor advantages of planar heterojunction devices are their relative simplicity and small
interfacial area between two types of materials, resulting in well-defined pathways for
the charges to reach electrodes [20]. On the other hand, planar devices tend to have a
mismatch between the light penetration depth of ≈ 100 nm [21] and the exciton diffu-
sion length of ≈ 10 nm [22]. Thus, to ensure efficient photon collection, the active layer
must be thick, which hinders exciton-harvesting and therefore limits device efficiency.
Another case is when absorber layer is thin (≈ 10 nm) and excitons are harvested almost
completely, but at the expense of optical density, which results in low external efficiency
simply because the active layer does not absorb much light. As a result of this contradic-
tion, it is nearly impossible to design an efficient bilayer device based on conventional

1
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1. HIGH DIELECTRIC CONSTANT MATERIALS IN PHOTOVOLTAICS

organic semiconductors. The seemingly simple planar heterojunction concept requires
advanced design with carefully tuned energetics of multiple absorbing layers [19].

In order to cope with the issues of planar heterojunction solar cells, a new, simple
solution was proposed in 1995. The bulk heterojunction (BHJ) concept was first intro-
duced by Yokoyama in 1991 [23] and then applied in OSC four years later by Wudl and
Heeger [24] and Friend and Holmes [25]. In BHJ OSC donor and acceptor semiconductor
organic materials are intimately mixed together, usually by spontaneous phase separa-
tion during the film casting. BHJ materials are solid state mixtures of these components
with nanostructured morphology forming self-assembled bicontinuous interpenetrat-
ing networks [26].

Figure 1.4 Schematic depiction of planar heterojunction (a) and bulk heterojunction (b) solar cells

Mixing is typically achieved either by co-evaporation of donor and acceptor com-
pounds (vacuum deposited OSC) or by casting them from a pre-mixed donor-acceptor
solution. The thickness of the resulting layer is controlled throughout the mixing pro-
cess and to ensure sufficient absorption it is typically made in the order of hundreds of
nanometers thick [27]. Self-organization of donor and acceptor materials into a phase-
segregated network during the film deposition results in the formation of a particu-
lar structure of the active layer. This structure is usually named as morphology and it
largely defines the efficiency of organic solar cells [28]. The morphology of the active
layer influences the exciton and charge collection via several factors, such as the scale
and type of phase separation, number of phases and the interface area between them.
These factors are largely interconnected; more intimate mixing with fine phase separ-
ation leads to large interface area, and vice versa, a well-separated mixture results in
a small interface area. Fine intermixing leads to almost perfect charge generation effi-
ciency, but results in high bimolecular recombination. The case of coarse morphology
leads to phases which do not form sufficient number of pathways for the free charges to
reach the electrodes, which yields low charge collection efficiency. Bimolecular recom-
bination is suppressed for BHJs with coarse morphology (large phase separation), as due
to the relatively small interfacial area chances of separated hole and electron to collide
are fairly low. However, coarse morphology cannot provide efficient electron harvesting,
because phase-separated domains may be larger than the exciton diffusion length, thus

1
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1.1. THE FIELD OF ORGANIC PHOTOVOLTAICS

wasting excitons [29].
In order to reach both efficient exciton harvesting (i.e., charge generation) and charge

collection, the phase separation scale and interfacial area must be carefully balanced.
Morphology optimization is a very difficult task to achieve and reproduce, it requires
tremendous effort on a trial-and-error basis, as there is no fundamental method either
to predict or control the morphology [30].

One of the factors that has a major influence on the final morphology of BHJ film is
the choice of solvent (and, often, co-solvent) used to deposit the active layer. Halogen-
ated organic compounds are among the most popular solvents (e.g., chloroform, ortho-
dichlorobenzene [ODCB], 1,1,2,2-tetrachloroethane) and co-solvents (1,8-diiodooctane,
1-chloronaphtalene). The addition of co-solvents with high boiling points allows the
tuning of the crystallization time of the two components, providing another handle in
the optimization of BHJ morphologies [31].

In order to determine the PCE (η) of an OPV device these key parameters must be ac-
quired: open-circuit voltage (Voc), short-circuit voltage (Vsc), short-circuit current (Isc)
and fill factor (FF). The current response is measured across a broad range of voltages
in the dark and under terrestrial solar simulation using illumination with AM1.5 G light
(a standard terrestrial solar spectrum accounting for diffuse [off-axis] light, standard air
mass and illumination angle relative to the azimuth) [32]. These values are then obtained
from the plotted I/V curve (Figure 1.5).

Figure 1.5 Typical current-voltage characteristics of solar cells in dark and under illumination

Knowing the value of maximum incident power (Pmax) and area of the device (A), can

1
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1. HIGH DIELECTRIC CONSTANT MATERIALS IN PHOTOVOLTAICS

calculate the PCE via equation 1.1:

η= F F
Voc Isc

APmax
(1.1)

Short-circuit current-density (Jsc) is commonly used instead of short-circuit current,
as it accounts for the solar cell area. Fill factors express the degree to which a device de-
viates from the ideal, reflecting the recombination processes [32].

In case that either material absorbs a photon, the resulting exciton, when dissociat-
ing at the donor-acceptor interface, will loose an amount of energy equivalent to (∆H ) or
(∆L) (see Figure 1.6). As these values are the driving force of dissociation, they cannot be
equal to zero. The estimated value of ≈ 0.3 eV is sufficient to drive the scission of excitons
[33] and in case this value is lower, excitons might decay to the ground state. Any excess
energy does not contribute to Voc because it gets dissipated.

One of the most appealing advantages of OPV is the possibility of fine-tuning mo-
lecular structures of donor and acceptor materials to balance energy levels. The donor
and acceptor components of OSCs form bands in the solid state from their lowest unoc-
cupied molecular orbitals (LUMOs) and highest occupied molecular orbitals (HOMOs)
(Figure 1.6). When electron-withdrawing substituents are introduced, the LUMO of donor
material will be lowered, which will also reduce the energy offset with the LUMO of
electron acceptor (∆L) and affect exciton dissociation. On the other hand, introducing
electron rich substituents will increase the HOMO level of donor material thus lowering
bandgap (Eg) and influencing light-harvesting potential.

However, the open-circuit voltage (Voc) will drop, because it is proportional to the
difference between HOMO level of donor and LUMO level of acceptor (∆HL), thus de-
creasing the overall efficiency of device. In order to achieve formation of the best BHJ, a
careful balance between high Voc, efficient light harvesting and sufficiently high LUMO
offset, alongside with right miscibility and solubility of components should be found
[34]. And, although combining these parameters to maximize efficiencies and lifetimes
is a difficult task, the synthetic levers for controlling them are now very well-established.
In 2006 Scharber et al. proposed a set of general design rules for maximizing the ex-
ternal power conversion efficiency (PCE, η) of OSC [35] by utilizing these levers, but they
ignored the absorption and exciton formation in the acceptor phase.

Despite advances in theory, modeling, processing and synthesis, the PCEs of the best
OPV devices still lag behind their inorganic counterparts and their theoretical limits.
That is not to say that OSCs have to meet or exceed modern Si-based PV panels. The
mechanical flexibility, light weight, cost-effectiveness (roll-to-roll production), power-
density, small carbon footprint and many other properties of OSCs create unique use-
cases [32, 36]. For example, because organic PV materials can be made in various colours
and be semi-transparent, OSCs can be integrated into building materials and windows,
they have become attractive elements for architectural and urban use. The maturity of
organic PV materials begs the question: is there a fundamental difference between inor-
ganic and organic materials that limits PCEs in the latter? A pivotal difference between
organic and inorganic solar cells is the nature of excitons. As discussed earlier, when the

1
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1.1. THE FIELD OF ORGANIC PHOTOVOLTAICS

Figure 1.6 Basic energy level diagram of a donor-acceptor organic solar cell

commonly used inorganic semiconductors absorb the photon, it results in the genera-
tion of a free electron-hole pair [4], while in case of organic materials, the absorption of
photon results in formation of an exciton (this process is also called photoexcitation, see
process A in Figure 1.7). An exciton is a bound electron-hole pair, which usually in mo-
lecular solids has a lifetime of ≈ 1 ns and diffusion length of ≈ 1 nm to 10 nm [37]. What
makes the photophysical processes in heterojunctions even more complicated is that
other excited states, e.g., inter- and intramolecular charge-transfer (CT) excitons [38]
and/or polaron pairs[39] can be formed alongside excitons due to the complex structure
of OSCs. What happens next is either exciton diffusion to donor-acceptor interface (see
process B in Figure 1.7) or direct electron transfer (both processes are competing). Then
charge transfer occurs alongside possible CT complex formation at the donor-acceptor
interface. Only following this process can separation into free charge-carriers occur (see
process C in Figure 1.7), which are then transported and injected into electrods (see pro-
cess D in Figure 1.7). Clearly excitonic PV processes have a lot of disadvantages that
complicate the optimization of PCEs.

In OSCs, initial photoexcited state is generated highly localized as a tightly bound
(less than 1 nm) electron-hole pair. The energy required to separate these charge-pairs is
the exciton binding energy which, in turn, is largely dependent on the dielectric constant
of the material in which they form. The binding energy for organic materials is typically
on the order of 0.2 eV to 0.5 eV, meaning that an impractically large built-in field would
be needed for efficient, spontaneous charge-separation. This process is facilitated by
the donor-acceptor interface, but excitons generated in the bulk donor-acceptor phases
must first diffuse to reach it. This process is relatively slow (in the range of the speed of
sound in that material), and so excitons can only diffuse about 10 nm before they recom-
bine. Thus, only photons that are absorbed within 10 nm of a donor-acceptor interface
can produce excitons capable of reaching it and the exciton diffusion length places a
photophysical constraint on OSCs that is not present in (most) inorganic PV devices.

As opposed to, for example, the energy offset between the donor and acceptor, there
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Figure 1.7 Schematic depiction of charge extraction mechanism in bulk heterojunction solar cell

is no synthetic handle to affect exciton diffusion lengths. As discussed above, the exciton
diffusion length ultimately depends on the dielectric constant (εr) of the active layer.
Because the typical value of εr for organic materials is ≈ 2-4 (compared to 11.7 for Si),
nascent electron-hole pairs generated by the absorption of photons are always tightly
bound through strong Coulombic interactions, which leads directly to recombination
losses. In 2012 Koster et al. modeled OSCs, showing a direct link between dielectric
constants and PCEs [40]. Increasing εr in organic PV materials lowers exciton binding
energies (Eb) which, in turn, increases exciton diffusion lengths and mitigates the cent-
ral problem of recombination in OSCs. In theory, a sufficiently high εr will eliminate
excitons altogether, potentially obliviating the need for BHJs entirely, shifting the field of
OPV to devices based on a single semiconductor with two selective contacts (i.e., single-
component OPV).

To develop synthetic handles for Eb, it is important to understand the nature of the
dielectric response and how it interacts with excitons. The magnitude of Eb is related
to the elementary charge (e), permittivity of the vacuum (ε0), relative permittivity of the
material (εr) and to the distance between the electron and hole (R) via the equation 1.2:

Eb = e2

4πRεr ε0
(1.2)

Thus, increasing εr should reduce Eb. It will also reduce the Coulomb attraction
within charge-transfer excitons and mitigate geminate, bimolecular and trap-assisted
recombination. The enhancement of screening will also alter space-charge effects, al-
lowing the use of thicker active layers, which will benefit light harvesting and large-scale
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processing/printing techniques. Simply regarding the formula 1.2, one would conclude
that even a modest value of εr = 9 will lower Eb to within kT at ambient conditions, po-
tentially allowing for single-component OSCs. Such high-εr materials combined with
selective contacts [8, 41] would produce simple, stable, efficient and eco-friendly OPV
devices.

As an example, consider modern "hybrid" perovskite devices, which have a high
dielectric constant and fulfill many of the aforementioned requirements; for example,
low Eb, high charge transfer/carrier mobilities, tunability and solution processability.
High absorption coefficient and long carrier diffusion length makes them ideal as photo-
absorbing layers in OPV devices. These properties are the reason for the rapid rise in the
study of perovskite PV materials, which rapidly surpassed OSCs, yielding PCEs exceed-
ing 25% [42]. Modern perovskite-based devices are based on the selective contacts, with
the perovskite acting as the absorber [43–45].

However, perovskite materials have their own set of disadvantages, for example, tox-
icity and instability. Perovskites, therefore, present their own set of trade-offs analogous
to the interdependence of parameters in OSCs; replacing Pb with less toxic analogues
(such as Sn), for example, results in PCEs of about 10 % [46].

Recent investigations of perovskites by means of low-temperature excitonic spec-
troscopy [47], X-ray diffraction and photoluminescence measurements [48] have shown
that Eb increases sufficiently at low temperatures that perovskite PV devices become ex-
citonic. This observation suggests that εr plays a significant role in the high PCEs of
hybrid perovskite SCs, bringing Eb below kT at room temperature and that organic PV
materials with sufficiently high εr may combine the PCEs of perovskite materials with
the stability and low toxicity of organic materials.

Materials with high εr are widely used in other fields and can provide insight into
synthetic methodologies for affecting εr; the challenge is applying these methodologies
to conjugated materials while preserving their electrical properties. High-εr materials
are of interest in film capacitors [49], artificial muscles [50] and electrocaloric cooling
[51, 52] and widely used in field electron transistors and capacitors [53].

Ceramics are the most well known high-εr materials. Introduction of ceramic fillers
such as BaTiO3 [54], SrTiO3 [55], TiO2, ZrO2 or ZnO [56] into the polymer matrix is a well-
known and conventional way to increase the εr value of polymers [57]. Alternatively,
conductive fillers (e.g., carbon black, carbon nanotubes, metal particles or conductive
fillers) can be blended into the polymer matrix [58–60]. However, due to the high elec-
trical conductivity of the fillers, resulting composites suffer from high dielectric loss and
low breakdown strength. Another considerable flaw of such strategy is the processab-
ility issues, non-uniform particle dispersion and, for most polymer nano-composites,
roughness and heterogeneity of interfaces (the latter two factors are causing high dielec-
tric loss).

Some effort was devoted to blending high-εr organic materials and salts into BHJ
solar cells [61–63]. Nevertheless, they encountered the same set of issues as for inor-
ganic fillers, among which are significant reductions of hole mobility and film absorption
properties, high dielectric loss, decreased glass transition temperature and morphology
degradation.

The aforementioned examples of non-synthetic approaches to increase dielectric
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constant seem straightforward and tempting. However, these benefits are mostly neg-
ated by high probability of affecting absorption, charge transport and morphology, which
is, as mentioned before, one of the deterministic parameters for the overall OPV per-
formance.

There are polymeric high-εr materials; they are easily processed, have a high voltage
rating and self-clearing capability,[49, 53] but they are not electroactive and exhibit val-
ues of εr that are, on average, much lower than their inorganic counterparts.

This attracts more interest toward synthetic approaches to develop polymer and or-
ganic materials with intrinsic high dielectric constant values.

1.2. INCREASING THE DIELECTRIC CONSTANT

1.2.1. ORIGINS OF DIELECTRIC CONSTANT

In order to understand the pathways to increasing εr, the underlying contributory factors
must be considered. Several models (Clausius-Mossotti, Debye and Onsager [64]) have
been developed for describing dilute systems (e.g., gases and liquids). They show that
the bulk dielectric properties of a material are mainly based on microscopic polarization
mechanisms, which include electronic, distortional (ionic) and orientational (dipolar)
polarization. These models are not yet established for describing the dielectric prop-
erties of molecular solids, thus the computational methods, which allow predicting the
dielectric response of molecular systems [65], can still be only used as rough guidelines
in case of molecular solids. Furthermore, the bulk dielectric constant cannot be pre-
dicted in a straightforward manner from the microscopic polarization mechanisms.

When an external electric field interacts with a material in the solid-state, it affects
the internal charge distribution, generating a dielectric response that defines the dielec-
tric constant. The magnitude of the dielectric response is directly related to the extent
of the polarization of the material in the presence of the external electric field. Depend-
ing on the material, different mechanisms will contribute, but generally three intrinsic
effects are taken into account (Figure 1.8).

Electronic polarization (αe ) is the most common mechanism, typical to all materials.
When the material is influenced by an applied electric field, electron density shifts to re-
lax the field, inducing a dipole between negatively-charged electron clouds and the pos-
itively charged nuclei of atoms (see Figure 1.8a). In case of π-conjugated molecules, the
electron clouds that shift are molecular orbitals, the polarizability of which varies con-
siderably depending on the type and delocalization of the orbitals. Because this mech-
anism involves only electron movement, it is effectively instantaneous. The resonance
frequency of the electronic polarization is, therefore, typically in a range of ≈ 1015 Hz,
which is just above the highest frequency of visible light and frequency-dependency be-
havior is not a characteristic of this mechanism when considering the AM 1.5 spectrum.

Vibrational (ionic) polarization (αi ) applies to the molecules which contain ionic
bonds, and occurs when an external field distorts bond lengths by displacing atoms par-
ticipating in bonds with ionic character, thus inducing a net change of dipole moments
in the material [66] (see Figure 1.8b). This mechanism usually operates at frequencies up
to 1012−1013 Hz, therefore it has slower time response and is characterized by frequency-
dependency behavior.
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Figure 1.8 Polarization mechanisms: a) Electronic; b) Ionic; c) Dipolar.

The orientational (dipolar) polarization (αd ) occurs at much lower frequencies of
up to 108 Hz and is intrinsic for polar molecules that have permanent dipole moments.
When such material is exposed to an electric field, these dipoles reorient from initial an-
isotropic state to align with the direction of the field in order to relax the electric field
(see Figure 1.8c). This mechanism is temperature- and frequency-dependent and typic-
ally affects εr significantly more than vibrational and electronic polarizations, thus ori-
entational polarization impact is very significant, especially in case of large separation
between positive and negative poles.

The contribution from nuclear polarization can be neglected since it is an intrinsic
property of atoms, but the space-charge (interfacial) polarization mechanism (αsc ), which
is extrinsic to the material, cannot. It occurs as a result of local accumulation of charge
carriers or ions through the bulk or at the interface of material. As this mechanism gen-
erally happens at boundaries and surfaces, it is typical of heterostructures. It contributes
at low frequencies (up to 104 Hz).

The dielectric constant is a frequency-dependent property of a material (schematic-
ally represented in Figure 1.9) and it results from the sum of the aforementioned con-
tributions. Because some mechanisms of dielectric response are slower than others and
are not active at frequencies higher than their response time (e.g., reorientation of di-
poles is much slower than induced polarization of an electron cloud, because it involves
movement of atoms), εr is constant only over certain intervals of frequency and will be
the highest for the material when in a static electric field. The various contributions can
only be separated by varying the frequency of an alternating electric field.
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Figure 1.9 The frequency dependency of polarization mechanisms

1.2.2. HIGH DIELECTRIC CONSTANT MATERIALS
Increasing the dielectric constant of conjugated materials for OPV application is not yet
a clear and straightforward task. Currently, the research in this direction was made via
two fundamental strategies – synthetic and non-synthetic.

The pros and cons of non-synthetic approaches (e.g., blending high-εr materials into
a polymer matrix) were briefly disclosed earlier in the introduction. A more thorough
review on this subject was made by Brebels et al.[34].

Due to the limitations of the aforementioned strategy, more attention was drawn to
the synthetic pathways of increasing the dielectric constant. These efforts can be condi-
tionally divided into modifications of the electron donor and acceptor materials.

However, this distinction is only true until the ultimate goal of non-excitonic high-εr

solar cells will be tackled, thus allowing to concentrate efforts on improving molecular
semiconducting materials as an absorber in selective contact solar cells.

First attempts at the design and synthesis of high dielectric constant materials have
mostly been aimed at introducing permanent dipoles into side chains of existing donor
and acceptor type organic semiconductors. This approach aims to make use of the ori-
entation polarization mechanism, increasing the dielectric constant without affecting
other electronic properties of the system.

A series of computational studies recently carried out provide theoretical support for
this strategy. Havenith and coworkers have shown that in polymers, polar side chains are
electronically involved in stabilization of the charge separated state at donor-acceptor
interfaces by lowering the Coulomb interaction [67]. Furthermore in donor-acceptor
comonomers, different substitution patterns of push-pull groups give different mag-
nitudes of stabilization with cross-conjugated groups yielding lower values for the electron-
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hole interaction and larger dipole moment changes upon excitation [68].
However, this trend is no longer as pronounced in oligomers and hence, polymers.

In additional work, de Gier et al. embedded a donor-acceptor complex in an environ-
ment of fullerenes with permanent dipoles, and also found that dipole alignment leads
to stabilization of charge separated states [69].

The results were compared with measurements done by organic chemists, proving
that good agreement can be obtained from theory and experiment and encouraging fur-
ther multidisciplinary work in the design of new materials.

HIGH DIELECTRIC CONSTANT DONOR MATERIALS

The bulk heterojunction, as it was mentioned before, is the dominant design concept
of present day OPV devices. Considerable amount of work was devoted to the advance-
ment of BHJ parameters, such as energy levels and bandgap engineering, solubility, ab-
sorption, etc. This lead to development of modern state-of-the-art materials (e.g., push-
pull low bandgap copolymers as donors and fullerene or non-fullerene based small mo-
lecules as acceptors). Unfortunately, there are no clear and reliable strategies for reach-
ing high-εr values so far. Several successful attempts to improve dielectric constants of
donor materials have been reported to date.

The chemical structures of donor materials discussed in this section are shown in
Figures 1.10 and 1.13. In the review by Brebels et al.[34] the HOMO-LUMO values and
hole mobilities of these materials, along with important photovoltaic parameters of res-
ulting BHJ OPV devices, were disclosed.

One of the most notable and widely implemented synthetic trails to reaching higher
dielectric constant organic materials is via the introduction of oligo(ethylene glycol) (OEG)
units as side chains into the compound. This was done first by Breselge et al. in 2006
[70]. They decided to append tri(ethylene glycol) (TEG) chains on a widely used poly(p-
phenylene vinylene) (PPV) polymer. This transformation yielded a maximum εr value
of 5.5 in the case of diPEO-PPV polymer (see Figure 1.10), where two TEG chains were
attached per monomer on the polymer backbone. This was proven to be an improve-
ment when compared to the εr=3 value of the reference material (MDMO-PPV). Even
though introduction of these chains improved conductivity and hardly affected the mo-
bility (compared to the reference), it failed to increase the PCE of the final device. On the
contrary, BHJ devices based on diPEO-PPV:[60]PCBM blend yielded a miserable PCE of
0.0009% (0.94% for the reference material).

An effort to optimize solar cell devices via improving miscibility between donor and
acceptor components was made by switching to PCB-EH (Figure 1.14) as an acceptor
material and to PEO-PPV as a donor (with one TEG side chain; Figure 1.10). Unfortu-
nately, these materials still possessed incompatible polarities, thus the morphology of
the resulting blend was far from ideal, yielding a PCE value of 0.5%. Despite these dis-
couraging results, the researchers stood by their high-εr approach, as TEG-substituted
materials demonstrated an enhanced charge dissociation and a lower decay rate [71].

An interesting study on the influence of TEG side chains on the PCE of a diketopyrro-
lopyrrole (DPP) based low bandgap polymer was performed in 2014 by Chang et al.[72].
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Figure 1.10 Structures of OEG-functionalized donor materials with relatively high dielectric constants

A triple random copolymerization was performed while gradually increasing the TEG/al-
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kyl units ratio (0, 5, 10, 25 and 50%; Figure 1.10). The PCE value was reported to first go
up along with the number of TEG units, peaking at 7% for the PBDTEG10 (10% TEG).
This increased value (compared to 6.2% PCE for PBDTEG0) was caused by improvement
of FF and Jsc, though a minor decrease of Voc was observed as well. However, with further
increasing the TEG chains percentage up to 50% the PCE value dropped to 3.2%, which
was proven to be caused by degradation of the morphology via growing degree of phase
separation and rising aggregation.

Effects of OEG side chains on εr values were brought back to focus in 2015 by Humme-
len, Koster and colleagues [73]. By substituting donor (or acceptor) alkyl side chains to
OEG units they showed an enhancement of the dielectric properties of resulting materi-
als without breaking conjugation, altering the transport gap by affecting either electron
or hole mobilities. Moreover, this substitution did not affect the solubility of resulting
materials in conventional organic solvents. The authors attributed these effects to the
ability of OEG units to rapidly reorient their dipoles (see Figure 1.11). These reorienta-
tions happen along the chain in the GHz frequency range, while in MHz range OEG units
express full rotation without affecting dipole moment magnitude. This hypothesis was
further proven by density functional theory (DFT) calculations.

Figure 1.11 Repeating units of EG. Indicated are the rotations around the H2C – CH2 and H2C – O bonds and
the axes of the direction of the dipole moment with respect to the molecule

The experimental data was collected for the TEG-functionalized fullerenes along with
PPV and DPP based polymers. The TEG-functionalized polymers showed a doubling of
εr with respect to their corresponding backbone reference materials. When one TEG
unit was introduced into the PPV backbone (resulting in PEO-PPV), it resulted with εr

value of 6±0.1, which is twice as much as 3±0.1 for the reference MEH-PPV polymer.
A similar strategy was applied for DPP-based polymers. Replacement of alkyl chains in
2DPP-OD-OD (εr=2.1±0.1) with TEG units produced the 2DPP-OD-TEG polymer which
εr value was 4.8±0.1 (see Figure 1.10). The increase of εr in case of OEG-functionalized
materials was attributed to the fast change of dipole moments. The dipolar polarization
mechanism is regarded to be the main influence on the dielectric constant.

In recent years, influence of OEG side chains on host polymers drew attention of the
group of Lixiang Wang. In their 2015 work, effects of replacing alkyl side chains with OEG
were investigated for poly[2,7-fluorene-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)]
[74]. The authors reported slightly enhanced PCE from 2.28% to 2.58% after alkyl groups
were replaced with OEG, which was attributed to the enhanced flexibility of these side
chains. This lead to decrease of stacking distance from 0.44 to 0.41 nm and higher hole
mobility. Unfortunately, εr values were not reported. One year later, the same research
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group applied OEG approach on PDPP3T [75] (see Figure 1.10). As a result, smaller π-π
stacking distance and optical band gap along with higher hole mobility, dielectric con-
stant and surface energy were observed. This was once again attributed to the rapid
rotation of OEG side chains, which provided higher flexibility and closer packing. The
εr values were reported for the series of OEG-functionalized polymers. For the reference
material PDPP3T-C20 εr was measured to be 2.0±0.1, while for functionalized polymers
PDPP3T-O14, PDPP3T-O16 and PDPP3T-O20 values of 5.5±0.3, 4.6±0.2 and 4.6±0.2, re-
spectively, were reported. The highest PCE value among these materials (in the devices
with [70]PCBM as the acceptor) was reported for PDPP3T-O16 (despite it did not exhibit
the highest εr) and was equal to 5.37%. This was explained by the poor intermixing of
PDPP3T-O20 with [70]PCBM, due to the high surface energy of the polymer, which res-
ulted in coarse morphology.

In a work by Brebels et al. four different PCPDTTPD donor-acceptor copolymers
were designed, synthesized and characterized [76]. The authors applied the OEG ap-
proach by consecutively replacing alkyl chains, thus increasing the number of glycol side
chains from 0 to 3 (see Figure 1.12).
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Figure 1.12 Structures of P(CPDT-alt-TPD) copolymers

For the model alkylated compound P1 an εr value of 3.1±0.1 was reported. It then
increased to 3.8±0.1 and 4.9±0.1 for P2 and P3, respectively up to the maximum value of
6.3±0.1 for P4. The resulting copolymers were also blended with [70]PCBM to fabricate
devices, PCEs of which were reported. Even though the highest εr value was reported for
P4, the device with P3 demonstrated highest PCE (maximum 4.42% for P3 compared to
3.75% for P4). Nevertheless, this study demonstrates the high potential of the OEG side
chain approach.

However, introduction of OEG chains is not the only widely implemented strategy.
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In 2013 Lu et al. investigated the effect of introduction of fluorine atoms into the poly-
mer backbone. Fluorine atoms possess highest electronegativity value among all the
elements in the periodic table. As it was described in the introduction, fine-tuning of en-
ergy levels in OPV is well developed and is usually achieved via introduction of electron-
withdrawing or donating groups. When fluorine atoms are introduced, HOMO levels
of electron donor materials are lowered, thus Voc will increase [76]. So, when Lu et al.
introduced fluorine atoms into a thiophene–quinoxaline alternating copolymer (TQ),
the resulting FTQ (see Figure 1.13) polymer exhibited a HOMO level energy decrease of
0.15 eV. Along came the overall PCE increase from 2.6 to 3.21%, which was mainly due
to enhanced Jsc and Voc values. The dielectric constant of the fluorinated FTQ polymer
was reported to be 5.5 at 10 kHz, which is higher than that of TQ (εr=4.2).

Another work applying the fluorine approach was reported in 2014 by Yang et al.[77].
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Figure 1.13 Structures of non-OEG-functionalized donor materials with high dielectric constants

They increased the number of fluorine atoms from 0 to 2 on quinoxaline monomers,
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which were then copolymerized with a benzodithiophene units, yielding three different
polymers – P0F, P1F and P2F (see Figure 1.13). When these polymers were blended with
[60]PCBM and fabricated into devices, a stepwise increase of Voc of 0.04 V was observed
after introduction of each fluorine atom. Surprisingly high εr of 6.6 was obtained for the
reference P0F polymer and with each fluorine atom added εr increase of ≈0.6 was ob-
served (7.2 for P1F and 7.9 for P2F). Despite these improved values, they did not result
in increased PCEs, as introduction of fluorine atoms changed a wide variety of paramet-
ers (e.g., solubility, morphology, etc.), which should be optimized in order to draw solid
conclusion.

A different electron-withdrawing moiety was studied by the group of Alex K.-Y. Jen.
In their 2012 work cyano moieties were incorporated in side chains for copolymers of
thiophene-flanked diketopyrrolopyrrole (DPP) and indacenodithiophene (IDT) [78]. The
resulting series of PIDT-DPP-CN polymers showed that CN-terminated side chains did
not affect the energy levels, bandgaps and hole mobilities, but improved the surface en-
ergy of polymers.

The follow-up work of the same group two years later was devoted to εr measure-
ments. When a cyano moiety was introduced as the terminal group of the side chain,
the resulting PIDT-DPP-CN polymer showed an εr value of 5.0 and a PCE of 1.4% (in a
bilayer device with C60), which is higher than εr of 3.5 and PCE of 0.7% reported using
same conditions for the reference PIDT-DPP-alkyl polymer (see Figure 1.13). The au-
thors reported that the increased value of the dielectric constant was surpressing the
non-geminate charge recombination.

An interesting approach was used recently by Zhang et al.[79]. They blended a high-
εr DT-PDPP2T-TT polymer, which does not have polar(izable) substituents (see Figure
1.13), with [60]PCBM. This compound significantly supressed the recombination coef-
ficient (compared to P3HT and PCPDTBT blends with [60]PCBM) and improved charge
extraction of the resulting blend. The active layers were extraordinary thick (300 nm).
The authors reported a remarkably high εr value of 16.7±0.4 for DT-PDPP2T-TT, which
decreased to 7.3±0.75 in a 1:3 blend with [60]PCBM. However, these values were not con-
sistent for different blend batches (varied from 4.5 to 7.3), which was attributed to the
difference in film morphologies. The resulting device PCE of 4.0% was reported. Further
studies on these remarkable εr have to be conducted in order to clarify them.

HIGH DIELECTRIC CONSTANT ACCEPTOR MATERIALS

The most widely investigated electron acceptor materials in OPV devices are fullerene
derivatives ([60]PCBM and [70]PCBM) due to their, good thermal stability, high electron
affinity and mobility. However, C60-based fullerene acceptors suffer from poor absorp-
tion in visible region, difficult fine-modification of chemical structure, and high cost.
Moreover, albeit relatively high for commonly known molecular semiconductors, they
still exhibit relatively low dielectric constants (≈ 4 for [60]PCBM). Similar approaches as
discussed above for the donor materials have been applied to fullerene compounds, with
the general aim of increasing dielectric constants. The chemical structures of fullerene-
based acceptor materials discussed in this section are shown in Figure 1.14. Brebels et
al. published the comprehensive review [34], in which they list the important paramet-
ers of these materials, including their dielectric constant εr values, reduction potentials,
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electron mobility (µe ) and resulting OPV device performance.
Hummelen, Koster and co-workers [73, 80] have successfully focused on increas-

ing the dielectric constants of fullerenes via the introduction of polar triethylene glycol
monoethyl ether (TEG) side chains. The fulleropyrrolidine derivative PTEG-1, which
bears polar TEG pendant groups, has showed higher values of εr (5.7±0.2) than the ref-
erence fullerene derivative PP, which has no polar side chains (3.6 ± 0.4). The high value
of εr in the TEG derivatives is constant over a wide frequency range (from 100 Hz to 106

Hz). Counterintuitively, attaching a second polar TEG group to the fullerene derivative
(PTEG-2) slightly decreased the dielectric constant compared to PTEG-1. These meas-
ured dielectric constant results indicate that the increase of εr is not the simply the result
of increasing the volume fraction of glycol units in the film. The interplay between the
fullerene cages and their polar(izable) substituents is also playing a crucial role. More
importantly, the enhancement of the dielectric constant of PTEG-1 and PTEG-2 does
not negatively affect the optical properties, electron mobility or the LUMO level, which
are of great importance for acceptor materials. Furthermore, introduction of glycol ether
chains improves solubility in common organic solvents (e.g., o-dichlorobenzene (ODCB),
chlorobenzene (CB), chloroform, toluene and tetrahydrofuran (THF).

In 2015, Hummelen and Havenith et al.[69] proposed a promising strategy to im-
prove charge separation in organic photovoltaics by installing strong permanent dipoles
into fullerene adducts PCBBDN (see the Figure 1.14). Although dipole moments of these
fullerenes were enhanced according to the DFT calculations, no improvements of the
dielectric constants of the synthesized fullerene derivatives were observed. These results
suggest that attaching a strong permanent dipole to the fullerene cage does not affect its
dielectric constant, underscoring the fact that controlling εr synthetically is not straight-
forward in π-conjugated materials. Multiscale modeling suggests that a certain amount
of derivative PCBBDN around a central donor-acceptor complex in the active blend layer
indeed facilitates charge separation. Hence, designing molecules with permanent di-
poles is a promising strategy, but it needs further investigation and more experimental
data in order for this concept to be implemented into development of organic solar cells.

In 2016, Liu, Wang et al.[81] reported a series of fullerene acceptors (FCN-n) bear-
ing a polar cyano moiety for increasing dielectric constant. These cyano-functionalized
fullerenes with different alkyl side chain lengths showed the same optical properties and
energy levels as [60]PCBM alongside with good solubility in common organic solvents
and also demonstrated good donor:acceptor blend morphology. They have also exhib-
ited improved thermal stabilities and slightly higher electron mobilities compared to
[60]PCBM. All the cyano-functionalized fullerene acceptors exhibited similar εr values
of 4.9 ± 0.1, which is considerably higher than [60]PCBM (3.9 ± 0.1). The enhancement
of dielectric constants does not originate from cyano moieties alone, but also from the
ethylenoxy spacer group, which has a low barrier to rotation along the side chain and
larger response to an applied electric field. Although the cyano-functionalized accept-
ors have increased polarity and dielectric constants, they still maintain good compat-
ibility with the typical donor polymer (PCDTBT). All the polymer solar cells based on
the cyano-functionalized acceptors have displayed improved device performances com-
pared to that of [60]PCBM. FCN-2 exhibited good active layer morphology and showed
improved device performance (PCE = 5.55%) than that of [60]PCBM (PCE = 4.56%).
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Non-fullerene acceptor materials for OPV are currently being developed at an im-
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Figure 1.14 Structures of fullerene acceptor materials with high dielectric constants

pressive pace and have attracted considerable attention due to their outstanding prop-
erties, in particular, their large optical cross-sections. Due to these recent developments,
the record performances of OSCs are now pacing towards the 20% PCE milestone.

In 2015, Burn and Meredith et al.[82] reported the first investigation on the dielectric
properties of non-fullerene acceptors. They have also introduced highly polar diethyl-
ene glycol side chains on either a fluorene or 4H-cyclopenta[2,1-b:3,4-b0]dithiophene
(CPDT) to improve the static dielectric constant. Compared with the alkylated reference
structure, the DEG-functionalized compound exhibited the identical optical and elec-
tronic properties, which is likely due to the chromophores remaining the same. Upon the
introduction of DEG, the electron mobility of fluorene-based compound M1 was almost
identical as if compared to the alkylated reference compound K12, while for the CPDT
based material M2 it showed an increase of one order of magnitude. DEG-functionalized
compound exhibited larger values of both static and low frequency dielectric constants
(up 8.5 for M1 and 9.8 for M2, which were determined by CELIV and impedance meas-
urements). Model organic solar cell devices based on these small molecule acceptors
with P3HT as a donor were tested, but showed extremely low PCEs, up to only 0.12%. Al-
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though a slightly enhanced short circuit current values were obtained compared to the
alkylated counterparts, these differences were very small.

A great breakthrough in the development of non-fullerene acceptor materials for
OPV has been made in the group of Jianhui Hou in 2017. They developed a new small
molecule acceptor (IT-4F; see Figure 1.15) [83]. The PCE of the device with PBDB-TSF:IT-
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4F blend showed a record high efficiency of 13.1%.

In 2018, Janssen, Huang and Cao et al.[84] reported a high dielectric constant non-
fullerene acceptor (ITIC-OE) by replacing alkyl side chains in ITIC with high polar ethyl-
ene glycol side chains. ITIC-OE shows similar optical properties and energy levels with
the ITIC, but much higher dielectric constant. In the frequency range from 1×103 to
1×106 Hz, ITICOE εr was reported to amount to about 9, which is two times higher than
that of its alkyl chain-containing counterpart ITIC. Encouragingly, the organic solar cells
based on ITIC-OE with a commercial polymer donor (PBDB-T) in a bulk heterojunction
device exhibited a high PCEs of 8.5%, which is the highest value for organic solar cells
that employ high dielectric constant materials to date. However, the ITIC-based control
bulk heterojunction devices show a higher performance of 10.4%.

Isolating the exact influence of specific synthetic alterations on εr remains a chal-
lenge; the introduction of polar groups has knock-on effects on morphology and pro-
cessing that are not fully understood. For example, morphology and miscibility studies
were performed by means of grazing incidence wide angle X-ray scattering (GIWAXS),
transmission electron microscopy (TEM) and atomic force microscopy (AFM) and have
indicated that the lower device performance of PBDB-T and ITIC-OE system can be at-
tributed to the lesser crystallinity of ITIC-OE, which leads to less phase-separated mor-
phology in blend films, as the miscibility degree is too high.

In an effort to isolate the influence of εr, single-component homojunction devices
based on films of pure ITIC-OE and ITIC were fabricated. The photocurrent of the ITIC-
only device was negligible. In contrast, the ITIC-OE-only devices showed a signific-
antly increased photocurrent. Considering that ITIC-OE is a predominantly electron-
transporting material, it is reasonable to speculate that ambipolar materials with high εr

can achieve higher device performance.

If taking into account the exceptional performance of ITIC, IT-4F and ITIC-OE non-
fullerene acceptors, an obvious idea of exploring the effect of introduction of OEG chains
into IT-4F instead of alkyl arises. Perhaps such a material will be synthetized in the near
future and will be able to elucidate the influence of OEG chains and εr in general.

In 2018, Janssen and Wang et al.[85] reported high performance all-polymer solar
cells based on fluorinated naphthalene diimide acceptor polymers that displayed fine-
tuned crystallinity and increased values of εr. In order to improve the εr of polymer/poly-
mer blends, they introduced fluorine atoms on the widely studied polymer (N2200) to
enhance εr, as the large dipole moment of C-F bonds can impart net dipole moments
to the polymers. They designed and synthesized seven NDI-based acceptors, including
five fluorinated polymers (F-N2200, PNDI-FTx and PNDI-F45T10) (see Figure 1.15), and
investigated the influence of εr on device parameters, exciton dissociation and recom-
bination losses of all polymer solar cells.

Compared to the non-fluorinated polymers N2200 and PNDI-T10, the neat polymer
and blend films of the fluorinated compounds F-N2200 and PNDI-FT10 demonstrated
clearly higher εr. In addition, the average εr of the blend films gradually increased as
the content of the fluorinated units increased. The optical properties of the synthesized
polymers were studied via UV-Vis-NIR absorption spectroscopy. Although the fluorin-
ated polymers exhibited slightly blue-shifted absorption spectra, the fluorinated com-
pounds F-N2200 and PNDI-FT10 displayed slightly higher absorption coefficients than
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ones of the blends based on the non-fluorinated N2200 and PNDI-T10.
When compared to the non-fluorinated polymers, the corresponding fluorinated

polymers have shown low-lying LUMO levels, which can be attributed to the strong
electron-withdrawing property of fluorine atom. In addition, with the increased amount
of fluorinated F-2T units, the LUMO levels of the fluorinated polymers were gradually
down-shifted. All-polymer solar cells based on the commercialized donor materials PTB7-
Th and the synthesized acceptor materials were fabricated in order to study the influ-
ence of εr on device performance. Although, both the F-N2200- and PNDI-FT10-based
all-PSCs showed lower Voc compared to the corresponding non-fluorinated N2200- and
PNDI-T10-based all-PSCs, the improved Jsc and FF resulted in an increased PCEs for the
fluorinated compounds. In case of F-N2200-based all-PSCs PCE value of 5.4% was re-
ported, which is superior to the 3.7% PCE of N2200-based all-PSCs. Slight improvement
from 6.9% to 7.3% PCE was reported for the fluorinated PNDI-FT10-based all-PSC com-
pared to the non-fluorinated analogue. Interestingly, the two all-PSCs based on the flu-
orinated acceptors F-N2200 and PNDI-FT10 afforded clearly improved Jsc values when
compared to the corresponding non-fluorinated acceptors N2200 and PNDI-T10. This
was attributed to the increased absorption coefficients, better film morphology, and high
εr, which lowered down the exction binding energy, thus facilitating the exciton dissoci-
ation and reducing the geminate recombination losses.

As a striking manifestation of the aforementioned strategies and approaches, in re-
cent years we could witness the rapid growth of PCE values, most notably in the reports
by the group of Jianhui Hou. As an example, the work by Cui et al. shown 19% value for
single-junction solar cell [86], and report by Zheng et al. demonstrated PCE over 20%
for tandem solar cell [87]. These works successfully demonstrated that fine-tuning of
properties of the active layer has significant potential to enhance the PCEs of OPV cells.

1.3. CONCLUSIONS AND OUTLOOK
While silicon-based PV technology is mostly established, organic photovoltaics still bear
immense hidden potential. Up until several years ago it seemed like existing design
rules for organic solar cells are incontestable and improvement could only be reached
by varying device architecture and manufacturing techniques. However, in the absence
of major materials or device breakthroughs this approach did not allow organic proto-
voltaic materials to keep up the pace with their inorganic counterparts. This prompts
researchers to seek for an alternative solution, that could give a boost to the field of or-
ganic photovoltaics.

Developing materials with high dielectric constant values is one of the most intriguing
strategies. The dielectric constant might bring an extra variable to the current design
rules and become a synthetic handle that would potentially eliminate the scourge of
modern OPV – excitons. Non-excitonic organic semiconductor materials combined with
selective contacts might yield ultimate, single-component, organic solar cells.

Still, manipulating the dielectric properties of organic materials is not yet a solved
problem. Factors that lead to an increase of dielectric constants are not clearly distin-
guished and some cases can be attributed to bulk parameters of materials.

At the moment only a handful structure modification strategies have been proven
to affect εr values. Among these pathways are introduction of cyano moieties at the
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periphery of side chains or fluorine atoms as part of backbone into donor materials.
However, introduction of oligo(ethylene glycol) (OEG) fragments into either donor or
acceptor materials is the most widely used approach. The success of this approach is
attributed to the high flexibility of OEG chains, which allows rapid motion of polar com-
ponents, thus making it easier for dipole moments to reorient in an applied electric field.
Main advantage of this approach is that side-chain modification does not interrupt π-
conjugated systems, thus not affecting band gap, mobility of electrons and holes, charge
carrier transfer and solubility of host materials.

Next to the presently known approaches, the search and development of inherently
highly polarizable conjugated molecular structures is of great interest, because these
structures can be expected to show inherently lower exciton binding energies, with the
possibility of further enhancement of the material dielectric constant by high-k solubil-
izing groups.

The above-mentioned arguments indicate that addressing the challenges of under-
standing, predicting, controlling and optimizing the dielectric constant are of the utmost
interest, as this semiconductor materials research approach can be exceedingly benefi-
cial for the OPV field.

1.4. THESIS OUTLINE
In this thesis, we will try to address the issue of increasing the dielectric constant, by util-
izing high electronegativity of fluorine atoms.

In Chapter 2 we give a brief overview of existing fluorination methods and attempt
to elucidate the general pathways of introducing the fluorine moieties into organic scaf-
folds. We grouped the most common literature methods into three categories: direct
fluorination (which is in turn sub-categorized by reaction mechanism), polyfuoroal-
kylation (introduction of polyfluoroalkyl group directly into organic substrate, also sub-
categorized by reaction mechanism), and synthon approach (formation of fluorine-con-
taining compounds from simpler reagents, that readily contain desired fluorine moiet-
ies).

In Chapter 3 we describe the synthesis of a discrete hominal bis(difluoromethyl)
unit. We found out that, in the case of short chains, the consecutive deoxofluorination
of sequentially introduced keto groups is inefficient, as it requires harsh conditions and
decreasing yields at each step. To solve this problem, we combined the selective desul-
furative fluorination of dithiolanes with pyridinium fluoride and the deoxofluorination
of keto groups with morpholinosulfur trifluoride. This strategy is highly reproducible
and scalable, allowing the synthesis of the hominal bis(gem-CF2) fragment as a shelf-
stable tosylate, in order to introduce this unit on a variety of synthons and monomers.

In Chapter 4 we explore the effect of ether activation on deoxofluorination reactions.
To achieve this, we synthesized a small library of precursor ketones. We varied substitu-
ents in direct proximity to the keto group and tested deoxofluorination reaction using
several reaction conditions. This highlighted the activating effect of ether group located
in 1,3 relation to ketone along the aliphatic chain, which allowed successful transforma-
tion into the CF2 group, whereas it was problematic, if even possible, for other substitu-
ents. We also propose a plausible mechanism, which showcases the possible contribu-
tion of the ether group in directing deoxofluorinating agents. We performed calculations
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of intermediate and transition state structures and calculated their energetic profiles.
These calculations showed a clear effect of ether substituent in lowering the energy bar-
rier of one of the transition states.

In Chapter 5 we attempt polymerization of monomers with fluorine-containing or
TEG side-chains, in order to draw comparison with model P3HT polymer (used as a
benchmark donor material in BHJ OPV devices). We encountered difficulties introdu-
cing hominal bis(gem-CF2) fragment, so using the ether-activation approach, we syn-
thesized 3-(1,1-difluoro-2-methoxyethyl)thiophene, and used it as a starting point of our
tests. While electropolymerization technique succeeded, more conventional synthetic
polymerization approaches failed. We postulate that attaching a CF2 moiety next to the
thiophene core leads to the withdrawal of electron density, which undermines oxidative
addition steps of synthetic polymerization. Possible solutions, such as placement of CF2

group further from the core, use of dimer or copolymers of fluorinated monomers are
proposed.
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2
A BRIEF OVERVIEW OF

FLUORINATION METHODS

Abstract: The introduction of fluorine into organic compounds is a powerful tool for al-
tering their properties. The rapid development of fluororganic compounds requires the
use of right tools and techniques, and it is often difficult to pick the correct approach from
a boundless amount of literature sources. We try to highlight important fluorination re-
agents, and manners of their application based on three categories: direct fluorination,
polyfluoroalkylation, and the fluorinated synthon approach.

The contents of this chapter are based on my BSc and MSc theses. I would like to thank Maksym Bugera, Igor
Gerus and Karen Tarasenko for supervision, sharing their knowledge, and engaging my interest in this subject.
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2. A BRIEF OVERVIEW OF FLUORINATION METHODS

2.1. INTRODUCTION

Fluorine is the 13th most abundant element in Earth’s crust [1]. Despite such a high rank-
ing, there are not too many compounds in nature that contain this element. Indeed,
there are about five major mineral sources of fluorine [1, 2], while its overall mineral di-
versity is limited to 378 species [3]. Just as well, the number of organofluorines occurring
in nature, while being subject to change in view of continuous exploration, still pales in
comparison to other organohalogen compounds. A report from 2001 stated 3650 as a
total of natural organohalides, of which organofluorines are only 30 [4], and this propor-
tion is not likely to have drastically changed since.

While lacking in a variety of natural sources, what fluorine does possess is the par-
ticular set of properties, most notable among which are record electronegativity (4.0 out
of 4.0 possible), small atomic radius (1.35Å vs. 1.20Å for hydrogen), and large ionization
potential (surpassed only by helium and neon)[5]. The combination of these factors sim-
ultaneously causes extreme polarization and short bond length of C-F bond (depending
on hybridization it can be 1.34 - 1.39Å vs. 1.08 - 1.09Å for C-H bond) [6].

As can be seen from the above-mentioned parameters, this story is prompting to
draw comparison with the way replacing hydrogen with fluorine affects organic mo-
lecules. And indeed, there are drastic consequences to such change: enhanced thermal
stability, increased lipophilicity, mimicry of C-H bond, which in turn leads to modi-
fication of chemical reactivity and causes blocking effect in metabolic transformations
[2, 5, 7–9]. These effects lead to increasing interest in the development and application of
organofluorine compounds for pharmaceuticals, agrochemicals, surfactants, and poly-
meric materials [10].

In fact, despite the ongoing pandemic, in 2021, the US Food and Drug Administra-
tion (FDA) approved 50 new drugs, 31 of which were small molecules (62% of the new
drug pipeline), and 10 among them contained fluorine atoms [11]. A similar trend was
observed for years in a row, like in 2020, when 13 out of 35 small-molecule drugs con-
tained fluorine [12].

While over the last 100 years organofluorine chemistry has seen rapid growth, which
sparked the development of numerous reagents, approaches, and techniques, introdu-
cing fluorine in a right place and in the right manner often remain challenging. It is often
hard to navigate in the sea of literature and to choose the correct fluorination approach
for reaching the desired outcome. There is a plethora of comprehensive books and re-
views on this topic [5, 7, 8, 13–15], and this chapter is in no way claiming to give complete
and straightforward guidelines. Still, we thought it is important to attempt giving a brief
overview of existing fluorination methods and to elucidate the general pathways of in-
troducing the fluorine moieties into organic scaffolds.

When contemplating the most common methods of introducing fluorine moieties
that are reported in the literature, every author tends to group these methods using
one of their features, be it fluorine source, bond hybridization, or reaction mechanism.
Each classification has its pros and cons, so we chose to generalize fluorination methods
into 3 groups: direct fluorination (which in turn can be sub-categorized by the reac-
tion mechanism into nucleophilic, electrophilic, and radical), polyfluoroalkylation and
synthon approach (formation of fluorine-containing compounds from simpler reagents
that readily contain desired fluorine moieties) [16–18]. But to simplify the reading, first
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2.2. NOTABLE COMMON FLUORINATION REAGENTS

we will give a short tour of notable common fluorination reagents.

2.2. NOTABLE COMMON FLUORINATION REAGENTS

We used literature sources and tried to compile the fluorination reagents based on their
historic importance, notable or widespread applications, and commercial viability [8,
14, 15]. Some of these reactions will be described more in-depth in the following sec-
tions. To simplify the matter, we tried to group them based on their key characteristics.

Core fluorine sources: F2 (fluorine gas) and HF (hydrogen fluoride, hydrofluoric
acid) – industrial sources of fluorine, obtained from fluorspar (CaF2), which then can
be derivatized into more complex (highly) fluorinated compounds.

Fluoride salts (both simple and mixed): KF (or KHF2), CsF, AgF, AgBF4, SbF3 (Swarts
reaction), SbF5, CoF3, HgF2 – important sources of fluorine, used for halogen displace-
ment, hydrogen displacement, fluorination of alkenes, desulfurative fluorination, etc.

Ammonium Fluorides: Pyridine·(HF)n (Poly Pyridine Hydrogen Fluoride, PPHF or
Olah’s Reagent), Et3N·3HF (TEA·3HF, TREAT·HF), n-Bu4NF (TBAF), N,N ’-dimethylpropyl-
eneurea·HF (DMPU·HF) – fluoride ion sources, also often used for hydrofluorination or
desulfurative fluorination.

Hypofluorites: CF3OF, C2F5OF, CF3COOF, CH3COOF – often used as electrophilic
fluorine sources.

Miscellaneous covalent fluorides: IF, IF5, BrF3, XeF2, BF3 (and HBF4, for Balz-Schie-
mann reaction) – reagents used for the preparation of highly fluorinated substrates, flu-
orination of aromatic systems, sources of radical fluorine, Hunsdiecker- or Kolbe-type
reactions.

S-Fluoro reagents: Initially dialkylmino derivatives of gaseous and highly corrosive
sulfur tetrafluoride SF4, among which are diethylaminosulfur trifluoride (DAST), mor-
pholinosulfur trifluoride (Morph-DAST or MOST), bis-(2-methoxyethyl)aminosulfur tri-
fluoride (BAST or Deoxo-Fluor), and their tetrafluoroborate salts (XtalFluor-E for DAST,
and XtalFluor-M for MOST), later expanded to 4-tert-butyl-2,6-dimethylphenylsulfur
trifluoride (Fluolead) and 2-pyridinesulfonyl fluoride (PyFluor) – mostly used for nuc-
leophilic fluorination. Structures of these reagents are depicted in Figure 2.1.
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Figure 2.1 Common S-Fluoro reagents
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N-Fluoro reagents: N-Chloromethyl-N-fluorotriethylenediammonium bis(tetraflu-
oroborate) (known as Selectfluor or F-TEDA-BF4), N-fluorobenzenesulfonimide (NFSI),
and N-fluoro-O-benzenedisulfonimide (NFOBS) – mostly used for electrophilic fluorin-
ation. Structures of these reagents are depicted in Figure 2.2.
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Figure 2.2 Common N-Fluoro reagents

Prominent named reagents: While Yarovenko’s (2-chloro-N,N-diethyl-1,1,2-trifluoro-
ethanamine) and Ishikawa’s (N,N-diethyl-1,1,2,3,3,3-hexafluoropropan-1-amine) reage-
nts (later joined by 2,2-difluoro-1,3-dimethylimidazolidine (DFI)) were delevoped as al-
ternatives to diethylaminosulfur trifluorides, the majority of named reagents are used for
trifluoroalkylation reactions, along with simpler fluoroform (CF3H), trifluoroiodometh-
ane (CF3I), trifluoromethyl sulfoxide (PhSOCF3), sodium trifluoromethanesulfinate (Lan-
glois reagent, CF3SO2Na), and trifluoromethyl sulfone (PhSO2CF3).

These alternatives include Ruppert-Prakash reagent (trifluoromethyltrimethylsilane
or TMSCF3), Togni reagents (1,3-dihydro-3,3-dimethyl-1-(trifluoromethyl)-1,2-benziod-
oxole is known as Togni reagent I, while 1-trifluoromethyl-1,2-benziodoxol-3(1H)-one is
referred to as Togni reagent II), Yagupolski reagents (diaryl (trifluoromethyl) sulfonium
salts and a subgroup of triflates, known as Shreeve reagents), and a whole large group
of (trifluoromethyl)dibenzoheterocyclic salts are commonly referred to as Umemoto re-
agents. Structures of these prominent named reagents are depicted in Figure 2.3.
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2.3. DIRECT FLUORINATION

Elemental fluorine was first isolated by Henri Moissan at the end of the 19th century,
using electrolysis of KHF2 in liquid HF with platinum/iridium electrodes in a platinum
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apparatus. This research brought Moissan the Nobel Prize in Chemistry in 1906, and the
industrial process of elemental fluorine production remained pretty much the same ever
since, with minor apparatus adjustments[5]. While fluorine gas is a powerful reagent, its
aggressive nature and highly corrosive properties make it extremely difficult to work with
[8]. To circumvent the shortcomings of this substance, scientists were forced to look for
other reagents. The accounts of most common (which is in no way poses as a complete
list) of such reagents will be given below.

2.3.1. NUCLEOPHILIC
There are multiple fluorination approaches that employ nucleophilic transformation
pathway. Most frequently occurring among them are deoxofluorination, (di)hydrofluorina-
tion of unsaturated compounds, desulfurative fluorination, and halogen exchange. These
transformations are generalized in Scheme 2.1.
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Scheme 2.1 Generalized nucleophilic transformations into mono- and difluoro compounds

Halogen exchange was chronologically the first pathway of selective direct fluorina-
tion. SbF3 has been used as a fluorinating agent in organic chemistry since 1892, when
Frederic Swarts discovered its ability to transform organic chlorides into fluorides [19].
This method allows introducing fluorine atoms into various chlorine-containing organic
substrates quite selectively and with a high yield (Scheme 2.2).
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Scheme 2.2 Swarts fluorination

Halogen exchange using ionic fluorides is also widespread and is applied in cases
where an unassisted displacement process is feasible, sometimes by forcing it with el-
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evated temperatures [8]. KF is the most common of such fluoride salts, due to its bene-
ficial reactivity/economy ratio, and the possibility to control halogen exchange ratio by
varying reaction conditions. When extensive fluorination has to be reached (e.g., full re-
placement of halogens, hydrogens, and saturation of double and aromatic bonds), then
high-valency fluorides (mainly CoF3) are being used. Meanwhile, for partial, more se-
lective halogen exchange (often when one or two atoms of fluorine need to be intro-
duced), AgF or AgBF4 have been frequently employed [8].

The next important milestone – the Balz-Schiemann reaction was developed in 1927
and is a Sandmeyer-like diazotization [20]. This method is considered a traditional route
toward fluorobenzene and related derivatives, including 4-fluorobenzoic acid (Scheme
2.3).
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HNO2

N
N

BF4

hν

∆

F

Scheme 2.3 Balz-Schiemann reaction

Later developments demonstrated, that HBF4 in this reaction can be replaced with
Olah’s reagent (PPHF). PPHF is often employed in other nucleophilic fluorination reac-
tions, mainly (di)hydrofluorination and desulfurative fluorination[21].

Achieving (di)hydrofluorination of alkenes or alkynes, while seemingly straightfor-
ward and simple task on paper (it should follow Markovnikov’s rule, and be analogous
to HBr or HCl), is often not easily implemented, and is substrate-specific. In an original
report by Olah et al. [21], simple linear and cyclic alkenes were successfully hydrofluor-
inated, halofluorinated (by addition of halosuccinimides), nitrofluorinated (by addition
of NOBF4), and fluorinated in situ to form vicinal difluorides (by addition of AgF) [21].
In the case of (di)hydrofluorination of alkynes, examples are more scarce. Reports on di-
hydrofluorination of terminal alkynes use PPHF or its polymer-based analogs, and while
achieving similar transformation for internal alkynes, the substrate scope is often lim-
ited, and partial (hydrofluorination) is often observed [14] (Scheme 2.4).
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Scheme 2.4 Limitations of hydrofluorination of alkynes

Control over the extent of hydro- and halo-fluorination of alkynes can be done by
replacing PPHF with TEA·3HF along with Lewis acid additive (e.g., BF3, for hydrofluor-
ination) or halosuccinimide (e.g., NIS, NBS, for halofluorination) [22]. These reactions
are often inefficient and non-selective, and to improve the scope of possible applications
recent investigations draw attention to the use of Au(I) additives [23–25]. As a pinnacle
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of such approach, group of Gerrard Hammond developed the DMPU·HF reagent, which
when used along with JohnPhos imidogold precatalyst demonstrated versatile and con-
trollable mono- and dihydrofluorination over a variety of substrates, as demonstrated in
the work by Okoromoba et al. [26].

Desulfurative fluorination uses similar reagents mixed with electrophilic sources
(usually succinimides and their analogs, e.g., NIS, NBS, or DBDMH), to generate IF or
BrF in situ. This approach was successfully implemented by Olah et al. [21], and later
by Sondej and Katzenellenbogen [27]. In our experience, the latter protocol has proven
to be superior, and with slight optimization was implemented for substrates of interest
[10].
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Scheme 2.5 Two-step transformation of carbonyl groups into CF2 through desulfurative fluorination

Another honorable mention is the report by Newton et al., where mild synthesis of di-
fluoroalkyl ethers was achieved from thionoesters using AgF [28]. This non-toxic, shelf-
stable and mild reagent does not require anhydrous conditions, can be applied in con-
ventional glassware, and opens up the way to a variety of substrates. What distinguishes
this method from its counterparts (both for the synthesis of thionoesters and difluoro-
methyl compounds), is a high functional group tolerance, which surpasses that of PPHF,
DAST, and XeF2. Both pathways are sketched in Scheme 2.5.

Despite continuous developments of new reagents and improvements described for
above-mentioned reactions, deoxofluorination remains one of the most versatile and
widespread approaches in organofluorine chemistry.

Sulfur tetrafluoride (SF4) was first synthesized in 1929 by Fisher and Jaenckner, but
it took until 1959 when Smith et al. reported the first examples of fluorination of carbonyl
compounds with SF4, which sparkled rapid development of deoxofluorination [29]. SF4

is still widely used in organic synthesis to convert alcohol and carbonyl into CF and
CF2 groups, respectively. Ketones and aldehydes form geminal difluorides. Carboxylic
acids are converted into trifluoromethyl derivatives, while esters break down into two
trifluoromethyl derivatives (Scheme 2.6). In case of slow or troublesome transforma-
tion, SF4 is often used along with HF, which increases its reactivity. By-products of SF4

reactions (SOF2 and SO2) are toxic, but can be eliminated by alkali neutralization [30–
35].

Dialkylaminosulfurtrifluorides (e.g., DAST, MOST, BAST, XtalFluor salts) are used
to convert alcohols into the corresponding alkyl fluorides, as well as aldehydes and ketones
into geminal difluorides. These reagents are easier to handle than SF4, which however

2

41



2. A BRIEF OVERVIEW OF FLUORINATION METHODS

R R'

OH

R R'

O

R
R'

O

O

R OH

O

R R'

F

R R'

FF

R F

O

R F

F
F

R
R'

O

FF

R H

O

R H

FF

[F-]
[F-] = All deoxofluorinating 

reagents

[F-] = SF4, DAST, 
MOST, BAST, XtalFluor, 
Fluolead, DFI

[F-]

SF4 , Fluolead

≠[F-]

[F-]

The rest

[F-]

[F-]

Yarovenko, Ishikawa, 
PyFluor

Yarovenko, PyFluor
SF

4  or 
Fluolead

(D)AST, th
e re

st
SF4

 or 

Fluolead

SF
4  or 

Fluolead
The rest

SF4, (D)AST, Fluolead, 
DFI, or Ishikawa

The rest

The re
st

SF4
 or 

Fluolead

x
x

Scheme 2.6 Generalized scope of deoxofluorination reagents

comes at a price of decreased reactivity, and as a consequence, the scope of deoxofluor-
ination is often substrate-dependent [34, 36]. DAST was first reported by Middleton in
1974 [36], who later introduced Morph-DAST (MOST), as a more temperature-stable
analog [37]. Later developments of shelf-stable reagents, which can be used at elev-
ated temperatures, brought Deoxofluor (BAST)[38], and the solid derivatives of DAST
and MOST – XtalFluor salts [39]. In contrast to SF4, the interaction of carboxylic acids
with dialkylaminosulfurtrifluorides stops at the stage of formation of acyl fluoride, while
esters are generally perceived as unreactive [14] (except rare cases[40]) (Scheme 2.6).

The development of deoxofluorination reagents is continuous, and not limited to
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dialkylaminosulfurtrifluorides, or even to SF4 derivatives. In 2010, Umemoto reported
a novel reagent – Fluolead, which shows similar to improved reactivity to DAST, MOST,
and BAST, while possessing higher thermal stability and stereoselectivity[41]. The most
notable difference between Fluolead and dialkylminosulfurtrifluorides, is the ability of
the former to convert carboxylic acids to CF3 groups, which was previously only achiev-
able with SF4.

Another sulfur-free reagent used for deoxofluorination of hydroxyl and carbonyl com-
pounds – DFI was developed in 2002 by Hayashi et al.[42]. The most noteworthy feature
of DFI is it’s ability to deoxofluorinate phenolic -OH group [15, 42]. Meanwhile, in 2015,
Nielsen et al. reported PyFluor – a new low-cost, and stable reagent, which can be se-
lectively applied for the transformation of alcohols into fluorides [43].

Two of more classic alternatives used for deoxofluorination of alcohols, while being
significantly more impartial to other carbonyl compounds are reagents of Yarovenko and
Ishikawa.

Yarovenko’s reagent is a product of the interaction between chlorotrifluoromethylene
and diethylamine [44]. This reagent must be prepared in an airtight container, and af-
terward, it can be stored for only a couple of days, even in the refrigerator. Yarovenko’s
reagent is most commonly used to convert primary alcohols into alkyl fluorides under
mild conditions and in high yields. However, secondary and tertiary alcohols form only
significant amounts of by-products, in particular alkenes and ethers [13, 44].

Twenty years after the report by Yaroveko, the Ishikawa group made an improved ver-
sion of this reagent, by changing chlorine to CF3 group (see Figure 2.3). The Ishikawa’s
reagent is widely used for the conversion of alcohols into alkyl fluorides and carboxylic
acids into acyl fluorides. Another important feature is that it does not react with alde-
hydes and ketones. Ishikawa reagent is a popular alternative to DAST because it can be
stored for a long time and is inexpensive, as it can be easily prepared from available and
safe substances [45–47].

2.3.2. ELECTROPHILIC

Initially, electrophilic fluorination was achieved by using fluorine gas (the strongest kno-
wn oxidant) and its direct descendants – hypofluorites, fluoroxysulfates, perchloryl flu-
orite. However, the fearsome nature of such reagents precluded widespread application
of electrophilic fluorination for a long time [13, 14]. As an attempt to tackle these lim-
itations, XeF2 was developed [48]. Despite being useful for the fluorination of aromatic
compounds, alkenes, and even for radical Hunsdiecker-type decarboxylative fluorina-
tion of carboxylic acids into fluoroalkanes (not strictly electrophilic, but rather radical
transformation), these advances were overshadowed by a lack of functional group toler-
ance, decomposition upon contact with water vapor, and dependence of reaction out-
come on the acidity of the glass surface of the vessel used [8, 13, 14, 48].

Only development of N-fluorides, namely Selectfluor, NFSI, and NFOBS allowed
chemists to push the boundaries of electrophilic fluorination as a means for direct and
site-specific fluorination. N-Fluorides formally behave as an "F+" source, although fluor-
ine still possesses negative charge, only that N-F bond is so highly polarized by surround-
ing groups, that it enables SN2 displacement of fluorine by nucleophilic attack [13].

Scope of electrophilic fluorination is constantly expanding, but among reported cases
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majority use it for fluorination of activated aromatic substrates in the presence of Lewis
acids, organometallic aryl compounds, enol derivatives (enolates, enol ethers, etc.), 1,3-
dicarbonyl compounds, alkenes and alkynes, and, in a Hunsdiecker-like fashion, silver-
catalyzed decarboxylative fluorination of carboxylic acids (similar effect to XeF2, but re-
quires AgNO3) [8, 13, 14]. These transformations are generalized in Scheme 2.7. At the
forefront of electrophilic fluorination development is selective and predictable fluorin-
ation of arenes via aromatic substitution of C-H bond into corresponding C-F bond,
which is typically achieved via transition-metal catalysis in the presence of a direct-
ing group [13]. Another noteworthy development, which enriches previously known
electrophilic fluorination of stabilized carbanions, is the organocatalytic asymmetric α-
fluorination of aldehydes. First accomplished by McMillan, Enders, Jørgensen, and Bar-
bas [13], it was later expanded by Troup et al., who used NFSI to fluorinate an activ-
ated CH2 group in an α-position to aldehyde, in the presence of L-proline (which forms
enamine intermediate) [49].
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Scheme 2.7 Generalized scope of electrophilic fluorination

Overall, electrophilic fluorination is a rapidly developing topic, with constantly ex-
panding horizons. However, there are still numerous obstacles for it to become the dom-
inant approach in the field, most noticeable of which are lack of predictability, laborious
screening of catalysts and conditions, and somewhat poor cost efficiency on a manufac-
turing scale [13].
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2.4. POLYFLUOROALKYLATION
Polyfluoroalkylation is a reaction of introducing a polyfluoroalkyl group directly into an
organic substrate [16–18]. This group of reactions can in turn be divided by reaction
mechanism. While polyfluoroalkyl groups may vary, most of the scientific attention and
developments concern the introduction of the CF3 group [50], although in recent years
difluoromethylation with a CF2H group has seen a resurgence of interest [51].

2.4.1. NUCLEOPHILIC
In nucleophilic trifluoromethylation, the active particle is a CF3

– anion [52]. This anion
itself is very unstable, and rapidly decomposes into fluoride anion and difluorocarbene
[53, 54] (see Scheme 2.8).
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Scheme 2.8 Representative reactions with nucleophilic trifluoromethylation reagents

The trifluoromethyl anion can be stabilized by pulling the electron density from the
carbon atom. This can be achieved by metal coordination (e.g., copper) [55], or by form-
ing σ-bonds with lead or silicon. The Ruppert-Prakash reagent is based on the latter
principle (see Figure 2.3). This reagent was first synthesized in 1984 [52, 56, 57]. The
advantage of this compound is its resistance to water and acidic conditions. Ruppert-
Prakash reagent requires an initiator, for which TBAF is usually resorted to [52]. Other
initiators include CsF, DMSO, K2CO3, LiOAc, or KOt-Bu [57, 58]. Examples of reactions
involving this reagent are shown in Scheme 2.8.

Another widespread nucleophilic trifluoromethylating agent is a common fluoro-
form (CHF3), used in combination with a strong base (such as KOt-Bu). This reagent
exhibits high reactivity with carbonyl compounds in dimethylformamide [52].

2.4.2. ELECTROPHILIC
In this type of reaction, the active trifluoromethyl donor group carries a positive charge
(e.g., CF3

+) [13, 50]. The first reagent enabling electrophilic trifluoromethylation, diaryl
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(trifluoromethyl)sulfonium salt (Ar2S+CF3SbF6
– ) was created by Lev Yagupolski in 1984,

as a result of the interaction of aryl trifluoromethyl sulfoxide with SF3
+SbF6

-, which was
accompanied by a reaction with an electron-enriched arene [59]. Yagupolski reagent
was used for trifluoromethylation of thiophenolate. The whole class of compounds de-
rived from above-mentioned reagent is also referred to as Yagupolski reagents (see Fig-
ure 2.3). The generalized limits of their application [13, 50, 60] are shown in Scheme 2.9
(black arrows were used for color-coding).
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A whole group of Umemoto reagents, developed in 1990, are commercially avail-
able and well-known tools for trifluoromethylation, the action of which is based on the
same principle to Yagupolski’s [59–61](see Figure 2.3). For this type of compounds, sul-
fur can be replaced by oxygen, selenium or tellurium. Among the substrates studied
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in the trifluoromethylation reaction with Umemoto reagents are pyridine, aniline, tri-
phenylphosphine and the lithium salt of phenylacetylene. The main reactions using
Umemoto reagents [50, 60, 61] are shown in Scheme 2.9 (blue arrows were used for color-
coding).

Another type of CF3
+ donors includes reagents based on hypervalent iodine (III).

These reagents are commonly referred to as Togni reagents (see Figure 2.3) [62–65].
Thiols, alcohols, phosphines, arenes and heterocyclic compounds [63, 64], inactivated
olefins [66] and unsaturated carboxylic acids [67] are commonly targeted as substrates
for trifluoromethylation with Togni reagents [50, 63] (representative scope is depicted in
Scheme 2.9, green arrows were used for color-coding).

2.4.3. RADICAL TRIFLUOROMETHYLATION

In radical trifluoromethylation, as the name might suggest, the active particle is a free
radical trifluoromethyl group [13, 67, 68].
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Scheme 2.10 A generalized depiction of pathways of generating the trifluoromethyl radical (top part), and
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Speaking of trifluoromethyl radical, the fluorine atom acts not only as an electron-
acceptor, which exhibits an inductive effect, but also as a weak donor, due to the interac-
tion of an unpaired fluorine electron pair with the singly-occupied HOMO of the central
radical. Like its methyl analog, the trifluoromethyl radical has a pyramidal structure, but
a large inversion barrier for the latter differentiates it from the former, thus making tri-
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fluoromethyl species more electrophilic and very reactive. For example, in the reaction
with styrene, the trifluoromethyl radical proceeds 440 times faster than with the methyl
radical [68].

Reagents such as bromotrifluoromethane (CF3Br) and other haloform compounds
were used for this type of reactions, but in response to the requirements of the Montreal
Protocol, alternative substances had to be sought, among which trifluoroiodomethane
(CF3I) is the most common [68, 69]. Among more specific reagents is a mixture of tri-
fluoromethyl iodide and triethylborane. Other reagents that produce the trifluoromethyl
radical include Langlois reagent (sodium trifluoromethanesulfinate, see Figure 2.3) and
bis-trifluoroacetyl peroxide. Generalization of approaches used to generate trifluoro-
methyl radical and its most common applications is depicted is Scheme 2.10.

A 1949 article [70] described the photochemical reaction of iodotrifluoromethane
with ethylene to produce 3-iodo-1,1,1-trifluoropropane. Reagents such as iodo- and
bromotrifluoromethane (via thermal or photochemical initiation), silver trifluoroacet-
ate together with titanium oxide (photochemical initiation), as well as a mixture of so-
dium trifluoromethanesulfinate, copper (II) triflate and tert-butyl hydroperoxide were
used for direct trifluoromethylation of arenes [68] (see Scheme 2.10).

2.4.4. METAL-MEDIATED REACTIONS

The last sub-group of trifluoroalkylation reactions are the metal-mediated reactions.
They are based on in situ formation of complexes between transition metals and CF3

species.
In reactions of addition between aromatic compounds and metal-trifluoromethyl

complexes, the latter usually contains copper, less often palladium and nickel [16]. The
first such reaction was carried out in 1968 by McLaughlin and Thrower [71].
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Scheme 2.11 Generalized depiction of copper-mediated trifluoromethylation reactions
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In 1969, it was modified by Kobayashi and Kumadaki, and consisted of the interac-
tion between iodobenzene and iodotrifluoromethane, using copper powder in dimethyl-
formamide at 150 ◦C, resulted in the formation of trifluoromethylbenzene [72, 73]. An
intermediate in reactions of this type is the perfluoromethyl-metal complex.

The reaction with the Pd(OAc)2 catalyst was described in 1982 by Kitazume et al.,
using zinc powder, and the main intermediate was CF3ZnI associated with the active
catalyst – Pd (0) [74]. Subsequently, the conditions for this reaction were improved by
using copper for mediation of trifluoromethyl species (see Scheme 2.11).

The first reaction of this type with a copper catalyst was described in 2009 by Oishi
et al., and is based on the interaction of iodoarene, trifluoromethylsilane, copper iodide,
and 1,10-phenanthroline [75]. Variations of this reaction are based on the use of an-
other trifluoromethyl donor, potassium trifluoromethyl trimethoxyborate [76], the use
of arylated boronic acids [77], trifluoromethyl sulfonium salts [78] or trifluoromethyl
copper (I) phenanthroline complex [79]. Generalized approaches and scope of copper-
mediated trifluoromethylation are depicted in Scheme 2.11.

2.4.5. NON-TRIFLUOROMETHYL POLYFLUOROALKYLATIONS

In our attempt to systematize and cover the main approaches to polyfluoroalkylation,
attention was drawn to trifluoromethylation, as this is the most researched and im-
plemented moiety. One might bring up the question – what about introducing other
(poly)fluorinated species (e.g., CHF2, CF2H, C2F5, etc.)? As going in-depth for each and
every group is well beyond the scope of this chapter, we will try to answer this question
very briefly.

Overall, approaches to introducing other polyfluoroalkyl groups are similar to tri-
fluoromethyl group, same mechanisms and strategies are being tested and optimized,
even reagents are often similar (except for variation in fluorine content), but the extent
to which it is successfully achieved is largely dependent on the desired group.

Selective introduction of monofluoromethyl group (CH2F), although still actively
developing in the last decade (group of Hu has been particularly active in this area),
still remains the most challenging of the series [80]. Fluoromethylene halides (CH2FX),
monofluoromethyl analogs of Yagupolski and Langlois reagents, and many more ana-
logs of already established trifluoromethylation techniques have been developed [80].
Despite all the progress, most of the reagents are effective in transferring CH2F only to
heteroatoms (nitrogen, oxygen, sulfur), while forming C-C bond directly with CH2F moi-
ety still remains a challenge [13, 80].

In the case of difluoromethyl group, relatively higher stability of CF2H moiety fa-
cilitated development of its direct introduction to substrates [51]. The vast majority of
these methods are based on electrophilic and radical approaches[13]. While CHF2I is a
conventional reagent for such a goal, a great contribution was done by Baran and co-
workers, who developed zinc difluoromethanesulfinate (Zn(SO2CF2H)2, also known as
DFMS) [81] to achieve direct difluoromethylation of (het)aryl compounds. Other not-
able examples include CF2H-analog of Ruppert-Prakash reagent (developed by Zhu et
al., and used for copper-mediated C-H oxidative difluoromethylation of heterocycles)
[82], difluoroacetic acid with radical precursors via transition metal catalysis [83], and
using a CF2H-analog of Langlois reagent for difluoromethylation of heterocycles via or-
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ganic photoredox catalysis [84].
Lastly, trifluoroethylation and polyperfluoroalkylation can be achieved mainly by

electrophilic and nucleophilic methods, using reagents with a fluorine-containing moi-
ety of interest, in a fashion analogous to trifluoromethylation [13]. As a notable example,
an interesting approach of introducing tetrafluoroethylene [85] and pentafluoroethyl-
ene [86] moieties utilizing bis(alkylthio)carbenium salts [87] was developed in the group
of Röschenthaler. When used in combination with desulfurative fluorination treatment,
these salts can be used as "masked" electrophilic polyfluoroalkylation reagents [85, 86].

2.5. THE FLUORINATED SYNTHON APPROACH

The final (and very broad) strategy used in fluororganic chemistry is the fluorinated syn-
thon approach. This method is based on the use of fluorine-containing building blocks,
i.e., the creation of suitable fluorinated compounds, which are used for further attach-
ment to the target molecule. Because the C-F bond is not involved in the reaction pro-
cess, the synthon method is practical, provides high selectivity, and has good yields. Over
the last three decades, the synthon approach has not ceased to be the subject of active
research and is still actively developing. Particularly, in the field of fluorinated hetero-
cycles, the application of the fluorine-containing synthons is becoming the most com-
mon and important method for the synthesis of cyclic systems [88].

When selecting a synthon, one must pay attention to its three main qualities: avail-
ability, variety of products, and predictability of properties. The most commonly used
methods are the introduction of a polyfluoroalkyl group or various polyfluorohalides
with organometallic derivatives and the subsequent transfer of the fluorine-containing
moiety into arenes or aryl halides. Recently, the possibility of using fluorinated reagents
with functional groups such as -COOH, -COR, etc. have been actively investigated. Due
to the unlimited application possibilities, many synthons are currently known. The se-
lection of common synthons [89] is shown in Figure 2.4.
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Figure 2.4 Selection of common fluorinated synthons

One of the most available and functional fluorine-containing synthons is 4-ethoxy-
1,1,1-trifluorobut-3-en-2-one. Examples of its use [89] are shown in Scheme 2.12.
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A significant contribution to broadening the scope of the fluorinated synthon ap-
proach was done in the group of Igor Gerus. Their attention was drawn to modified
fluorine-containing enones, which act as synthetic equivalents to 3-ketoaldehydes and
γ-hydroxy-β-diketones (see Figure 2.5).
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In their 2018 work [90], Gerus et al. investigated synthesis of new polyfunctional
cyclic β-alkoxy-α,β-unsaturated ketones, as well as their behaviour in amination and
hydrolysis reactions. Contrary to the conventional 4-ethoxy-1,1,1-trifluorobut-3-en-2-
one, which generated respective enaminones upon amination, these novel enones were
reacting in a peculiar manner. When treated with arylamines, (E)-3-(2,2-dimethyl-1,3-
dioxolan-4-ylidene)-1,1,1-trifluoropropan-2-one generated aryl-5-(trifluoromethyl)fur-
an-3-amines, while the same reaction with secondary amines led to 4-amino-2,3-dihydro-
furan-2-ols (see Scheme 2.13).

Even more peculiar transformation was reported in a follow-up work by Shaitan-
ova et al. [91]. By replacing the CF3 group in the cyclic enone with different combin-
ations of bromines, chlorines, and/or hydrogens etc. (to CF2X, CFX2, and CFHX) they
observed novel intramolecular cyclization of intermediate 4-amino-2,3-dihydrofuran-
2-ols, which transformed into 3-amino-cyclopent-2-enones (see Scheme 2.13).

Another example of the application ofβ-alkoxyvinyldifluoromethyl enones was dem-
onstrated by Bugera et al. [92] By decorating these enones with (het)aryl substituents,
they demonstrated utility of such substrates in heterocyclization reactions, which al-
lowed the synthesis of fluorinated pyrazoles, oxazoles, and pyrimidines (see Scheme
2.14).
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NX
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R

Y = NH2, 
or OH

N N

Y

Scheme 2.14 Synthesis and application of (het)aryl difluoromethyl-β-alkoxyenones

In short, the fluorinated synthon approach is versatile and ever-developing direc-
tion in organofluorine chemistry and is currently a "go-to" method for the synthesis of
fluorinated heterocyclic compounds.

2.6. CONCLUSIONS
Unique properties of fluorine lead to a boundless potential when introducing it into or-
ganic molecules. As evidenced by the widespread presence of fluorine atoms in modern
pharmaceutic compounds, the interest in controlled introduction and modification of
fluorine moieties is unlikely to fade away. This sparkled immense progress in the de-
velopment of versatile organofluorine reagents and reaction techniques. Still, taming
fluorine for a specific application often brings unexpected challenges.

In the past 100 years, the arsenal of fluorination methods has expanded from brutal

2

52



BIBLIOGRAPHY

use of elemental fluorine or hydrofluoric acid to more refined and targeted techniques,
such as electrophilic fluorination and the fluorinated synthons approach. Having full ac-
cess to such a knowledge base, and commercial availability of a plethora of fluorination
reagents with different mechanisms of action, allows chemists to achieve the synthesis
of organofluorine compounds easier than ever before. Of course, there is always room
for improvement, and with such trends, the development of cost-effective, predictable,
selective, and functional group-tolerant reagents can serve as a beacon for future gener-
ations of organofluorine chemists.

In our work, we focused on pursuing the synthesis of organic materials with high
dielectric constant (as discussed in Chapter 1) by utilizing unique electronegativity of
fluorine atoms and aligning them in pendant, polarizable chains. To achieve this, we
aimed to synthesize short PVDF-like fragments, that can be coupled to the monomer of
choice.

Based on our previous experience, as well as thorough subject study (which was
briefly described in this chapter) and literature precedents, we chose direct nucleophilic
fluorination as the most straightforward, cost-effective, and versatile approach to reach
the desired goal. Results of our efforts are further elucidated in Chapter 3.
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3
SYNTHESIS OF A HOMINAL

BIS(DIFLUOROMETHYL)
FRAGMENT

Abstract: This chapter describes the synthesis of a discrete unit of hominal bis(gem-CF2).
The controlled introduction of fluorine atoms is a powerful synthetic tool to introduce di-
pole moments with minimal impact to sterics. Polyvinylidene fluoride (PVDF) is a striking
example of the influence of fluorine atoms, which impart ferroelectric behavior from the
alignment of the dipole moments of CF2 units, however, it is prepared via direct polymer-
ization of vinylidene difluoride. Thus, a different synthetic pathway is required to pro-
duce synthons containing discrete numbers of CF2 groups in a hominal relation to each
other. We found out that, in the case of short chains, the consecutive deoxofluorination
of sequentially-introduced keto groups is inefficient, as it requires harsh conditions and
decreasing yields at each step. To solve this problem, we combined the selective desulfur-
ative fluorination of dithiolanes with pyridinium fluoride and the deoxofluorination of
keto groups with morpholinosulfur trifluoride. This strategy is highly reproducible and
scalable, allowing the synthesis of the hominal bis(gem-CF2) fragment as a shelf-stable
tosylate, which can be used to install discrete chains of hominal bis(gem-CF2) on a variety
of synthons and monomers.

The contents of this chapter were published in ACS Omega, American Chemical Society (10.1021/acso-
mega.9b02131). I would like to thank Hans Smit for his contribution to this work.
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3. SYNTHESIS OF A HOMINAL BIS(DIFLUOROMETHYL) FRAGMENT

3.1. INTRODUCTION
The introduction of fluorine atoms into organic compounds has established itself as a
powerful tool for tuning their chemical and physical properties with minimal impact
on sterics. Fluorination often improves chemical resistance, thermal stability, biological
and optical activity.[1] As a result, C-F bonds can be found in a wide variety of pharma-
ceuticals, [2, 3] agrochemicals, surfactants, dyes, and polymeric materials.[4, 5]

The unique properties of the fluorine atom have drawn increasing attention to its
potential application in the field of organic photovoltaics (OPV), where the introduc-
tion of C-F bonds into the monomers of conjugated polymers can significantly improve
their performance.[6, 7] The systematic introduction of C-F bonds into the backbones
of benzoditiophene-[8, 9] and thiophene-containing[10–13] conjugated (co)polymers
leads to an increase in power conversion efficiencies (PCEs) through a combination of
subtle effects.[6] The utility of this approach is evident in the work of Zhao et al., where
the combination of fluorinated donor and non-fullerene acceptors gave rise to OPV devi-
ces with PCEs over 13 %.[14] In addition to direct backbone fluorination, several studies
have explored the effects of introducing fluorinated pendant groups of semi-fluorinated
alkyl chains.[15, 16] Such modifications lead to favorable microstructural ordering and
remarkably high electron mobilities. There is a growing focus on the electrostatics of
pendant groups (i.e., permanent dipoles) in organic materials, from enhancing the dielec-
tric constant of OPV materials[17, 18] to stabilizing dopants in thermoelectrics.[19] A
striking instance of the strong dipole moment created by C-F bonds is ferroelectricity
in polyvinylidene difluoride (PVDF), which arises from the alignment of CF2 groups en-
abled by the – CH2CF2 – repeating unit.[20–23]

We are interested in synthesizing discrete chains containing these hominal bis(gem-
CF2) (i.e., CF2CH2CF2[24]) units that can be attached to small molecules and monomers
to tailor their electrostatic properties. However, the synthesis of hominal CF2 units has
not been widely reported. Typically, such compounds are obtained in the mixture of
telomers, as illustrated in Figure 3.1.
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Haupschein et al. accomplished the telomerization of 1,1-difluoroethylene under
thermal conditions, yielding telomer iodides and bromides containing the hominal bis-
(gem-CF2) fragment.[25] In later work, they prepared fluorocarbon halosulfates, acids,
and derivatives that also contained such units [26]. However, in both cases, the hom-
inal bis(gem-CF2) fragment is formed in a mixture with perfluorinated moieties. The
synthesis also required large autoclaves and long, extensive heating followed by difficult
fractional distillations. Similar difficulties were observed by others, via a variety of syn-
thetic approaches: photochemically initiated reactions of bistrifluoromethyl disulphide
with olefins,[27] thermal polymerization of SF5Br with fluoroolefins,[28] modification
of other telomers,[29] telomerization of VDF with α,ω-diiodoperfluoroalkanes[30] and
iodoperfluoroalkanes.[31–35]

It is apparently impossible to control the number of CH2CF2 units by means of telo-
merization; a fully synthetic and controllable approach that does not require harsh con-
ditions, achievable in a typical laboratory environment, and is easily reproduced would
be ideal. As discussed in Chapter 2, there are numerous methods of introducing fluorine
atoms into organic molecules. Their development over the years has built up an array
of tools, each with its pros and cons. For our research, we chose several criteria that
will dictate our choice of strategy: synthetic availability, substrate scope, ease of labor-
atory handling, scalability, cost-effectiveness, and the number of literature precedents
(depicted in Figure 3.2). Based on these parameters, we chose deoxofluorination with
dialkylaminosulfur trifluorides (see Scheme 2.6) as a primary approach.
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Stepanov et al. demonstrated one of the first examples of synthetically-feasible com-
pounds containing hominal bis(gem-CF2) fragment.[36] By treating pentane-2,4-dione
with SF4 for 3 h at 20 ◦C they managed to obtain a mixture that contained 8 % of 2,2,4,4-
tetrafluoropentane and 70 % of 4,4-difluoropentan-2-one among other fluorinated prod-
ucts. With increased reaction time (up to 40 h) and the addition of HF, they observed a
shift toward the formation of 2,2,4,4-tetrafluoropentane as a predominant product. The
same behavior was observed in the case of 2,2,4,4-tetrafluorohexane from hexane-2,4-
dione. Even though this approach seems straightforward, reacting SF4 and HF in an
autoclave is so dangerous that is forbidden nowadays in many (academic) laborator-
ies (such as our own). As a result, more convenient and user-friendly reagents of in-
troducing CF2 groups have been developed,[37] largely as a class of dialkylaminosulfur
tetrafluorides[38] and pyridinium poly(hydrogen fluoride) (PPHF, 70 % hydrogen fluor-
ide, 30 % pyridine, also known as Olah reagent).[39]

Significant progress toward the user-friendly synthesis of hominal bis(gem-CF2)-con-
taining compounds using these methods has been done by O’Hagan and co-workers.
For example, Wang et al. introduced CF2 groups into a palmitic acid analog by sequen-
tial preparation of appropriate precursor ketones followed by deoxofluorination using
diethylaminosulfur trifluoride (DAST).[40] The conversion to the CF2 group occurred in
modest yields and required neat DAST at elevated temperature. Jones et al. synthes-
ized 2,2-dimethyl-5-phenyl-1,1,3,3-tetrafluorocyclohexane by means of the direct deox-
ofluorination of a diketone precursor. [41] Attempts to use the same approach in the case
of diketones, which did not have dimethyl-substituted methylene between keto groups
were unsuccessful, yielding only complex and intractable products, which could be at-
tributed to the high degree of enolization of such diketones. This behavior of diketones
was also noted previously in the work by Singh et al.. [42] In both works by Stepanov
et al.[36] and Wang et al.,[40] the route to compounds containing the hominal bis(gem-
CF2) fragment included the formation of 3,3-difluoroketones as intermediates. 3,3-diflu-
oroketones themselves are attractive building blocks, but are difficult to synthesize; how-
ever, recent work by Hamel et al. demonstrated that the synthesis of 3,3-difluoroketones
via a regioselective gold-catalyzed formal hydration of propargylic gem-difluorides.[43]

Given the relative scarcity of examples of the successful isolation of compounds con-
taining hominal bis(gem-CF2) units, there does not appear to be any reasonable syn-
thetic route to realizing our goal of incorporating them into pendant chains. In this
work, we demonstrate an approachable, reproducible, and reliable strategy for synthes-
izing compounds containing the hominal bis(gem-CF2) fragment from the precursor
3,3-difluoroketones. Our strategy is scalable and produces shelf-stable tosylate that can,
in principle, be used to introduce hominal bis(gem-CF2) units into any small-molecule
or monomer.

3.2. RESULTS AND DISCUSSION
In our first attempts to synthesize hominal bis(gem-CF2) fragment, we used a consec-
utive deoxofluorination approach analogous to that proposed by Wang et al.,[40] as il-
lustrated in Scheme 3.1. Starting from commercially available allyl benzyl ether (1), we
performed an epoxidation using meta-chloroperoxybenzoic acid (mCPBA), which gave 2
in high yield (77 %). This reaction was followed by chain-extension with vinylmagnesium
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bromide and CuCN to produce alcohol 3 in near-quantitative yield (99 %), which was ox-
idized with Dess-Martin periodinane (DMP), leading to the ketone 4 (80 % yield). This
ketone was then treated with morpholinosulfur trifluoride (Morph-DAST) to introduce
the CF2 group, yielding compound 5. The deoxofluorination reaction proceeded under
mild conditions, requiring 24 h in CH2Cl2 at room temperature to achieve a high yield
(91 %). Morph-DAST was used as our deoxofluorination reagent of choice, as its reactiv-
ity was previously reported to be identical to superior over DAST, having higher thermal
stability, producing less fumes in the laboratory, and thus being safer to handle.[44–46]
In order to generate the second ketone precursor, compound 5 was epoxidized (mCPBA,
95 %). The resulting epoxide 6 was reduced with LiAlH4, giving alcohol 7 (99 %), which
was oxidized with DMP yielding ketone 8 (76 %). Compounds 2, 3, 6, and 7 possess
chiral carbon, leading to a mixture of stereoisomers of these compounds. However, we
continued without separation of the isomeres, as the stereocentre disappeared when
generating the corresponding ketones 4 and 8. Our attempts to introduce the second
CF2 group by means of deoxofluorination were met with moderate success. Performing
the reaction with neat Morph-DAST at 50 ◦C for 3 d produced a crude product contain-
ing compound 9 in poor yield (9 %). Efforts to isolate a completely pure product were
unsuccessful.
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Scheme 3.1 Consecutive deoxofluorinations

The low efficiency of the second deoxofluorination step highlights the difficulty of
the hominal bis(gem-CF2) fragment; the introduction of each CF2 severely hinders sub-
sequent deoxofluorination reactions, precluding the isolation of more than one CH2CF2

unit. In this case, we obtained the product 9 in poor yield. We suspect that the key differ-
ence between our work and that of Wang et al.[40] can be attributed to the difference in a
keto group environment. Although both contain CF2 groups in a hominal arrangement,
substrate 8 does not possess the long aliphatic chain that is present in palmitic acid, the
electron-donating nature of which may have somewhat counteracted the deactivating
effect of the first CF2 group.

To cope with the apparent narrow scope of the aforementioned consecutive deoxo-
fluorination approach, we decided to change our synthetic strategy, as demonstrated in
Scheme 3.2. First, we reacted previously-synthesized epoxide 2 with ethylenediamine
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complex of lithium acetylide in order to introduce the propargyl group, yielding alcohol
10 (94 %). This compound was then treated with potassium tert-butoxide, to affect the
migration of a triple bond, as was demonstrated before by Kadirvel et al.[47] and Li et al.,
[48] resulting in the propynyl 11 (88 % yield), which was then oxidized with DMP [49] to
produce yneone 12 (72 % yield). Generating the yneone fragment is a key step, as it was
easily converted into β-dithiolane 13 in high yield (89 %) using the procedure by Sned-
don et al..[50] The dithiolane (thioketal) group acts as an orthogonal protecting group of
a parent 1,3-diketone, which simultaneously permits the use of drastically different flu-
orination techniques on both reaction centers. Using this strategy, we proceeded with
desulfurative fluorination of dithiolane group in 13 with PPHF and 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH) following the procedure by Sondej and Katzenellenbogen
[51], which resulted in fluorinated product 14. Because of the use of DBDMH as a source
of electrophilic Br+, during this transformation, the benzyl protecting group was par-
tially brominated. The degree of bromination varied depending on the reaction time
and scale, however, it was always significant. The mixture of brominated product 14 and
its non-brominated analog (58 % combined yield after desulfurative fluorination of 13)
was difficult to separate by the means of chromatography. However, both compounds
demonstrated equal reactivity and were carried through the rest of the synthesis without
incident. The second ketone group was then converted into the CF2 via deoxofluorin-
ation with Morph-DAST under very mild conditions (overnight in CH2Cl2) yielding the
product 15 in a good yield (85 %). One might consider such a smooth transformation to
be surprising when taking into account how troublesome was the deoxofluorination of
ketone 8. Indeed, both ketones 8 and 14 have CF2 group in a hominal position, which
seemingly deactivates deoxofluorination of 8, but does not have a major effect on the
reactivity of 14. This might be due to the electron-donating effect of the adjacent ether
moiety, and we will try to illuminate this phenomenon in our follow-up work.
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Scheme 3.2 Combined desulfurative and deoxofluorination approach with benzyl protection

In order to generate alcohol 16, we cleaved the (bromo-)benzyl protecting group of
compound 15 with hydrogen gas in an autoclave at 30 bar using palladium on carbon
as a catalyst and methanol as a solvent. The deprotection proceeded a bit more slowly
than anticipated because the bromines needed to be reduced (forming 9 in situ) before
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the normal benzyl ether deprotection reaction can occur. Unfortunately, alcohol 16 is
extremely volatile, and required some care following the autoclave step; once the auto-
clave cooled, compound 16 was collected as a cold, methanolic solution and immedi-
ately worked up with dichloromethane, without evaporating the solvent. This handling
limited the characterization of alcohol 16, which we could verify by NMR, but could not
isolate. Instead, the resulting dichloromethane mixture was quickly tosylated, giving the
product 17 along with methyl tosylate from the residual methanol from the autoclave
mixture. After purification via the flash column chromatography, we isolated pure to-
sylate 17, which is shelf-stable and considerably less volatile than 16. As the quantity of
alcohol 16 could not be determined accurately (we could only verify full conversion ac-
cording to 19F NMR), the exact yield of the last two steps cannot be reported. However,
it is possible to determine the yield of the two-step transformation from compound 15
into the final product 17, which is 30.7 %. We assume that the yield loss is due partly to
the (extreme) volatility of the alcohol 16 in addition to the yield of the tosylation reac-
tion itself. To effect the tosylation, we treated the cold crude solution containing 16 and
trace amounts of methanol with 1,4-diazabicyclo[2.2.2]octane (DABCO) as a base, along
with the catalytic quantity of 4-dimethylaminopyridine (DMAP), followed by the excess
amount of 4-toluenesulfonyl chloride. This allowed us to obtain and purify the product
17, while when using other procedures (e.g., with NaOH, pyridine, or triethylamine as
a base and without DMAP) we either observed very low yields or could not separate the
product 17 from the resulting mixture.

To avoid the necessity of using an autoclave and all the difficulties it created, we in-
vestigated the applicability of our strategy to a different substrate, namely to methoxy-
acetic acid (18). This approach is illustrated in Scheme 3.3. We started by converting
18 into a Weinreb amide 20 in a two-step process via an intermediate acyl chloride 19
(around 72 % two-step yield). The amide 20 was then reacted with 1-Propynylmagnesium
bromide, yielding the compound 21 (89 %). This synthesis was previously reported by
Globisch et al.[52] and allowed us to shorten the number of steps leading to the neces-
sary yneone moiety, which was then treated in a fashion similar to mentioned above.
After easily converting it to dithiolane 22 (95 % yield), we treated the product with PPHF
and DBDMH, resulting in fluorinated compound 23 (67 % yield). Although this approach
obviates the need for the autoclave and eliminates the bromination of the benzyl pro-
tecting group, the intermediates were considerably more volatile, which required care
(e.g., when evaporating solvents and storing intermediates between steps) until the fi-
nal product 17 was isolated. Thus, after producing compound 23 and deoxofluorinating
it with Morph-DAST, we were able to obtain product 24 (74 % yield). What followed was
the demethylation using iodotrimethylsilane (TMSI) in accordance with Jung et al.,[53]
which yielded the aforementioned compound 16 (full conversion by 19F NMR, exact
yield could not be determined). Alcohol 16 was promptly tosylated to afford compound
17. The yield of the two-step transformation from compound 24 into the final product
17 was around 19 %, which is lower than for the transformation of 15. Despite shortening
of the synthetic route, this modified strategy proceeded with mixed success, as coping
with the volatility of not only the alcohol 16 but also compounds 23-24 turned out to be
challenging.
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3.3. CONCLUSIONS

We explored three approaches leading to easy-to-handle and shelf-stable compounds
containing a hominal bis(gem-CF2) fragment. While the general strategy involving two
consecutive deoxofluorinations of ketones has been demonstrated,[40] it turns out to be
quite specific to 1,3-diketones flanked by long alkyl chains. Excluding deprotection, ad-
opting that strategy to our target compound required 8 steps, but failed at the last deoxo-
fluorination due to the apparent deactivation of the second deoxofluorination by the first
CF2. To work around this problem and expand the scope of the double di-fluorination
of 1,3-diketones, we combined desulfurative- and deoxofluorinations to obtain hominal
bis(gem-CF2) fragment in good yield in 6-7 steps, depending on protecting group used
(e.g., compounds 15 and 24). The possibility of deoxofluorination of ketones 14 and 23
in the presence of CF2 groups in hominal position might be attributed to the influence
of adjacent ether moiety and will be further explored in Chapter 4.

While the use of methyl protected group allowed us to shorten the number of steps
and avoid the use of an autoclave, it necessitated working with volatile intermediates.
Deprotection of both compounds 15 and 24 followed by the tosylation of intermedi-
ate alcohol 16 allows the isolation of the hominal bis(gem-CF2) fragment in the form
of product 17, which can be attached to small molecules and monomers to introduce
strong dipole moments in the 1,3 configuration that enables their alignment in an elec-
tric field. We believe that such modifications will be useful for affecting the dielectric
and molecular doping properties of organic-electronic materials.

In the course of synthesizing 17, we isolated the 3,3-difluoroketones 8, 14 and 23,
which are potentially useful building blocks for a variety of applications.[43] By combin-
ing deoxofluorination and desulfurative fluorination strategies, we installed the (gem-
CF2) fragment in the presence of the ketone rather than hydrating a propargylic gem-
difluoride to form a ketone. Thus, our synthetic strategy expands the scope of the double
di-fluorination of 1,3-diketones and provides an alternative route to the synthesis of 3,3-
difluoroketones using accessible and scalable chemistry.
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3.4. EXPERIMENTAL

3.4.1. GENERAL INFORMATION

All reagents were acquired from commercial sources and used without further purifica-
tion unless stated otherwise. Specifically, Morph-DAST was purchased from Manchester
Organics, PPHF (70 % hydrogen fluoride, 30 % pyridine) was purchased from Sigma-
Aldrich and sodium methoxide (5.4 M (30 wt %) solution in methanol, sealed) was pur-
chased from ACROS Organics. Reactions performed under a nitrogen atmosphere were
conducted in flame-dried glassware. All dry solvents were obtained from a solvent puri-
fication system, except dimethyl sulfoxide (DMSO), which was purchased from com-
mercial sources. Thin-layer chromatography (TLC) used Merck silica gel 60 F254 alu-
minum plates. Visualization of compounds by TLC was done by irradiation with UV
light at 254 nm, iodine or potassium permanganate stain. Column chromatography was
performed using SiliCycle SiliaFlash ® Irregular Silica Gels P60 (40µm to 63µm, 60 Å) or
with Reveleris ® X2 Flash Chromatography System. 1H NMR, 13C NMR and 19F NMR
were performed on Agilent Technologies 400/54 Premium Shielded (400 MHz), Varian
Oxford AS400 (400 MHz) or Varian Oxford (300 MHz) instrument at 25 ◦C, using tetra-
methylsilane (TMS) as an internal standard. NMR shifts are reported in ppm, relative
to the residual protonated solvent signals of chloroform-d (δ = 7.26 ppm) or at the car-
bon absorption in chloroform-d (δ = 77.0 ppm). To determine accurate 19FNMR chem-
ical shifts, CFCl3 (δ = 0.00 ppm) was used as an internal standard. Multiplicities are
denoted as: singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), doublet of doublets
(dd), doublet of triplets (dt), doublet of doublet or triplets (ddt), doublet of quartets
(dq), doublet of doublet of quartets (ddq), triplet of doublets (td), triplet of doublet of
doublets (tdd), triplet of triplets (tt), triplet of triplet of triplets (ttt) quartet of doublets
(qd), quartet of triplets of triplets (qtt) and multiplet (m). High-resolution mass spectro-
metry (HRMS) was performed on a Thermo Scientific LTQ Orbitrap XL (FTMS). Infrared
spectra (IR) were recorded on Thermo Scientific Nicolet iS50 FT-IR spectrometer.

3.4.2. SYNTHESIS

General Procedure for Epoxidation. To a stirring solution of an appropriate alkene
(1.0 equiv) in CH2Cl2 (volume in mL equal to the mmol of alkene) at room temperat-
ure and ambient conditions a solution of mCPBA (2.5 equiv) in CH2Cl2 (volume in mL
equals twice the number of mmol of mCPBA) was added. The mixture was left stirring
overnight. The resulting mixture was filtered to get rid of formed suspension, and the or-
ganic layer was washed successively with aqueous solutions of NaHSO3, NaHCO3, water,
and brine, filtering away any formed intermediate precipitate. The combined organic
layer was dried over Na2SO4, filtered, and the solvent was removed by rotary evapora-
tion. The resulting product is used without further purification in the next step, unless
necessary.

General Procedure for Oxidation of Alcohols. To a 0.3 M solution of an appropri-
ate alcohol (1.0 equiv) in CH2Cl2 at 0 ◦C and the ambient atmosphere was slowly added
Dess-Martin periodinane (DMP) (1.5 equiv) and the resulting mixture was left warming
up to room temperature and stirring overnight. The resulting mixture was filtered to
get rid of formed suspension, the organic layer was quenched with water, washed with
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an aqueous saturated NaHSO3 solution, then with a saturated NaHCO3 solution, water,
and brine. The combined organic layers were dried over Na2SO4 and concentrated in
vacuo. The resulting product is used without further purification in the next step, unless
necessary.

General Procedure for Dithiolane Formation. This procedure is adapted from the
one previously reported by Sneddon et al.[50]. Sodium methoxide (5.4 M solution in
methanol 1.3 equiv) was added in one portion to a stirred solution of an appropriate
ynone (1 equiv) and ethane-1,2-dithiol (1.1 equiv) in methanol and CH2Cl2 (4:1, 0.05 M)
at approximately −10 ◦C. The reaction mixture was stirred overnight, allowing the tem-
perature to rise to ambient temperature. On completion, the reaction was quenched
by addition of saturated NH4Cl solution and extracted with diethyl ether. The organic
fractions were washed with water and brine, dried over Na2SO4, concentrated under re-
duced pressure and purified by flash chromatography if necessary.

General Procedure for Deoxofluorination of Ketones. To a 0.5 M solution of an ap-
propriate ketone (1.0 equiv) in CH2Cl2 (usually 0.5 M, although molarity might vary and
is not a crucial parameter) under inert atmosphere at 0 ◦C, Morph-DAST (2.2 equiv) was
slowly added. The reaction mixture was allowed to gradually warm up to room temper-
ature and left stirring overnight. Then it was diluted with additional CH2Cl2 and poured
dropwise on the stirring mixture of saturated aqueous NaHCO3 and ice. When efferves-
cence was complete, the organic layer was washed with a saturated NaHCO3 solution
(until the solution became alkaline), water and brine. The organic layer was dried over
Na2SO4 and concentrated in vacuo. The resulting crude product was purified using va-
cuum distillation or column chromatography.

General Procedure for Desulfurative Fluorination of Dithiolanes. A flame-dried
three-necked round-bottom borosilicate glass flask, equipped with a stirring egg, capped
with septums and connected to the Schlenk line was charged with DBDMH (2.0 equiv)
and put under an inert atmosphere. Then DBDMH was fully dissolved in dry CH2Cl2

(approximately 30 mL of CH2Cl2 is needed per g of DBDMH). The mixture was cooled to
−78 ◦C and PPHF (approximately 1.5 mL per mmol of dithiolane is used) was added via
syringe, making sure that the temperature remains constant. This mixture was stirred
for 30 minutes at −78 ◦C, followed by the dropwise addition of an appropriate dithiolane
(1.0 equiv). The resulting mixture was stirred at constant −78 ◦C temperature for an addi-
tional 45 minutes. It was then carefully poured via Teflon cannula on the mechanically-
stirred icy solution of NaHCO3 in HDPE vessel, without letting the reaction mixture to
warm up. When effervescence was complete and the solution became constantly ba-
sic, it was extracted with CH2Cl2, washed with saturated CuSO4, water and brine, dried
over Na2SO4 and concentrated in vacuo. The resulting crude product was dissolved in a
small quantity of CH2Cl2 and filtered through silica. Further purification was performed
if necessary.

2-((Benzyloxy)methyl)oxirane (2). According to the General Procedure for Epoxid-
ation, the reaction using ((allyloxy)methyl)benzene (1) (52 mL, 337 mmol) and mCPBA
(208.00 g, 843 mmol) afforded compound 2 (42.70 g, 260 mmol, 77 % yield) as a trans-
parent colourless liquid, which was used in the next step without further purification.
If necessary, the product 2 can be distilled at 65 ◦C and 242 mTorr. 1H NMR (400 MHz,
chloroform-d) δ 7.43–7.24 (m, 5H), 4.59 (q, J = 11.9 Hz, 2H), 3.77 (dd, J = 11.4, 3.0 Hz, 1H),
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3.44 (dd, J = 11.4, 5.9 Hz, 1H), 3.19 (ddt, J = 5.9, 4.3, 2.9 Hz, 1H), 2.80 (dd, J = 5.1, 4.1 Hz,
1H), 2.62 (dd, J = 5.1, 2.7 Hz, 1H). 13C NMR (75 MHz, chloroform-d) δ 137.9, 128.4, 127.8,
73.3 (d, J = 3 Hz), 70.8, 50.8, 44.3. IR (neat): 3406, 3065, 3030, 3006, 2903, 2861, 1727,
1641, 1595, 1575, 1496, 1453, 1390, 1363, 1295, 1283, 1259, 1206, 1087, 1074, 1027 cm−1.
See Ref. 54 for full characterization.

1-(Benzyloxy)pent-4-en-2-ol (3). To a stirred solution of 2 (26.00 g, 158 mmol) and
CuCN (1.41 g, 15.83 mmol) in dry THF (120 mL) under inert atmosphere, a 1 M THF solu-
tion of vinylmagnesium bromide (238 mL, 238 mmol), was added dropwise at −78 ◦C.
The mixture was allowed to gradually warm up to room temperature and stirred for
additional 3 hours before it was quenched with a saturated aqueous NH4Cl solution
(100 mL). Layers were separated, the aqueous layer was extracted with ethyl acetate
(2×50mL), and the combined extracts were washed with brine (50 mL) and dried over
Na2SO4. Evaporation of the solvent gave the product 3 (30.31 g, 158 mmol, 100 % yield)
as a golden oil. The product was used in the next step without further purification. 1H
NMR (400 MHz, chloroform-d) δ 7.37–7.25 (m, 5H), 5.83 (ddt, J = 17.2, 10.2, 7.1 Hz, 1H),
5.20–5.04 (m, 2H), 4.55 (s, 2H), 3.88 (qd, J = 6.7, 3.3 Hz, 1H), 3.51 (dd, J = 9.5, 3.4 Hz,
1H), 3.38 (dd, J = 9.5, 7.4 Hz, 1H), 2.50 (s, 1H), 2.27 (t, J = 6.8 Hz, 2H). 13C NMR (75 MHz,
chloroform-d) δ 138.0, 134.3, 129.2–127.1 (m), 117.7, 73.9, 73.4, 69.7, 37.9. IR (neat):
3416, 3066, 3030, 3006, 2904, 2861, 1727, 1641, 1595, 1575, 1496, 1453, 1390, 1363, 1295,
1283, 1259, 1206, 1087, 1074, 1027 cm−1. See Ref. 54 for full characterization.

1-(Benzyloxy)pent-4-en-2-one (4). According to the General Procedure for Oxida-
tion of Alcohols, the reaction using 3 (30.00 g, 156 mmol) and DMP (99.00 g, 234 mmol)
afforded compound 4 (23.60 g, 124 mmol, 80 % yield) as a yellowish oil. The product was
used in the next step without further purification. Note, that efforts to further purify the
compound 4 using column chromatography or distillation were unsuccessful, due to the
migration of the double bond. 1H NMR (400 MHz, chloroform-d) δ 7.42–7.29 (m, 5H),
6.02–5.84 (m, 1H), 5.24–5.09 (m, 2H), 4.59 (s, 2H), 4.10 (s, 2H), 3.26 (dt, J = 6.9, 1.4 Hz,
2H). 13C NMR (75 MHz, chloroform-d) δ 206.4, 137.1, 129.7, 128.5, 128.1, 127.9, 119.2,
74.6, 73.4, 44.0. IR (neat): 3065, 3031, 2981, 2949, 2864, 1724, 1642, 1604, 1575, 1497,
1455, 1437, 1423, 1389, 1322, 1295, 1283, 1258, 1207, 1098, 1028 cm−1. HRMS (FTMS +
pESI) m/z: ([M +N a]+) Calcd for C12H14O2Na 213.0886; Found 213.0889.

(((2,2-Difluoropent-4-en-1-yl)oxy)methyl)benzene (5). According to the General
Procedure for Deoxofluorination of Ketones, the reaction using 4 (20.00 g, 16.53 mL, 105
mmol) and Morph-DAST (40.50 g or 30.8 mL, 231 mmol) after distillation of a crude prod-
uct at 53 ◦C and 282 mTorr afforded compound 5 (20.23 g, 95 mmol, 91 % yield) as a trans-
parent colourless liquid. 1H NMR (400 MHz, chloroform-d) δ 7.42–7.28 (m, 5H), 5.80
(ddt, J = 17.3, 10.2, 7.2 Hz, 1H), 5.29–5.20 (m, 2H), 4.62 (s, 2H), 3.63 (t, J = 12.3 Hz, 2H),
2.74 (tdt, J = 16.5, 7.2, 1.3 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 137.3, 129.0 (t, J =
6 Hz), 128.5, 128.0, 127.8, 122.1 (t, J = 243 Hz), 120.6, 73.8, 69.9 (t, J = 32 Hz), 38.4 (t, J = 25
Hz). 19F NMR (376 MHz, chloroform-d) δ -104.36 (tt, J = 16.5, 12.2 Hz). IR (neat): 3087,
3067, 3032, 2985, 2920, 2872, 1703, 1645, 1498, 1455, 1431, 1368, 1339, 1284, 1254, 1209,
1179, 1161, 1105, 1046, 1029 cm−1. Anal. Calcd for C12H14F2O: C, 67.91; H, 6.65. Found:
C, 67.69; H, 6.54. HRMS (FTMS + pESI or APCI) m/z: compound was suffering from ion
suppression.

2-(3-(Benzyloxy)-2,2-difluoropropyl)oxirane (6). According to the General Proced-
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ure for Epoxidation, the reaction using 5 (9.60 g, 45.2 mmol) and mCPBA (27.9 g, 113
mmol) after purifying the crude product via flash chromatography (silica gel, hexane/eth-
yl acetate gradient separation) afforded 6 (9.77 g, 42.8 mmol, 95 % yield) as a transparent
colourless liquid. 1H NMR (400 MHz, chloroform-d) δ 7.41–7.29 (m, 5H), 4.64 (s, 2H),
3.76–3.68 (m, 2H), 3.17–3.07 (m, 1H), 2.80 (t, J = 4.5 Hz, 1H), 2.53 (dd, J = 5.0, 2.6 Hz, 1H),
2.21 (ddt, J = 18.0, 14.2, 5.6 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 137.2, 128.5,
128.0, 127.8, 124.6—119.0 (m), 73.8, 70.4 (dd, J = 32, 31 Hz), 46.4 (dd, J = 7, 6 Hz), 46.2,
37.5 (t, J = 24 Hz). 19F NMR (376 MHz, chloroform-d) δ -101.71– -103.53 (m), -103.53–
-106.09 (m). The multiplet signals can be recognized as: -102.33 (qd, J = 15.5, 11.4 Hz),
-103.02 (dtd, J = 16.8, 14.2, 12.0 Hz), -104.30 (tt, J = 17.5, 11.8 Hz), -104.99 (tdd, J = 17.2,
13.3, 10.1 Hz). IR (neat): 3064, 3032, 3006, 2930, 2875, 1954, 1497, 1454, 1420, 1371, 1338,
1257, 1204, 1106, 1073, 1028 cm−1. HRMS (FTMS + pESI) m/z: ([M + N a]+) Calcd for
C12H14F2O2Na 251.0854; Found 251.0854.

5-(Benzyloxy)-4,4-difluoropentan-2-ol (7). To a 1 M solution of LiAlH4 (43.8 mL,
43.8 mmol) in diethyl ether a solution of 6 (5.00 g, 21.91 mmol) in diethyl ether (20 mL) at
−10 ◦C was added dropwise. The resulting mixture was allowed to gradually warm up to
room temperature overnight while stirring. Afterward, the resulting mixture was diluted
with additional diethyl ether and carefully poured on icy water. The organic layer was
washed with 1 N HCl, water and brine, dried and concentrated in vacuo, affording the
product 7 (5.00 g, 21.7 mmol, 99 % yield) as a yellowish oil, which was used in the next
step without further purification. 1H NMR (400 MHz, chloroform-d) δ 7.40–7.28 (m, 5H),
4.63 (d, J = 1.8 Hz, 2H), 4.16 (dqd, J = 9.5, 6.3, 3.3 Hz, 1H), 3.71 (dd, J = 13.5, 11.8 Hz, 2H),
2.84 (s, 1H), 2.24–2.04 (m, 2H), 1.24 (d, J = 6.3 Hz, 3H). 13C NMR (101 MHz, chloroform-d)
δ 136.9, 128.6, 128.1, 127.9, 126.0–118.2 (m), 73.9, 70.9 (t, J = 33 Hz), 62.6 (dd, J = 6, 4 Hz),
43.3 (t, J = 23 Hz), 23.9. 19F NMR (376 MHz, chloroform-d) δ -100.64 (ddq, J = 257.4, 16.9,
13.4 Hz), -104.26 (dtt, J = 257.6, 18.4, 12.6 Hz). IR (neat): 3419, 2972, 2933, 2876, 1498,
1455, 1405, 1376, 1329, 1283, 1207, 1184, 1103, 1028, 1000 cm−1. HRMS (FTMS + pESI)
m/z: ([M +H ]+) Calcd for C12H17F2O2 231.1191; Found 231.1190.

5-(Benzyloxy)-4,4-difluoropentan-2-one (8). According to the General Procedure
for Oxidation of Alcohols, the reaction using 7 (4.50 g, 19.5 mmol) and DMP (12.43 g,
29.3 mmol) afforded 8 (3.38 g, 14.8 mmol, 76 % yield) as an orange oil, which was used
in the next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 7.40–
7.27 (m, 5H), 4.58 (s, 2H), 3.77 (t, J = 12.8 Hz, 2H), 3.11 (t, J = 15.7 Hz, 2H), 2.22 (s, 3H). 13C
NMR (101 MHz, chloroform-d) δ 201.9 (t, J = 5 Hz), 137.1, 128.5, 128.0, 127.8, 120.7 (t, J =
244 Hz), 73.8, 70.2 (t, J = 32 Hz), 47.0 (t, J = 24 Hz), 31.3 (t, J = 2 Hz). 19F NMR (376 MHz,
chloroform-d) δ -100.97 (tt, J = 15.7, 12.7 Hz). IR (neat): 3065, 3033, 2925, 2875, 1719,
1497, 1454, 1445, 1369, 1335, 1253, 1208, 1179, 1096, 1028, 1006 cm−1. HRMS (FTMS +
pESI) m/z: ([M +N a]+) Calcd for C12H14F2O2Na 251.0854; Found 251.0853.

4-(((2,2,4,4-Tetrafluoropentyl)oxy)methyl)benzene (9). Under inert atmosphere ne-
at Morph – DAST (0.321 mL, 2.410 mmol) was slowly added to 8 (0.10 g, 0.44 mmol). The
mixture was heated up to 50 ◦C for 4 hours and then left stirring at room temperature
(for approximately 72 hours). Process was controlled daily via 19F NMR of the quenched
samples, and Morph – DAST was added until the conversion was full. Then, the reaction
mixture was diluted with CH2Cl2 and carefully poured on icy water (100 mL). After effer-
vescence was complete, the organic layer was washed with saturated NaHCO3 solution
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(till the solution became constantly basic), water (50 mL) and brine (50 mL). The organic
layer was dried over Na2SO4 and concentrated in vacuo. An attempt of purifying the res-
ulting crude mixture via flash chromatography (silica gel, hexane/ethyl acetate gradient
separation) was made, however only small quantity of product 9 along with unknown
impurities was recovered (0.01 g, 0.04 mmol, 9.12 % crude yield). 1H NMR (400 MHz,
chloroform-d) δ 7.41–7.33 (m, 5H), 4.63 (s, 2H), 3.69 (t, J = 12.7 Hz, 2H), 2.73–2.52 (m,
2H), 1.73 (t, J = 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 137.0, 128.5, 128.1,
127.8, 121.5–118.6 (m), 73.9, 71.2–69.9 (m), 42.0–40.6 (m), 24.1 (t, J = 27 Hz). 19F NMR
(376 MHz, chloroform-d) δ -85.68 (qtt, J = 19.1, 14.8, 7.8 Hz), -102.85 (ttt, J = 13.1, 8.2, 4.2
Hz). IR (neat): 3090, 3066, 3033, 3008, 2925, 2868, 1819, 1455, 1426, 1397, 1281, 1230,
1173, 1114, 1100, 1059, 1029 cm−1. HRMS (FTMS + pESI, or APCI) m/z: compound was
suffering from ion suppression.

1-(Benzyloxy)pent-4-yn-2-ol (10). This procedure is adapted from the one previ-
ously reported by Li et al.[48]. To a stirred solution of 2 (15.00 g, 91 mmol) in dry DMSO
(20 mL) at 0 ◦C a solid powder of lithium acetylide etylenediamine complex (15.83 g, 146
mmol) was added in several portions. The reaction mixture was stirred at 0 ◦C for 3 hours
and then left warming up to room temperature overnight. Afterward, it was quenched
with brine (30 mL) and acidified with 10 % aqueous solution of HCl. The resulting mix-
ture was extracted with ethyl acetate (3×100mL). Combined organic layer was washed
with NaHCO3, water, saturated LiCl and brine, dried over Na2SO4 and concentrated in
vacuo. Obtained crude product 10 (16.30 g, 86 mmol, 94 % yield) as a yellowish liquid
was used in the next step without further purification. 1H NMR (400 MHz, chloroform-
d) δ 7.39–7.28 (m, 5H), 4.57 (s, 2H), 3.98 (qd, J = 6.4, 4.0 Hz, 1H), 3.61 (dd, J = 9.5, 3.9 Hz,
1H), 3.52 (dd, J = 9.5, 6.5 Hz, 1H), 2.54–2.48 (m, 1H), 2.46 (dd, J = 6.3, 2.7 Hz, 2H), 2.03 (t,
J = 2.7 Hz, 1H). 13C NMR (75 MHz, chloroform-d) δ 137.8, 128.5, 127.8, 127.7, 80.2, 73.5,
72.8, 70.6, 68.8, 23.5. IR (neat): 3416, 3290, 2916, 2862, 2359, 2242, 2118, 1496, 1453, 1362,
1309, 1252, 1205, 1099, 1073, 1027 cm−1. See Ref. 47 for full characterization.

1-(Benzyloxy)pent-3-yn-2-ol (11). This procedure is adapted from the one previ-
ously reported by Li et al.[48]. To a DMSO (10 mL) solution of 10 (5.00 g, 26.3 mmol)
under ambient conditions was added potassium tert-butoxide (5.90 g, 52.6 mmol) as a
DMSO (40 mL) solution. The reaction was stirred at room temperature for 2 hours before
quenching sequentially with brine and HCl (5 M). The aqueous layer was extracted with
diethyl ether and the combined organic fractions were washed with aqueous NaHCO3

and brine, dried over Na2SO4 and concentrated in vacuo to afford 11 (4.40 g, 23.13 mmol,
88 % yield) as a dark yellow liquid, which was used in the next step without further puri-
fication. 1H NMR (400 MHz, chloroform-d) δ 7.40–7.27 (m, 5H), 4.64–4.57 (m, 2H), 4.53
(tq, J = 4.3, 3.1, 2.2 Hz, 1H), 3.61 (dd, J = 9.8, 3.5 Hz, 1H), 3.52 (dd, J = 9.8, 7.7 Hz, 1H), 2.31
(s, 1H), 1.84 (d, J = 2.1 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 137.7, 128.5, 127.9,
127.8, 82.1, 73.9, 73.4, 61.8, 3.6. IR(neat): 3290, 3063, 3030, 2917, 2862, 1497, 1454, 1421,
1390, 1362, 1310, 1252, 1206, 1099, 1073, 1028 cm−1. See Ref. 47 for full characterization.

1-(Benzyloxy)pent-3-yn-2-one (12). According to the General Procedure for Oxida-
tion of Alcohols, the reaction using 11 (4.39 g, 23.08 mmol) and DMP (14.68 g, 34.6 mmol)
afforded 12 (3.16 g, 16.79 mmol, 72.8 % yield) as an orange liquid, which was used in the
next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 7.44–7.27
(m, 5H), 4.63 (s, 2H), 4.18 (s, 2H), 2.02 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 184.9,
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137.1, 128.5, 128.0, 128.0, 93.2, 78.1, 75.7, 73.3, 4.2. IR (neat): 3031, 2919, 2865, 2216,
1687, 1670, 1496, 1454, 1257, 1187, 1119 cm−1. See Ref. 55 for full characterization.

1-(Benzyloxy)-3-(2-methyl-1,3-dithiolan-2-yl)propan-2-one (13). According to the
General Procedure for Dithiolane Formation, the reaction using sodium methoxide (7.65
mL of 5.4 M solution in methanol, 41.3 mmol), 12 (5.98 g, 31.8 mmol) and ethane-1,2-
dithiol (3.29 g, 34.9 mmol) afforded 13 (7.97 g, 28.2 mmol, 89 % yield) as an orange li-
quid, which was used in the next step without further purification. 1H NMR (400 MHz,
chloroform-d) δ 7.38–7.28 (m, 5H), 4.58 (s, 2H), 4.07 (s, 2H), 3.35–3.25 (m, 4H), 3.21 (s,
2H), 1.87 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 205.4, 137.1, 128.5, 128.0, 127.9,
75.6, 73.3, 61.8, 53.7, 39.6, 32.0. IR (neat): 3061, 3029, 2966, 2920, 2861, 1722, 1584, 1496,
1453, 1423, 1388, 1369, 1333, 1277, 1245, 1205, 1140, 1100, 1027 cm−1. HRMS (FTMS +
pESI) m/z: ([M +N a]+) Calcd for C14H18O2S2Na 305.0640; Found 305.0643.

1-((4-Bromobenzyl)oxy)-4,4-difluoropentan-2-one (14). According to the General
Procedure for Desulfurative Fluorination of Dithiolanes, the reaction using DBDMH (6.54
g, 22.87 mmol), PPHF (25 mL, 277 mmol) and 13 (3.23 g, 11.44 mmol) afforded a crude
product 14 as an orange liquid. It contained the mixture of 1-((4-bromobenzyl)oxy)-4,4-
difluoropentan-2-one and 1-(benzyloxy)-4,4-difluoropentan-2-one (2.07 g, which when
calculated for 1-((4-bromobenzyl)oxy)-4,4-difluoropentan-2-one is 6.74 mmol, 58.9 % yi-
eld). This mixture was used in the next step without further purification. 1H NMR
(400 MHz, chloroform-d) δ 7.39–7.31 (m, 5H), 4.54 (s, 2H), 4.12 (d, J = 4.5 Hz, 2H), 3.05
(td, J = 14.7, 6.3 Hz, 2H), 1.73 (t, J = 18.9 Hz, 3H). 13C NMR (75 MHz, chloroform-d) δ
too low intensity of the signals. 19F NMR (376 MHz, chloroform-d) δ -85.15– -85.43 (m).
Attempts to purify and separate the crude product 14 using flash column chromato-
graphy (silica gel, hexane/ethyl acetate gradient separation) went with moderate suc-
cess, as mostly 1-((4-bromobenzyl)oxy)-4,4-difluoropentan-2-one was isolated, which
still contained impurities. 1H NMR (400 MHz, chloroform-d) δ 7.49 (d, J = 8.3 Hz, 2H),
7.23 (d, J = 8.1 Hz, 2H), 4.54 (s, 2H), 4.13 (s, 2H), 3.05 (t, J = 14.7 Hz, 2H), 1.73 (t, J = 18.9
Hz, 3H). 13C NMR (151 MHz, chloroform-d)δ 201.7, 135.9, 131.7, 129.5, 128.5, 122.1, 75.6,
72.7, 50.2 (d, J = 17 Hz), 46.6 (t, J = 27 Hz), 30.2, 23.6 (t, J = 27 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.84 (qt, J = 22.8, 16.4 Hz). IR(neat): 3057, 2927, 2856, 1733, 1677, 1593,
1488, 1403, 1305, 1266, 1229, 1203, 1190, 1111, 1069, 1012 cm−1. HRMS (FTMS + pESI)
m/z: ([M +N a]+) Calcd for C12H13BrF2O2Na 330.9939; Found 330.9941.

1-Bromo-4-(((2,2,4,4-tetrafluoropentyl)oxy)methyl)benzene (15). According to the
General Procedure for Deoxofluorination of Ketones, the reaction using 14 (2.07 g, 6.74
mmol) and Morph-DAST (1.974 mL, 14.83 mmol) after purifying the crude product via
flash chromatography (silica gel, hexane/ethyl acetate gradient separation) afforded com-
pound 15 (1.88 g, 5.71 mmol, 85 % yield) as a colorless transparent oil. 1H NMR (400 MHz,
chloroform-d) δ 7.49 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 4.57 (s, 2H), 3.68 (t, J = 12.7
Hz, 2H), 2.61 (p, J = 15.4 Hz, 2H), 1.72 (t, J = 19.1 Hz, 3H). 13C NMR (101 MHz, chloroform-
d) δ 138.7, 134.3, 132.0, 126.3–120.4 (m), 124.6, 75.8, 73.4 (tt, J = 31, 2 Hz), 43.9 (tt, J = 28,
25 Hz), 26.8 (tt, J = 27, 2 Hz). 19F NMR (376 MHz, chloroform-d) δ -85.86 (qtt, J = 19.2,
14.8, 7.6 Hz), -102.62 (ttt, J = 15.7, 12.6, 7.7 Hz). IR (neat): 3006,2951, 2922, 2877, 1723,
1594, 1488, 1396, 1381, 1279, 1240, 1172, 1121, 1097, 1069, 1012, 968, 943, 921, 872, 827,
795, 714, 674 cm−1. Anal. Calcd for C12H13BrF4O: C, 43.79; H, 3.98. Found: C, 43.75; H,
4.05. HRMS (FTMS + pESI or APCI) m/z: compound was suffering from ion suppression.
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2,2,4,4-Tetrafluoropentan-1-ol (16). Solution of 15 (0.43 g, 1.31 mmol) in methanol
(10 mL) together with 10 % palladium on carbon (0.14 g, 0.131 mmol) and few drops of
HCl were mixed in autoclave. The system was closed and left stirring in the hydro-
gen atmosphere at 30 bar pressure for 24 hours. Afterward the autoclave was cooled
with ice, the cold solution was dissolved in CH2Cl2 (50 mL), filtered through silica, then
promptly washed with cold water and brine, dried over Na2SO4 and concentrated in
vacuo (without putting pressure below 800 mbar, to avoid losses of alcohol due to its
volatility). Obtained 2.72 g of crude solution of 16 in CH2Cl2 and methanol. The full con-
version of 15 to 16 was confirmed by 19F NMR and to avoid further loss of the product,
the crude solution was promptly used in the next step without further purification. For
calculations, the quantity of alcohol 16 was used as if the yield is 99 % (0.2 g, 1.249 mmol).
1H NMR (400 MHz, chloroform-d) δ 3.82 (t, J = 13.0 Hz, 2H), 2.61 (p, J = 15.3 Hz, 2H), 1.74
(t, J = 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ too low intensity of the signals.
19F NMR (376 MHz, chloroform-d) δ -85.81– -86.78 (m), -104.16– -106.39 (m).

2,2,4,4-Tetrafluoropentyl 4-methylbenzenesulfonate (17). To a stirred solution of
crude 16 (0.20 g, 1.249 mmol) from the previous step, were added N,N-dimethylpyridin-
4-amine (DMAP, 0.015 g, 0.125 mmol) and DABCO (0.28 g, 2.498 mmol) at 0 ◦C in CH2Cl2

(2.5 mL), followed by 4-methylbenzene-1-sulfonyl chloride (0.29 g, 1.56 mmol), and the
resulting solution was sealed and left warming up to room temperature and stirring
overnight. Then it is washed with water, 1 N HCl, NaHCO3, 1 N KOH, brine, dried and
concentrated. The resulting crude product was purified using flash chromatography
(silica gel, hexane/ethyl acetate gradient separation), affording compound 17 (0.126 g,
0.40 mmol) as a transparent yellowish oil. 1H NMR (400 MHz, chloroform-d) δ 7.86–7.75
(m, 2H), 7.37 (d, J = 8.1 Hz, 2H), 4.19 (t, J = 12.0 Hz, 2H), 2.55 (p, J = 15.2 Hz, 2H), 2.46
(s, 3H), 1.67 (t, J = 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 148.3, 134.6, 132.7,
130.7, 126.4–121.0 (m), 123.2–117.9 (m), 70.7 (tt, J = 35, 3 Hz), 43.8 (tt, J = 28, 24 Hz), 26.8
(tt, J = 27, 2 Hz), 24.4. 19F NMR (376 MHz, chloroform-d) δ -86.76 (qtt, J = 19.0, 14.9, 7.9
Hz), -102.54 (ttt, J = 15.6, 12.0, 7.7 Hz). IR (neat): 3007, 2959, 2929, 1598, 1451, 1397,
1368, 1243, 1190, 1174, 1096, 1021 cm−1. Anal. Calcd for C12H14F4O3S: C, 45.86; H, 4.49;
S, 10.20. Found: C, 46.77; H, 4.67; S, 10.13. HRMS (FTMS + pESI) m/z: ([M + N H4]+)
Calcd for C12H18F4O3S1N1 332.0938; Found 332.0944.

As the quantity of alcohol 16 could not be determined accurately, the exact yield of
last two steps cannot be reported. However it is possible to determine the yield of the
two-step transformation from compound 15 (0.43 g, 1.306 mmol) into the final product
17 (0.126 g, 0.401 mmol), which is 30.7 %.

We assume the yield loss is due to the volatility of the alcohol 16 and the specific to-
sylation procedure. When applied for other substrates (e.g., 2-(2-ethoxyethoxy)ethanol)
the average yield of this tosylation procedure is 60 %, which means an approximate yield
of 51 % after an autoclave. Interestingly, the use of other procedures for tosylation of al-
cohols (e.g., with NaOH, pyridine or triethylamine as a base and without DMAP) did not
allow us to separate the pure product 17.

2-Methoxyacetyl chloride (19). This procedure is adapted from the one previously
reported by Globisch et al.[52]. DMF (20µL, catalytic amount) and oxalyl chloride (66.7 mL,
762 mmol) were added to a solution of 2-methoxyacetic acid (45 mL, 586 mmol) in CH2Cl2

(300 mL) at 0 ◦C under inert atmosphere, and the solution was stirred for 3 hours. The
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solvent was removed in vacuo, to give 19 (60.00 g, 553 mmol, 94 % yield) as a pale yellow
oil, which was used without further purification.

N,2-Dimethoxy-N-methylacetamide (20). This procedure is adapted from the one
previously reported by Globisch et al.[52]. N,O-Dimethylhydroxylamine hydrochloride
(59.30 g, 608 mmol) and pyridine (98 mL, 1216 mmol) were added to a crude solution
of 19 (60.00 g, 553 mmol) in CH2Cl2 (400 mL) under inert atmosphere, and the solution
stirred at room temperature for 18 hours before quenching with saturated NaHCO3, ex-
tracting with CH2Cl2, washing with water, 1 N HCl and brine. Organic layer was dried
over Na2SO4 and concentrated in vacuo to give 20 (57.00 g, 428 mmol, 77 % yield) as a
transparent colorless liquid. If the product purity is unsatisfactory, it can be distilled at
43 ◦C and 727 mTorr. 1H NMR (400 MHz, chloroform-d) δ 3.84 (s, 2H), 3.34 (s, 3H), 3.07
(s, 3H), 2.81 (s, 3H). See Ref. 52 for full characterization.

1-Methoxypent-3-yn-2-one (21). This procedure is adapted from the one previously
reported by Globisch et al.[52]. To a solution of 20 (20.00 g, 150 mmol) in THF (200 mL)
at −78 ◦C was added 0.5 M THF solution of prop-1-yn-1-ylmagnesium bromide (451 mL,
225 mmol), and the resulting mixture was stirred overnight at room temperature. The
reaction was quenched with aqueous NH4Cl solution (150 mL) and extracted with ethyl
acetate (3×70mL). The combined organic layers were dried over Na2SO4 and concen-
trated in vacuo, affording compound 21 (15.00 g, 134 mmol, 89 % yield) as a yellowish
liquid. If the product purity is unsatisfactory, it can be distilled at 74 ◦C and 9.69 Torr. 1H
NMR (300 MHz, chloroform-d) δ 4.07 (s, 2H), 3.39 (s, 3H), 1.99 (s, 3H). See Ref. 52 for full
characterization.

1-Methoxy-3-(2-methyl-1,3-dithiolan-2-yl)propan-2-one (22). According to the Gen-
eral Procedure for Dithiolane Formation, the reaction using sodium methoxide (18.55 mL
of 5.4 M solution in methanol, 93 mmol), 21 (8.00 g, 71.3 mmol) and ethane-1,2-dithiol
(7.39 mL, 78 mmol) afforded compound 22 (14.00 g, 67.9 mmol, 95 % yield) as a yellowish
liquid, which was used in the next step without further purification. 1H NMR (300 MHz,
chloroform-d) δ 3.96 (s, 2H), 3.36 (s, 3H), 3.34–3.19 (m, 4H), 3.13 (d, J = 2.3 Hz, 2H), 1.82
(s, 3H). 13C NMR (75 MHz, chloroform-d) δ 205.4, 78.1, 61.8, 59.3 (d, J = 3 Hz), 58.2, 53.5,
39.6, 31.9. IR (neat): 2965, 2921, 2821, 1722, 1446, 1423, 1368, 1335, 1277, 1197, 1105,
1072, 1034 cm−1. HRMS (FTMS + pESI) m/z: ([M +H ]+) Calcd for C8H15O2S2 207.0508;
Found 207.0506.

4,4-Difluoro-1-methoxypentan-2-one (23). According to the General Procedure for
Desulfurative Fluorination of Dithiolanes, the reaction using DBDMH (13.86 g, 48.5 mmol),
PPHF (45 mL, 499 mmol) and 22 (5.00 g, 24.23 mmol) after distillation of a crude product
at 41 ◦C and 19.8 Torr or filtering the CH2Cl2 solution through silica afforded compound
23 (2.50 g, 16.43 mmol, 67.8 % yield) as a yellow liquid. Precautions have to be taken
when working with product 23, as the rapid weight loss could be observed due to its
volatility. 1H NMR (400 MHz, chloroform-d) δ 4.06 (s, 2H), 3.43 (s, 3H), 3.04 (t, J = 14.7
Hz, 2H), 1.73 (t, J = 18.9 Hz, 3H). 13C NMR (75 MHz, chloroform-d) δ 202.0, 121.5 (t, J =
240 Hz), 78.1, 59.3 (d, J = 6 Hz), 46.4 (t, J = 27 Hz), 23.5 (t, J = 26 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.36 (qt, J = 18.9, 14.8 Hz). IR (neat): 3001, 2926, 2853, 2830, 1734,
1640, 1451, 1391, 1353, 1280, 1226, 1202, 1117, 1094, 1062, 1042 cm−1. HRMS (FTMS +
pESI) m/z: ([M +N a]+) Calcd for C6H10F2ONa 175.0541; Found 175.0541.

2,2,4,4-Tetrafluoro-1-methoxypentane (24). According to the General Procedure
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for Deoxofluorination of Ketones, the reaction using 23 (2.5 g, 16.43 mmol) and Morph-
DAST (6.33 g or 4.81 mL, 36.2 mmol) afforded compound 24 (2.14 g, 12.26 mmol, 74.6 %
yield) as a dark yellow liquid. If the product purity is unsatisfactory, it can be purified
using column chromatography (CH2Cl2, R f = 0.84). Precautions have to be taken when
working with product 24, as the rapid weight loss could be observed due to its volatility.
1H NMR (400 MHz, chloroform-d) δ 3.60 (t, J = 12.8 Hz, 2H), 3.44 (s, 3H), 2.57 (p, J = 15.4
Hz, 2H), 1.71 (t, J = 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 126.8–120.4 (m),
75.7 (tt, J = 31, 2 Hz), 62.4, 43.8 (tt, J = 28, 24 Hz), 26.7 (tt, J = 27, 2 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.51 (qtt, J = 19.1, 14.9, 7.7 Hz), -102.47 (ttt, J = 16.3, 13.0, 8.1 Hz). IR
(neat): 2934, 2855, 1706, 1675, 1635, 1394, 1174, 1114 cm−1. HRMS (FTMS + pESI or
APCI) m/z: compound was suffering from ion suppression.

2,2,4,4-Tetrafluoropentan-1-ol (16). To an ice-cold stirred solution of 24 (0.40 g,
2.30 mmol) in CDCl3 (1.5 mL) in a sealed vessel with a septum cap under inert atmo-
sphere, trimethylsilyl iodide (1.15 g, 0.78 mL, 5.74 mmol) was slowly added. The result-
ing solution was stirred at room temperature, until the full conversion of 24 to 16 was
confirmed by 19F NMR (took 36 hours), after which it was quenched with methanol.
The resulting mixture was extracted with ether, washed with NaHSO3, water, NaHCO3

and brine. Combined organic layers were dried and gently concentrated (without lower-
ing the pressure below 800 mTorr), affording the crude solution containing 16. 1H NMR
(400 MHz, chloroform-d) δ 3.83 (t, J = 13.0 Hz, 2H), 2.61 (p, J = 15.2 Hz, 2H), 1.73 (t, J
= 19.1 Hz, 3H). 13C NMR (75 MHz, chloroform-d) δ too low intensity of the signals. 19F
NMR (376 MHz, chloroform-d) δ -85.99– -86.49 (m), -104.88– -105.29 (m). Precautions
have to be taken when working with product 16, as the rapid weight loss could be ob-
served due to its volatility. To avoid further loss of the product, the crude solution was
used without further purification in a tosylation reaction according to the abovemen-
tioned procedure. The total crude amount (0.34 g, 2.12 mmol, 92 % yield) was used for
calculations. As the amount of alcohol 16 could not be determined accurately, the exact
yield of the demethylation step cannot be reported. However it is possible to determine
the yield of the two-step transformation from compound 24 (0.40 g, 2.297 mmol) into
the final product 17 (0.12 g, 0.764 mmol), which is 19.88 %, and is lower compared to the
benzyl protection route.
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3.5. NMR SPECTRA
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Figure 3.3 19F NMR spectrum (376 MHz, chloroform-d) of compound 5
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19F NMR (376 MHz, Chloroform-d) δ -102.33 (qd, J = 15.5,
11.4 Hz), -103.02 (dtd, J = 16.8, 14.2, 12.0 Hz), -104.30 (tt,
J = 17.5, 11.8 Hz), -104.99 (tdd, J = 17.2, 13.3, 10.1 Hz).

19F NMR (376 MHz, Chloroform-d) δ -101.71 – -103.53 (m),
-103.53 – -106.09 (m).

66

Figure 3.4 19F NMR spectrum (376 MHz, chloroform-d) of compound 6
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= 18.4, 12.6 Hz).
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Figure 3.5 19F NMR spectrum (376 MHz, chloroform-d) of compound 7
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Figure 3.6 1H NMR spectrum (400 MHz, chloroform-d) of compound 8
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Figure 3.7 19F NMR spectrum (376 MHz, chloroform-d) of compound 8
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Figure 3.8 1H NMR spectrum (400 MHz, chloroform-d) of compound 9
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19F NMR (376 MHz, Chloroform-d) δ -85.68 (qtt, J = 19.1, 14.8, 7.8 Hz),
-102.85 (ttt, J = 13.1, 8.2, 4.2 Hz).

Figure 3.9 19F NMR spectrum (376 MHz, chloroform-d) of compound 9
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(s, 2H), 3.68 (t, J = 12.7 Hz, 2H), 2.61 (p, J = 15.4 Hz, 2H), 1.72 (t, J = 19.1 Hz, 3H).
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Figure 3.10 1H NMR spectrum (400 MHz, chloroform-d) of compound 15
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19F NMR (376 MHz, Chloroform-d) δ -85.86 (qtt, J = 19.2, 14.8, 7.6 Hz),
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Figure 3.11 19F NMR spectrum (376 MHz, chloroform-d) of compound 15
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Figure 3.12 1H NMR spectrum (400 MHz, chloroform-d) of compound 17
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13C NMR (101 MHz, Chloroform-d) δ 148.3 , 134.6 , 132.7 , 130.7 ,
126.4 – 121.0 (m), 123.2 – 117.9 (m), 70.7 (tt, J = 34.5, 2.5 Hz), 43.8
(tt, J = 27.5, 24.2 Hz), 26.8 (tt, J = 26.6, 2.0 Hz), 24.4 .

Figure 3.13 13C NMR spectrum (101 MHz, chloroform-d) of compound 17
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19F NMR (376 MHz, Chloroform-d) δ -86.76 (qtt, J = 19.0, 14.9, 7.9 Hz),
-102.54 (ttt, J = 15.6, 12.0, 7.7 Hz).

1717

Figure 3.14 19F NMR spectrum (376 MHz, chloroform-d) of compound 17
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Figure 3.15 1H NMR spectrum (400 MHz, chloroform-d) of compound 23
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Figure 3.16 19F NMR spectrum (376 MHz, chloroform-d) of compound 23
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Figure 3.17 1H NMR spectrum (400 MHz, chloroform-d) of compound 24
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19F NMR (376 MHz, Chloroform-d) δ -85.51 (qtt, J = 19.1, 14.9, 7.7 Hz),
-102.47 (ttt, J = 16.3, 13.0, 8.1 Hz).
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Figure 3.18 19F NMR spectrum (376 MHz, chloroform-d) of compound 24
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Figure 3.19 1H NMR spectrum (400 MHz, chloroform-d) of the crude compound 16 obtained by demethylation
of 24 with TMSI
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Figure 3.20 19F NMR spectrum (376 MHz, chloroform-d) of the crude compound 16 obtained by demethyla-
tion of 24 with TMSI
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4
ETHER ACTIVATION EFFECT ON

DEOXOFLUORINATION REACTIONS

Abstract: In this chapter, we explore the effect of ether activation on deoxofluorination
reactions. To achieve this, we synthesized a small library of precursor ketones. We varied
substituents in direct proximity to the keto group and tested deoxofluorination reaction
using several reaction conditions. The results of these experiments highlighted the activat-
ing effect of ether group located in 1,3 relation to ketone along the aliphatic chain, which
allowed successful transformation into the CF2 group, whereas it was problematic, if even
possible, for other substituents. We also propose a plausible mechanism, which showcases
the possible contribution of the ether group in directing deoxofluorinating agents. We per-
formed calculations of intermediate and transition state structures and calculated their
energetic profiles. These calculations showed a clear effect of ether substituent in lowering
the energy barrier of one of the transition states.

The contents of this chapter will be used in the upcoming publication. I would like to thank Luis Enrique
Aguilar Suarez for his ingenuity and large contribution to this work, and (Mr.) Jane Kardula for his help with
finalizing it.
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4. ETHER ACTIVATION EFFECT ON DEOXOFLUORINATION REACTIONS

4.1. INTRODUCTION
The introduction of fluorine atoms into organic compounds is a versatile approach to
tailor chemical, physical, and pharmacological properties of the target molecules [1].
Hence, fluorine atoms can be found in numerous agrochemicals, and notably, in about
half of commercialized (so-called “blockbuster”) drugs [2]. As an example, in 2019 FDA
has approved 11 fluorine-containing drugs [3], 10 were approved in 2020 [4], and in 2021
this number rose to 13 [5].

The reasoning behind such an advantageous role of fluorine lies in its effect on con-
formation, pKa, metabolic pathways, and membrane permeability [6]. The latter is largely
intertwined with an influence on log P (logarithm of partition coefficient) value due
to the very strong electronegativity and the small size of fluorine atoms [7]. This in-
fluence on lipophilicity is particularly evident in the case of compounds bearing gem-
difluoromethyl groups [7–9].

While thinking about the application of the CF2 group, polymers (like polyvinylidene
difluoride (PVDF)), or surfactants immediately come to mind [7]. The contribution of
difluoromethyl group to pharmaceuticals pales in comparison to its more popular tri-
fluoromethyl (CF3) counterpart [10], but among the database of 340 fluorinated phar-
maceuticals, around 10 include Alkyl-CF2R fragments [11]. Among these drugs are Gle-
caprevir (hepatitis C inhibitor), Gemigliptin (anti-diabetic drug), Ivosidenib (anti-cancer
medication used for leukemia treatment), and Vinflunine (anti-cancer medication used
for bladder cancer). These compounds are depicted in Figure 4.1.
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Figure 4.1 Commercial drugs containing CF2 group

There are numerous developments of the methods of CF2 group introduction into
target molecules – from fluorinated synthons [2] to direct fluorination by nucleophilic
[10, 12–14] and electrophilic [7, 15] reagents. Generalized pathways to the direct intro-
duction of CF2 group are depicted in Scheme 4.1.
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Scheme 4.1 Generalized pathways of CF2 group introduction via direct fluorination methods

There are advantages and limitations of each of the abovementioned methods (main-
ly substrate scope, reagent and catalyst cost-efficiency, ease of laboratory handling, etc.
[1, 15], as was discussed in Chapter 2), but deoxofluorination has proven to still be the
most widespread and versatile approach to achieving such transformation [1, 10, 16, 17].
Among reagents used for deoxofluorination of ketones into desired CF2 group the most
prevalent are sulfur tetrafluoride (SF4) and its derivatives – dialkylaminosulfur trifluor-
ides, such as diethylaminosulfur trifluoride (SF3NEt2), and its analogs.

The prevailing, and commonly accepted mechanism of the deoxofluorination of ket-
ones [1, 10, 18–21] is depicted in Scheme 4.2.
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Scheme 4.2 Conventional mechanism of the deoxofluorination of ketones

As seen from this mechanism, the first step is initiated by the addition of catalytic
traces of hydrogen fluoride (which is generally assumed to be adventitiously formed by
hydrolysis of deoxofluorinating reagent with trace amounts of water in the solvent, re-
action with water coordinated on keto-group, or reaction with the alcohol in enol tau-
tomer form of the substrate [18, 20, 21]). Following the nucleophilic addition of F – ,
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the α-fluoro alcohol intermediate (I-a1) then directly reacts with deoxofluorinating re-
agent, displacing fluorine on sulfur by oxygen of hydroxy group, thus eliminating addi-
tional amounts of HF and forming I-a2. Then, transformation can reach the goal gem-
difluoride via two competing mechanisms, which according to the study by Prakesh et
al. is largely dependent on the group adjacent to the target carbonyl [21]. Introduction
of the second fluorine can occur either directly via elimination of sulfurous fluoride by
inter/intramolecular reaction (SN2 pathway), or by the formation of fluorocarbocation I-
a3, which then can react with F – species toward the final gem-difluoride (SN1 pathway),
or suffer from α-proton loss, resulting in the formation of vinyl fluoride side-product
[20, 21].

While the formation of fluoroalkene side-products is somewhat typical for dialkylam-
inosulfur trifluorides, it is rarely observed when SF4 is used [10, 20]. In their 2021 report,
Trofymchuk and Bugera et al. explain this phenomenon via the subtle change in the re-
action mechanism (see Scheme 4.3).
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Scheme 4.3 Mechanism of the deoxofluorination of ketones with SF4

In the case of SF4, it can reversibly react with HF (either added externally or gener-
ated in situ by using water as a reaction media), to form strong Lewis acid – SF3

+. This
cation then reacts with ketones, to form intermediate I-b1, which in turn converts into
I-b2 intramolecularly. As the last step, carbocation I-b2 reacts with fluoride anion to
form desired difluoromethylene product, or in case of low F – concentration, it produces
fluoroalkene side-products [10]. According to Trofymchuk and Bugera et al., the absence
of external HF in the case of dialkylaminosulfur trifluorides is the key factor that explains
slower reactions (no active SF3

+), and more pronounced side-product formation (lack of
F – ) [10].

The same report shows the broad applicability of SF4/HF or SF4/H2O systems to suc-
cessfully achieve deoxofluorinaiton of the wide variety of deactivated substrates, which
are much less (if at all) feasible via the use of dialkylaminosuflur trifluorides [10].

While these impressive results demonstrate the applicability of sulfur tetrafluoride
for a wide array of problematic substrates, it is important to mention, that use of SF4 also
has its shortcomings. Being a corrosive, and highly toxic gas, SF4 is frequently used with
an equally dangerous substance – HF. This in turn causes some trepidation, which has
led to limiting or even prohibiting its use in many (academic) laboratories [12, 14, 17].
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Thus, overcoming the limitations and improving the applicability of liquid, easier-to-
handle SF4 analogs (e.g., DAST, Morph-DAST (also known as MOST), Deoxofluor (also
known as BAST), Fluolead, etc.) for deoxofluorination of deactivated substrates is highly
desired.

In a previous study, we pursued the synthesis of discrete chains containing homin-
al [22] bis(difluoromethyl) fragment (i.e., RCF2CH2CF2R’) [12]. When introducing the
second CF2, we noticed that reaction conditions and the overall yield were drastically
different, depending on which side the first difluoromethyl group was located relatively
to target keto group (see Scheme 4.4).
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Scheme 4.4 Introduction of the second CF2 in a hominal position

As can be seen from Scheme 4.4, the carboxyl group for both substrates A and B
was equally distanced from CF2 in both cases. Still, deoxofluorination for compound A
required somewhat harsh conditions, as only reaction with neat morpholinosulphur tri-
fluoride (Morph-DAST, or MOST) at elevated temperature (50 ◦C) for 3 days allowed con-
version into desired product C, with a poor overall yield of < 9%. On the other hand, con-
version of the substrate B (with Br- or H- in 4-position, reactivity was identical in both
cases) into desired product C was achieved using mild conditions (with MOST overnight
in CH2Cl2), and 85% yield was observed.

As both cases had identical relative positioning of carbonyl and difluoromethyl grou-
ps, we suspected that such drastic difference in reaction outcomes are driven by some
other group in proximity to the target keto group. In the case of A only CH3 is present on
the other side of the ketone, while B has an ether moiety in 1,3 relation to ketone, which
is more likely to play a role in this transformation.

In this study, we tried to illuminate and further expand the phenomenon of influ-
ence of the ether group presence on deoxofluorination of ketones, and to understand
the origins of this activation effect.

4.2. RESULTS AND DISCUSSION

4.2.1. PREPARATION OF KETONES
In order to understand if the presence of the ether group really facilitates deoxofluorina-
tion, we prepared several precursor ketones, which have various alkyl or aryl surround-
ing in proximity to the target carbonyl.

Ketones 1-4 were prepared from commercially available aldehydes (benzaldehyde
1a or 3-thiophenecarboxaldehyde 2a), which were treated with readily available allyl-
magnesium bromide solution, yielding alcohols 1b and 2b (see Scheme 4.5). These al-
cohols were in turn oxidized with 1,1,1-tris(acetyloxy)-1,1-dihydro-1,2-benziodoxol-3-
(1H)-one (Dess-Martin periodinane, or DMP), furnishing ketones 1 and 2. Upon pro-
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longed storage, or when treated with potassium tert-butoxide, ketones 1 and 2 transform
into more stable, cross-conjugated ketones 3 and 4 respectively.
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Scheme 4.5 The synthetic route towards the ketones 1-4

Preparation of the ketones 5-12 was achieved utilizing the practicality of Weinreb
amides. We treated Weinreb amides W1 (which can be prepared according to both the
procedure by Yadav et al.[23] and standard preparation [12]), W2 (preparation is de-
scribed in our previous work [12]), and W3 (commercially available, can be also pre-
pared using standard approach [12]) with readily available or easily prepared Grignard
reagents, furnishing desired ketones 5-12 (see Scheme 4.6).
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Scheme 4.6 The synthetic route towards the ketones 5-12

In order to achieve the synthesis of ketones 13-15, we used an approach described in
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our previous work [12]. Having allyl ketone 10 in hand, we performed deoxofluorination
with MOST, which generated compound 10F. Epoxidation of the allylic moiety of 10F
produced epoxide 13a, which was the core intermediate for the ketones 13-15. Reduc-
tion of epoxide 13b with LiAlH4 produced alcohol 13b, which was oxidized with DMP,
yielding desired ketone 13 [12] (see Scheme 4.7).

When treating the epoxide 13b with readily available vinylmagnesium bromide in
the presence of CuCN, chain extension was achieved, yielding alcohol 14b, which upon
oxidation with DMP generates the desired ketone 14 (see Scheme 4.7).

Finally, opening the epoxide moiety of 13a with lithium acetylide (ethylenediamine
complex) produced propargyl alcohol 15a. Analogous to our previous report [12], treat-
ment of 15a with potassium tert-butoxide induced the migration of the triple bond, thus
generating propynyl alcohol 15b, which was then oxidized with DMP to yield the desired
ketone 15 (see Scheme 4.7).
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Scheme 4.7 The synthetic route towards the ketones 13-15

For the final group of ketones (16-20) we utilized our previously reported approach –
conversion of yneones into dithiolanes, followed by desulfurative fluorination [12]. Hav-
ing previously prepared ketones 8, 9, and 12 in hand, we treated them with ethane-1,2-
dithiol in the presence of sodium methoxide, which generated intermediate dithiolanes
16a, 17a, and 19a. These intermediates were then treated with Olah’s reagent (poly
pyridine pydrogen pluoride, or PPHF) in the presence of 1,3-dibromo-5,5-dimethylhyd-
antoin (DBDMH), to achieve desulfurative fluorination, thus yielding the desired ketones
16-20 (see Scheme 4.8).

It is important to mention, that when performing the desulfurative fluorination, the
use of DBDMH as a source of electrophilic Br+ leads to partial bromination of the benzyl
protecting group, the degree of which depends on reaction time and scale, but is always
significant (as reported previously [12]). Thus, ketone 17 was obtained in a mixture with
ketone 18, and likewise, ketone 19 was obtained alongside 20. Chromatographic sep-
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aration of these mixtures was inefficient, thus these mixtures were used as such in the
following deoxofluorination step, as the difference in their reactivity and properties is
negligible.
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Scheme 4.8 The synthetic route towards the ketones 16-20

Having sufficient amounts of precursor ketones 1-20 in hand, we proceeded toward
the key step – deoxofluorination.

4.2.2. DEOXOFLUORINATION

Modern organofluorine chemistry offers a plethora of tools to achieve the deoxofluorin-
ation of ketones. In Chapter 2.3.1 we tried to elucidate the most common reagents used
for this transformation, and we described their scope and limitations. For this work, we
had to choose among deoxofluorination reagents based on their commercial availabil-
ity, reported scope of application, pricing, our previous expertise, ease of handling and
work up. Thus, we narrowed the reagent range to DAST [18], MOST [12], BAST [24], and
XtalFluor salts (used in combination with Et3N·3HF) [25]. To ensure that we picked the
right tool and conditions for this transformation, we performed the screening of condi-
tions for several ketones, in order to develop a set of standard procedures, which could
then be applied to the rest of the precursors.

Our efforts were first drawn to ketones 1 and 10, which have the similar allyl moiety
on one side of the keto group, but different moiety on the other side (see Scheme 4.9).

In the case of compound 1, the benzyl group next to the ketone caused the deac-
tivation of the target carbonyl, thus generally harsher conditions were required (entries
1-7 in the table of Scheme 4.9). We started with milder conditions, treating the DCM
solution of ketone 1 with MOST (entry 1) or DAST (entry 2) at room temperature, and
continuously monitored the reaction by 1H and 19F NMR. We observed, that even after
prolonged reaction time, only trace amounts of the desired product 1F were found. Next,
we tried to use harsh conditions, by heating the neat reaction mixture of the ketone 1
with MOST (entry 3), or BAST (entry 4), to the temperature which is the reported high
safe limit for each of the reagents (hence we skipped the use of DAST in favor of MOST
and BAST, as more thermally stable analogs). This approach produced more tangible
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amounts of 1F, however, the crude mixture was difficult to separate, as multiple side-
products (among which elimination by-product was the most pronounced) were ob-
served. Testing solid DAST and MOST analogs – XtalFluor-E (entry 5) and XtalFluor-M
(entry 6) respectively, using standard conditions in the presence of Et3N·3HF, has been
demonstrated to be inefficient, as only trace signals corresponding to 1F were observed
by 19F NMR, overshadowed by numerous side-products. The most successful result for
this transformation was achieved by treating ketone 1 with excess of neat MOST for a
prolonged period of time (120 hours), which still resulted in similarly poor yield (< 10%
crude), but the amount of side-products was significantly diminished compared to the
desired 1F (entry 7).

Entry [F-] Reagent Solvent Temp.,°C Time, h Product Yield, %

1 MOST DCM 21 72 1F traces

2 DAST DCM 21 96 1F traces

3 MOST Neat 50 72 1F
< 10% 
(crude)

4 BAST Neat 85 72 1F
< 10% 
(crude)

5 XtalFluor-E DCM 21 24 1F traces

6 XtalFluor-M DCM 21 24 1F traces

7 MOST Neat 21 120 1F
< 10% 
(crude)

8 MOST Neat 50 72 10F 55%

9 MOST DCM 21 24 10F 91%

10 XtalFluor-E DCM 21 24 10F 77%

11 BAST DCM 21 48 10F 86%

12 BAST Neat 21 48 10F 61%

Ph

F F

1F
Ph
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10F
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Scheme 4.9 Example of deoxofluorination conditions screening for ketones 1 and 10

In the case of ketone 2, deoxofluorination proceeded with a much higher success
rate, allowing to obtain the product 10F in high isolated yields (entries 8-12 in the table
of Scheme 4.9). When comparing the procedures, it can be seen that the use of MOST in
DCM at room temperature provided the best result. This outcome was also observed in
the case of other activated ketones.

Thus, taking into account the above-mentioned optimization studies, we picked MOST
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as a reagent of choice for all the other transformations, in view of its feasibility as a neat
reagent (compared to BAST, which is provided as a solution in THF or toluene, and has
to be concentrated prior to using neat), ease of handling (as opposed to XtalFluor salts,
which require corrosive HF additives), relative thermal stability (which is an advantage
if compared to DAST, which can spontaneously explode at elevated temperature), and
overall high yield in these transformations, comparable to all other reagents.

Conversion of ketones 1-20 into difluoromethyl derivatives 1F-20F using MOST is
depicted in Scheme 4.10.
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Scheme 4.10 Deoxofluorination of ketones 1-20

For the deoxofluorination of ketones 1-20 with MOST, we tested a sequence of con-
ditions, from mild to harsh. We started with deoxofluorination using MOST in DCM at
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room temperature for a prolonged time (until analyses showed conversion has not in-
creased anymore). Next, we tested the reaction with neat MOST for a prolonged time
(conversion control). In case these results were insufficient, we moved to heating the
mixture of a precursor ketone with MOST in chloroform to reflux (61 ◦C). The last, and
the harshest method we resorted to, was heating the neat mixture of the precursor ketone
with MOST to 50 ◦C. Using this sequence, we screened conditions for each of the ketones
1-20. The most successful results of their conversion into target products 1F-20F are de-
picted in Scheme 4.10.

When looking at the outcomes depicted in Scheme 4.10, we can point out, that deox-
ofluorination of the ketones 1-5 proceeded poorly, as crude yields of the transformation
were either very low (in the case of 1F and 2F), or only trace amounts of the desired
products were observed (in the case of 3F, 4F, and 5F). Our suspicion was that the car-
bonyl group of these ketones possesses reduced activity due to the surrounding moieties.
This theory was addressed by introducing an ether moiety in 1,3 relation to a ketone.

As can be seen in the case of ketones 6 and 7, deoxofluorination toward 6F and 7F
proceeded smoothly, with yields considerably higher than those the ether-free counter-
parts 1F and 2F. The activating effect of the ether group was further observed for ketones
8-12, which were successfully transformed into corresponding products 8F-12F.

Bearing an activating influence of the ether moiety in mind, we tested if its position-
ing played a key role. This is easily comparable by looking at the deoxofluorination of
ketones 13, 14, and 15, compared to 16-20. Both have a similar ether moiety, but the
carbonyl of the first three targets (13-15) is separated from the ether moiety with a di-
fluoromethyl group, while the five other targets (16-20) have 1,3 positioning of the ether
and carbonyl group. After screening the reaction condition sequence, we observed poor
yields for targets 13F, 14F, and 15F, all of which required harsh conditions for the re-
action to even proceed (and completely failing for 15F). Meanwhile, products 16F-20F
were obtained in high yields, using mild conditions (as mentioned before, ketones 17
and 18, as well as 19 and 20 were used in a mixture, due to the specific preparation pro-
tocol). The most notable of these examples are the deoxofluorinations of the ketones
13, and 17, products of which (13F and 17F) are utterly the same compound, but react-
ing carbonyl group is positioned differently relative to the activating ether moiety (see
Scheme 4.10).

Our results also suggest that the substituent group (e.g., phenyl, 4-bromophenyl, or
methyl) does not influence the overall activation effect.

After drawing a comparison of the yields and the reaction conditions necessary to
achieve the most complete transformation of precursor ketones, the trend of deoxofluor-
ination being assisted by ether moiety in 1,3 relation to a carbonyl group is apparent.
We suggest that the ether group is involved in directing the deoxofluorination reagent
(which in our case was MOST), thus lowering the activation barrier of one of the reac-
tion steps. In order to further investigate this phenomenon, we focused our attention on
the thiophene-derivatized ketones (2, 5, and 7), as thiophenes are notoriously trouble-
some substrates for deoxofluorination reactions [17].

While requiring prolonged reaction time, transformation of 7 into 7F proceeded with
considerably fewer side-products and significantly higher yield, when compared to its
counterpart substrates 2 and 5. In order to gain a deeper understanding of the activa-
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tion phenomenon behind this transformation, we extrapolated the classical deoxofluor-
ination mechanism (depicted in Scheme 4.2) onto the substrate 7. As an outcome, the
proposed mechanism is depicted in Scheme 4.11.
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Scheme 4.11 Proposed mechanism of the ether-assisted deoxofluorination of ketones (using 7 as an example)

It is reasonable to suggest, that the first step of such transformation is the nucleo-
philic attack of the adventitiously formed F – on the carbonyl group of 7, leading to the
intermediate alcohol 7-Int1. Next, following the standard mechanism (see Scheme 4.2),
the hydroxy group of intermediate 7-Int1 attacks the sulfur atom of MOST, eliminating
an additional HF (which furthermore facilitates the first step), and generating interme-
diate 7-Int2. We suspect that ether moiety can play an activating role in this step, by
binding one of the fluorine atoms of the MOST onto the oxygen atom (through fluorine-
centered halogen bonding [26]), thus directing the transformation. The penultimate step
of this mechanism is also the one where we suspect the ether moiety to play a key role. As
depicted in Scheme 4.2, the introduction of the second fluorine atom can occur via two
competing mechanisms – either by inter/intramolecular reaction or by the formation of
fluorocarbocation. We propose, that in the case of ether-assisted deoxofluorination, in-
termediate 7-Int2 undergoes certain elimination of sulfurous fluoride through breaking
the C-O bond, with simultaneous elimination of F – , which has two options: be proton-
ated in the reaction mixture, leading to the formation of additional HF (which in turn
facilitates the first step of the transformation), or be bound by the oxygen atom of the
ether group [26], thus keeping it in the close proximity to the reaction center, and speed-
ing up the attack on possibly formed carbocation 7-Int3/TS3, thus leading to the desired
product 7. The probability of the latter route is even more likely, when taking into ac-
count possible 5-membered ring formation with ether in 7-Int2, and would explain the
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obtained experimental data, where ether group clearly plays an activating role in deoxo-
fluorination.

In order to provide further justification for our hypothesis, we resorted to DFT calcu-
lations of the possible intermediates and transition states of this transformation.

4.2.3. DFT CALCULATIONS
To use the full range of Density Functional Theory (DFT) capabilities for providing addi-
tional evidence for proposed mechanism, we had to to find the transition states involved
in the deoxofluorination reactions with ωB97X-D/6-311+G* level of theory.

The energetic profile of reactants, transition states, intermediates and products of
deoxofluorination reaction with respect to the reaction coordinate is schematically de-
picted in Figure 4.2.

Figure 4.2 Transition states and intermediates of deoxofluorination reaction

According to the mechanism described before (see Scheme 4.2), upon treating the
reactant ketone with deoxofluorination agent, it should quickly convert into Int1, thus
the energetic profile of the first transition state (TS1) is relatively low. The next step (at-
tack of the oxygen atom of the hydroxy group on the sulfur atom of the deoxofluorina-
tion reagent) is happening slower, thus a higher energy barrier of transition state TS2 is
expected, before forming intermediate Int2. The last step (intra/intermolecular trans-
formation of Int2 into the final product), which can go through two competing mechan-
isms (see Schemes 4.2 and 4.11), should go via the last transition state (TS3).

We extrapolated the abovementioned scheme onto the transformation of the ketones
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2, 5 and 7 into the corresponding difluoromethylene compounds 2F, 5F, and 7F. For
each of the transformations, we optimized all the structures (including reactants, produc-
ts, and intermediates) of the minima at ωB97X-D/6-311+G* level of theory. Then, we
found the initial structures for the transition states, using the freezing string method,
which is implemented in the Q-Chem program. After performing the search for the
transition states we tried to identify if our findings were correct. To achieve this, we
checked for negative frequencies to find the transition state, determined the intrinsic re-
action coordinate (IRC) for each of the states, and plotted it onto reaction coordinates.
The resulting plot of the relative energies of the transition states for the transformation
of ketones into corresponding products is depicted in Figure 4.3, where color-coding
distinguishes the starting ketones (blue for 2, red for 5, and green for 7).

Figure 4.3 The energetic profiles and relative energies of the transition states for the transformation of ketones
2 (blue), 5 (red) and 7 (green)

As can be seen from Figure 4.3, the transition states TS1 and TS3, as well as energy
levels of reagents, products, and intermediates Int1 and Int2 are almost identical for all
the studied transformations. However, transition state TS2, is drastically lower in the
case of 7, when compared to 2 and 5, with an energy difference (∆E) of more than 2
kcal/mol. This calculated energy energy difference strongly supports our theory of ether
activation effect on the deoxofluorination of ketones.

When taking a closer look at the structures built from the coordinates of the trans-
ition states, we saw that the structures of TS1 and TS3 are indeed similar, and the main
difference was seen for TS2. Figure 4.4 depicts the TS1 of compound 5, and an attack of
fluoride anion approaching the target carbonyl group can be seen.
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Figure 4.4 First transition state of compound 5

The third transition state (TS3) for compound 5 is depicted in Figure 4.5. Here we
can spot the free-flowing sulfurous fluoride, which does not participate in the reaction
anymore, and the second fluoride anion, right before its attack on the fluorocarbocation.
A similar trend was observed in the case of compounds 2 and 7.

Figure 4.5 Third transition state of compound 5

At this point, we can state that the relative energy of the transition states after the
first fluorination is similar for all three compounds (2, 5, and 7), and the geometry of
the transition states resemble each other. The same is true for the relative energies of
the transition states in the last step of the proposed mechanism, as they are of the same
order, and the structures are also alike (see Figure 4.3).

The main difference is clearly pronounced in the second transition state (TS2).In the
case of the alkyne (5), the second transition state captures the attack of hydroxyl oxygen
on the far-off sulfur atom of the MOST, and the concerted dissociation of the S-F bond
(see Figure 4.6). The molecule of MOST is positioned relatively far from the reaction
center.
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Figure 4.6 Second transition state of compound 5

Meanwhile, in the case of ketone 7, we see that while the same attack of hydroxyl
oxygen occurs, the reactant and the reagent are positioned closer to each other, with
the attack being directed. Optimization shows, that the oxygen atom of the ether group
forms a five-membered ring with the alcohol (see Figure 4.7).

Figure 4.7 Second transition state of compound 7

This five-membered ring seems to facilitate the fluorination process, by directing the
nucleophilic attack and binding dissociated fluoride anion closer to the reaction center.
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This is reflected in the relative energy of the corresponding transition state (see Figure
4.3).

We cross-checked out calculations using a B3LYP functional, and both basis sets
match, providing the same reaction pathway.

Thus, we can state that DFT calculations provide sufficient additional evidence to
our proposed mechanism (depicted in Figure 4.11), and are in line with experimental
observations.

4.3. CONCLUSIONS
In our previous work toward the synthesis of discrete chains containing hominal bis(di-
fluoromethyl) fragments, we noticed a discrepancy between the reactivity of the car-
bonyl group in deoxofluorination reactions, which was highly dependent on the posi-
tioning of the identical surrounding moieties, whereas leading to essentially identical
product [12] (Scheme 4.4). This prompted us to further investigate the possible contri-
bution of the ether moiety on activation of a carbonyl group in deoxofluorination reac-
tion.

In this work, we demonstrated the synthesis of a small library of precursor ketones
and tested an array of deoxofluorination on each of the substrates (Scheme 4.10). This
highlighted the correspondence between increased reactivity of the carbonyl group and
the presence of the ether moiety in 1,3 relation. We can state that such ketones demon-
strate superior accessibility toward deoxofluorination, compared to their ether-free coun-
terparts. Our experimental results demonstrate, that substituent of the ether group can
vary without influencing the deoxofluorination reaction, while another substituent ad-
jacent to the carbonyl group determines the rate of the transformation.

Based on the previous literature reports, and our own observations, we proposed a
plausible reaction mechanism of the deoxofluorination of ketones, adjusted to the pres-
ence of ether group in 1,3 relation (Scheme 4.11). To give further support to our hypo-
thesis, we performed the DFT calculations, in order to find the structures and relative
energies of the transition states and intermediates of this transformation, and describe
the energetic profile of the reaction. Using ωB97X-D/6-311+G* level of theory (and fur-
ther supporting it by checking with B3LYP functional), we determined the structures of
the three transition states, and observed the significantly lower energy for the second
transition state (TS2) in the case of ether group presence (Figure 4.3). This result sug-
gests that the second transition state is the rate-determining step.

When looking at optimized structure, we draw a hypothesis, that the possible reason
for lowering the energy barrier for TS2 of the deoxofluorination reaction can be a forma-
tion of a five-membered ring with ether moiety (Figure 4.7). This hypothesis is based on
our experimental observation, with further evidence provided by DFT calculations.

We believe, that the ether activation effect on deoxofluorination of ketones is an in-
teresting phenomenon, which can be used to achieve transformation of previously prob-
lematic substrates using user-friendly reagents.
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4.4. EXPERIMENTAL

4.4.1. GENERAL INFORMATION.
All reagents were acquired from commercial sources (Manchester Organics, Sigma-Aldri-
ch, Acros Organics, TCI Europe and Alfa Aesar) and used without any purification unless
stated otherwise. Reactions performed under a nitrogen atmosphere were conducted in
flame-dried glassware. All dry solvents were obtained from a solvent purification sys-
tem. Thin-layer chromatography (TLC) used Merck silica gel 60 F254 aluminum plates.
Visualization of compounds by TLC was done by irradiation with UV light at 254 nm,
iodine or potassium permanganate stain. Column chromatography was performed us-
ing SiliCycle SiliaFlash ® Irregular Silica Gels P60 (40µm to 63µm, 60 Å) or with Revel-
eris ® X2 Flash Chromatography System. 1H NMR, 13C NMR and 19F NMR were per-
formed on Agilent Technologies 400/54 Premium Shielded (400 MHz), Varian Oxford
AS400 (400 MHz) or Varian Oxford (300 MHz) instrument at 25 ◦C, using tetramethylsil-
ane (TMS) as an internal standard. NMR shifts are reported in ppm, relative to the resid-
ual protonated solvent signals of chloroform-d (δ = 7.26 ppm) or at the carbon absorp-
tion in chloroform-d (δ = 77.0 ppm). To determine accurate 19F NMR chemical shifts we
used CFCl3 (δ = 0.00 ppm) as an internal standard. Multiplicities are denoted as: sing-
let (s), doublet (d), triplet (t), quartet (q), pentet (p), doublet of doublets (dd), doublet
of triplets (dt), doublet of doublet or triplets (ddt), doublet of quartets (dq), doublet of
doublet of quartets (ddq), triplet of doublets (td), triplet of doublet of doublets (tdd),
triplet of triplets (tt), triplet of triplet of triplets (ttt) quartet of doublets (qd), quartet of
triplets of triplets (qtt) and multiplet (m). High-Resolution Mass Spectra (HRMS) were
determined on a Thermo Scientific LTQ Orbitrap XL (FTMS). Infrared spectra (IR) were
recorded on Thermo Scientific Nicolet iS50 FT-IR spectrometer.

4.4.2. SYNTHESIS

GENERAL PROCEDURES

General Procedure for Weinreb Amide Preparation. To a 2 M solution of an appropri-
ate carboxylic acid (1.0 equiv) in CH2Cl2 and a catalytic amount of DMF (0.05 equiv), was
added oxalyl chloride (1.3 equiv) dropwise at 0 ◦C under inert atmosphere. The resulting
mixture was stirred for 3 hours. The solvent was removed in vacuo, to give the interme-
diate acyl chloride, which was used immediately without further purification.

N,O-Dimethylhydroxylamine hydrochloride (1.1 equiv) and pyridine (2.2 equiv) were
added to a crude 1 M solution of freshly obtained acyl chloride (1.0 equiv) in CH2Cl2 un-
der inert atmosphere, and the resulting mixture was stirred at room temperature for
18 hours before quenching with saturated NaHCO3, extracting with CH2Cl2, washing
with water, 1 N HCl and brine. Organic layer was dried over Na2SO4 and concentrated in
vacuo to give the desired Weinreb amide. If the product purity is unsatisfactory, it can be
purified by distillation or normal-phase column chromatography.

General Procedure for Reactions with Grignard Reagents. To a stirring solution of
an appropriate substrate (1.0 equiv, substrates that can be used are Weinreb amides, al-
dehydes, or epoxides) in THF (volume used may vary, but approximately 1 M solution
had to be made), placed in a dry reaction vessel under inert atmosphere (Note: in case
of epoxides, a catalytic 0.1 equiv of CuCN was added to the substrate), a THF solution
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of an appropriate Grignard reagent (1.2 equiv) was added dropwise at −78 ◦C. The mix-
ture was allowed to gradually warm up to room temperature and stirred for additional 3
hours before it was quenched with a saturated aqueous NH4Cl solution (equal volume to
the reaction mixture). Layers were separated, the aqueous layer was extracted with ethyl
acetate (until no UV response of aqueous layer was observed by TLC), and the combined
extracts were washed with brine and dried over Na2SO4. Evaporation of the solvent gave
the desired crude product. The resulting product is used without further purification in
the next step, unless necessary.

General Procedure for Epoxidation. This procedure was reported in our previous
work [12]. To a stirring solution of an appropriate alkene (1.0 equiv) in CH2Cl2 (volume in
mL equal to the mmol of alkene) at room temperature and ambient conditions a solution
of mCPBA (2.5 equiv) in CH2Cl2 (volume in mL equals twice the number of mmol of
mCPBA) was added. The mixture was left stirring overnight. The resulting mixture was
filtered to remove formed suspension, and the organic layer was washed successively
with aqueous solutions of NaHSO3, NaHCO3, water, and brine, filtering away any formed
intermediate precipitate. The combined organic layer was dried over Na2SO4, filtered,
and the solvent was removed by rotary evaporation. The resulting product was used
without further purification in the next step, unless necessary.

General Procedure for Oxidation of Alcohols. This procedure was reported in our
previous work [12]. To a 0.3 M solution of an appropriate alcohol (1.0 equiv) in CH2Cl2

at 0 ◦C and the ambient atmosphere was slowly added Dess-Martin periodinane (DMP)
(1.5 equiv) and the resulting mixture was left warming up to room temperature and stir-
ring overnight. The resulting mixture was filtered to get rid of formed suspension, the or-
ganic layer was quenched with water, washed with an aqueous saturated NaHSO3 solu-
tion, then with a saturated NaHCO3 solution, water, and brine. The combined organic
layers were dried over Na2SO4 and concentrated in vacuo. The resulting product is used
without further purification in the next step, unless necessary.

General Procedure for Unsaturated Bond Migration. To a 0.5 M solution of an ap-
propriate unsaturated ketone (alkene or alkyne, 1.0 equiv) in DMSO was added potassium
tert-butoxide (2.0 equiv) as a DMSO solution. The reaction was stirred at room temper-
ature for 2 hours before quenching sequentially with brine and HCl (5 M). The aqueous
layer was extracted with diethyl ether and the combined organic fractions were washed
with aqueous NaHCO3 and brine, dried over Na2SO4 and concentrated in vacuo to afford
the desired product, which was used in the next step without further purification.

General Procedure for Dithiolane Formation. This procedure was reported in our
previous work [12]. Sodium methoxide (5.4 M solution in methanol 1.3 equiv) was added
in one portion to a stirred solution of an appropriate ynone (1 equiv) and ethane-1,2-
dithiol (1.1 equiv) in methanol and CH2Cl2 (4:1, 0.05 M) at approximately −10 ◦C. The
reaction mixture was stirred overnight, allowing the temperature to rise to ambient tem-
perature. On completion, the reaction was quenched by addition of saturated NH4Cl
solution and extracted with diethyl ether. The organic fractions were washed with wa-
ter and brine, dried over Na2SO4, concentrated under reduced pressure and purified by
flash chromatography if necessary.

General Procedure for Desulfurative Fluorination of Dithiolanes. This procedure
was reported in our previous work [12]. A flame-dried three-necked round-bottom boro-
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silicate glass flask, equipped with a stirring egg, capped with septums and connected
to the Schlenk line was charged with DBDMH (2.0 equiv) and put under an inert atmo-
sphere. Then DBDMH was fully dissolved in dry CH2Cl2 (approximately 30 mL of CH2Cl2

is needed per g of DBDMH). The mixture was cooled to −78 ◦C and PPHF (approxim-
ately 1.5 mL per mmol of dithiolane was used) was added via syringe, making sure that
the temperature remained constant. This mixture was stirred for 30 minutes at −78 ◦C,
followed by the dropwise addition of an appropriate dithiolane (1.0 equiv). The result-
ing mixture was stirred at constant −78 ◦C temperature for an additional 45 minutes. It
was then carefully poured via Teflon cannula on the mechanically-stirred icy solution of
NaHCO3 in a HDPE vessel, without letting the reaction mixture warm up. When effer-
vescence was complete and the solution became constantly basic, it was extracted with
CH2Cl2, washed with saturated CuSO4, water and brine, dried over Na2SO4 and concen-
trated in vacuo. The resulting crude product was dissolved in a small quantity of CH2Cl2

and filtered through silica.

General Procedure for Deoxofluorination of Ketones. This procedure was performed
using several methods (from mild to harsh), choice of which depends on the substrate
and the consequent reaction optimization. Special care has to be taken when heating the
mixture with deoxofluorination agents. The use of a blast shield is highly advisable. Con-
version was monitored, by quenching the small sample of reaction mixture (according
to Workup protocol), and checking 1H and 19F NMR. The workup protocol was identical
for all the methods.
Method I. To a 0.5 M solution of an appropriate ketone (1.0 equiv) in CH2Cl2 (molar-
ity might vary and is not a crucial parameter) under inert atmosphere at 0 ◦C, MOST
(2.2 equiv) was slowly added. The reaction mixture was allowed to gradually warm up to
room temperature and left stirring.
Method II. Under inert atmosphere neat MOST (4.0 equiv) was slowly added to an ap-
propriate ketone (1.0 equiv). The reaction mixture was left stirring, and conversion was
checked daily, with addition of 1.0 equiv of MOST each day, until reaction progress was
not observed anymore.
Method III. To a 0.5 M solution of an appropriate ketone (1.0 equiv) in CHCl3 (molar-
ity might vary and is not a crucial parameter) under inert atmosphere at 0 ◦C, MOST
(2.2 equiv) was slowly added. The reaction mixture was heated up to 61 ◦C and left stir-
ring. Process was controlled daily via 19F NMR of the quenched samples, and MOST
(1.0 equiv per day) was added until the conversion was full.
Method IV. Under inert atmosphere neat MOST (5.0 equiv) was slowly added to an ap-
propriate ketone (1.0 equiv). The reaction mixture was heated up to 50 ◦C and left stir-
ring. The conversion was checked daily, with addition of 1.0 equiv of MOST per day, until
reaction progress was not observed anymore.
Workup: When maximal conversion was observed, the reaction mixture was brought
to room temperature, carefully diluted with additional CH2Cl2 and poured dropwise on
a stirred mixture of saturated aqueous NaHCO3 and ice. When effervescence was com-
plete, the organic layer was washed with a saturated NaHCO3 solution (until the solution
became constantly basic), water and brine. The organic layer was dried over Na2SO4 and
concentrated in vacuo. The resulting crude product was purified using vacuum distilla-
tion or column chromatography.
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PREPARATION OF WEINREB AMIDES

N-Methoxy-N-methylbut-2-ynamide (W1). The synthesis of this compound was pre-
viously reported by Yadav et al. [23]. According to the General Procedure for Weinreb
Amide Preparation, the reaction using but-2-ynoic acid (8.5 g, 101 mmol), oxalyl chlor-
ide (16.7 g, 11.5 mL, 131 mmol), pyridine (17.0 g, 17.4 mL, 215 mmol), and N,O-Dimethyl-
hydroxylamine hydrochloride (10.5 g, 107 mmol), after distillation of a crude product at
55 ◦C and 785 mTorr afforded compound W1 (7.36 g, 58 mmol, 59 % yield) as a pale yel-
low oil. 1H NMR (400 MHz, chloroform-d) δ 3.84 (s, 2H), 3.34 (s, 3H), 3.07 (s, 3H), 2.81 (s,
3H). See Ref. 23 for full characterization.

N,2-Dimethoxy-N-methylacetamide (W2). The synthesis of this compound was
reported in our previous work [12]. According to the General Procedure for Weinreb
Amide Preparation, the reaction using 2-methoxyacetic acid (45 mL, 586 mmol), oxalyl
chloride (66.7 mL, 762 mmol), pyridine (98 mL, 1216 mmol), and N,O-Dimethylhydroxyl-
amine hydrochloride (59.30 g, 608 mmol), after distillation of a crude product at at 43 ◦C
and 727 mTorr afforded compound W2 (57.00 g, 428 mmol, 77 % yield) as a pale yellow
oil. 1H NMR (400 MHz, chloroform-d) δ 3.84 (s, 2H), 3.34 (s, 3H), 3.07 (s, 3H), 2.81 (s, 3H).
See Ref. 27 for full characterization.

2-(Benzyloxy)-N-methoxy-N-methylacetamide (W3). This compound is available
from commercial sources. According to the General Procedure for Weinreb Amide Pre-
paration, the reaction using commercially available 2-(benzyloxy)acetyl chloride (21 mL,
135 mmol), pyridine (24 mL, 298 mmol), and N,O-Dimethylhydroxylamine hydrochlor-
ide (14.53 g, 149 mmol), afforded crude compound W3 (25.50 g, 122 mmol, 90 % yield)
as a pale yellow oil, which was used in the next steps without purification. 1H NMR
(400 MHz, chloroform-d) δ 7.34 (d, J = 7.11 Hz, 2H), 7.29 (t, J = 7.25 Hz, 2H), 7.26 – 7.20 (m,
1H), 4.61 (s, 2H), 4.23 (s, 2H), 3.55 (s, 3H), 3.12 (s, 3H). 13C NMR (101 MHz, chloroform-d)
δ 165.0, 137.5, 128.4, 128.0, 127.8, 73.1, 67.0, 61.3.

PREPARATION OF KETONES

1-Phenylbut-3-en-1-ol (1b). This compound was previously reported by Taillier et al.
[28]. According to the General Procedure for Reaction with Grignard Reagents, the
reaction using benzaldehyde (1a) (8.7 g, 8.3 mL, 82 mmol), and 1 M solution of allyl-
magnesium bromide in THF (98 mL, 98 mmol), afforded crude compound 1b (12.1 g,
82 mmol, 99 % yield) as a transparent colorless oil, which was used in the next steps
without purification. 1H NMR (400 MHz, chloroform-d) δ 7.34 – 7.24 (m, 5H), 5.79 (ddt,
J = 17.2, 10.3, 7.1 Hz, 1H), 5.17 – 5.05 (m, 2H), 4.66 (t, J = 6.6 Hz, 1H), 3.22 (s, 1H), 2.49 (td,
J = 7.1, 2.2 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 144.2, 134.7, 128.3, 127.4, 126.0,
117.8, 73.5, 43.7. See Ref. 28 for full characterization.

1-Phenylbut-3-en-1-one (1). This compound was previously reported by Felpin et
al. [29]. According to the General Procedure for Oxidation of Alcohols, the reaction
using 1b (6.0 g, 40 mmol), and DMP (26.0 g, 61 mmol), afforded crude compound 1 (4.9 g,
34 mmol, 83 % yield) as a yellow oil, which was used in the next step without purification.
1H NMR (400 MHz, chloroform-d) δ 7.97 – 7.92 (m, 2H), 7.57 – 7.48 (m, 1H), 7.43 (t, J = 7.6
Hz, 3H), 6.07 (ddt, J = 17.1, 10.5, 6.7 Hz, 1H), 5.26 – 5.12 (m, 2H), 3.73 (dt, J = 6.8, 1.4 Hz,
2H). 13C NMR (101 MHz, chloroform-d) δ 198.0, 136.5, 133.2, 128.6, 128.5, 128.3, 118.7,
43.4. See Ref. 29 for full characterization.
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1-(Thiophen-3-yl)but-3-en-1-ol (2b). This compound was previously reported by
Schuetz et al. [30]. According to the General Procedure for Reaction with Grignard Re-
agents, the reaction using thiophene-3-carbaldehyde (2a) (10 g, 7.8 mL, 89 mmol), and
1 M solution of allylmagnesium bromide in THF (107 mL, 107 mmol), afforded crude
compound 2b (13.8 g, 88 mmol, 99 % yield) as a yellow oil, which was used in the next
steps without purification. 1H NMR (400 MHz, chloroform-d) δ 7.20 (dd, J = 5.0, 3.0 Hz,
1H), 7.08 (d, J = 2.9 Hz, 1H), 7.00 (d, J = 5.0 Hz, 1H), 5.73 (ddt, J = 17.2, 10.1, 7.0 Hz, 1H),
5.12 – 4.98 (m, 2H), 4.69 (t, J = 6.5 Hz, 1H), 3.41 (s, 1H), 2.45 (t, J = 6.8 Hz, 2H). 13C NMR
(101 MHz, chloroform-d) δ 145.7, 134.5, 125.8, 120.7, 117.8, 69.6, 42.9. See Ref. 30 for full
characterization.

1-(Thiophen-3-yl)but-3-en-1-one (2). This compound was previously reported by
Felpin et al. [31]. According to the General Procedure for Oxidation of Alcohols, the re-
action using 2b (6.0 g, 39 mmol), and DMP (24.8 g, 58 mmol), afforded crude compound
2 (4.9 g, 32 mmol, 83 % yield) as a yellow oil, which was used in the next step without
purification. 1H NMR (400 MHz, chloroform-d) δ 8.01 (d, J = 2.8 Hz, 1H), 7.47 (dd, J = 5.1,
1.3 Hz, 1H), 7.23 (dd, J = 5.1, 2.9 Hz, 1H), 5.98 (ddt, J = 16.9, 9.6, 6.8 Hz, 1H), 5.22 – 5.05
(m, 2H), 3.58 (dt, J = 6.8, 1.3 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 192.2, 141.7,
132.4, 130.9, 127.0, 126.4, 118.7, 44.7. See Ref. 31 for full characterization.

1-Phenylbut-2-en-1-one (3). This compound was previously reported by Brown et
al. [32]. Upon prolonged storage under ambient conditions (around 3 months), or ac-
cording to the General Procedure for Unsaturated Bond Migration, ketone 1 (3.0 g,
20 mmol) was converted into compound 3 (2.9 g, 20 mmol, 99 % yield), which was ob-
tained as a dark orange oil, and used in the next step without purification. 1H NMR
(400 MHz, chloroform-d) δ 7.87 (d, J = 7.6 Hz, 2H), 7.55 – 7.45 (m, 1H), 7.40 – 7.33 (m,
2H), 7.08 – 6.93 (m, 1H), 6.85 (dt, J = 15.3, 1.5 Hz, 1H), 1.91 (dd, J = 6.9, 1.6 Hz, 3H). 13C
NMR (101 MHz, chloroform-d) δ 190.6, 145.0, 137.8, 132.6, 128.5, 128.4, 127.4, 18.5. See
Ref. 32 for full characterization.

1-(Thiophen-3-yl)but-3-en-1-one (4). This compound was previously reported by
Moody et al. [33]. Upon prolonged storage under ambient conditions (around 3 months),
or according to the General Procedure for Unsaturated Bond Migration, ketone 2 (3.0 g,
20 mmol) was converted into compound 4 (2.9 g, 19 mmol, 99 % yield), which was ob-
tained as a dark orange oil, and used in the next step without purification. 1H NMR
(400 MHz, chloroform-d) δ 7.98 (dd, J = 2.9, 1.2 Hz, 1H), 7.49 (dd, J = 5.1, 1.2 Hz, 1H), 7.21
(dd, J = 5.1, 2.9 Hz, 1H), 6.98 (dq, J = 14.0, 6.9 Hz, 1H), 6.72 (dq, J = 15.2, 1.6 Hz, 1H), 1.85
(dd, J = 7.0, 1.6 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 183.9, 144.1, 142.6, 132.1,
128.0, 127.3, 126.4, 18.4. See Ref. 33 for full characterization.

1-(Thiophen-3-yl)but-2-yn-1-one (5). According to the General Procedure for Re-
action with Grignard Reagents, the reaction using amide W1 (1.27 g, 10 mmol), and 1 M
solution of thiophen-3-ylmagnesium bromide in THF (12 mL, 12 mmol, prepared follow-
ing the procedure by Lindley et al. [34]), afforded crude compound 5 (1.23 g, 8.2 mmol,
82 % yield) as a yellow oil, which was used in the next steps without purification. 1H
NMR (400 MHz, chloroform-d) δ 8.26 (dd, J = 3.0, 1.2 Hz, 1H), 7.59 (dd, J = 5.1, 1.2 Hz,
1H), 7.31 (dd, J = 5.1, 3.0 Hz, 1H), 2.12 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 171.5,
142.9, 135.4, 126.7, 126.5, 90.7, 79.4, 4.1. HRMS (FTMS + pESI) m/z: ([M +H ]+) Calcd for
C8H6OSH 151.02121; Found 151.02106.
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2-Methoxy-1-phenylethanone (6). This compound was previously reported by Pace
et al. [35]. According to the General Procedure for Reaction with Grignard Reagents,
the reaction using amide W2 (1.47 g, 11 mmol), and 1.6 M solution of phenylmagnesium
bromide in THF (10.4 mL, 16.6 mmol), after purification of the crude product using flash
column chromatography (gradient of ethyl acetate in hexane), afforded pure compound
6 (1.32 g, 8.8 mmol, 80 % yield) as an orange oil. 1H NMR (400 MHz, chloroform-d) δ 7.91
– 7.82 (m, 2H), 7.52 (t, J = 7.48 Hz, 1H), 7.40 (t, J = 7.62 Hz, 2H), 4.65 (s, 2H), 3.45 (s, 3H).
13C NMR (101 MHz, chloroform-d) δ 196.1, 134.7, 133.6, 129.1 – 128.5 (m), 128.0 – 127.1
(m), 75.2 (d, J = 7.2 Hz), 59.3 (q, J = 4.5 Hz). See Ref. 35 for full characterization.

2-Methoxy-1-(thiophen-3-yl)ethanone (7). According to the General Procedure for
Reaction with Grignard Reagents, the reaction using amide W2 (5.0 g, 37.6 mmol), and
0.5 M solution of thiophen-3-ylmagnesium bromide in THF (113 mL, 56 mmol, prepared
following the procedure by Lindley et al. [34]), after distillation of a crude product at
54 ◦C and 260 mTorr afforded compound 7 (3.81 g, 24.4 mmol, 65 % yield) as a transpar-
ent yellow liquid. 1H NMR (400 MHz, chloroform-d) δ 8.15 (dt, J = 2.8, 1.4 Hz, 1H), 7.53
(dt, J = 5.2, 1.5 Hz, 1H), 7.30 (ddd, J = 4.9, 2.9, 1.5 Hz, 1H), 4.52 (d, J = 1.3 Hz, 2H), 3.45
(d, J = 1.6 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 191.0, 139.3, 132.5, 126.7, 126.3,
76.0, 59.4. HRMS (FTMS + pESI) m/z: ([M + H ]+) Calcd for C7H9O2S 157.03178; Found
157.03177.

1-Methoxypent-3-yn-2-one (8). The synthesis of this compound was reported in
our previous work [12]. According to the General Procedure for Reaction with Grignard
Reagents, the reaction using amide W2 (20.00 g, 150 mmol), and 0.5 M solution of prop-
1-yn-1-ylmagnesium bromide (451 mL, 225 mmol) in THF, after distillation of a crude
product at at 74 ◦C and 9.69 Torr afforded compound 8 (15.00 g, 134 mmol, 89 % yield) as
a yellowish liquid. 1H NMR (300 MHz, chloroform-d) δ 4.07 (s, 2H), 3.39 (s, 3H), 1.99 (s,
3H). See Ref. 27 for full characterization.

1-(Benzyloxy)pent-3-yn-2-one (9). This compound was reported in our previous
work [12]. According to the General Procedure for Reaction with Grignard Reagents,
the reaction using amide W3 (1.00 g, 4.78 mmol), and 0.5 M solution of prop-1-yn-1-
ylmagnesium bromide (14.3 mL, 7.15 mmol) in THF, afforded compound 9 (0.89 g, 4.76
mmol, 99 % yield) as a yellowish liquid, which was used in the next step without purific-
ation. 1H NMR (400 MHz, chloroform-d) δ 7.44–7.27 (m, 5H), 4.63 (s, 2H), 4.18 (s, 2H),
2.02 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 184.9, 137.1, 128.5, 128.0, 128.0, 93.2,
78.1, 75.7, 73.3, 4.2. IR (neat): 3031, 2919, 2865, 2216, 1687, 1670, 1496, 1454, 1257, 1187,
1119 cm−1.

1-(Benzyloxy)pent-4-en-2-one (10). This compound was reported in our previous
work [12]. According to the General Procedure for Reaction with Grignard Reagents,
the reaction using amide W3 (5.0 g, 24 mmol), and 1 M solution of allylmagnesium brom-
ide (36 mL, 36 mmol) in THF, afforded compound 10 (4.8 g, 23 mmol, 95 % yield) as a yel-
lowish oil, which was used in the next without purification. 1H NMR (400 MHz, Chlorofo-
rm-d) δ 7.42–7.29 (m, 5H), 6.02–5.84 (m, 1H), 5.24–5.09 (m, 2H), 4.59 (s, 2H), 4.10 (s, 2H),
3.26 (dt, J = 6.9, 1.4 Hz, 2H). 13C NMR (75 MHz, chloroform-d) δ 206.4, 137.1, 129.7, 128.5,
128.1, 127.9, 119.2, 74.6, 73.4, 44.0. IR (neat): 3065, 3031, 2981, 2949, 2864, 1724, 1642,
1604, 1575, 1497, 1455, 1437, 1423, 1389, 1322, 1295, 1283, 1258, 1207, 1098, 1028 cm−1.
HRMS (FTMS + pESI) m/z: ([M+N a]+) Calcd for C12H14O2Na 213.0886; Found 213.0889.
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2-(benzyloxy)-1-phenylethanone (11). This compound was previously reported by
May et al. [36]. According to the General Procedure for Reaction with Grignard Re-
agents, the reaction using amide W3 (1.0 g, 4.8 mmol), and 3 M solution of phenylmag-
nesium bromide (2.4 mL, 7.2 mmol) in THF, afforded compound 11 (1.0 g, 4.6 mmol,
96 % yield) as a yellowish solid (with melting point of 51 ◦C), which was used in the next
without purification. 1H NMR (400 MHz, Chloroform-d) δ 7.95 – 7.89 (m, 2H), 7.60 – 7.54
(m, 1H), 7.46 (t, J = 7.63 Hz, 2H), 7.42 – 7.30 (m, 5H), 4.76 (s, 2H), 4.70 (s, 2H). 13C NMR
(75 MHz, chloroform-d) δ 196.2, 165.0, 137.3, 134.9, 133.5, 128.6, 127.9, 115.3, 73.4, 72.6.
See Ref. 36 for full characterization.

1-(Benzyloxy)-4-phenylbut-3-yn-2-one (12). This compound was previously repor-
ted by Campano et al. [37]. According to the General Procedure for Reaction with
Grignard Reagents, the reaction using amide W3 (1.0 g, 4.8 mmol), and 1 M solution of
(phenylethynyl)magnesium bromide (7.2 mL, 7.2 mmol) in THF, after purification of the
crude product using flash column chromatography (gradient of ethyl acetate in pentane),
afforded compound 12 (0.41 g, 1.64 mmol, 34 % yield) as a yellowish oil. 1H NMR (400 MHz,
Chloroform-d) δ 7.60 – 7.53 (m, 2H), 7.39 (tdd, J = 20.3, 12.9, 7.0 Hz, 8H), 4.70 (s, 2H), 4.34
(s, 2H). 13C NMR (75 MHz, chloroform-d) δ 185.1, 137.1, 133.2, 131.1, 128.7, 128.6, 128.1,
128.0, 119.5, 93.7, 85.9, 75.8, 73.5. HRMS (FTMS + pESI) m/z: ([M + N a]+) Calcd for
C17H14O2Na 273.08860; Found 273.08845. See Ref. 37 for full characterization.

2-(3-(Benzyloxy)-2,2-difluoropropyl)oxirane (13a). This synthesis was reported in
our previous work [12]. According to the General Procedure for Epoxidation, the reac-
tion using (((2,2-difluoropent-4-en-1-yl)oxy)methyl)benzene (10F) (9.60 g, 45.2 mmol)
and mCPBA (27.9 g, 113 mmol) after purifying the crude product via flash chromato-
graphy (silica gel, hexane/ethyl acetate gradient separation) afforded 13a (9.77 g, 42.8
mmol, 95 % yield) as a transparent colourless liquid. 1H NMR (400 MHz, chloroform-d)
δ 7.41–7.29 (m, 5H), 4.64 (s, 2H), 3.76–3.68 (m, 2H), 3.17–3.07 (m, 1H), 2.80 (t, J = 4.5 Hz,
1H), 2.53 (dd, J = 5.0, 2.6 Hz, 1H), 2.21 (ddt, J = 18.0, 14.2, 5.6 Hz, 2H). 13C NMR (101 MHz,
chloroform-d) δ 137.2, 128.5, 128.0, 127.8, 124.6—119.0 (m), 73.8, 70.4 (dd, J = 32, 31
Hz), 46.4 (dd, J = 7, 6 Hz), 46.2, 37.5 (t, J = 24 Hz). 19F NMR (376 MHz, chloroform-d) δ
-101.71– -103.53 (m), -103.53– -106.09 (m). The multiplet signals can be recognized as:
-102.33 (qd, J = 15.5, 11.4 Hz), -103.02 (dtd, J = 16.8, 14.2, 12.0 Hz), -104.30 (tt, J = 17.5,
11.8 Hz), -104.99 (tdd, J = 17.2, 13.3, 10.1 Hz). IR (neat): 3064, 3032, 3006, 2930, 2875,
1954, 1497, 1454, 1420, 1371, 1338, 1257, 1204, 1106, 1073, 1028 cm−1. HRMS (FTMS +
pESI) m/z: ([M +N a]+) Calcd for C12H14F2O2Na 251.0854; Found 251.0854.

5-(Benzyloxy)-4,4-difluoropentan-2-ol (13b). This synthesis was reported in our
previous work [12]. To a 1 M solution of LiAlH4 (43.8 mL, 43.8 mmol) in diethyl ether a
solution of 13a (5.00 g, 21.91 mmol) in diethyl ether (20 mL) at −10 ◦C was added drop-
wise. The resulting mixture was allowed to gradually warm up to room temperature
overnight while stirring. Thereafter, the resulting mixture was diluted with additional
diethyl ether and carefully poured on ice water. The organic layer was washed with 1 N
HCl, water and brine, dried and concentrated in vacuo, affording the product 13b (5.00 g,
21.7 mmol, 99 % yield) as a yellowish oil, which was used in the next step without further
purification. 1H NMR (400 MHz, chloroform-d) δ 7.40–7.28 (m, 5H), 4.63 (d, J = 1.8 Hz,
2H), 4.16 (dqd, J = 9.5, 6.3, 3.3 Hz, 1H), 3.71 (dd, J = 13.5, 11.8 Hz, 2H), 2.84 (s, 1H), 2.24–
2.04 (m, 2H), 1.24 (d, J = 6.3 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 136.9, 128.6,
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128.1, 127.9, 126.0–118.2 (m), 73.9, 70.9 (t, J = 33 Hz), 62.6 (dd, J = 6, 4 Hz), 43.3 (t, J
= 23 Hz), 23.9. 19F NMR (376 MHz, chloroform-d) δ -100.64 (ddq, J = 257.4, 16.9, 13.4
Hz), -104.26 (dtt, J = 257.6, 18.4, 12.6 Hz). IR (neat): 3419, 2972, 2933, 2876, 1498, 1455,
1405, 1376, 1329, 1283, 1207, 1184, 1103, 1028, 1000 cm−1. HRMS (FTMS + pESI) m/z:
([M +H ]+) Calcd for C12H17F2O2 231.1191; Found 231.1190.

5-(Benzyloxy)-4,4-difluoropentan-2-one (13). This synthesis was reported in our
previous work [12]. According to the General Procedure for Oxidation of Alcohols, the
reaction using 13b (4.50 g, 19.5 mmol) and DMP (12.43 g, 29.3 mmol) afforded 13 (3.38 g,
14.8 mmol, 76 % yield) as an orange oil, which was used in the next step without further
purification. 1H NMR (400 MHz, chloroform-d) δ 7.40–7.27 (m, 5H), 4.58 (s, 2H), 3.77 (t,
J = 12.8 Hz, 2H), 3.11 (t, J = 15.7 Hz, 2H), 2.22 (s, 3H). 13C NMR (101 MHz, chloroform-d)
δ 201.9 (t, J = 5 Hz), 137.1, 128.5, 128.0, 127.8, 120.7 (t, J = 244 Hz), 73.8, 70.2 (t, J = 32
Hz), 47.0 (t, J = 24 Hz), 31.3 (t, J = 2 Hz). 19F NMR (376 MHz, chloroform-d) δ -100.97 (tt,
J = 15.7, 12.7 Hz). IR (neat): 3065, 3033, 2925, 2875, 1719, 1497, 1454, 1445, 1369, 1335,
1253, 1208, 1179, 1096, 1028, 1006 cm−1. HRMS (FTMS + pESI) m/z: ([M +N a]+) Calcd
for C12H14F2O2Na 251.0854; Found 251.0853.

7-(Benzyloxy)-6,6-difluorohept-1-en-4-ol (14b). According to the General Proced-
ure for Reaction with Grignard Reagents, the reaction using 13a (6.30 g, 27.6 mmol),
CuCN (247 mg), and 1 M solution of vinylmagnesium bromide in THF (41 mL, 41 mmol),
afforded crude compound 14b (5.87 g, 22.9 mmol, 83 % yield) as a yellowish oil, which
was used in the next steps without purification. 1H NMR (400 MHz, chloroform-d) δ
7.40 – 7.26 (m, 5H), 5.82 (ddt, J = 19.5, 9.6, 7.1 Hz, 1H), 5.18 – 5.05 (m, 2H), 4.63 (d, J =
2.1 Hz, 2H), 4.06 – 3.95 (m, 1H), 3.76 – 3.62 (m, 2H), 2.33 – 2.25 (m, 2H), 2.22 – 2.08 (m,
2H). 13C NMR (101 MHz, chloroform-d) δ 136.9, 133.9, 128.6, 128.1, 127.9, 127.0, 125.2 –
119.9 (m), 118.4, 73.9, 70.8 (t, J = 32.6 Hz), 65.8 – 63.6 (m), 60.4, 42.0, 41.1 (t, J = 22.8 Hz).
19F NMR 376 MHz, chloroform-d) δ -98.94 — -101.50 (m), -102.51 — -105.47 (m). HRMS
(FTMS + pESI) m/z: ([M +N a]+) Calcd for C14H18F2O2Na 279.11671; Found 279.11666.

7-(benzyloxy)-6,6-difluorohept-1-en-4-one (14). According to the General Proced-
ure for Oxidation of Alcohols, the reaction using 14b (5.87 g, 22.9 mmol) and DMP (14.57 g,
34.4 mmol) afforded 14 (4.00 g, 15.7 mmol, 68 % yield) as an orange oil, which was used
in the next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 7.37
– 7.29 (m, 5H), 5.88 (ddt, J = 17.1, 10.3, 6.9 Hz, 1H), 5.24 – 5.08 (m, 2H), 4.58 (s, 2H),
3.79 (t, J = 12.8 Hz, 2H), 3.25 (dt, J = 7.0, 1.4 Hz, 2H), 3.13 (t, J = 15.3 Hz, 2H). 13C NMR
(101 MHz, chloroform-d) δ 201.8 (t, J = 4.8 Hz), 137.1, 129.6, 128.1, 127.8, 120.7 (t, J =
243.8 Hz), 119.6, 73.9, 70.2 (t, J = 31.6 Hz), 48.7, 45.6 (t, J = 24.5 Hz). 19F NMR (376 MHz,
chloroform-d) δ -100.39 (p, J = 14.3 Hz). HRMS (FTMS + pESI) m/z: ([M +N a]+) Calcd
for C14H18F2O2Na 279.11671; Found 279.11666.

7-(Benzyloxy)-6,6-difluorohept-1-yn-4-ol (15a). To a stirred solution of 13a (0.50 g,
2.2 mmol) in dry DMSO (35 mL) at 0 ◦C a solid powder of lithium acetylide etylenediam-
ine complex (0.38 g, 3.5 mmol) was added in several portions. The reaction mixture
was stirred at 0 ◦C for 3 hours and then left warming up to room temperature overnight.
Thereafter, it was quenched with brine (30 mL) and acidified with 10 % aqueous solution
of HCl. The resulting mixture was extracted with ethyl acetate (3× 100mL). The com-
bined organic layer was washed with NaHCO3, water, saturated LiCl and brine, dried
over Na2SO4 and concentrated in vacuo. Crude product 15a (0.34 g, 1.35 mmol, 61 %
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yield) was obtained as a red oil, which was used in the next step without further purific-
ation. 1H NMR (400 MHz, chloroform-d) δ 7.36 – 7.28 (m, 5H), 4.64 (s, 2H), 4.14 (dtt, J =
10.4, 8.0, 4.1 Hz, 1H), 3.79 – 3.67 (m, 2H), 2.87 – 2.62 (m, 1H), 2.45 (dt, J = 5.5, 2.6 Hz, 2H),
2.37 – 2.18 (m, 2H), 2.08 (t, J = 2.7 Hz, 1H). 13C NMR (101 MHz, chloroform-d) δ 136.9,
128.9, 128.3 (t, J = 13.8 Hz), 127.9, 127.6, 122.4 (t, J = 242.7 Hz), 80.1, 74.7 – 73.2 (m), 70.8
(t, J = 32.4 Hz), 65.2 – 64.6 (m). 19F NMR (376 MHz, chloroform-d) δ -99.15 — -101.30
(m), -102.31 -– -105.08 (m).

7-(benzyloxy)-6,6-difluorohept-2-yn-4-ol (15b). According to the General Proced-
ure for Unsaturated Bond Migration, the reaction using 15a (0.34 g, 1.35 mmol), and
potassium tert-butoxide (0.30 g, 2.70 mmol) afforded 15b (0.20 g, 0.80 mmol, 59 % yield)
as a red oil, which was used in the next step without further purification. 1H NMR
(400 MHz, chloroform-d) δ 7.35 (t, J = 4.1 Hz, 11H), 4.67 (s, 2H), 4.63 (d, J = 3.6 Hz,
2H), 3.72 (dd, J = 13.8, 11.7 Hz, 2H), 1.81 (dd, J = 11.3, 2.1 Hz, 3H). 13C NMR (101 MHz,
chloroform-d) δ 140.9, 138.0, 136.9, 128.8 – 126.8 (m), 121.7, 81.4, 79.2, 73.9 (t, J = 46.3
Hz), 70.7, 65.2, 3.5. 19F NMR (376 MHz, chloroform-d) δ -100.39 (p, J = 14.3 Hz).

7-(benzyloxy)-6,6-difluorohept-2-yn-4-one (15). According to the General Proced-
ure for Oxidation of Alcohols, the reaction using 15b (0.20 g, 0.80 mmol) and DMP (0.51 g,
1.20 mmol) after purification of the crude product using flash column chromatography
(gradient of ethyl acetate in hexane), afforded compound 15 (0.13 g, 0.51 mmol, 64 %
yield) as a yellowish oil. 1H NMR (400 MHz, chloroform-d) δ 7.38 – 7.30 (m, 5H), 4.60 (s,
2H), 3.81 (t, J = 12.9 Hz, 2H), 3.27 (t, J = 14.9 Hz, 2H), 2.00 (s, 3H). 13C NMR (101 MHz,
chloroform-d) δ 179.75 (t, J = 6.7 Hz), 137.14, 128.49 (d, J = 3.2 Hz), 127.99, 127.77, 120.29
(t, J = 244.2 Hz), 92.11, 81.45 – 79.25 (m), 74.91 – 72.34 (m), 70.13 (t, J = 31.3 Hz), 48.30 (t, J
= 25.0 Hz), 4.01. 19F NMR (376 MHz, chloroform-d) δ -100.66 (tt, J = 14.6, 13.2 Hz). HRMS
(FTMS + pESI) m/z: ([M +N a]+) Calcd for C14H14F2O2Na 279.08596; Found 279.08473.

1-Methoxy-3-(2-methyl-1,3-dithiolan-2-yl)propan-2-one (16a). This synthesis was
reported in our previous work [12]. According to the General Procedure for Dithiolane
Formation, the reaction using sodium methoxide (18.55 mL of 5.4 M solution in meth-
anol, 93 mmol), 8 (8.00 g, 71.3 mmol) and ethane-1,2-dithiol (7.39 mL, 78 mmol) afforded
compound 16a (14.00 g, 67.9 mmol, 95 % yield) as a yellowish liquid, which was used
in the next step without further purification. 1H NMR (300 MHz, chloroform-d) δ 3.96
(s, 2H), 3.36 (s, 3H), 3.34–3.19 (m, 4H), 3.13 (d, J = 2.3 Hz, 2H), 1.82 (s, 3H). 13C NMR
(75 MHz, chloroform-d) δ 205.4, 78.1, 61.8, 59.3 (d, J = 3 Hz), 58.2, 53.5, 39.6, 31.9. IR
(neat): 2965, 2921, 2821, 1722, 1446, 1423, 1368, 1335, 1277, 1197, 1105, 1072, 1034 cm−1.
HRMS (FTMS + pESI) m/z: ([M +H ]+) Calcd for C8H15O2S2 207.0508; Found 207.0506.

4,4-Difluoro-1-methoxypentan-2-one (16). This synthesis was reported in our pre-
vious work [12]. According to the General Procedure for Desulfurative Fluorination of
Dithiolanes, the reaction using DBDMH (13.86 g, 48.5 mmol), PPHF (45 mL, 499 mmol)
and 16a (5.00 g, 24.23 mmol) after distillation of a crude product at 41 ◦C and 19.8 Torr or
filtering the CH2Cl2 solution through silica afforded compound 23 (2.50 g, 16.43 mmol,
67.8 % yield) as a yellow liquid. Precautions have to be taken when working with product
23, as the rapid weight loss could be observed due to its volatility. 1H NMR (400 MHz,
chloroform-d) δ 4.06 (s, 2H), 3.43 (s, 3H), 3.04 (t, J = 14.7 Hz, 2H), 1.73 (t, J = 18.9 Hz, 3H).
13C NMR (75 MHz, chloroform-d) δ 202.0, 121.5 (t, J = 240 Hz), 78.1, 59.3 (d, J = 6 Hz),
46.4 (t, J = 27 Hz), 23.5 (t, J = 26 Hz). 19F NMR (376 MHz, chloroform-d) δ -85.36 (qt, J
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= 18.9, 14.8 Hz). IR (neat): 3001, 2926, 2853, 2830, 1734, 1640, 1451, 1391, 1353, 1280,
1226, 1202, 1117, 1094, 1062, 1042 cm−1. HRMS (FTMS + pESI) m/z: ([M +N a]+) Calcd
for C6H10F2ONa 175.0541; Found 175.0541.

1-(Benzyloxy)-3-(2-methyl-1,3-dithiolan-2-yl)propan-2-one (17a). This synthesis
was reported in our previous work [12]. According to the General Procedure for Dith-
iolane Formation, the reaction using sodium methoxide (7.65 mL of 5.4 M solution in
methanol, 41.3 mmol), 9 (5.98 g, 31.8 mmol) and ethane-1,2-dithiol (3.29 g, 34.9 mmol)
afforded 17a (7.97 g, 28.2 mmol, 89 % yield) as an orange liquid, which was used in the
next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 7.38–7.28
(m, 5H), 4.58 (s, 2H), 4.07 (s, 2H), 3.35–3.25 (m, 4H), 3.21 (s, 2H), 1.87 (s, 3H). 13C NMR
(101 MHz, chloroform-d) δ 205.4, 137.1, 128.5, 128.0, 127.9, 75.6, 73.3, 61.8, 53.7, 39.6,
32.0. IR (neat): 3061, 3029, 2966, 2920, 2861, 1722, 1584, 1496, 1453, 1423, 1388, 1369,
1333, 1277, 1245, 1205, 1140, 1100, 1027 cm−1. HRMS (FTMS + pESI) m/z: ([M +N a]+)
Calcd for C14H18O2S2Na 305.0640; Found 305.0643.

1-((4-Bromobenzyl)oxy)-4,4-difluoropentan-2-one (18). This synthesis was repor-
ted in our previous work [12]. According to the General Procedure for Desulfurative
Fluorination of Dithiolanes, the reaction using DBDMH (6.54 g, 22.87 mmol), PPHF (25
mL, 277 mmol) and 17a (3.23 g, 11.44 mmol) afforded a crude product 18 as an orange
liquid. It contained the mixture of 1-((4-bromobenzyl)oxy)-4,4-difluoropentan-2-one
(18) and 1-(benzyloxy)-4,4-difluoropentan-2-one (17) (2.07 g, which when calculated for
1-((4-bromobenzyl)oxy)-4,4-difluoropentan-2-one is 6.74 mmol, 58.9 % yield). This mix-
ture was used in the next step without further purification. 1H NMR (400 MHz, Chlorofo-
rm-d) δ 7.39–7.31 (m, 5H), 4.54 (s, 2H), 4.12 (d, J = 4.5 Hz, 2H), 3.05 (td, J = 14.7, 6.3 Hz,
2H), 1.73 (t, J = 18.9 Hz, 3H). 13C NMR (75 MHz, chloroform-d) δ too low intensity of
the signals. 19F NMR (376 MHz, chloroform-d) δ -85.15– -85.43 (m). Attempts to purify
and separate the crude product 18 using flash column chromatography (silica gel, hex-
ane/ethyl acetate gradient separation) went with moderate success, as mostly 1-((4-bro-
mobenzyl)oxy)-4,4-difluoropentan-2-one was isolated, which still contained impurities.
1H NMR (400 MHz, chloroform-d) δ 7.49 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H), 4.54
(s, 2H), 4.13 (s, 2H), 3.05 (t, J = 14.7 Hz, 2H), 1.73 (t, J = 18.9 Hz, 3H). 13C NMR (151 MHz,
chloroform-d) δ 201.7, 135.9, 131.7, 129.5, 128.5, 122.1, 75.6, 72.7, 50.2 (d, J = 17 Hz), 46.6
(t, J = 27 Hz), 30.2, 23.6 (t, J = 27 Hz). 19F NMR (376 MHz, chloroform-d) δ -85.84 (qt,
J = 22.8, 16.4 Hz). IR(neat): 3057, 2927, 2856, 1733, 1677, 1593, 1488, 1403, 1305, 1266,
1229, 1203, 1190, 1111, 1069, 1012 cm−1. HRMS (FTMS + pESI) m/z: ([M +N a]+) Calcd
for C12H13BrF2O2Na 330.9939; Found 330.9941.

1-(Benzyloxy)-3-(2-phenyl-1,3-dithiolan-2-yl)propan-2-one (19a). According to the
General Procedure for Dithiolane Formation, the reaction using sodium methoxide
(0.26 mL of 5.4 M solution in methanol, 1.42 mmol), 12 (0.27 g, 1.09 mmol) and ethane-
1,2-dithiol (0.11 g, 1.20 mmol) afforded 19a (0.32 g, 0.93 mmol, 85 % yield) as an orange
oil, which was used in the next step without further purification. 1H NMR (400 MHz,
chloroform-d) δ 7.73 – 7.67 (m, 2H), 7.41 – 7.28 (m, 7H), 7.24 – 7.13 (m, 1H), 4.47 (s, 2H),
3.87 (s, 2H), 3.74 (s, 2H), 3.38 – 3.21 (m, 5H). 13C NMR (101 MHz, chloroform-d) δ 204.7,
165.0, 144.2, 137.1, 128.5, 128.0, 127.9, 127.2, 126.9, 75.4, 73.3, 68.5, 54.1, 39.5. HRMS
(FTMS + pESI) m/z: ([M +N a]+) Calcd for C19H20O2S2Na 367.07969; Found 367.07991.

1-((4-Bromobenzyl)oxy)-4,4-difluoro-4-phenylbutan-2-one (20). According to the
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General Procedure for Desulfurative Fluorination of Dithiolanes, the reaction using
DBDMH (0.43 g, 1.51 mmol), PPHF (1.36 mL, 15.1 mmol) and 19a (0.26 g, 0.76 mmol) af-
forded a crude product 20 as an orange oil. It contained the mixture of 1-((4-bromobenz-
yl)oxy)-4,4-difluoro-4-phenylbutan-2-one (20) and 1-(benzyloxy)-4,4-difluoro-4-phen-
ylbutan-2-one (19) (0.26 g, which when calculated for 1-((4-bromobenzyl)oxy)-4,4-diflu-
oro-4-phenylbutan-2-one is 0.50 mmol, 66 % yield). This mixture was used in the next
step without further purification.

Attempts to purify and separate the crude product using flash column chromato-
graphy (silica gel, hexane/ethyl acetate gradient separation) went with moderate suc-
cess, as mostly mixed fractions were obtained. Couple of separated fractions (still con-
taining impurities) were used to characterize the components.

1-(benzyloxy)-4,4-difluoro-4-phenylbutan-2-one (19). 1H NMR (400 MHz, Chlorofo-
rm-d) δ 7.50 – 7.47 (m, 4H), 7.44 – 7.42 (m, 2H), 7.34 (q, J = 6.97, 6.50 Hz, 3H), 7.19 (d, J
= 8.16 Hz, 1H), 4.54 (s, 2H), 4.07 (s, 2H), 3.37 (t, J = 15.89 Hz, 2H). 13C NMR (151 MHz,
chloroform-d) δ too low intensity of the signals. 19F NMR (376 MHz, chloroform-d) δ
-91.66 (t, J = 15.8 Hz). HRMS (FTMS + pESI) m/z: ([M +N a]+) Calcd for C17H16F2O2Na
313.10106; Found 313.10151.

1-((4-bromobenzyl)oxy)-4,4-difluoro-4-phenylbutan-2-one (20). 1H NMR (400 MHz,
chloroform-d) δ 7.49 – 7.47 (m, 4H), 7.43 (s, 3H), 7.20 (d, J = 8.1 Hz, 2H), 4.48 (s, 2H), 4.08
(s, 2H), 3.34 (t, J = 15.9 Hz, 2H). 13C NMR (151 MHz, chloroform-d) δ 200.8, 135.9, 133.0,
131.7, 130.3, 129.5, 128.7, 128.6, 128.3, 124.9, 122.0, 75.4, 73.3, 72.6, 65.5, 48.1 (t, J = 28.5
Hz). 19F NMR (376 MHz, chloroform-d) δ -91.64 (t, J = 15.9 Hz). HRMS (FTMS + pESI)
m/z: ([M +N a]+) Calcd for C17H15BrF2O2Na 391.01157 and 393.00952; Found 391.01178
and 393.00969.

DEOXOFLUORINATION

(1,1-Difluorobut-3-en-1-yl)benzene (1F). This compound was previously reported by
Yoshida et al. [38]. According to the General Procedure for Deoxofluorination of Ketones,
using Method II, the reaction using 1 (0.45 g, 3.1 mmol) and MOST (2.05 mL, 15.4 mmol)
after 120 hours yielded 0.36 g of crude product containing 1F. Attempted purification of
the crude product via flash chromatography (silica gel, hexane/ethyl acetate gradient
separation) did not afford sufficient amount of compound 1F, and purified material was
still impure. 1H NMR (400 MHz, chloroform-d) δ 7.95 (dd, J = 15.7, 7.9 Hz, 4H), 7.41 (tdd,
J = 41.1, 17.4, 11.5 Hz, 21H), 7.08 (dq, J = 13.7, 6.9 Hz, 1H), 6.91 (d, J = 15.4 Hz, 1H), 6.08
(ddt, J = 39.9, 17.3, 10.3 Hz, 1H), 5.26 – 5.12 (m, 2H), 3.72 (dd, J = 29.3, 10.9 Hz, 3H), 2.89
(tt, J = 14.9, 7.1 Hz, 2H), 1.99 (d, J = 6.8 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ
165.0, 145.0, 133.2, 132.6, 131.5, 129.7, 128.6, 128.5, 128.3, 128.3, 127.5, 125.0 (t, J = 6.3
Hz), 120.5, 118.7, 44.9 – 42.1 (m), 18.6. 19F NMR (376 MHz, chloroform-d) δ -95.45 (t, J =
16.0 Hz). See Ref. 38 for full characterization.

3-(1,1-Difluorobut-3-en-1-yl)thiophene (2F). According to the General Procedure
for Deoxofluorination of Ketones, using Method II, the reaction using 2 (0.45 g, 3.0 mmol)
and MOST (1.97 mL, 14.8 mmol) after 120 hours yielded 0.38 g of crude product contain-
ing 2F. Attempted purification of the crude product via flash chromatography (silica gel,
hexane/ethyl acetate gradient separation) did not afford sufficient amount of compound
2F, and purified material was still impure. 1H NMR (400 MHz, chloroform-d) δ 8.04 (dd,
J = 2.8, 1.3 Hz, 2H), 7.52 (dd, J = 5.2, 1.2 Hz, 2H), 7.46 – 7.38 (m, 1H), 7.33 – 7.26 (m,
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3H), 7.11 (td, J = 11.4, 10.3, 5.1 Hz, 1H), 6.04 (ddt, J = 16.1, 10.9, 6.8 Hz, 2H), 5.26 – 5.13
(m, 5H), 3.62 (dt, J = 6.8, 1.5 Hz, 5H), 2.90 (td, J = 15.7, 7.1 Hz, 2H). 13C NMR (101 MHz,
chloroform-d) δ 192.1, 141.8, 132.3, 131.0, 129.7, 127.0, 126.8, 126.6, 126.4, 125.4, 124.9
(t, J = 4.0 Hz), 124.1 – 123.7 (m), 120.5, 118.7, 117.1, 65.6, 44.7, 43.2 (t, J = 28.0 Hz), 14.6.
19F NMR (376 MHz, chloroform-d) δ -89.62 (t, J = 15.8 Hz).

(1,1-Difluorobut-2-en-1-yl)benzene (3F). According to the General Procedure for
Deoxofluorination of Ketones, using Method II, the reaction using 3 (0.40 g, 2.7 mmol)
and MOST (1.8 mL, 13.7 mmol) after 96 hours yielded 0.24 g of crude product containing
traces of 3F. Only 19F NMR was providing indication of the product presence, so material
was discarded. 19F NMR (376 MHz, chloroform-d) δ 19F NMR -90.80 (dt, J = 6.8, 3.4 Hz).

3-(1,1-Difluorobut-2-en-1-yl)thiophene (4F). According to the General Procedure
for Deoxofluorination of Ketones, using Method II, the reaction using 4 (0.685 g, 4.5 mmol)
and MOST (3.0 mL, 22.5 mmol) after 96 hours yielded 0.52 g of crude product containing
traces of 4F. Only 19F NMR was providing indication of the product presence, so material
was discarded. 19F NMR (376 MHz, chloroform-d) δ 19F NMR -85.39 (d, J = 8.8 Hz).

3-(1,1-Difluorobut-2-yn-1-yl)thiophene (5F). According to the General Procedure
for Deoxofluorination of Ketones, using Method II, the reaction using 4 (1.0 g, 6.7 mmol)
and MOST (4.4 mL, 33.3 mmol) after 120 hours yielded 0.13 g of crude product contain-
ing traces of 5F. Only 19F NMR was providing indication of the product presence, so
material was discarded. 19F NMR (376 MHz, chloroform-d) δ 19F NMR -70.08 (q, J = 5.2
Hz).

(1,1-Difluoro-2-methoxyethyl)benzene (6F). According to the General Procedure
for Deoxofluorination of Ketones, using Method II, the reaction using 6 (0.30 g, 2.0 mmol)
and MOST (0.54 mL, 4.4 mmol) after 48 hours afforded compound 6F (0.20 g, 1.19 mmol,
59 % yield) as an orange oil. 1H NMR (400 MHz, chloroform-d) δ 7.56 (dd, J = 7.2, 2.7 Hz,
2H), 7.45 (dd, J = 5.2, 1.9 Hz, 3H), 3.84 (t, J = 13.1 Hz, 2H), 3.44 (s, 3H). 13C NMR (101 MHz,
chloroform-d) δ 134.99 (t, J = 25.4 Hz), 131.96 – 129.89 (m), 129.50 – 127.56 (m), 126.66 –
124.72 (m), 120.42 (t, J = 244.0 Hz), 115.38, 74.78 (t, J = 32.2 Hz), 60.04 (q, J = 5.4 Hz). 19F
NMR (376 MHz, chloroform-d) δ -104.12 (td, J = 13.1, 4.0 Hz).

3-(1,1-Difluoro-2-methoxyethyl)thiophene (7F). According to the General Proced-
ure for Deoxofluorination of Ketones, using Method II, the reaction using 7 (2.80 g,
18.0 mmol) and MOST (8.4 mL, 63 mmol) after 150 hours afforded compound 7F (2.57 g,
14.4 mmol, 80 % yield) as an orange oil. 1H NMR (400 MHz, chloroform-d) δ 7.58 (dq, J
= 2.7, 1.3 Hz, 1H), 7.36 (ddt, J = 4.6, 2.9, 1.3 Hz, 1H), 7.20 (dd, J = 5.1, 1.2 Hz, 1H), 3.84 (t,
J = 12.7 Hz, 2H), 3.46 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 136.44 (t, J = 28.1 Hz),
126.57, 125.08 (t, J = 4.1 Hz), 124.81 (t, J = 6.9 Hz), 118.64 (t, J = 241.8 Hz), 74.54 (t, J = 32.3
Hz), 60.09. 19F NMR (376 MHz, chloroform-d) δ -98.37 (t, J = 12.7 Hz). HRMS (FTMS +
pESI) m/z: ([M +H ]+) Calcd for C7H9F2OS 179.03367; Found 179.01372.

4,4-Difluoro-5-methoxypent-2-yne (8F). According to the General Procedure for
Deoxofluorination of Ketones, using Method I, the reaction using 8 (0.20 g, 1.78 mmol)
and MOST (1.3 mL, 9.8 mmol) after 24 hours afforded compound 8F (0.175 g, 1.30 mmol,
73 % yield) as a yellow liquid. Precautions have to be taken when working with product
8F, as the rapid weight loss could be observed due to its volatility. 1H NMR (400 MHz,
chloroform-d) δ 3.68 (t, J = 12.0 Hz, 2H), 3.51 (s, 3H), 1.94 (t, J = 5.3 Hz, 3H). 13C NMR
(101 MHz, chloroform-d)δ too low intensity of the signals. 19F NMR (376 MHz, Chlorofo-
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rm-d) δ -90.59 (tq, J = 11.1, 5.4 Hz).

(((2,2-Difluoropent-3-yn-1-yl)oxy)methyl)benzene (9F). According to the General
Procedure for Deoxofluorination of Ketones, using Method I, the reaction using 9 (0.24 g,
1.27 mmol) and MOST (0.93 mL, 7.0 mmol) after 96 hours afforded compound 9F (0.185 g,
0.88 mmol, 69 % yield) as a yellow oil. 1H NMR (400 MHz, chloroform-d) δ 7.45 – 7.29
(m, 5H), 4.72 (s, 2H), 3.78 (t, J = 12.1 Hz, 2H), 1.95 (t, J = 5.3 Hz, 3H). 13C NMR (101 MHz,
chloroform-d) δ 137.2, 128.5, 128.0, 127.9, 112.3 (t, J = 234.0 Hz), 86.2 (t, J = 6.5 Hz), 74.0,
72.1 (t, J = 31.4 Hz), 71.5 (t, J = 38.3 Hz), 3.4 (t, J = 2.6 Hz). 19F NMR (376 MHz, chloroform-
d) δ -90.84 (tq, J = 11.2, 5.3 Hz). Anal. Calcd for C12H12F2O: C, 68.56; H, 5.75. Found: C,
68.20; H, 5.77.

(((2,2-Difluoropent-4-en-1-yl)oxy)methyl)benzene (10F). This synthesis was repor-
ted in our previous work [12]. According to the General Procedure for Deoxofluorina-
tion of Ketones, using Method I, the reaction using 10 (20.00 g, 16.53 mL, 105 mmol) and
MOST (40.50 g or 30.8 mL, 231 mmol) after 144 hours and distillation of a crude product
at 53 ◦C and 282 mTorr afforded compound 10F (20.23 g, 95 mmol, 91 % yield) as a trans-
parent colourless liquid. 1H NMR (400 MHz, chloroform-d) δ 7.42–7.28 (m, 5H), 5.80
(ddt, J = 17.3, 10.2, 7.2 Hz, 1H), 5.29–5.20 (m, 2H), 4.62 (s, 2H), 3.63 (t, J = 12.3 Hz, 2H),
2.74 (tdt, J = 16.5, 7.2, 1.3 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 137.3, 129.0 (t, J =
6 Hz), 128.5, 128.0, 127.8, 122.1 (t, J = 243 Hz), 120.6, 73.8, 69.9 (t, J = 32 Hz), 38.4 (t, J = 25
Hz). 19F NMR (376 MHz, chloroform-d) δ -104.36 (tt, J = 16.5, 12.2 Hz). IR (neat): 3087,
3067, 3032, 2985, 2920, 2872, 1703, 1645, 1498, 1455, 1431, 1368, 1339, 1284, 1254, 1209,
1179, 1161, 1105, 1046, 1029 cm−1. Anal. Calcd for C12H14F2O: C, 67.91; H, 6.65. Found:
C, 67.69; H, 6.54.

(2-(Benzyloxy)-1,1-difluoroethyl)benzene (11F). According to the General Proced-
ure for Deoxofluorination of Ketones, using Method II, the reaction using 11 (0.875 g,
3.9 mmol) and MOST (2.8 mL, 21.3 mmol) after 144 hours afforded compound 11F (0.83 g,
3.3 mmol, 86 % yield) as a yellowish oil. 1H NMR (400 MHz, chloroform-d) δ 7.54 (dd, J =
7.3, 2.2 Hz, 2H), 7.45 (d, J = 6.7 Hz, 3H), 7.37 – 7.24 (m, 5H), 4.62 (s, 2H), 3.88 (t, J = 13.0
Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 137.2, 135.0 (t, J = 25.4 Hz), 130.1, 128.4,
128.4, 127.9, 127.7, 125.6 (t, J = 6.3 Hz), 120.4 (t, J = 244.3 Hz), 73.9, 72.1 (t, J = 32.5 Hz).
19F NMR (376 MHz, chloroform-d) δ -104.12 (t, J = 13.0 Hz). Anal. Calcd for C15H14F2O:
C, 72.57; H, 5.68. Found: C, 72.77; H, 5.83.

(4-(Benzyloxy)-3,3-difluorobut-1-yn-1-yl)benzene (12F). According to the General
Procedure for Deoxofluorination of Ketones, using Method II, the reaction using 12
(0.050 g, 0.20 mmol) and MOST (0.15 mL, 1.1 mmol) after 144 hours afforded compound
12F (0.038 g, 0.14 mmol, 70 % yield) as a red oil. 1H NMR (400 MHz, chloroform-d) δ
7.57 – 7.49 (m, 2H), 7.44 – 7.31 (m, 8H), 4.76 (s, 2H), 3.89 (t, J = 12.0 Hz, 2H). 13C NMR
(101 MHz, chloroform-d) δ 137.1, 132.2 (t, J = 2.3 Hz), 130.0, 128.5, 128.5, 128.0, 127.9,
120.0, 112.8 (t, J = 235.2 Hz), 88.0 (t, J = 6.9 Hz), 80.2 (t, J = 38.7 Hz), 74.0, 72.0 (t, J = 31.1
Hz). 19F NMR (376 MHz, chloroform-d) δ -91.72 (t, J = 12.1 Hz). HRMS (FTMS + pAPCI)
m/z: ([M +H ]+) Calcd for C17H15F2O 273.10855; Found 273.10883.

4-(((2,2,4,4-Tetrafluoropentyl)oxy)methyl)benzene (13F). This synthesis was repor-
ted in our previous work [12]. According to the General Procedure for Deoxofluorina-
tion of Ketones, using Method IV, the reaction using 13 (0.10 g, 0.44 mmol) and MOST
(0.321 mL, 2.410 mmol) after 24 hours and purifying the resulting crude mixture via flash

4

122



4.4. EXPERIMENTAL

chromatography (silica gel, hexane/ethyl acetate gradient separation) afforded crude
impure product 13F (0.01 g, 0.04 mmol, 9 % crude yield). 1H NMR (400 MHz, chloroform-
d) δ 7.41–7.33 (m, 5H), 4.63 (s, 2H), 3.69 (t, J = 12.7 Hz, 2H), 2.73–2.52 (m, 2H), 1.73 (t, J
= 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 137.0, 128.5, 128.1, 127.8, 121.5–
118.6 (m), 73.9, 71.2–69.9 (m), 42.0–40.6 (m), 24.1 (t, J = 27 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.68 (qtt, J = 19.1, 14.8, 7.8 Hz), -102.85 (ttt, J = 13.1, 8.2, 4.2 Hz). IR
(neat): 3090, 3066, 3033, 3008, 2925, 2868, 1819, 1455, 1426, 1397, 1281, 1230, 1173, 1114,
1100, 1059, 1029 cm−1.

(((2,2,4,4-Tetrafluorohept-6-en-1-yl)oxy)methyl)benzene (14F). According to the
General Procedure for Deoxofluorination of Ketones, using Method III, the reaction
using 14 (0.50 g, 1.97 mmol) and MOST (1.44 mL, 10.8 mmol) after 120 hours yielded 0.39 g
of crude product containing 14F. Main components were side-products of double bond
isomerization of 14 ((E)- and Z- 7-(benzyloxy)-6,6-difluorohept-2-en-4-one). Attemp-
ted purification of the crude product via flash chromatography (silica gel, hexane/ethyl
acetate gradient separation) did not afford sufficient amount of compound 2F, and ob-
tained material was still impure. 1H NMR (400 MHz, chloroform-d) δ 7.31 (d, J = 3.1 Hz,
5H), 5.76 (dddd, J = 14.7, 11.3, 9.1, 5.7 Hz, 1H), 5.20 (dd, J = 17.4, 9.0 Hz, 2H), 4.59 (s, 3H),
3.66 (t, J = 12.8 Hz, 2H), 2.79 – 2.62 (m, 2H), 2.57 (t, J = 15.6 Hz, 1H). 13C NMR (101 MHz,
chloroform-d) δ too low intensity of the signals. 19F NMR (376 MHz, chloroform-d) δ
-93.58 (ddq, J = 24.2, 16.1, 7.9 Hz), -101.48 (dddt, J = 24.2, 13.1, 7.7, 3.8 Hz), -104.48 (tt, J =
16.4, 12.2 Hz) (from isomerization side-product).

((2,2,4,4-Tetrafluorohept-5-ynyloxy)methyl)benzene (15F). According to the Gen-
eral Procedure for Deoxofluorination of Ketones, and after resorting to Method IV, the
reaction using 15 (0.13 g, 0.51 mmol, and MOST (0.34 mL, 22.5 mmol) after 24 hours did
not progress. No trace of the desired product 15F could be found, only the starting ma-
terial 15 signal was observed by 19F NMR.

2,2,4,4-Tetrafluoro-1-methoxypentane (16F). This synthesis was reported in our pre-
vious work [12]. According to the General Procedure for Deoxofluorination of Ketones,
using Method I, the reaction using 16 (2.5 g, 16.43 mmol) and MOST (6.33 g or 4.81 mL,
36.2 mmol) after 24 hours afforded compound 16F (2.14 g, 12.26 mmol, 74.6 % yield) as a
dark yellow liquid. If the product purity is unsatisfactory, it can be purified using column
chromatography (CH2Cl2, R f = 0.84). Precautions have to be taken when working with
product 16F, as the rapid weight loss could be observed due to its volatility. 1H NMR
(400 MHz, chloroform-d) δ 3.60 (t, J = 12.8 Hz, 2H), 3.44 (s, 3H), 2.57 (p, J = 15.4 Hz, 2H),
1.71 (t, J = 19.0 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 126.8–120.4 (m), 75.7 (tt,
J = 31, 2 Hz), 62.4, 43.8 (tt, J = 28, 24 Hz), 26.7 (tt, J = 27, 2 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.51 (qtt, J = 19.1, 14.9, 7.7 Hz), -102.47 (ttt, J = 16.3, 13.0, 8.1 Hz). IR
(neat): 2934, 2855, 1706, 1675, 1635, 1394, 1174, 1114 cm−1.

1-Bromo-4-(((2,2,4,4-tetrafluoropentyl)oxy)methyl)benzene (18F). This synthesis
was reported in our previous work [12]. According to the General Procedure for Deoxo-
fluorination of Ketones, using Method I, the reaction using 18 (2.07 g, 6.74 mmol) (crude
material with the presence of 17) and MOST (1.974 mL, 14.83 mmol) after 24 hours and
purifying the crude product via flash chromatography (silica gel, hexane/ethyl acetate
gradient separation) afforded compound 18F (1.88 g, 5.71 mmol, 85 % yield) as a color-
less transparent oil. 1H NMR (400 MHz, chloroform-d) δ 7.49 (d, J = 8.4 Hz, 2H), 7.21 (d, J
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= 8.3 Hz, 2H), 4.57 (s, 2H), 3.68 (t, J = 12.7 Hz, 2H), 2.61 (p, J = 15.4 Hz, 2H), 1.72 (t, J = 19.1
Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 138.7, 134.3, 132.0, 126.3–120.4 (m), 124.6,
75.8, 73.4 (tt, J = 31, 2 Hz), 43.9 (tt, J = 28, 25 Hz), 26.8 (tt, J = 27, 2 Hz). 19F NMR (376 MHz,
chloroform-d) δ -85.86 (qtt, J = 19.2, 14.8, 7.6 Hz), -102.62 (ttt, J = 15.7, 12.6, 7.7 Hz). IR
(neat): 3006,2951, 2922, 2877, 1723, 1594, 1488, 1396, 1381, 1279, 1240, 1172, 1121, 1097,
1069, 1012, 968, 943, 921, 872, 827, 795, 714, 674 cm−1. Anal. Calcd for C12H13BrF4O: C,
43.79; H, 3.98. Found: C, 43.75; H, 4.05.

(4-(Benzyloxy)-1,1,3,3-tetrafluorobutyl)benzene (19F). According to the General
Procedure for Deoxofluorination of Ketones, using Method I, the reaction using 18
(0.027 g, 0.073 mmol) (crude material with the small presence of 20) and MOST (0.02 mL,
0.16 mmol) after 24 hours afforded compound 19F (0.020 g, 0.051 mmol, 70 % yield) as a
light red oil. 1H NMR (400 MHz, chloroform-d) δ 7.49 (dt, J = 8.5, 2.8 Hz, 4H), 7.43 (d, J
= 6.6 Hz, 4H), 7.36 (d, J = 6.0 Hz, 1H), 7.34 – 7.29 (m, 2H), 7.19 (d, J = 8.2 Hz, 1H), 4.56 (s,
2H), 3.64 (t, J = 12.8 Hz, 2H), 2.91 (p, J = 15.3 Hz, 2H). 13C NMR (101 MHz, chloroform-d)
δ too low intensity of the signals. 19F NMR (376 MHz, chloroform-d) δ -93.47 (tt, J = 16.7,
9.5 Hz), -100.29 -– -101.90 (m).

1-Bromo-4-((2,2,4,4-tetrafluoro-4-phenylbutoxy)methyl)benzene (20F). According
to the General Procedure for Deoxofluorination of Ketones, using Method I, the reac-
tion using 20 (0.027 g, 0.073 mmol) (crude material with the small presence of 19) and
MOST (0.02 mL, 0.16 mmol) after 24 hours afforded compound 20F (0.020 g, 0.051 mmol,
70 % yield) as a light red oil. 1H NMR (400 MHz, chloroform-d) δ 7.51 – 7.46 (m, 4H), 7.43
(d, J = 6.8 Hz, 3H), 7.19 (d, J = 8.1 Hz, 2H), 4.50 (s, 2H), 3.64 (t, J = 12.8 Hz, 2H), 2.89 (p,
J = 15.3 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 136.1, 131.6, 130.2, 129.3, 129.0,
128.8, 128.7, 128.5, 128.3, 124.8, 73.0, 67.8, 65.6, 57.5. 19F NMR (376 MHz, chloroform-d)
δ -93.58 (tt, J = 16.5, 9.0 Hz), -99.14 -– -101.70 (m).

4.4.3. DFT CALCULATIONS
The local, global minima of all transition states structures were optimised at the ωB97X-
D/6-311+G* level of theory. Starting structures for the transition states were found us-
ing the freezing string method[39] at the same level of theory. Frequency analyses were
performed to corroborate the saddle-point nature of the optimised transition states. In-
trinsic reaction calculations were carried out in order to determine that the transition
states correspond to the desired structures that connect their corresponding local min-
ima. All calculations were performed with the Q-Chem 5.0 package.
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19F NMR (376 MHz, Chloroform-d) δ -95.45 (t, J = 16.0 Hz), -118.06 (d, J = 35.2 Hz).

19F NMR (376 MHz, Chloroform-d) δ -95.45 (t, J = 16.0 Hz).

Figure 4.8 19F NMR spectrum (376 MHz, chloroform-d) of compound 1F
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19F NMR (376 MHz, Chloroform-d) δ -89.62 (t, J = 15.8 Hz), -95.28 (t, J =
15.9 Hz), -100.60 (d, J = 20.3 Hz), -114.47 (d, J = 35.2 Hz), -115.93 (ddd, J
= 55.1, 10.5, 3.1 Hz).

Figure 4.9 19F NMR spectrum (376 MHz, chloroform-d) of compound 2F
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19F NMR (376 MHz, Chloroform-d) δ -90.80 (dt, J = 6.8, 3.4 Hz), -95.17 ,
-107.09 (d, J = 97.7 Hz), -112.27 (d, J = 64.1 Hz), -115.06 – -115.46 (m),
-184.17 , -192.63 .
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19F NMR (376 MHz, Chloroform-d) δ -90.80 (dt, J = 6.8, 3.4 Hz).

Figure 4.10 19F NMR spectrum (376 MHz, chloroform-d) of compound 3F
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19F NMR (376 MHz, Chloroform-d) δ -85.39 (d, J = 8.8 Hz), -101.58 ,
-104.74 , -108.56 (d, J = 57.1 Hz), -115.30 (t, J = 15.2 Hz), -172.19 – -172.79
(m), -184.10 , -192.57 .

19F NMR (376 MHz, Chloroform-d) δ -85.39 (d, J = 8.8 Hz).

Figure 4.11 19F NMR spectrum (376 MHz, chloroform-d) of compound 4F
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1H NMR (400 MHz, Chloroform-d) δ 7.56 (dd, J = 7.2, 2.7 Hz, 2H),
7.45 (dd, J = 5.2, 1.9 Hz, 3H), 3.84 (t, J = 13.1 Hz, 2H), 3.44 (s, 3H).
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Figure 4.12 1H NMR spectrum (400 MHz, chloroform-d) of compound 6F
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19F NMR (376 MHz, Chloroform-d) δ -104.12 (td, J = 13.1, 4.0 Hz).
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Figure 4.13 19F NMR spectrum (376 MHz, chloroform-d) of compound 6F
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1H NMR (400 MHz, Chloroform-d) δ 7.58 (dq, J = 2.7, 1.3 Hz, 1H),
7.36 (ddt, J = 4.6, 2.9, 1.3 Hz, 1H), 7.20 (dd, J = 5.1, 1.2 Hz, 1H),
3.84 (t, J = 12.7 Hz, 2H), 3.46 (s, 3H).

Figure 4.14 1H NMR spectrum (400 MHz, chloroform-d) of compound 7F
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19F NMR (376 MHz, Chloroform-d) δ -98.37 (t, J = 12.7 Hz).

Figure 4.15 19F NMR spectrum (376 MHz, chloroform-d) of compound 7F
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1H NMR (400 MHz, Chloroform-d) δ 3.68 (t, J = 12.0 Hz, 2H), 3.51
(s, 3H), 1.94 (t, J = 5.3 Hz, 3H).

Figure 4.16 1H NMR spectrum (400 MHz, chloroform-d) of compound 8F
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19F NMR (376 MHz, Chloroform-d) δ -90.59 (tq, J = 11.1, 5.4 Hz).

Figure 4.17 19F NMR spectrum (376 MHz, chloroform-d) of compound 8F
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1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.29 (m, 5H), 4.72 (s,
2H), 3.78 (t, J = 12.1 Hz, 2H), 1.95 (t, J = 5.3 Hz, 3H).

Figure 4.18 1H NMR spectrum (400 MHz, chloroform-d) of compound 9F
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19F NMR (376 MHz, Chloroform-d) δ -90.84 (tq, J = 11.2, 5.3 Hz).

Figure 4.19 19F NMR spectrum (376 MHz, chloroform-d) of compound 9F
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1H NMR (400 MHz, Chloroform-d) δ 7.54 (dd, J = 7.3, 2.2 Hz, 2H), 7.45 (d,
J = 6.7 Hz, 3H), 7.37 – 7.24 (m, 5H), 4.62 (s, 2H), 3.88 (t, J = 13.0 Hz, 2H).

Figure 4.20 1H NMR spectrum (400 MHz, chloroform-d) of compound 11F
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19F NMR (376 MHz, Chloroform-d) δ -104.12 (t, J = 13.0 Hz).

Figure 4.21 19F NMR spectrum (376 MHz, chloroform-d) of compound 11F
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1H NMR (400 MHz, Chloroform-d) δ 7.57 – 7.49 (m, 2H),
7.44 – 7.31 (m, 8H), 4.76 (s, 2H), 3.89 (t, J = 12.0 Hz, 2H).

Figure 4.22 1H NMR spectrum (400 MHz, chloroform-d) of compound 12F
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Figure 4.23 19F NMR spectrum (376 MHz, chloroform-d) of compound 12F
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4.5. NMR SPECTRA
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Figure 4.24 19F NMR spectrum (376 MHz, chloroform-d) of compound 5F
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Figure 4.25 19F NMR spectrum (376 MHz, chloroform-d) of compound 14F
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4. ETHER ACTIVATION EFFECT ON DEOXOFLUORINATION REACTIONS
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Figure 4.26 19F NMR spectrum (376 MHz, chloroform-d) of compound 19F
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5
PURSUING POLYMERIZATION OF

THIOPHENES BEARING

FLUORINATED SIDE CHAINS

Abstract: In this chapter, we attempt the polymerization of monomers bearing fluorin-
ated side chains in order to draw a comparison with the model P3HT polymer (used as a
benchmark donor material in BHJ OPV devices). We encountered difficulties introducing
the hominal bis(gem-CF2) fragment, so using the ether-activation approach instead, we
synthesized 3-(1,1-difluoro-2-methoxyethyl)thiophene, and used it as a starting point to
develop monomers for test polymerizations. While the electropolymerization technique
succeeded, conventional synthetic polymerization approaches failed. We postulate that
attaching a CF2 moiety next to the thiophene core leads to the withdrawal of electron dens-
ity, which undermines the oxidative addition steps of synthetic polymerization. Possible
solutions, such as placing the CF2 group further from the core, using dimers or synthesiz-
ing co-polymers with the fluorinated monomers, are proposed.

Parts of this chapter were used in MSc thesis of Ellen Kampinga (fse.studenttheses.ub.rug.nl/id/eprint/20283).
I would like to thank Ellen Kampinga for her contribution to this work.

139



5. PURSUING POLYMERIZATION OF THIOPHENES BEARING FLUORINATED SIDE CHAINS

5.1. INTRODUCTION

As discussed in Chapter 1, in pursuit of further enhancement of the PCEs of organic
solar cells, the idea of increasing the relative dielectric constant (εr ) of organic materi-
als is gaining broader attention [1]. This new approach was first proposed by Koster et
al.[2], where the focus is drawn to the potential benefit of increasing εr of OPV materials
to bridge the gap between the PCEs of organic and inorganic solar cells. In the work by
Torabi et al.[3], the introduction of repeating units of ethylene glycol (EG) as side chains
of donor polymers and part of acceptor materials resulted in doubling the value of the
dielectric constant of resulting bulk organic material without affecting conjugation and
other vital properties. Furthemore, in the work by Rousseva et al.[4], the introduction of
EG units with increasing lenghts as side-chains on [60]PCBM resulted in εr value above
10, which is the first reported instance for the fullerene-based semiconductor mater-
ial. This dramatic effect was attributed to the capability of EG chains to rapidly reorient
their dipole moments together with the charge redistribution in the environment. The
same effect on dielectric constant value can be expected when introducing side chains
with ferroelectric properties, as they are also capable of reversible reorientation upon
application of an electric field. Furthermore, they possess high dielectric constants, heat
capacity, and low thermal loss. Such properties make ferroelectric materials attractive
for a wide variety of applications, including thin film capacitors, artificial muscles, and
electrocaloric cooling [5, 6].

Among organic ferroelectric materials, polyvinylidene difluoride (PVDF) is the most
commonly studied due to its unique set of features. Besides ferroelectricity, PVDF is also
a flexible and light weight polymer with low thermal conductivity [7–10]. Furthermore,
due to the presence of −(C H2 −C F2)− repeating unit, it has a compact structure and
large permanent dipole, which makes PVDF the polymer with the highest known piezo-
and pyroelectric activity [6].

Blending PVDF into copolymers yielded materials that were used for ferroelectric
memory devices [11]. Some attempts have also been made to study the effect of PVDF
on the performance of OPVs by blending it into conjugated polymer systems [12] or in-
corporating it as a thin ferroelectric polymer layer in conventional bulk heterojunction
(BHJ) devices [13–15]. Although not fully understood [13], it is widely reported that such
ferroelectric doping can enhance charge separation [15] and PCE [14] of OPV devices.

The effects of the backbone fluorination on the properties of organic semiconduct-
ing materials are being widely studied, including the recent work by Boufflet et al., which
focuses on the positive influence of backbone fluorination on the dielectric constant of
conjugated polythiophenes [16].

However, to the best of our knowledge, there are no examples of conjugated poly-
mers that have PVDF fragment attached as a side chain. Literature sources report the
high dielectric constant value of PVDF copolymers [17] and composites [18], along with
fluorinated polyethers [19]. Thus, the introduction of the short PVDF-like fragment as
a side chain into the conjugated materials might benefit the electronic properties of the
polymer without breaking the conjugation pattern.

In our previous work [20] we pursued the synthesis of discrete chains containing a
hominal bis(difluoromethyl) fragment (i.e., RCF2CH2CF2R’). As a result, we obtained a
tosylate bearing the desired fragment, which was theoretically attachable to small mo-
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lecules and monomers, introducing strong dipole moments in the 1,3 configuration, that
enables their alignment in an electric field (akin to PVDF, where CF2 groups reorient in
the same direction upon poling in an electric field; see Chapter 3).

In this chapter, we attempted the synthesis and polymerization of the thiophene de-
rivatives bearing fluorinated side chains, depicted in Figure 5.1.
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Figure 5.1 Target thiophene-derived polymers bearing fluorinated side chains

Such polymers would allow direct comparison with the benchmark polymer, poly-
3-hexylthiophene (P3HT), highlighting the effect of highly polarizable PVDF-like side
chains on the electrochemical properties of polymers for the potential use in OPV.

5.2. RESULTS AND DISCUSSION

5.2.1. TYPICAL POLYMERIZATION APPROACHES
In order to direct our polymerization attempts toward achieving the desired fluorine-
containing thiophene polymers, we drew upon well-established techniques used for the
preparation of P3HT.

One of the most common routes to obtain polythiophene polymers is polymerization
of a di-halogenated monomer using a transition metal catalyst [21]. The transition metal
can perform subsequent insertion of monomer molecules to a growing polymer chain by
coordination chemistry, following a catalytical cycle (see Figure 5.2).
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Figure 5.2 Generalization of the catalytic cycle and conditions used in the named transition metal catalyzed
coupling and polymerization reactions
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5. PURSUING POLYMERIZATION OF THIOPHENES BEARING FLUORINATED SIDE CHAINS

As shown in Figure 5.2, each catalytic cycle follows similar steps: transmetallation,
isomerization (sometimes known as "ring walking"), reductive elimination, and oxidat-
ive addition. These steps are typical for a number of named transition metal catalyzed
reactions (not necessarily limited to polymerization, but on contrary, widely used as a
means of C–C bond formation), which differ in the type of catalyst, as well as transmetall-
ating groups present in the monomers. The most widely used named C–C coupling re-
actions include Kumada, Suzuki, Negishi, Stille, and Ullmann couplings, and the typical
conditions are summarized in the table in Figure 5.2 [21].

What differentiates a simple transition-metal coupling from catalyst transfer poly-
merization (CTP), is the use of di-halogenated arene, one of the halogens of which can
be selectively transformed into the transmetallating group, followed by a living chain-
growth polymerization. As a result, a conjugated polymer with low polydispersity and
high control over molar mass distribution can be obtained [22, 23]. While the number of
monomers that can undergo CTP is somewhat limited, it has been successfully applied
for synthesizing P3HT [23]. The most notable example was reported by McCullough et
al., where they modified Kumada coupling reaction, resulting in a Grignard metathesis
(GRIM) polymerization reaction [24].

Thus, following the literature precedent, when attempting the synthesis of the de-
sired fluorine-containing polymers, we usually started with halogenation of the pre-
cursor thiophene-derivative monomers, followed by the the typical transition metal cata-
lysed polymerisation methods.

5.2.2. ATTEMPTED SYNTHESIS OF P3BTFT
The first polymer we intended to synthesize was P3bTFT, which utilizes the previously
synthesized PVDF-like fragment (see Chapter 3). The attempted synthesis of P3bTFT is
depicted in Scheme 5.1.
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PPh3, [Ni(dppp)]Cl2 ------- Nothing

Scheme 5.1 Attempted synthesis of P3bTFT

In order to develop the reaction conditions for C–C bond formation between the
thiophen-3-ylmagnesium bromide and previously synthesized tosylate 3 [20], we used
another tosylate bearing highly polar group (1), which we prepared for a different pro-
ject ([25]). As depicted in the table in Scheme 5.1, the conversion of 1 into the desired
product 2 was achieved using CuI and LiCl. This reaction proceeded smoothly, requiring
mild conditions (THF, 0 ◦C to RT overnight), providing sufficiently pure product 2 with
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an average yield of 70 %.
To our dismay, the same approach was not applicable to the transformation of the to-

sylate 3 into the desired monomer 4. This reaction, as well as the other conditions tested,
led to the recovery of the unreacted starting materials. We hypothesize that the reason of
such poor reactivity of the tosylate 3 lies in the low electron density on the tosylate group
due to the presence of the significantly electronegative hominal bis(difluoromethyl) frag-
ment, that negates the characteristics of the tosyl moiety as a good leaving group, thus
preventing nucleophilic substitution.

We suggest that further research on modification of the pendant leaving group of
the hominal bis(difluoromethyl) fragment, as well as a broader screening of the reaction
conditions could ultimately lead to the preparation of the desired monomer 4. Another
viable option might be the halogenation of 2,2,4,4-tetrafluoropentan-1-ol, followed by
coupling of the resulting halide with the thiophene core. However, the latter option is
deemed to be problematic, due to the volatility of the 2,2,4,4-tetrafluoropentan-1-ol (as
described in Chapter 3).

Unfortunately, due to the time constraints, we had to abandon the pursuit of the syn-
thesis of P3bTFT, and diverted our attention to different monomers.

5.2.3. ATTEMPTED SYNTHESIS OF P3ADFOHT AND P3ADFOBTFT
In Chapter 4 we described the ether activation effect on the deoxofluorination of ketones.
One of the molecules synthesized throughout this study was the 2-methoxy-1-(thiophen-
3-yl)ethanone (depicted as 5 in Scheme 5.2). Having this molecule in hand prompted us
to utilize it in the synthesis of polythiophenes bearing partially fluorinated side chains.
After unsuccessful attempts to produce P3bTFT, we decided to omit the C–C bond form-
ation in favor of a more straightforward reaction to produce an ether bond. First, and
most natural target of such kind would be P3aDFObTFT, the attempted synthesis of
which is depicted in Scheme 5.2.
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Scheme 5.2 Attempted synthesis of P3aDFObTFT

Starting from compound 5 already in hand, we first deprotected it with TMSI toward
alcohol 6. Compound 6 was previously synthesized via a different route by Douglas et
al., who reported the instability of the resulting molecule [26].

Indeed, we observed the rapid decomposition of the alcohol 6 in the course of the
demethylation reaction, which compromised the conversion. We could trace the de-
composition progress by 19F NMR, and the plot is depicted in Figure 5.3.

The obtained compound 6 completely decomposed after only two days of storage
under ambient conditions. This naturally meant, that polymerization of 6 toward P3aDF-
OHT (see Figure 5.1) is not feasible in this manner.
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Another possibility to utilize the potential of alcohol 6, was an attempted synthesis of
P3aDFObTFT. After rapidly conducting the demethylation of 5, followed by purification
and isolation of alcohol 6, we tested the reaction with tosylate 3 to form the monomer 7
(see Scheme 5.2).

Figure 5.3 Demethylation of 5 in time, monitored by 19F NMR

Regardless of the base used (either K2CO3 or NaH), reaction temperature (0 ◦C to RT,
or heating to 90 ◦C), or the presence of the phase-transfer catalyst (15-Crown-5), we did
not observe the formation of ether 7. Reactions performed at room temperature resulted
in the recovery of the unreacted starting materials, with a partial decomposition of the
alcohol 6. Decomposition of the alcohol became predominant under harsh conditions,
hence further optimization options were limited, and this target was abandoned.

5.2.4. ATTEMPTED SYNTHESIS OF P3ADFODEGT
Another appealing design option was to combine the effect of the CF2 group with the
functionality of the oligoethyleneglycol (OEG) chain.

This idea led us to an attempted synthesis of P3aDFODEGT, which is depicted in
Scheme 5.3.

The first synthetic step was the formation of the ether 8 from previously prepared
precursors 1 and 6. Unlike the reaction toward compound 7 (see Scheme 5.2), the form-
ation of the desired ether 8 was achieved under mild conditions using NaH at 0 ◦C to RT
overnight, in either DMF or THF. This observation provided additional evidence to sup-
port our theory, that the presence of the hominal bis(difluoromethyl) fragment made
tosylate 3 insusceptible toward nucleophilic substitution (see Scheme 5.1), while work-
ing smoothly for other tosylates.
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Bromination of the substrate 8 with 1,3-dibromo-5,5-dimethylhydantoin (DBDMH)
was only partial (only in the 5 position), thus bromine was chosen as a halogenation
agent, allowing dibromination of the substrate. However, the use of bromine produced
not only the desired precursor 9, but also the alcohol 10.
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Scheme 5.3 Attempted synthesis of P3aDFODEGT

Finally, GRIM polymerization was attempted on the purified substrate 9. To achieve
this, first the organomagnesium bromide intermediate 9a was generated in situ by re-
fluxing a THF solution of 9 with Turbo Grignard. Successful halogen exchange in 2- pos-
ition (contrary to the more conventional 5-position exchange in the case of 2,5-dibromo-
3-hexylthiophene) was confirmed by quenching a solution sample with NH4Cl. Unfortu-
nately, after adding the Ni(dppp)Cl2 catalyst and refluxing the resulting reaction mixture
overnight, no signs of P3aDFODEGT were present. Upon quenching the reaction mix-
ture, the only two products were the monobromide of 8, and some unreacted 9.

Despite the unsuccessful first attempts, we believe that a more in-depth study and
optimization of reaction conditions will potentially yield the desired polymer P3aDFO-
DEGT.

5.2.5. SYNTHESIS OF P3ADFOMET
After facing all the challenges throughout the previous polymerization attempts, we de-
cided to pursue the synthesis of P3aDFOMeT as a model polymer, in a manner depicted
in Scheme 5.4.

With a sufficient amount of compound 5 in hand, we performed bromination toward
compound 11 using bromine (5 Eq in CHCl3 were required to achieve the complete con-
version after 3–4 days), as milder reagents (such as NBS or DBDMH) allowed only partial
bromination (compound 12 was obtained). Similar to our previous experience, the use
of bromine as a halogenation agent led to partial de-etherification of 5, producing side-
product 6b along with the desired compound 11. Next, organometallic intermediate
11a was obtained by refluxing a THF solution of 11 with Turbo Grignard. Quenching the
reaction sample after 3 hours confirmed successful exchange, as compound 12 was isol-
ated.
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As was the case for P3aDFODEGT (see Scheme 5.3), the exchange occurred in a
less conventional 2-position (unlike a more common, and less sterically hindered 5-
position). We speculate, that such halide bond position preference has to be influenced
by the nature of the fluorinated sidechain. Since the electron density is withdrawn from
the thiophene core, this makes it less susceptible to exchange (hence harsh conditions
which were needed for bromination). Another possibility is a formation of a cyclic struc-
ture incorporating the ether and the magnesium.

Unfortunately, GRIM polymerization did not yield the desired P3aDFOMeT. No pre-
cipitation occurred after pouring the reaction mixture on methanol, and analysis of the
resulting material by 19F NMR only showed traces of possible oligomers. Again, we
suspected that the electron-withdrawing nature of the functional sidechain partially re-
moved electron density from the thiophene core, making it electron-deficient and less
prone to oxidative addition to the catalyst.

As GRIM polymerization did not show any promising results up to this point, we
decided to test Negishi-type polymerization. A similar strategy was used, based on the
halogen exchange of one of the bromines of precursor 11 first with Turbo Grignard (to
form 11a), followed by the addition of ZnCl2. Quenching the sample of the reaction mix-
ture proved the successful exchange at 2-position (compound 12 was formed). Much to
our chagrin, after adding the catalyst (Ni(dppp)Cl2) and continuous refluxing of the res-
ulting mixture, we did not observe the formation of the desired P3aDFOMeT, but only
the monobromide 12.

Another tactic used to make the polymer P3aDFOMeT was to generate the organozinc
reagent from 11 directly, omitting Grignard intermediate 11a. To achieve this, we used
activated Rieke Zinc. This approach, however, failed again, as after forming the or-
ganozinc intermediate, the successful formation of the desired polymer was not achieved.

All the aforementioned failed attempts made us concerned about the overall possib-
ility of the polymerization of substrate 11. Since halogen exchange was observed spe-
cifically at 2-position, it was proposed that the reactivity of the thiophene core was not fit
for polymerization due to the strong electron-withdrawing effect of the pendant group.
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As a simple test, we tried a coupling toward compound 13, using Stille cross-coupling.
Performing exchange on 11 with a trimethyltin-thiophene moiety, followed by a catalytic
coupling using a Pd(PPh3)4 allowed us to observe the formation of compound 13 by 19F
NMR and by 1H NMR (characteristic aromatic peaks). Thus, both sides of the thiophene
core of precursor 11 are able to couple to other thiophenes, and it is only the matter of
finding a right polymerization conditions.

Following the successful test of Stille coupling conditions, our last synthetic attempt
to make polymer P3aDFOMeT involved the formation of intermediate 11a, followed by
the addition of trimethyltinchloride, and refluxing of the resulting mixture with Pd(PPh3)4

catalyst. Again, this attempt was in vain, but we believe that a broader, and more in-
depth reaction study can lead to finding suitable polymerization conditions.

After gaining little to no success in obtaining P3aDFOMeT using the means of chem-
ical polymerization we decided to test a fundamentally different method – electropoly-
merization.

Electropolymerization is a process that is facilitated by reducing or oxidizing the
monomer molecules in a solution [27]. Polymer growth can proceed via different path-
ways (free radical, anionic or cationic, or a combination of both). Direct redox events on
the monomer molecule or interaction of another molecule with the reduced/oxidized
monomer is usually the initiating step of the polymerization [28]. Such polymers gener-
ated in solution are usually very pure since there is only one sort of species present.

In order to conduct electropolymerization, a potential is applied to a solution of the
monomer, containing a supportig electrolyte. The potential window ranges from (some-
times) negative or zero toward positive value, and is swept back and forth for around
50 cycles. This leads to subsequent reduction and oxidation of the species in solution.
Throughout the polymerization process, there is a shift to more negative/positive poten-
tial. This shift can be seen in Figure 5.4, as well as the oxidation and reduction potential
peaks [27, 29].

After electropolymerization is done, the electrode with the polymer film is rinsed
and put into a new vial of electrolyte solution, where no free monomer is present. Then,
a cyclic voltammogram (CV) is recorded from the polymer, allowing the reduction and
oxidation potentials to be determined, and the energy levels calculated [27, 30]. After
determining the onset slope of the oxidation potential one can estimate the energy of
the HOMO using Equation 5.1.

E(HOMO) =−e[E onset
ox +4.4] (5.1)

In Equation 5.1 the 4.4 eV value is added, as it is the potential of the reference elec-
trode Ag/AgCl (value can be changed according to the reference used) [30]. The energy
of the LUMO can be determined by adding the HOMO value to the optical band gap
measured by UV-Vis. [30].

In the case of compound 5, electropolymerization was performed with a 100 mL of
0.1 M acetonitrile solution of TBAPF6 as the supporting electrolyte. Glassy carbon was
used as the working electrode, platinum as the counter-electrode, and Ag/AgCl as the
reference electrode. After dissolving 3.5 mg of compound 5 in 5 mL of electrolyte solu-
tion, 50 cycles between 0 and 1.7 V with a rate of 0.01 V/s were conducted. The CV of this
process is depicted in Figure 5.4.
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Figure 5.4 Cyclic voltammogram of electropolymerization performed on compound 5, showing current re-
sponse vs. applied potential referenced to an Ag/AgCl reference electrode

CV measurement of the resulting P3aDFOMeT polymer film is depicted in Figure 5.5.

Figure 5.5 Cyclic voltammogram of generated P3aDFOMeT, showing current response vs. applied potential
referenced to an Ag/AgCl reference electrode

As seen from this graph, an oxidation potential value of 0.643 V was determined from
the peak onset. Using equation 5.1, we calculated a HOMO energy of -5.04 eV for the
resulting polymer film, which is lower compared to the -4.7 eV value commonly reported
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for P3HT [30]. The optical bandgap was not measured for the resulting material, so,
unfortunately, the LUMO level cannot be estimated.

Despite the moderate success achieved using the electropolymerization technique,
the synthesis of P3aDFOMeT remained as an open challenge, which we again attribute
to the electron-withdrawing effect of the pendant chain. An interesting possibility for
the future studies would be designing the monomer with the CF2 group not connected
to the thiophene core directly, but rather moved further down the pendant chain.

5.2.6. ATTEMPTED SYNTHESIS OF COPOLYMERS

In our final attempts of circumventing the shortcomings and challenges faced during the
synthesis of the abovementioned polymers, we decided to synthesize a dimer of com-
pound 11. This compound could be the starting point for the synthesis of polymers with
somewhat less electron-deficient aromatic core [31]. The attempted synthesis of such
dimers and copolymers is depicted in Scheme 5.5.
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Scheme 5.5 Attempted synthesis of copolymers

For the synthesis of the dimer 14, we started by converting the available compound
11 into an intermediate 11a in a similar manner as described previously. Then, following
Ullmann-type coupling conditions [31–33], the addition of CuCl2 propagated the form-
ation of the dimer 14.

With compound 14 in hand, we attempted the Suzuki-Miyaura-like polymerization,
using a protocol developed previously in our group [34]. After heating the reaction mix-
ture to 110 ◦C in DMF, and quenching it with methanol, we did not observe any precip-
itation of desired P3aDFOMeBT polymer. All the fluorinated material remained in the
methanol solution, and analysis by 19F NMR suggested that an oligomer with 2–3 units
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was formed.
The next attempt at utilizing the dimer 14 was to co-polymerize it with organotin

dimer 15 (synthesized in our lab by Dr. Gang Ye), to obtain the P3aDFOMeBTBDT poly-
mer. Following the Stille polymerization protocol, after refluxing in toluene and pouring
the resulting solution in methanol, a yellow precipitate was formed. Unfortunately, 19F
NMR analysis showed that this precipitate did not contain any fluorine atoms, thus being
simply the polymer of 15. All the fluorine-containing material remained in the methanol
solution.

Facing the numerous difficulties described above, and taking our newly gained ex-
pertise into account, we decided to take advantage of the most promising Stille coup-
ling conditions by converting the dimer 14 into compound 16. This transformation was
successfully achieved, and the resulting compound was brominated with DBDMH to
obtain the precursor monomer 17. The ability to brominate 16 with a much milder
agent (DBDMH instead of Br2, used in the other cases), hints that "capping" the dimer
with donating-group furnished thiophenes allows the devastating electron-withdrawing
effect of the CF2 moiety on thiophene core to be circumvented. We expect that this
modification might help overcome electron deficiency, which likely interfered with other
monomers mentioned above, and can be finally polymerized. Unfortunately, due to time
constraints, the polymerization reaction study was not performed. Thus obtaining the
desired PB3aDFOMeHT polymer remains an open challenge.

5.3. CONCLUSIONS

In this final chapter, we attempted the synthesis of conjugated polymers consisting of
thiophene derivatives with fluorinated side chains. As described in Chapter 1, such poly-
mers could potentially have an increased dielectric constant, compared to their counter-
parts, which should benefit the optoelectronic properties in bulk heterojunction solar
cells. Due to the unique properties of the fluorine atom (described briefly in Chapter
2), we expected that fluorinated analogs of P3HT would be an interesting entry point,
as they would allow direct comparison with one of the most studied OPV donor ma-
terials, P3HT. Thus, we attempted to utilize the hominal bis(difluoromethyl) fragment
(developed in Chapter 3), as well as thiophene furnished with fluorine-containing side
chains (made using the methodology described in Chapter 4) to develop such novel
polymers.

Unfortunately, due to the strong electron-withdrawing nature of the designed fluor-
inated pendant chains, we faced numerous challenges in our polymerisation attempts.
The resulting molecules either failed to engage in nucleophilic displacement reactions
(thus making the synthesis of P3bTFT highly challenging, if not impossible), or the aro-
matic core of thiophene became too electron-deficient to effectively engage in the poly-
merization cycle (as was the case for most of the other polymerization attempts).

Two of the most promising results were electropolymerization, which allowed the
qualitative synthesis of P3aDFOMeT, and the design of the more electron-rich monomer
precursor to the PB3aDFOMeHT polymer. While both these results are inconclusive,
they open up the window of possibilities for future studies.
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5.4. EXPERIMENTAL

5.4.1. GENERAL INFORMATION.
All reagents were acquired from commercial sources (Manchester Organics, Sigma-Aldri-
ch, Acros Organics, TCI Europe and Alfa Aesar) and used without any purification unless
stated otherwise. Reactions performed under a nitrogen atmosphere were conducted in
flame-dried glassware. All dry solvents were obtained from a solvent purification sys-
tem. Thin-layer chromatography (TLC) used Merck silica gel 60 F254 aluminum plates.
Visualization of compounds by TLC was done by irradiation with UV light at 254 nm,
iodine or potassium permanganate stain. Column chromatography was performed us-
ing SiliCycle SiliaFlash ® Irregular Silica Gels P60 (40µm to 63µm, 60 Å) or with Revel-
eris ® X2 Flash Chromatography System. 1H NMR, 13C NMR and 19F NMR were per-
formed on Agilent Technologies 400/54 Premium Shielded (400 MHz), Varian Oxford
AS400 (400 MHz) or Varian Oxford (300 MHz) instrument at 25 ◦C, using tetramethylsil-
ane (TMS) as an internal standard. NMR shifts are reported in ppm, relative to the resid-
ual protonated solvent signals of chloroform-d (δ = 7.26 ppm) or at the carbon absorp-
tion in chloroform-d (δ = 77.0 ppm). To determine accurate 19F NMR chemical shifts we
used CFCl3 (δ = 0.00 ppm) as an internal standard. Multiplicities are denoted as: sing-
let (s), doublet (d), triplet (t), quartet (q), pentet (p), doublet of doublets (dd), doublet
of triplets (dt), doublet of doublet or triplets (ddt), doublet of quartets (dq), doublet of
doublet of quartets (ddq), triplet of doublets (td), triplet of doublet of doublets (tdd),
triplet of triplets (tt), triplet of triplet of triplets (ttt) quartet of doublets (qd), quartet of
triplets of triplets (qtt) and multiplet (m). High-Resolution Mass Spectra (HRMS) were
determined on a Thermo Scientific LTQ Orbitrap XL (FTMS). Infrared spectra (IR) were
recorded on Thermo Scientific Nicolet iS50 FT-IR spectrometer.

5.4.2. SYNTHESIS

GENERAL PROCEDURES

General Procedure for Bromination. To a stired solution of a substrate (1.0 equiv) in
CHCl3 cooled to 0 ◦C was added an appropriate brominating agent (either 5.0 equiv of
Br2, 2.0 equiv of DBDMH, or 3.0 equiv of NBS). The resulting mixture was allowed to
gradually warm up to ambient temperature, and was left stirring until full conversion
was achieved (according to TLC, LCMS, or 19F NMR). Then, the mixture was quenched
with a saturated aqueous NaHSO3, washed with chloroform and brine, dried over Na2SO4,
and concentrated in vacuo. The resulting residue was purified using flash column chro-
matography on silica gel (using a gradient of ethyl acetate in hexane), and the combined
appropriate fractions were concentrated in vacuo, yielding the desired product.

General Procedure for Turbo Grignard Exchange. To a stirring solution of an appro-
priate substrate (1.0 equiv) in dry THF (volume used may vary, but approximately 1.0 M
solution had to be made), under an inert atmosphere, 1.2 equiv of a 1.3 M THF solution of
isopropylmagnesiumchloride·LICl complex (Turbo Grignard) was added dropwise, and
the mixture was heated to reflux for 3 hours. Quenching: To confirm the successful con-
version, a sample was taken out of the reaction mixture, quenched with an equal volume
of saturated aqueous NH4Cl solution. The layers were separated, and the aqueous layer
was extracted with ethyl acetate (until no UV response of aqueous layer was observed
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by TLC), and the combined extracts were washed with brine and dried over Na2SO4.
Evaporation of the solvent gave the desired crude product, where one of the halogens is
displaced with a hydrogen atom.

General Procedure for Nucleophilic Displacement of Tosylates. A flask charged
with LiCl (2.0 equiv) was heated in vacuo and flushed with argon. To this flask at room
temperature were sequentially added freshly generated organomagnesium compound
(prepared using General Procedure for Turbo Grignard Exchange) (1.5 equiv), appro-
priate tosylate (1.0 equiv), and CuI (0.3 equiv). The resulting mixture was left stirring
overnight, and then quenched with a saturated aqueous solution of NH4Cl (150 mL),
and extracted with ethyl acetate (3×100mL). The combined organic layers were washed
with water and brine, dried over Na2SO4, and concentrated in vacuo. The residue was
purified by flash column chromatography to afford the desired product.

General Procedure for GRIM Polymerization. To a 1.0 M solution of organomag-
nesium halide (1.0 equiv) generated via General Procedure for Turbo Grignard Exchange
under an inert atmosphere, Ni(dppp)Cl2 (0.05 equiv) was added, and the resulting mix-
ture was refluxed overnight. Afterward, the mixture was poured onto a tenfold volume of
methanol. In case the polymer was formed, the precipitation occured, and the resulting
solution was filtered through 1.0µm fluoropore membrane PTFE filter, and the result-
ing polymer precipitate was dried, moved into the Soxhlet thumb, and extracted with
methanol, acetone, hexanes and chloroform. The chloroform fraction was concentrated
in vacuo. Re-precipitation in 300 mL of methanol was performed, the crude polymer
was filtered over through 1.0µm fluoropore membrane PTFE filter and dried. In the case
no precipitation occurred, the resulting methanol solution was concentrated in vacuo,
dissolved in 100 mL of CHCl3, washed with water (100 mL), and brine (100 mL). The
combined organic layer was dried over Na2SO4, and concentrated in vacuo.

General Procedure for Negishi Polymerization. An organozinc reagent was formed
by either adding 1.5 equiv of ZnCl2 to a stirring solution of organomagnesium reagent
(which can be prepared using General Procedure for Turbo Grignard Exchange) at 0 ◦C,
and stirred the reaction mixture for 3 hours; or by adding 1.5 equiv of Rieke Zinc to a
stirring 1.0 M solution of an appropriate substrate (1.0 equiv) in dry THF at −78 ◦C, and
allowing the resulting mixture to gradually warm up to room temperature. Upon form-
ation of the organozinc reagent, Ni(dppp)Cl2 (0.05 equiv) was added, and the resulting
mixture was refluxed overnight. Afterward, the reaction mixture was poured into a ten-
fold volume of a 1:1 mixture of methanol and 2 M HCl. If the polymer had been formed,
precipitation occured and the resulting solution was filtered through 1.0µm fluoropore
membrane PTFE filter, and the resulting polymer precipitate was dried, moved into the
Soxhlet thumb, and extracted with methanol, acetone, hexanes and chloroform. The
chloroform fraction was concentrated in vacuo. Re-precipitation in 300 mL of methanol
was performed, the crude polymer was filtered over through 1.0µm fluoropore mem-
brane PTFE filter and dried. In the case that no precipitation occurred, the resulting
methanol solution was concentrated in vacuo, dissolved in 100 mL of CHCl3, washed
with water (100 mL), and brine (100 mL). The combined organic layer was dried over
Na2SO4, and concentrated in vacuo.

General Procedure for Suzuki Polymerization. To a stirring 0.2 molar DMF solu-
tion of an appropriate substrate (1.0 equiv) was added 4,4,4’,4’,5,5,5’,5’-octamethyl-2,2’-
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bi(1,3,2-dioxaborolane) (1.0 equiv). The resulting mixture was purged with dry nitrogen
for 10 minutes, followed by the addition of Pd(dppf)Cl2 (0.05 equiv) and crushed K3PO4

(5.0 equiv). Then, the mixture was heated to 111 ◦C, and stirred for 24 hours. Afterward,
the reaction mixture was cooled down to room temperature, and the solvent was re-
moved by rotary evaporation. The remaining residue was dissolved in a minimal amount
of CHCl3, and precipitated by pouring slowly into 1 L of methanol, with added 1 mL of
concentrated HCl (to facilitate the precipitation). The resulting precipitate was filtered
into a Soxhlet thimble and extracted using methanol, acetone, and finally chloroform,
where the purified polymer was dissolved, re-precipitated into cold methanol, and dried
in vacuo.

General Procedure for Stille Coupling or (Co-)Polymerization. A mixture of an ap-
propriate bromide (1.0 equiv) and stannate (1.0 equiv) was dissolved in toluene (approx-
imate molarity of the resulting mixture is 0.05 M). Then, fresh Pd(PPh3)4 (0.05 equiv) and
CuI (0.1 equiv) were added to a flask. The atmosphere was evacuated and flushed with
inert gas five times. The reaction mixture was stirred at 111 ◦C overnight. Afterward, the
resulting mixture was diluted with 50 mL of DCM and 20 mL of water. After vigorous
shaking, the mixture was filtered through Celite with DCM/EtOAc (200 mL, 1:1). The or-
ganic layer was separated and dried over Na2SO4, and the solvent was removed under
reduced pressure. The residue was purified using column chromatography, yielding the
desired product.

REPORTED COMPOUNDS

3-(2-(2-Ethoxyethoxy)ethyl)thiophene (2). Following the General Procedure for Nuc-
leophilic Displacement of Tosylates, the reaction was carried out utilizing LiCl (1.617 g,
38.1 mmol), thiophen-3-ylmagnesium bromide (57.2 mL, 28.6 mmol), 2-(2-ethoxyetho-
xy)ethyl 4-methylbenzenesulfonate (1, synthesized in our previous work [25]) (5.5 g, 19.0
mmol), and CuI (1.09 g, 5.72 mmol). Purification of the crude product using column
chromatography (silica gel, hexane) afforded compound 2 (3.76 g, 11.3 mmol, 59 % yield)
as a yellowish oil. 1H NMR (400 MHz, chloroform-d) δ 7.23 (dd, J = 4.9, 3.0 Hz, 1H), 7.05
– 7.00 (m, 1H), 6.98 (dd, J = 4.9, 1.2 Hz, 1H), 3.70 (t, J = 7.1 Hz, 3H), 3.63 – 3.56 (m, 4H),
3.56 – 3.49 (m, 3H), 2.94 (t, J = 7.1 Hz, 2H), 1.22 (t, J = 7.0 Hz, 5H). 13C NMR (101 MHz,
chloroform-d) δ 139.2, 128.5, 125.1, 121.1, 71.5, 70.3, 69.8 (d, J = 1.6 Hz), 66.7, 30.6, 15.2.

3-(2,2,4,4-Tetrafluoropentyl)thiophene (4). Reaction following the General Pro-
cedure for Nucleophilic Displacement of Tosylates, with 2,2,4,4-tetrafluoropentyl-4-
methylbenzenesulfonate (3, synthesized in our previous work [20]) (31 mg, 0.1 mmol)
failed to generate the desired compound 4.

2,2-Difluoro-2-(thiophen-3-yl)ethanol (6). This compound has also been synthes-
ized by Douglas et al., using a different approach [26]. To an ice-cold stirred solution
of 3-(1,1-difluoro-2-methoxyethyl)thiophene (5, the synthesis of which was reported in
Chapter 4) (150 mg, 0.84 mmol) in CDCl3 (0.45 mL) in a sealed vessel with a septum
cap under an inert atmosphere, trimethylsilyl iodide (220 mg, 0.15 mL, 1.09 mmol) was
slowly added. The resulting solution was stirred at room temperature, until the full con-
version of 5 to 6 was confirmed by 19F NMR (optimal time is 7 hours), after which it was
quenched with 4.0 equiv of methanol. The resulting mixture was extracted with ether,
washed with NaHSO3, water, NaHCO3 and brine. The combined organic layers were
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dried over Na2SO4, and concentrated in vacuo. The crude product was purified using
flash column chromatography (silica, a gradient of ethyl acetate in hexane), affording
the pure compound 6 as a yellowish transparent oil, which decomposes after two days
of storage in ambient conditions. 1H NMR (400 MHz, chloroform-d) δ 7.58 (dq, J = 2.6,
1.3 Hz, 1H), 7.38 (ddt, J = 4.6, 2.9, 1.3 Hz, 1H), 7.19 (dd, J = 5.1, 1.3 Hz, 1H), 3.99 (t, J = 13.0
Hz, 2H), 2.08 (s, 1H). 13C NMR (75 MHz, chloroform-d) δ 135.9, 126.9, 125.8–124.3 (m),
122.4–116.0 (m), 65.7 (t, J = 32.4 Hz). 19F NMR (376 MHz, chloroform-d) δ -101.88 (t, J =
13.0 Hz). HRMS (FTMS + pESI) m/z: ([M − H ]−) Calcd for C6H5F2OS 163.00237; Found
163.00341.

3-(1,1-Difluoro-2-((2,2,4,4-tetrafluoropentyl)oxy)ethyl)thiophene (7). Reactions of
3 with 6, using either NaH or K2CO3 in DMF failed to generate the desired compound 7.

3-(2-(2-(2-Ethoxyethoxy)ethoxy)-1,1-difluoroethyl)thiophene (8). In a sealed
Schlenk flask, sodium hydride (48 mg, 1.20 mmol) was suspended in 4.0 mL of dry THF,
and cooled to 0 ◦C. Then, 6 (132 mg, 0.80 mmol) was added to the mixture, followed by
15-crown-5 (0.4 mL, 2.01 mmol), and the mixture was stirred at room temperature for 1
hour. A solution of 1 (278 mg) in 4.0 mL of THF was added dropwise to the solution, and
the resulting mixture was left stirring at room temperature overnight. Afterward, water
was added to the resulting mixture to decompose excess sodium hydride. The mixture
was extracted with ethyl acetate, washed with HCl, water, brine, dried over Na2SO4, and
concentrated in vacuo. The product was purified using flash column chromatography
(silica, a gradient of ethyl acetate in hexane), affording the pure compound 8 (356 mg,
0.70 mmol, 87 % yield) as a red oil. 1H NMR (400 MHz, chloroform-d) δ 7.60 (dq, J = 2.6,
1.3 Hz, 1H), 7.34 (ddd, J = 4.5, 3.0, 1.3 Hz, 1H), 7.21 (dd, J = 5.1, 1.2 Hz, 1H), 3.96 (t, J = 12.8
Hz, 2H), 3.75 (dd, J = 5.8, 3.6 Hz, 2H), 3.66 – 3.60 (m, 4H), 3.57 (dt, J = 6.0, 2.0 Hz, 2H), 3.52
(q, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, chloroform-d) δ 126.4, 125.2
(d, J = 3.6 Hz), 118.7, 105.0, 73.3, 71.7, 70.7, 70.6, 69.8, 66.7, 15.1. 19F NMR (376 MHz,
chloroform-d) δ -94.92 (td, J = 13.4, 1.8 Hz), -98.24 (t, J = 12.6 Hz). HRMS (FTMS + pESI)
m/z: ([M +N a]+) Calcd for C12H18F2O3SNa 303.08369; Found 308.08344.

2,5-Dibromo-3-(2-(2-(2-ethoxyethoxy)ethoxy)-1,1-difluoroethyl)thiophene (9).
Following the General Procedure for Bromination, the reaction utilizing 8 (195 mg, 0.67
mmol) and bromine (0.179 mL, 3.5 mmol), after purification of the crude product using
flash column chromatography (silica gel, a gradient of ethyl acetate in hexane), afforded
compound 9 (143 mg, 0.33 mmol, 47 % yield) as a yellowish oil. 1H NMR (400 MHz,
chloroform-d) δ 7.02 (s, 1H), 3.98 (t, J = 13.1 Hz, 2H), 3.72 (dd, J = 5.8, 3.6 Hz, 2H),
3.64 – 3.53 (m, 6H), 3.50 (q, J = 7.0 Hz, 2H), 1.19 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz,
chloroform-d) δ 136.1–135.4 (m), 130.4–129.4 (m), 118.1 (t, J = 245.8 Hz), 111.6, 110.7,
72.1 (t, J = 31.3 Hz), 71.89, 70.7 (d, J = 17.3 Hz), 69.8, 66.6, 15.1 (d, J = 17.8 Hz). 19F NMR
(376 MHz, chloroform-d) δ -99.78 (t, J = 13.0 Hz). HRMS (FTMS + pESI) m/z: ([M +N a]+)
Calcd for C12H16Br2F2O3SNa 460.90267; Found 460.90261.

P3aDFODEGT. Reaction set on compound 9 following the General Procedure for
GRIM Polymerization failed to generate the desired compound P3aDFODEGT.

2,5-Dibromo-3-(1,1-difluoro-2-methoxyethyl)thiophene (11). Following the Gen-
eral Procedure for Bromination, the reaction utilizing 5 (1.20 g, 6.73 mmol) and brom-
ine (1.73 mL, 33.7 mmol), after purification of the crude product using flash column
chromatography (silica gel, a gradient of ethyl acetate in hexane), afforded compound
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11 (2.21 g, 6.57 mmol, 98 % yield) as a yellowish oil. 1H NMR (400 MHz, chloroform-
d) δ 7.03 (s, 1H), 3.89 (t, J = 13.0 Hz, 2H), 3.45 (t, J = 0.6 Hz, 3H). 13C NMR (101 MHz,
chloroform-d) δ 138.3 (t, J = 28.6 Hz), 132.4 (t, J = 5.5 Hz), 120.7 (t, J = 245.8 Hz), 114.5,
113.4 (t, J = 5.7 Hz), 75.9 (t, J = 31.4 Hz), 62.9. 19F NMR (376 MHz, chloroform-d) δ -99.57
(t, J = 13.0 Hz).

A minute amount of 2-(2,5-dibromothiophen-3-yl)-2,2-difluoroethanol (6b) was sep-
arated. 1H NMR (400 MHz, chloroform-d) δ 7.03 (s, 1H), 4.03 (t, J = 13.4 Hz, 2H), 2.49 (s,
1H). 13C NMR (101 MHz, chloroform-d) δ 186.0, 135.2 (t, J = 28.6 Hz), 129.7 (d, J = 5.2
Hz), 118.3 (t, J = 245.2 Hz), 112.1, 110.9 (d, J = 5.8 Hz), 92.7, 64.5 (t, J = 31.3 Hz). 19F NMR
(376 MHz, chloroform-d) δ -102.82 (t, J = 13.4 Hz).

P3aDFOMeT. Reaction set on compound 9 following either General Procedure for
GRIM Polymerization or General Procedure for Negishi Polymerization failed to gen-
erate the desired compound P3aDFOMeT. Workup of the resulting mixture resulted in
crude 2-bromo-4-(1,1-difluoro-2-methoxyethyl)thiophene (12). 1H NMR (400 MHz, Ch-
loroform-d) δ 7.68 (d, J = 10.2 Hz, 1H), 7.44 (d, J = 17.0 Hz, 1H), 5.30 (s, 1H), 3.77 (dd, J =
25.3, 12.3 Hz, 1H), 3.46 (s, 1H), 2.50 (s, 1H), 2.30 (d, J = 14.2 Hz, 1H), 1.64 (d, J = 31.3 Hz,
1H), 1.27 (d, J = 12.2 Hz, 7H), 0.97 – 0.74 (m, 2H). 19F NMR (376 MHz, chloroform-d) δ
-98.83 (t, J = 12.2 Hz).

3’-(1,1-Difluoro-2-methoxyethyl)-2,2’:5’,2’’-terthiophene (13). Following the Gen-
eral Procedure for Stille Coupling, the reaction utilizing 11 (20 mg, 0.060 mmol), tribu-
tyl(thiophen-2-yl)stannane (47 mg, 0.149 mmol), Pd(PPh3)4 (3.5 mg, 0.003 mmol), and
CuI (1.1 mg, 0.006 mmol), afforded crude compound material, containing compound 13.
1H NMR (400 MHz, Chloroform-d) δ 7.24 (s, 1H), 7.17 (dd, J = 8.1, 2.6 Hz, 5H), 7.03 (s, 1H),
3.89 (t, J = 13.1 Hz, 2H), 3.65 (t, J = 13.1 Hz, 1H), 3.48 (s, 1H), 3.46 (s, 4H), 3.34 (s, 1H), 2.36
(s, 4H). 19F NMR (376 MHz, chloroform-d) δ -93.78 (t, J = 13.2 Hz), -93.95 – -94.14 (m),
-99.30 (t, J = 12.4 Hz), -99.56 (t, J = 13.1 Hz), -99.92 (t, J = 13.3 Hz).

5,5’-Dibromo-3,3’-bis(1,1-difluoro-2-methoxyethyl)-2,2’-bithiophene (14). After
converting 11 (1.20 g, 3.57 mmol) into 11a (following the General Procedure for Turbo
Grignard Exchange), the resulting solution was cooled down to 0 ◦C, and CuCl2 (600 mg,
4.46 mmol) was added in one portion. The resulting mixture was allowed to warm up to
room temperature overnight, and then quenched by slow addition of aqueous saturated
NH4Cl, extracted with diethyl ether (3×100mL), washed extensively with 2 M HCl solu-
tion, water and brine, dried over Na2SO4, and concentrated in vacuo. Purification of the
crude product using flash column chromatography (silica gel, a gradient of ethyl acetate
in hexane), afforded compound 14 (882 mg, 1.772 mmol, 48 % yield) as a thick green oil.
1H NMR (400 MHz, chloroform-d) δ 7.03 (s, 1H), 3.88 (t, J = 13.0 Hz, 2H), 3.45 (s, 3H).
13C NMR (101 MHz, chloroform-d) δ 135.6 (t, J = 28.6 Hz), 129.8 (q, J = 5.5 Hz), 118.0 (t,
J = 245.8 Hz), 111.8, 110.7, 73.3 (t, J = 31.4 Hz), 60.2 (d, J = 5.4 Hz). 19F NMR (376 MHz,
chloroform-d) δ -99.54 (t, J = 13.0 Hz).

P3aDFOMeBT. Reaction set on compound 14 following the General Procedure for
Suzuki Polymerization failed to generate the desired compound P3aDFOMeBT.

P3aDFOMeBTBDT. Reaction set on compound 14 with (4,4’-didodecyl-[2,2’-bithio-
phene]-5,5’-diyl)bis(trimethylstannane) (15) following the General Procedure for Su-
zuki Polymerization failed to generate the desired compound P3aDFOMeBTBDT.

3’’,4’-Bis(1,1-difluoro-2-methoxyethyl)-4,4’’’-dihexyl-2,2’:5’,2’’:5’’,2’’’-quaterthiop-
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hene (16). Following the General Procedure for Stille Coupling, the reaction utilizing
14 (214 mg, 0.42 mmol), (4-hexylthiophen-2-yl)trimethylstannane (692 mg, 1.04 mmol),
Pd(PPh3)4 (24 mg, 0.02 mmol), and CuI (8 mg, 0.04 mmol), after purification of the crude
product using flash column chromatography (silica gel, a gradient of ethyl acetate in hex-
ane), afforded (still not completely pure) compound 14 (255 mg, 0.37 mmol, 89 % yield)
as an orange solid. 1H NMR (400 MHz, chloroform-d) δ 7.18 (s, 1H), 7.15 (s, 2H), 7.01 (d, J
= 1.4 Hz, 2H), 6.94 (d, J = 1.3 Hz, 2H), 6.90 (d, J = 1.4 Hz, 2H), 6.76 (d, J = 1.3 Hz, 2H), 3.64 (t,
J = 13.4 Hz, 4H), 3.29 (s, 6H), 2.52 (dt, J = 14.8, 7.7 Hz, 10H), 1.55 (dh, J = 12.3, 4.3, 3.5 Hz,
11H), 1.30 – 1.20 (m, 34H), 0.82 (t, J = 6.7 Hz, 17H). 13C NMR (101 MHz, chloroform-d) δ
144.3, 143.9, 137.0, 135.7, 132.6, 132.24 (t, J = 27.3 Hz), 130.3, 125.7, 122.2, 119.9, 73.4 (t, J
= 30.6 Hz), 60.1, 31.7, 30.5, 30.4, 30.3, 28.9, 22.6, 14.1. 19F NMR (376 MHz, chloroform-d)
δ -94.01 (t, J = 13.1 Hz). HRMS (FTMS + pAPCI) m/z: ([M+H ]+) Calcd for C34H42F4O2S4H
687.20765; Found 687.20676.

5,5’’’-Dibromo-3’’,4’-bis(1,1-difluoro-2-methoxyethyl)-4,4’’’-dihexyl-2,2’:5’,2’’:5’’,-
2’’’-quaterthiophene (17). Following the General Procedure for Bromination, the reac-
tion utilizing 16 (320 mg, 0.466 mmol) and DBDMH (333 mg, 1.165 mmol), after purific-
ation of the crude product using flash column chromatography (silica gel, a gradient of
ethyl acetate in hexane), afforded (still impure) compound 17 (100 mg, 0.12 mmol, 25 %
yield) as brown solid. 1H NMR (400 MHz, chloroform-d) δ 7.54 (s, 1H), 7.40 (s, 2H), 7.31
(s, 1H), 7.20 (s, 1H), 7.18 (s, 2H), 7.03 (s, 1H), 3.99 (td, J = 13.6, 5.7 Hz, 22H), 3.92 – 3.84 (m,
4H), 3.69 (dt, J = 18.8, 13.2 Hz, 9H), 3.52 (s, 14H), 3.45 (s, 20H), 3.39 (d, J = 4.9 Hz, 12H),
2.66 (td, J = 7.9, 3.5 Hz, 98H), 1.54 (td, J = 12.2, 10.9, 7.2 Hz, 129H), 1.43 – 1.29 (m, 368H),
0.90 (h, J = 3.1 Hz, 201H). 13C NMR (101 MHz, chloroform-d) δ 143.0, 141.5, 132.1 (d, J
= 9.9 Hz), 130.9, 128.6, 128.4 (d, J = 5.8 Hz), 128.0, 127.8, 114.5, 111.1, 110.3, 107.9, 65.5,
31.6 (d, J = 3.6 Hz), 30.3, 29.5 (d, J = 7.0 Hz), 28.8 (t, J = 25.6 Hz), 22.6 (d, J = 3.3 Hz), 14.1.
19F NMR (376 MHz, chloroform-d) δ -96.86 (t, J = 12.8 Hz), -97.04 (t, J = 13.2 Hz), -99.18
(t, J = 13.7 Hz), -99.56 (t, J = 13.4 Hz).
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1H NMR (400 MHz, Chloroform-d) δ 7.58 (dq, J = 2.6, 1.3 Hz, 1H),
7.38 (ddt, J = 4.6, 2.9, 1.3 Hz, 1H), 7.19 (dd, J = 5.1, 1.3 Hz, 1H),
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Figure 5.6 1H NMR spectrum (400 MHz, chloroform-d) of compound 6
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Figure 5.7 19F NMR spectrum (376 MHz, chloroform-d) of compound 6
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1H NMR (400 MHz, Chloroform-d) δ 7.60 (dq, J = 2.6, 1.3 Hz, 1H), 7.34
(ddd, J = 4.5, 3.0, 1.3 Hz, 1H), 7.21 (dd, J = 5.1, 1.2 Hz, 1H), 3.96 (t, J =
12.8 Hz, 2H), 3.75 (dd, J = 5.8, 3.6 Hz, 2H), 3.66 – 3.60 (m, 4H), 3.57 (dt,
J = 6.0, 2.0 Hz, 2H), 3.52 (q, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H).

Figure 5.8 1H NMR spectrum (400 MHz, chloroform-d) of compound 8
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19F NMR (376 MHz, Chloroform-d) δ -94.92 (td, J =
13.4, 1.8 Hz), -98.24 (t, J = 12.6 Hz).

Figure 5.9 19F NMR spectrum (376 MHz, chloroform-d) of compound 8
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Figure 5.10 1H NMR spectrum (400 MHz, chloroform-d) of compound 9
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19F NMR (376 MHz, Chloroform-d) δ -99.78 (t, J = 13.0 Hz).

Figure 5.11 19F NMR spectrum (376 MHz, chloroform-d) of compound 9
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1H NMR (400 MHz, Chloroform-d) δ 7.03 (s, 1H),
3.89 (t, J = 13.0 Hz, 2H), 3.45 (t, J = 0.6 Hz, 3H).

Figure 5.12 1H NMR spectrum (400 MHz, chloroform-d) of compound 11
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19F NMR (376 MHz, Chloroform-d) δ -99.57 (t, J = 13.0 Hz).

Figure 5.13 19F NMR spectrum (376 MHz, chloroform-d) of compound 11
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1H NMR (400 MHz, Chloroform-d) δ 7.03 (s, 1H),
3.88 (t, J = 13.0 Hz, 2H), 3.45 (s, 3H).

Figure 5.14 1H NMR spectrum (400 MHz, chloroform-d) of compound 14
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Figure 5.15 19F NMR spectrum (376 MHz, chloroform-d) of compound 14
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Figure 5.16 1H NMR spectrum (400 MHz, chloroform-d) of compound 16
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19F NMR (565 MHz, Chloroform-d) δ -99.20 (t, J = 12.9 Hz).

Figure 5.17 19F NMR spectrum (376 MHz, chloroform-d) of compound 16
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Figure 5.18 1H NMR spectrum (400 MHz, chloroform-d) of compound 17
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SUMMARY

Our society is driven by constant energy consumption. As environmental concerns arise,
the eyes of humanity are focused on renewable sources. Harnessing solar energy steadily
shifts to the forefront of these developments. Among the emerging photovoltaic mater-
ials, organic solar cells (OPV) have occupied an important niche, and the race toward
increasing the power conversion efficiency (PCE) values keeps going on strong.

The basic working principles of OPV devices, as well as the general overview of ma-
terials used in photovoltaics are given in Chapter 1. We highlighted the importance of
the dielectric constant as potential leverage for future PCE enhancement. The origins
of the dielectric constant were described, as well as an overview of modern, high dielec-
tric constant materials used in OPV devices. We proposed that designing the conjug-
ated polymers bearing highly-polarizable side chains will likely lead to an increased PCE
value for the next-generation OPV devices, ideally eliminating excitons from the equa-
tion. Non-excitonic organic semiconductor materials combined with selective contacts
might yield the ultimate, single-component, organic solar cells.

A molecule with one of the highest polarization degrees possible is polyvinylidene
fluoride (PVDF), which owes its ferroelectric properties to the presence of the most elec-
tronegative atom – fluorine. In Chapter 2 we gave a brief overview of the current meth-
ods, reagents, and techniques used to incorporate fluorine atoms into molecules.

Armed with this knowledge, we proceeded with the synthesis of a short, PVDF-like
fragment. In Chapter 3 we described the development of the hominal bis(difluoro-
methyl) fragment. After testing the consecutive nucleophilic deoxofluorination, we suc-
ceeded with the synthesis of the desired fragment. However, the inefficiency of the pro-
cess was striking. As the second deoxofluorination reaction proceeded with difficulty,
and was low-yielding, a different approach had to be pursued. We combined the se-
lective desulfurative fluorination of dithiolanes with pyridinium fluoride, and the deox-
ofluorination of keto groups with morpholinosulfur trifluoride. Such modification al-
lowed for a reproducible, and scalable synthesis of the desired hominal bis(difluoro-
methyl) fragment, which we converted into a shelf-stable tosylate.

The difference in the reactivity of the keto group in deoxofluorination reactions seem-
ed to be dependent on its immediate surrounding. We noticed that the presence of an
ether moiety in 1,3-relation to the ketone leads to a drastic improvement in the deoxo-
fluorination efficiency. This phenomenon was further studied in Chapter 4. After pre-
paring a small library of ketones with variable surroundings of the carbonyl group, we
tested the deoxofluorination reaction on these substrates under a variety of conditions.
Our results clearly showed a trend as the increased reactivity of the carbonyl precursors
which contained an ether moiety in 1,3 relation to the target keto group. Based on the
conventional mechanism of deoxofluorination of ketones, we proposed a plausible ex-
planation for such a phenomenon. The results of DFT calculations for the transition-
and intermediate- states of each step of this transformation produce additional theoret-
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ical support for our experimental results.
As a pinnacle of this study, all the aforementioned findings were implemented to-

ward the synthesis and investigation of the properties of thiophene-based (P3HT-like)
polymers with tailored fluorine-containing (PVDF-like) pendant chains. The desired tar-
gets and the story of our attempts were described in Chapter 5. Much to our chagrin, the
synthetic efforts were not entirely successful. We hypothesized, that the presence of the
strongly electron-withdrawing CF2 group in the direct proximity to the thiophene core
causes electron deficiency, which undermines the oxidative addition step of the catalytic
cycle, thus complicating the polymerization initiation. Our theory was further evidenced
by the inaccessibility of tosylate, bearing the hominal bis(difluoromethyl) fragment, to-
ward nucleophilic substitution reactions, which under similar conditions worked per-
fectly for other polar substrates. In order to tackle this problem, we propose possible
solutions. Besides the proven electropolymerization of our substrates, we think that
placement of a CF2 group further from the thiophene core can be of interest. As the last
bow, we started the synthesis of the precursor molecules of PB3aDFOMeHT polymer.
By decorating the dimer of the 2,5-dibromo-3-(1,1-difluoro-2-methoxyethyl)thiophene
with 3-hexyl thiophenes, we expect to circumvent the electron deficiency issue. Such a
modification can create the window of opportunities toward the future studies of poly-
merization conditions and material properties for this target.
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SAMENVATTING (NL)

Onze maatschappij kenmerkt zich door een voortdurend energieverbruik. Naarmate de
bezorgdheid over het milieu toeneemt, wordt er steeds meer gekeken naar hernieuw-
bare energiebronnen. Hierin speelt de toepassing van zonne-energie een steeds prom-
inentere rol. Onder de nieuwe fotovoltaïsche materialen zijn organische zonnecellen
(OPV) een belangrijke niche, en daarom wordt voortdurend getracht het vermogensomz-
ettingsrendement (PCE) van OPV’s te verhogen.

De basisprincipes van de werking van OPV’s, evenals een algemeen overzicht van de
materialen die in fotovoltaïsche toepassingen worden gebruikt, werden in Hoofdstuk
1 gegeven. We benadrukten het belang van de diëlektrische constante, als potentiële
drijfveer voor toekomstige PCE-verbetering. De oorsprong van de diëlektrische con-
stante werd beschreven, gevolgd door een overzicht van moderne materialen met hoge
diëlektrische constante die in OPV-apparaten worden gebruikt. Ons voorstel was dat het
ontwerpen van geconjugeerde polymeren met sterk polariseerbare zijketens waarschijn-
lijk zal leiden tot een hogere PCE-waarde voor de volgende generatie OPV-apparaten,
waarbij excitonen idealiter uit het systeem worden geëlimineerd. Niet-excitonische or-
ganische halfgeleidermaterialen gecombineerd met selectieve contacten zouden de ulti-
eme, uit één component bestaande, organische zonnecellen kunnen opleveren.

Polyvinylidene fluoride (PVDF) is een van de moleculen met de hoogst mogelijke po-
larisatiegraad. Zijn ferro-elektrische eigenschappen dankt het aan de aanwezigheid van
het meest elektronegatieve atoom – fluor. In Hoofdstuk 2 gaven we een kort overzicht
van de huidige methoden, reagentia en technieken die worden gebruikt om fluoratomen
in een molecuul te introduceren.

Deze kennis hebben we toegepast in de synthese van een kort, PVDF-achtig frag-
ment. In Hoofdstuk 3 beschreven we de ontwikkeling van het hominale bis(difluorome-
thyl) fragment. Na het testen van de opeenvolgende nucleofiele deoxofluorinering zijn
we erin geslaagd om het gewenste fragment te synthetiseren. Opvallend was echter de
inefficiëntie van het proces. De tweede deoxofluorinatiereactie verliep moeilijk en had
een lage opbrengst. Daarom moest een andere aanpak worden gevolgd. Wij combin-
eerden een selectieve desulfuratieve fluorinering van dithiolanen met pyridiniumfluor-
ide met de deoxofluorinering van keto groepen met morfolinosulfur trifluoride. Deze
modificatie resulteerde in een reproduceerbare en schaalbare synthese van het gewen-
ste hominale bis(difluoromethyl) fragment, dat we omzetten in een stabiel tosylaat.

Het verschil in reactiviteit van de keto groep in deoxofluorinatiereacties lijkt afhanke-
lijk te zijn van de directe omgeving van het keton. We merkten dat de aanwezigheid van
een ethergroep in 1,3-relatie met het keton leidt tot een drastische verbetering van de
deoxofluorineringsefficiëntie. Dit fenomeen werd verder bestudeerd in Hoofdstuk 4. Na
de bereiding van een kleine bibliotheek van ketonen met een variabele omgeving rond
de carbonylgroep, testten we de deoxofluorinatiereactie op deze substraten onder ver-
schillende omstandigheden. Onze resultaten toonden duidelijk een trend aan van een
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verhoogde reactiviteit van de carbonyl precursors die een ether gedeelte bevatten in 1,3
relatie tot de keto groep. Gebaseerd op het conventionele mechanisme van deoxofluor-
inering van ketonen, stelden wij een aannemelijke verklaring voor dit fenomeen voor.
De resultaten van DFT-berekeningen voor de overgangstoestanden en tussentoestanden
van elke stap van deze transformatie leveren extra theoretische ondersteuning voor onze
experimentele resultaten.

Als hoogtepunt van deze studie zijn alle bovengenoemde vindingen toegepast op
de synthese en het onderzoek naar de eigenschappen van thiofeen-gebaseerde (P3HT-
achtige) polymeren met op maat gemaakte fluor-bevattende (PVDF-achtige) pendelket-
ens. De specifieke doelen en het verhaal van onze pogingen werden beschreven in Hoof-
dstuk 5. Tot onze teleurstelling waren de synthetische pogingen niet geheel succesvol.
Onze verklaring was dat de aanwezigheid van de sterk elektron-zuigende CF2 groep in
de directe nabijheid van de thiofeenkern een elektronentekort veroorzaakt, waardoor de
oxidatieve additiestap van de katalytische cyclus wordt ondermijnd en het polymerisa-
tieproces wordt bemoeilijkt. Onze aanname werd verder ondersteund door het gebrek
aan reactiviteit van het tosylaat, met het hominale bis(difluoromethyl) fragment, voor
nucleofiele substitutiereacties, dat onder vergelijkbare omstandigheden perfect werkte
voor andere polaire substraten. Om dit probleem aan te pakken, stelden wij mogelijke
oplossingen voor. Naast de bewezen elektropolymerisatie van onze substraten, den-
ken we dat plaatsing van de CF2 groep verder van de thiofeenkern van belang kan zijn.
Als laatste stap waren we begonnen met de synthese van de precursormoleculen van
het polymeer PB3aDFOMeHT van 2,5-dibroom-3-(1,1-difluor-2-methoxyethyl)thiofeen
met 3-hexyl thiofenen. We verwachten zo het probleem van de elektrondeficiëntie te
omzeilen en de weg vrij te maken voor toekomstig onderzoek naar de polymerisatiecon-
dities en materiaaleigenschappen van dit polymeer.
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SUMMARY (UA)

Нашим суспільством рухає постійне енергоспоживання. Однак через 

екологічні проблеми, котрі стають все гострішими, погляди людства 

зосереджуються на відновлюваних джерелах енергії. Сонячна енергія 

неухильно висувається на передній план цих розробок. Серед нових 

фотоелектричних матеріалів органічні сонячні батареї (OPV) зайняли 

важливу нішу, і гонка за підвищенням їх коефіцієнту корисної дії (PCE) 

невпинно продовжується. 

Основні принципи роботи OPV пристроїв, а також загальний огляд 

матеріалів, що використовуються у фотовольтаїці, наведені в Розділі 1. 

Ми підкреслили важливість діелектричної проникності у якості 

потенційного важеля для майбутнього покращення PCE. Було описано 

першопричини та передумови виникнення діелектричної проникності, а 

також наведено огляд сучасних матеріалів з високою діелектричною 

проникністю, що використовуються в OPV пристроях. Ми припустили, що 

розробка кон'югованих полімерів з високополяризованими бічними 

ланцюгами ймовірно призведе до збільшення значення PCE для OPV 

пристроїв наступного покоління, та в ідеалі позбавить їх екситонів. 

Неекситонні органічні напівпровідникові матеріали в поєднанні зі 

селективними контактами призведуть до створення оптимальних, 

однокомпонентних органічних сонячних елементів. 

Молекулою з одним із найвищих можливих значень ступеня 

поляризації є полівініліденфторид (PVDF), який зобов’язаний своїми 

ферроелектричними властивостями присутності найбільш 

електронегативного атома — фтору. У Розділі 2 ми навели короткий огляд 

сучасних методів, реагентів і методів, які використовуються для 

включення атомів фтору в молекули. 

Взявши ці знання на озброєння, ми вдалися до синтезу короткого 

фрагменту, схожого на PVDF. У Розділі 3 ми описали розробку 

гомінального біс(дифторметилового) фрагмента. Після випробування 

послідовного нуклеофільного деоксофторування нам вдалося синтезувати 

потрібний фрагмент. Проте неефективність процесу була доволі 

гнітючою. Оскільки друга реакція деоксофторування протікала з 

труднощами і була малопродуктивною, довелося застосувати інший 

підхід. Ми поєднали селективне десульфуративне фторування дитіоланів 

гідрофторидом піридинію та деоксофторування кетогруп морфоліно-

сульфур трифторидом. Така модифікація дозволила здійснити 

відтворюваний і масштабований синтез цільового гомінального 

біс(дифторметилового) фрагмента, який ми перетворили на стабільний 

при зберіганні тозилат. 
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гідрофторидом піридинію та деоксофторування кетогруп морфоліно-сульфур 

трифторидом. Така модифікація дозволила здійснити відтворюваний і 

масштабований синтез цільового гомінального біс(дифторметилового) фрагмента, 

який ми перетворили на стабільний при зберіганні тозилат. 
Ми помітили, що різниця в реакційній здатності кетогрупи в реакціях 

деоксофторування залежала від її безпосереднього оточення. Ми 

припустили, що наявність ефірного фрагмента в 1,3 положенні до кетону 

призводить до різкого покращення ефективності деоксофторування. Це 

явище було додатково вивчено в Розділі 4. Після підготовки невеликої 

бібліотеки кетонів із змінним оточенням карбонільної групи ми 

перевірили реакцію деоксофторування на цих субстратах за різних умов. 

Наші результати чітко продемонстрували тенденцію підвищення 

реакційної здатності карбонільних сполук, які містили ефірний фрагмент 

у 1,3 позиції до цільової кетогрупи. На основі загальноприйнятого 

механізму деоксофторування кетонів ми запропонували імовірне 

пояснення такого явища. Результати розрахунків DFT для перехідного та 

проміжного станів кожного етапу цього перетворення дають додаткову 

теоретичну підтримку наших експериментальних результатів. 

Логічним завершенням цього дослідження була б реалізація 

вищезгаданих знахідок для синтезу та дослідження властивостей 

полімерів на основі тіофену (подібними до P3HT) із спеціально створеними 

фторовмісними бічними ланцюгами (подібними до PVDF). Цільові сполуки 

та опис проведених спроб були описані в Розділі 5. На превеликий жаль, 

синтез не можна назвати повністю успішним. Ми припустили, що 

наявність сильно електроноакцепторної CF2 групи в безпосередній 

близькості від тіофенового ядра викликає дефіцит електронів, який 

руйнує етап окисного приєднання у каталітичному циклі, ускладнюючи 

ініціювання полімеризації. Наша теорія була підтверджена 

неприступністю тозилату котрий містить гомінальний біс-

(дифторметиловий) фрагмент у реакціях нуклеофільного заміщення, які 

за подібних умов ідеально працювали для інших полярних субстратів. Ми 

запропонували можливі шляхи вирішення цієї проблеми. Окрім успішної 

електрополімеризації наших субстратів, ми вважаємо, що розміщення CF2 

групи далі від тіофенового ядра може є потенційно результативним. 

Насамкінець,  ми розпочали синтез прекурсорів полімеру PB3aDFOMeHT. 

Після обрамлення 3-гексилтіофенами димеру 2,5-дибром-3-(1,1-дифтор-

2-метоксиетил)тіофену, ми очікуємо обійти проблему дефіциту електронів. 

Така модифікація може створити вікно можливостей для майбутніх 

досліджень умов полімеризації та властивостей матеріалу для цієї мішені. 
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Never say never, ’cause it’s never ’never’.

- Yoko Ono

Figure 5.20 "Man Proposes, God Disposes" by Edwin Landseer, 1864
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