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Abstract

This thesis concerns method development of new synthetic routes by applying electrophilic
hypervalent iodine reagents, such as trifluoromethyl-benziodoxole (Togni reagent) and fluorobenziodoxole. The first project involved the addition of an oxygen moiety and trifluoromethyl
group across double and triple bonds (both groups derived from the hypervalent iodine
reagent). We observed that electron donating substituents on the aromatic ring of the substrate
accelerated the oxytrifluoromethylation reaction. This transformation was further expanded to
halo-trifluoromethylation reaction of a vinyl silane substrate. We also developed a copper
mediated cyanotrifluoromethylation reaction, which was accelerated by PCy3 additive. This
transformation allowed for the creation of two new C-C bonds in a single addition reaction.
The direct C-H trifluoromethylation reaction of quinones was achived using the Togni-reagent
in the presence of B2pin2 additive. The intriguing additive effects of both B2pin2 and PCy3
inspired us to examine the mechanism of these transformations.
Fluoro-benziodoxole is the fluoroiodane analogue of the trifluoromethylating Togni reagent.
We developed a AgBF4 mediated geminal difluorination of styrenes using this fluoroiodine
reagent. In this process one fluorine atom came from the fluoroiodane, while the other
fluorine was derived from the tetrafluoroborate ion. A similar approach was applied for the
1,3-oxyfluorination and difluorination of cyclopropanes. Similarly, this fluorinative ring
opening of unactivated cyclopropanes involved the introduction of an electrophilic fluorine
atom from the fluoroiodane reagent and a nucleophilic one from the tetrafluoroborate ion.
This reaction was extended to synthesis of 1,3-oxyfluorinated products. When alkenes reacted
with the fluoro-benziodoxole reagent in the presence of palladium catalyst the
iodofluorination reaction occurred. Both the iodine and fluorine atoms were derived from the
fluoroiodane reagent. The iodofluorination reaction with disubstituted and cyclic alkenes
proceeded with high regio- and stereoselectivity.
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1. Introduction

Compounds that contain one or more carbon-fluorine bonds play an important role in both the
pharmaceutical and agrochemical industries. This is due to their unique physical and
pharmacological properties. The electronic effects and size of the fluorine atom can
dramatically affect the properties of bioactive molecules.1 This allows for an increase in
metabolic stability, binding affinity, improved bioavailability and lipophilicity of the
fluorinated compound, compared to its nonfluorinated analogue.2 One example of such a
compound is 5-fluorouracil 1, which was first reported in 1957 (Figure 1). This
monofluorinated antitumor substance is an analogue of uracil, which is a basic building block
in DNA. Another example of a fluorine-containing compound recently developed is
Flupyradifurone 2. This substance contains two C-F bonds and is used as an insecticide in
agriculture. Trifluoromethylated Nitisinone 3, also known as Orfadin, was originally studied
as an herbicide. However it is now marketed to prevent hereditary hepatic damage.1c, 3

Figure 1. Examples of bioactive compounds that contain fluorine.
In addition, 18F labelled radiotracers are used in positron emission tomography (PET).4
Considering the above useful biological and medical properties of organofluorine compounds,
there is a large demand for the development of new synthetic routes for the introduction of
fluorine into molecules. However, the incorporation of a fluorine atom or a trifluoromethyl
group is a challenging synthetic task. Regular halogenation methods, which are suitable for
the introduction of Cl, Br and I usually cannot be used. This is mainly due to the very high
solvation energy of the fluoride anion. Additionally, in the presence of hydrogen bond donors,
strong H-bond formation is observed, decreasing the nucleophilicity of the fluoride ion.1b

1.1 Transition metal catalyzed trifluoromethylation reactions
A useful methodology for the introduction of a trifluoromethyl group requires mild reaction
conditions and reagents with a high level of functional group tolerance. Therefore, transition
metal catalyzed trifluoromethylation reactions have proven to be very important for the
selective introduction of trifluoromethyl groups to complex organic molecules.5 For this
purpose both substitution and addition reactions are commonly used strategies. For example,
1

Kumadaki and co-workers reported that Wilkinson’s catalyst was able to mediate the reaction
between trifluoromethyl iodide and α,β-unsaturated ketones, such as compound 4 (Scheme
1).6 This reaction was performed in the presence of diethyl zinc, which is a highly reactive, air
and moisture sensitive reagent. Thus, application of diethyl zinc leads to limited functional
group tolerance.

Scheme 1. Trifluoromethylation of α,β-unsaturated ketones.
Another classical way to install the trifluoromethyl group via trifluoromethyl iodide was
reported by Kitazume and co-workers (Scheme 2).7 This reaction proceeds through a radical
addition to terminal alkynes, such as 6a using zinc powder. The trifluoromethylation reaction
affords a mixture of both Z and E vinyl derivatives as products.

Scheme 2. Addition of trifluoromethyl groups to terminal alkynes.
The main disadvantage of using CF3I as a trifluoromethyl source is that it can form hazardous
by-products. It also is a gaseous and relatively expensive reagent. The discovery of the
Ruppert-Prakash reagent (TMSCF3) has been a breakthrough in the development of
trifluoromethylation reactions in organic synthesis. Application of TMSCF3 has also fueled
further development of new trifluoromethylating reagents. However, this reagent requires an
additional fluoride source to initiate the trifluoromethylation reaction. One of several
examples using TMSCF3 was developed by Kabalka and co-workers.8 This palladium
catalyzed cross-coupling reaction utilized aryl halides, such as 8a with sodium dodecyl sulfate
(SDS) in toluene affording trifluoromethylated product 9a in 84 % yield (Scheme 3). The
micellar conditions resulted in enhanced yields and allowed for a broad substrate scope. In
this case, CsF was applied as a fluoride source in order to activate the TMSCF3.

Scheme 3. Trifluoromethylation of pre-functionalized aryl substrates.
An example of radical trifluoromethylation using trifluoromethanesulfonyl chloride
(CF3SO2Cl) was developed by MacMillan and co-workers (Scheme 4).9 This reaction allowed
for the C-H trifluoromethylation of a variety of heterocycles, such as compound 10 as well as
unactivated arenes. The photoredox catalysis involved utilizing trifluoromethanesulfonyl
2

chloride as the trifluoromethylating agent. This approach did not require pre-functionalized
substrates and allowed direct trifluoromethylation of biologically active molecules and
medicinal compounds such as, DNA base analogue – methyluracil, anti-inflammatory
compound – ibuprofen and anesthetic drug – lidocaine.

Scheme 4. Trifluoromethylation of heterocycles.
Both radical and nucleophilic trifluoromethylation strategies have been widely explored in
synthetic chemistry. The first electrophilic trifluoromethylation reagent was
diaryl(trifluoromethyl)sulphonium salt 12a, reported by Yagupolskii and co-workers in 1984
(Figure 2).10 Following his footsteps Umemoto and co-workers developed other types of
oxidative trifluoromethylation reagents, such as diaryl(trifluoromethyl)sulphonium salts
12b.11 Recently, Togni and co-workers reported an efficient synthesis of a new family of
stable crystalline, and easy to handle hypervalent iodine reagents, such as 13a and 13b.12 The
advantage of these reagents is that they can act as both oxidants and electrophilic
trifluoromethyl sources. Indeed, these compounds have shown promising reactivity, providing
mild and selective electrophilic trifluoromethylation reactions.

Figure 2. Electrophilic trifluoromethylation reagents.
Some of the early application of these mild electrophilic trifluoromethylation reagents was
developed by Yu and co-workers.13 The authors reported a palladium catalyzed
trifluoromethylation of pyridine derivative 14 affording the trifluoromethylated product 15 in
87 % yield (Scheme 5). This reaction was performed using Umemoto’s reagent 12b as the
trifluoromethylation reagent. This transformation took advantage of a directing group
(nitrogen atom) and applied TFA as the reaction promotor.

Scheme 5. Directed C-H trifluoromethylation of arenes.

3

Togni reagents 13a-b became even more popular than Umemoto’s reagent 12b.14 One of
several examples developed by Togni and co-workers was the direct trifluoromethylation of
alcohols, such as 16 (Scheme 6).15 This reaction was performed with hypervalent iodine
reagent 13b. Addition of Zn (II) salts with an appropriate counterion was the key to efficiently
promote this transformation. The hypervalent iodine reagent 13b was converted to
trifluoromethylated compound 17 and a partial degradation of 13b to 18 was observed in this
reaction.

OH

Zn(OTf)2 1 equiv.
13b 1.5 equiv.

OCF3

CHCl3
r.t. / 72 h

F

I

OH

+

O

F

16

17 43 %

18

Scheme 6. Direct trifluoromethylation of alcohols.
Another example, also reported by Togni and co-workers was the metal-free
trifluoromethylation reaction of β-ketoesters 19a (Scheme 7).16 This reaction was performed
in the presence of a base and a phase-transfer catalyst. It was also one of the first reactions
developed by Togni and co-workers using 13a. Similar to 13b, reagent 13a underwent partial
decomposition to the tertiary alcohol 21.

Scheme 7. Trifluoromethylation of β-ketoesters.
Despite the broad application of hypervalent iodines as trifluoromethylating reagents, only a
handful of reactions have been developed for the installation of allylic and vinylic
trifluoromethyl groups. One of the first reactions to create olefinic trifluoromethyl bonds was
developed by Buchwald and co-workers.17 The authors reported the trifluoromethylation
reaction of potassium vinyltrifluoroborates, such as 22 with 13b (Scheme 8). This
transformation proceeded with high stereoselectivity in the presence of an iron catalyst
affording compound 7b in 70 % yield.

Scheme 8. Vinylic trifluoromethylation reaction.
Hypervalent iodine reagent 13b can also be employed in a direct copper catalyzed C-H
trifluoromethylation reaction of unactivated olefins. The allylic trifluoromethylation reaction
was also developed by Buchwald and co-workers.18 The advantage of this methodology is that
no pre-functionalization of the olefins is required. For example, 4-phenyl-1-butene 23a
reacted smoothly in the presence of a copper catalyst and two equivalents of the hypervalent
iodine reagent 13b to afford allylic trifluoromethylated product 24 in 71 % yield (Scheme 9).
4

The reaction proceeded under mild conditions and allowed for good functional group
tolerance.

Scheme 9. Allylic C-H trifluoromethylation of olefins.

1.2

Brief overview of the fluorination reactions

Fluorination chemistry has undergone a rapid evolution and considerable improvements have
been made during the last few decades. For example, the introduction of new, easy to handle
fluorinating reagents as well as great advances in development of catalytic methods for
complex fluorinated compounds have been achieved.1c The carbon-fluorine bond is the
strongest single bond that carbon can form with another element.1b Creation of the C-F bond
is quite challenging, though it can be performed via nucleophilic, radical or electrophilic
fluorination reactions. The main disadvantage with nucleophilic fluorine sources is their
general poor solubility and also dual reactivity as both a nucleophile and base. Traditionally
applied nucleophilic fluorination reactions like the Halex processes and Balz-Schiemann
reaction require harsh reaction conditions and usually have a limited substrate scope.19 These
issues can be circumvented by application of modern fluorinating reagents and use of
catalysis. One example of a nucleophilic fluorination reaction using AgF was developed by
Hartwig and co-workers.20 This reaction was a copper mediated fluorination of prefunctionalized substrates, such as 8b, obtaining aryl fluoride product 25 in 74 % yield
(Scheme 10). The authors suggest that a cationic copper species was involved in this
transformation.

Scheme 10. Fluorination of aryl iodides.
A powerful alternative for nucleophilic fluorinations are electrophilic fluorination reactions.
This approach has traditionally utilized fluorine gas and XeF2 as fluorination reagents.21 The
main disadvantage in this approach is the difficulty in handling these highly reactive and
oxidizing reagents. Recently mild electrophilic N-F reagents, such as N-fluoro-obenzenedisulfonimide 26a (NFOBS), N-fluorobenzenesulfonimide 26b (NFSI) and
Selectfluor (also called F-TEDA-BF4) 26c have been developed (Figure 3).
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Figure 3. Electrophilic fluorinating reagents.
An example for utilizing NFSI 26b is a radical fluorodecarboxylation reaction which was
developed by Sammis and co-workers.22 This approach proceeded by photolysis or
thermolysis of the N-F bond and covered a broad range of alkyl radicals. For example,
compound 27 underwent radical decarboxylation and fluorination reaction in the presence of
five equivalents of 26b at elevated temperature in order to obtain the desired product 28 in 54
% yield (Scheme 11).

Scheme 11. Radical fluorodecarboxylation reaction.
Fluorination of various β-ketoesters in the presence of NFSI 26b was reported by Sodeoka
and co-workers.23 The authors described that compound 19a could easily undergo a
fluorination reaction using a palladium catalyst, obtaining fluorinated product 29 in 90 %
yield and excellent enantioselectivity (Scheme 12). This transformation was not sensitive to
water and proceeded in a protic solvent, such as isopropanol.

Scheme 12. α-Fluorination of carbonyl compounds.
Besides trifluoromethylated and fluorinated compounds, substances containing
difluoromethyl moieties have attracted large interest for application in pharmaceuticals as
well as in pesticides. Their importance lies in the CF2H being an isostere of the thiol and
alcohol moieties. The CF2H functional group is a weak H-bond donor. This advantageous
feature improves the membrane permeability and therefore it is widely utilized in the
medicinal industry.24 Traditionally, the preparation of difluoromethylated compounds involve
radical processes, while electrophilic difluoromethylation reactions are mainly based on
difluorocarbene intermediates. One example of the nucleophilic difluoromethylation using
aryl iodides was reported by Hartwig and co-workers.25 This reaction involved a copper
mediated difluoromethylation in the presence of TMSCF2H. Elevated temperatures were
required for this transformation. Additionally, this reaction was limited to electron rich aryl
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iodides. For example, aryl iodide 8b reacted smoothly at elevated temperatures in order to
obtain difluoromethylated product 30 in 90 % yield (Scheme 13).

Scheme 13. Difluoromethylation reaction.
Another interesting fluorination reaction was recently reported by Lectka and co-workers.26
The authors developed a regioselective aminofluorination of cyclopropanes using NFSI 26b.
Interestingly, this cyclopropane ring opening utilized NFSI (26b) both as the fluorine source
as well as the nucleophile. For example, cyclopropane 31a underwent aminofluorination
reaction to afford compound 32 in 43 % yield (Scheme 14). Several cyclopropanes were
opened in a selective manner in good to moderate yields.

Scheme 14. Aminofluorination of cyclopropanes.
In order to develop new strategies for the installation of fluorine atoms, the development of
new and “tamed” fluorinating reagents is important. Hypervalent iodanes (III) are very
attractive reagents for this purpose, due to their valuable chemical behavior and low toxicity.
These electrophilic fluorinating reagents can be considered as synthetic alternatives for N-F
reagents (Figure 4). Recently, Legault and Prévost reported crystallographic data on the
fluoroiodane reagent 34a.27 This compound is an air- and moisture-stable, crystalline reagent
and structural analogue of the Togni reagent 13a, which has been one of the most successful
electrophilic trifluoromethylating reagents in organic synthesis (See Figure 2). Later, both the
Stuart28 and Togni29 groups reported an efficient synthesis of this reagent. The most attractive
feature in the preparation of the fluoroiodane 34a is that it can be obtained from its choroanalogue by addition of KF (a cheap, and bench stable fluorine source).29 This involves the
change of a nucleophilic fluorine into an electrophilic one. The possibility for umpolung
chemistry of the fluorine atom is potentially useful for the development of new methods for
synthesis of radiotracers for medicinal diagnostics (KF is common source of “hot” 18F used in
PET).

Figure 4. Electrophilic hypervalent fluoroiodane reagents.
An interesting example of asymmetric electrophilic fluorination was developed by Nevado
and co-workers.30 This metal-free aminofluorination reaction of unactivated alkenes was
7

performed in the presence of difluoroiodonium 33c as a fluorinating reagent. The reaction
proceeds selectively under mild reaction conditions affording β-aminofluorinated products,
such as compound 35 in 79 % yield with high enantioselectivity (Scheme 15).

Scheme 15. Asymmetric amino-fluorocyclization reaction.
The first to apply fluoroiodane reagent 34a in a fluorination reaction was Stuart and coworkers.28 The reaction of β-ketoester 36 resulted in both mono 37 and difluorinated product
38 (Scheme 16). The presence of TREAT as the additive proved to be crucial in this
fluorination reaction. This transformation proceeded under mild reaction conditions with
prolonged reaction times.

Scheme 16. Fluorination of β-ketoesters.
Since the synthesis of organofluorinated compounds is still a challenging task in organic
chemistry, we aimed to develop new approaches that would allow incorporation of fluorine
atoms into fairly complex organic molecules. This thesis is focused on trifluoromethylation
and fluorination reactions using hypervalent iodine reagents.
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2. Application of trifluoromethyl-benziodoxole in synthesis (Papers IIV)

As mentioned above (Section 1.1), the incorporation of trifluoromethyl functional groups into
organic substances is a desirable and challenging transformation. Introduction of both a
trifluoromethyl group and another substituent on adjacent carbon atoms is an even more
difficult task to achieve. The oxytrifluoromethylation reaction allows for the incorporation of
both a trifluoromethyl group and an oxygen containing functionality, such as hydroxy, alkoxy
or acetoxy groups into an organic compound. An even more desirable goal in organic
synthesis is to create two new C-C bonds in a single operation step. In this chapter we
describe the development of several trifluoromethylation based difunctionalization reactions
in the presence of hypervalent iodine reagent 13b.

2.1 Oxytrifluoromethylation reactions of alkenes and alkynes (Paper I)

As mentioned in Section 1.1, common strategies for trifluoromethylation reactions are based
on substitution reactions including C-H functionalizations. Addition reactions are also
applied, however fewer examples are reported. Here we describe the addition of both the
trifluoromethyl moiety as well as the oxygen functionality to alkenes and alkynes. Both
functional groups come from the hypervalent iodine reagent 13b.
2.1.1 Synthetic scope of the oxytrifluoromethylation reaction
We have found that alkynes and alkenes undergo regio- and stereoselective copper catalyzed
oxytrifluoromethylation reactions in the presence of hypervalent iodine reagent 13b. This
addition leads to selective formation of the trans-alkene products. The reaction with alkenes
provide oxytrifluoromethylated products, such as 41a which could be easily hydrolyzed to the
corresponding hydroxy trifluoromethyl product 42.

9

Scheme 17. Copper catalyzed oxytrifluoromethylation reaction of alkyne 6b and alkene 40a.
In general, the presence of electron donating functional groups on the aromatic ring tends to
accelerate the oxytrifluoromethylation reaction. For example, alkyne 6b underwent
oxytrifluoromethylation in the presence of copper iodide at elevated temperature, obtaining
desired product 39a in 46 % yield. Also, methoxy substituted styrene 40a reacted smoothly at
60 oC, affording the oxytrifluoromethylated product 41a in 86 % yield. Product 41a could be
further transformed to 42 in 77 % yield (Scheme 17). We also investigated the possibility to
expand the substrate scope of the oxytrifluoromethylation reaction to other alkenes.

Scheme 18. Oxytrifluoromethylation of alkenes.
We also found that sterically demanding disubstituted alkene 40b efficiently underwent the
oxytrifluoromethylation reaction to afford the product 41b in 68 % yield (Scheme 18).
Microwave activation at 120 °C was required in order to avoid prolonged reaction times and
potential degradation of the hypervalent iodine reagent 13b. Similar to styrenes, vinyl sulfide
40c could be efficiently functionalized obtaining oxytrifluoromethylated product 41c in 51 %
yield.
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Scheme 19. Halo-trifluoromethylation of vinyl silane 40d.
Interestingly, when the substrate was changed to vinyl silane 40d under standard reaction
conditions a complex reaction mixture was obtained. However, performing the reaction in the
presence of a stoichiometric amount of copper iodide the iodo-trifluoromethylated product
43a was obtained in 71 % yield (Scheme 19). Replacing copper iodide with copper bromide
led to bromo-trifluoromethylated product 43b in 52 % yield. In order to create two new C-C
bonds we attempted the trifluoromethylation reaction in the presence of copper cyanide.
However, the formation of compound 44a was not observed under these reaction conditions.
Later investigations of this reaction showed that the cyanotrifluoromethylation can indeed be
performed by applying suitable additives (see Section 2.2).
To understand more about the mechanism of this reaction we performed the
oxytrifluoromethylation in the presence of a stoichiometric amount of the radical scavenger,
TEMPO. These studies indicated the inhibition of the oxytrifluoromethylation reaction and
therefore a single electron transfer (SET) mechanism was suggested. The mechanistic studies
of the oxytrifluoromethylation reaction and related reactions are summarized in Section 2.4.

2.1.2 Conclusions for the oxytrifluoromethylation reaction
We have demonstrated that hypervalent iodine reagent 13b can be applied in the addition
reactions for alkynes and alkenes as substrates. This transformation proceeds with high regioand stereoselectivity, obtaining the selective formation of trans adducts from alkynes.
Additionally, the incorporation of the trifluoromethyl group can be combined with the
introduction of other functionalities, such as benzyloxy-, iodo- and bromo- moieties.
Interestingly, different counterions of Cu(I) can introduce different functionalities to the vinyl
silane as a substrate. The halogenation-trifluoromethylation reaction was observed instead of
the expected oxytrifluoromethylation reaction.

2.1.3 Oxytrifluoromethylation reactions reported after publication of paper I
As mentioned above, trifluoromethylation reactions have become a very competitive and
rapidly developing area in organic synthesis. Between publication of paper I in 2012 and this
11

thesis, in 2017, a very high number of papers were published on oxytrifluoromethylation and
related reactions (this paper was cited over 150 times by the end of 2016). Many research
groups have been working with the hypervalent iodine reagents 13a-b to develop new
synthetic routes for this transformation.31 Here, we list only a couple of selected examples for
oxytrifluoromethylations published after paper I. An interesting transition metal-free
trifluoromethylaminoxylation utilizing hypervalent reagent 13b was reported by Li and
Studer.32 This radical reaction occurred under mild reaction conditions with high
regioselectivity. For example, styrene 40e reacted in the presence of TEMPONa affording
compound 45 in 84 % yield (Scheme 20). The obtained alkoxyamines could be further
transformed to the corresponding alcohols. The authors reported also the formation of
TEMPOCF3 46 as a byproduct of this transformation.

Scheme 20. Trifluoromethylaminoxylation of styrene derivatives.
Another example of oxytrifluoromethylation reactions was reported by Buchwald and coworkers.33 These authors performed a cyclization-oxytrifluoromethylation reaction of 47 (and
analogues) in the presence of the hypervalent iodine reagent 13b preparing
trifluoromethylated compound 48 in 76 % yield (Scheme 21). This reaction provided access
to a variety of synthetically useful trifluoromethyl containing compounds. In 2013 an
asymmetric version of this reaction was reported and the substrate scope was further
expanded to other interesting building blocks, such as lactones, cyclic ethers and epoxides.34

Scheme 21. Oxytrifluoromethylation of unactivated alkenes.
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2.2 Cyanotrifluoromethylation reaction (Paper II)

The above described oxytrifluoromethylation involved the incorporation of both a
trifluoromethyl group and an oxygen moiety from the hypervalent iodine reagent 13b.
Interestingly, halo-trifluoromethylation was also observed using a vinyl silane as the substrate
(see Section 2.1.1, Scheme 19). These reactions provided the impetus to attempt
cyanotrifluoromethylation which would involve the formation of two new C-C bonds in a
single addition reaction. Previously a related reaction with a different outcome was reported
by Akita and co-workers.35 The authors described the aminotrifluoromethylation reaction
involving C-C and C-N bond formation when the Umemoto’s trifluoromethylating reagent
12b was applied in this transformation. Thus, for example, styrene 40e reacted smoothly in
the presence of a ruthenium catalyst to afford the aminofluoromethylated product 49 in 88 %
yield (Scheme 22).

Scheme 22. Aminotrifluoromethylation of alkenes with acetonitrile developed by Akita and
co-workers.35
2.2.1 Development of the cyanotrifluoromethylation reaction
When we attempted to react styrene 40f with 13b and copper cyanide without any additives,
formation of cyanotrifluoromethylated product 44b was not observed. However, when the
same reaction was performed in the presence of an additive, such as tricyclohexylphosphine,
the desired product 44b was obtained in 73 % yield (Scheme 23).

Scheme 23. Cyanotrifluoromethylation of styrene 40f.
We also investigated other possible additives and solvents (Table 1). Addition of other bulky,
electron rich phosphine ligands such as P(tBu)3 accelerated the conversion of 40f, however
the yield was much lower than with tricyclohexylphosphine (entry 1, Table 1). Surprisingly,
the application of PPh3 was inefficient in this transformation (entry 2). Replacing the
phosphine additive with B2pin2 led to formation of cyanotrifluoromethylated product 44b in
52 % yield (entry 3). Other trifluoromethyl sources, such as 13a and Umemoto’s reagent 12b
instead of 13b proved to be inefficient in this transformation. We also attempted the reaction
13

with a catalytic amount of copper and an additional stoichiometric cyanide source, such as
Bu4NCN or KCN. The reaction with Bu4NCN led to formation of 47 % yield of desired
product 44b. A decreased yield of 32 % was obtained when KCN was applied (entries 5-6).
Even though it is possible to use copper in catalytic amounts, we continued our studies with a
stoichiometric amount of CuCN due to the low costs of copper cyanide. We also screened
other solvents for this process, however the yields were dramatically decreased (entries 7-10).
Note that the reaction was performed in deuterated solvent in order to directly monitor the
crude reaction mixture.
Table 1. Screening the reaction conditions for the cyanotrifluoromethylation reaction.

The optimized conditions for the cyanotrifluoromethylation were applied to other styrenes, in
order to expand the scope of this reaction. Styrenes with electron withdrawing functional
groups proved to be the most useful substrates for this transformation. Electron deficient
para-substituted styrenes 40g-h afforded the cyanotrifluoromethylated products 44c-d in 5072 % yields (Scheme 24). The cyanotrifluoromethylation reaction proceeded smoothly even
for electron deficient ortho-substituted styrenes, such as 40i-j obtaining desired products 44ef in 50 and 68 % yields.

Scheme 24. Cyanotrifluoromethylation of electron deficient styrenes.
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Even weakly electron deficient styrene 40k underwent the cyanotrifluoromethylation reaction
to afford 44g in 58 % yield (Scheme 25). Introducing a weakly electron donating tert-butyl
substituent on the aromatic ring led to 51 % of desired product 44h, however in this reaction
formation of the oxytrifluoromethylated byproduct was also observed. When para-methoxy
styrene 40a reacted under the standard conditions, no cyanotrifluoromethylated product was
obtained, instead the oxytrifluoromethylated product 41a was isolated in 87 % yield.

Scheme 25. Cyanotrifluoromethylation of styrenes.
The introduction of strongly electron donating groups on the aromatic ring tends to shift the
chemoselectivity from cyanotrifluoromethylation to oxytrifluoromethylation reactions.
Therefore, the substrate scope of the cyanotrifluoromethylation reaction was limited to
styrenes with electron withdrawing substituents. Similar types of additiontrifluoromethylation reactions can be established by using copper salts with different
counterions. We attempted to acheive iodotrifluoromethylation by replacing copper cyanide
with copper iodide. This reaction afforded the desired compound 43b, however due to the
instability of the product, only 13 % of product could be isolated (Scheme 26). The crude
reaction mixture proved the formation of 43b as the major product, however other byproducts
were formed as well.

Scheme 26. Iodotrifluomethylation of styrene 40f.
2.2.2 Conclusions for the cyanotrifluoromethylation reaction
We have shown that the creation of two new C-C bonds in a single addition reaction is
possible in the presence of the hypervalent iodine reagent 13b. The substrate scope is limited
to electron deficient substituents on the aromatic ring. Interestingly, under these standard
conditions oxytrifluoromethylation was observed in the presence of electron rich styrenes,
such as 40a (Scheme 25). In the absence of additives, the cyanotrifluoromethylation did not
take place. This transformation was possible in the presence of PCy3 additive. However, other
additives, such as B2pin2 also facilitated this reaction. Intriguing chemoselectivity, substituent
15

and additive effects encouraged us to further study the mechanism of this reaction, which is
given in Section 2.4.

2.2.3 Cyanotrifluoromethylation reactions reported after our work
Another independent study on cyanotrifluoromethylation was reported by Liang and coworkers.36 In this study the cyanotrifluoromethylation reaction was performed at elevated
temperatures with a copper catalyst and TMSCN as an additional cyanide source. This smooth
transformation covered a broad substrate scope including styrene analogues and aliphatic
olefins. Additionally, this reaction provided higher yields for electron rich aromatic rings than
for the electron deficient ones. However, para-methoxy styrene 40a reacted to afford the
cyanotrifluoromethylated product 44i in only 38 % yield (Scheme 27). Both cationic and
radical mechanistic pathways were proposed for this transformation.

Scheme 27. Copper-catalyzed cyanotrifluoromethylation para-methoxy styrene by Liang and
co-workers.36
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2.3 Trifluoromethylation reaction of quinones (Paper III)

The above described trifluoromethylation reactions involved difunctionalization of alkenes
and alkynes. However, to perform a direct vinylic C-H trifluoromethylation in the presence of
hypervalent trifluoromethylating reagent 13b is a challenging task. Especially when electron
poor substrates, such as quinones are used. Previously we observed that electron deficient
substrates reacted slower or even remained inert to the oxytrifluoromethylation reaction.
Interestingly, electron poor styrenes were the most suitable substrates for the
cyanotrifluoromethylations, however an additive was required to promote the reaction. In
order to investigate further the substrate scope of the functionalization of alkenes, we applied
quinones as substrates for trifluoromethylation reactions in the presence of the hypervalent
iodine reagent 13b.
2.3.1 Importance of quinones in nature and drug design
Quinones are important bioactive substances in cell respiration and electron transport
processes. Many natural products contain the benzoquinone scaffold. Some examples are
vitamin K 49a, menadione 49b and ubiquinone 49c. Benzoquinones are widely used in the
pharmaceutical industry for antibacterial, antimalarial and anti-cancer treatments.37 Quinone
49d is an apoptosis inducer and is used as an anti-cancer agent. Besides their importance in
the pharmaceutical industry, quinones are also important as oxidants or ligands in synthetic
chemistry and transition metal catalysis.38

Figure 5. Vitamin K 49a, menadione 49b, ubiquinone 49c, apoptosis inducer 49d.
Synthesis of trifluoromethyl naphthoquinone 53a, which is an antimalarial drug intermediate,
was reported by Davioud-Charvet and co-workers.39 The first reaction step involved reductive
methylation of naphotoquinone 49e, followed by bromination to obtain compound 51
(Scheme 28). The trifluoromethylation step was carried out using sodium trifluoroacetate
affording 52 in 43 % yield. The last step involved oxidation and formation of desired
trifluoromethylated product 53a in 93 % yield.
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50 (a) SnCl2 (2.5 equiv.), HCl, EtOH, 10 min, r.t.; (CH3O)2SO2 (3.0 equiv.), KOH (5.0
equiv.) in MeOH, acetone, 2.5 h, 60 °C, (b) 51 Br2 (1.0 equiv.), CHCl3, 45 min, 0 °C, (c) 52
CF3COONa (3.0 equiv.), CuI (2.0 equiv.), DMA–toluene, 18 h, 145 °C, (d) 53a CAN (3.0
equiv.), CH3CN–H2O, 15 min, r.t.
Scheme 28. Trifluoromethylation of naphtoquinone 49e.
As mentioned above (Section 2.1) the oxytrifluoromethylation may involve radical
intermediates. Quinone derivatives, such as semiquinones, are known to stabilize radical
reaction intermediates. Therefore we investigated the possibility of direct trifluoromethylation
of quinones applying the electrophilic hypervalent iodide reagent 13b.

2.3.2 Development of the trifluoromethylation reaction of quinones
First we attempted to prepare trifluoromethyl benzoquinone 53b from BQ (49f) and reagent
13b in the presence of simple Cu-salts, such as CuCN or CuI. In these reactions we did not
observe any formation of compound 53b. As mentioned in Section 2.2.1 (Table 1) some
additives, such as phosphines and diboron derivatives were useful co-catalysts for the
trifluoromethylation reaction. Indeed, when a catalytic amount of bis(pinacolato)diboron
(B2pin2) was added to the reaction mixture, the trifluoromethylated product 53b was isolated
in 89 % yield (Scheme 29). This mild reaction selectively provided product 53b, without any
formation of borylated products. In contrast to the oxytrifluoromethylation reaction, where the
decreased reactivity of alkenes was observed for electron withdrawing substituents, electron
deficient substrate 49f reacted smoothly, providing trifluoromethylated product 53b.

Scheme 29. Direct trifluoromethylation of benzoquinone 49f.
The reaction provided 56 % yield of compound 53b when 13b was replaced with 13a (entry
1, Table 2). However, applying Umemoto’s reagent 12b in this trifluoromethylation did not
give trifluoromethylated product (entry 2). We also studied the counterion effect of various
copper sources. When CuOAc was used instead of CuCN the trifluoromethylation reaction
proceeded in 53 % yield (entry 3). The yields dropped when the mediator was replaced with
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CuCl or CuI (entries 4-5). Decreasing the amount of copper cyanide led to only traces of
desired product 53b (entry 6). Since this trifluoromethylation reaction required a
stoichiometric amount of CuCN, we hypothesized that the cyanide ion may act as a base.
Table 2. Screening for optimal reaction conditions for trifluoromethylation of benzoquinone.

Therefore, we performed a number of reactions using a catalytic amount of copper and a
stoichiometric amount of base. For example, when 10 mol % of CuCN and additional KCN
were reacted under standard conditions 45 % of the desired product 53b was isolated (entry
7). The yield dropped to 37 %, when tetrabutylammonium cyanide was applied as the base
(entry 8). Other bases such as NaHCO3, Na2CO3 or Et3N proved to be inefficient in this
reaction (entry 9). The presence of B2pin2 additive as well as the application of CuCN was
crucial in this transformation. Due to the fact that copper cyanide is inexpensive, we decided
to further develop our trifluoromethylation in the presence of a stoichiometric amount of
CuCN. We also briefly screened different solvents for this reaction. Performing the
trifluoromethylation in acetonitrile and DMF led to formation of the desired product but in
lower yields (entries 11-12). Other solvents, such as methanol or THF proved to be inefficient
in this reaction (entry 13).
Subsequently, we also studied the substrate scope for this reaction using quinones with
different substituents. The direct trifluoromethylation reaction of naphthoquinones 49e-h
proceeded in good yields (Scheme 30). For example, naphthoquinone 49e could be converted
in a single step to 53a in 76 % yield, considerably shortening the classical synthesis of
Davioud-Charvet and co-workers.39
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Scheme 30. Direct trifluoromethylation of naphthoquinones.
Introducing the trifluormethyl group into compound 49g is potentially important for further
cross-coupling reactions to obtain other trifluoromethylated vitamin K analogues. Menadione
49h, which is a nutritional supplement was successfully trifluoromethylated affording the
desired product 53d in 71 % yield. Interestingly, when disubstituted quinones were studied
under the standard reaction conditions, both mono- and bis-trifluormethylated products were
obtained (Scheme 31). By changing the amount of the hypervalent iodine reagent 13b, the
selectivity could be controlled. Reagent 13b was used as the limiting reagent in order to
obtain the mono-trifluoromethylated products. However, when the bis-trifluoromethylation
was desired, an excess of reagent 13b was applied. Dimethyl substituted quinones 49i-j
reacted under the standard conditions to afford monosubstituted products 53e and 53g in 7277 % yields. The same substrates with excess of the hypervalent iodine 13b underwent double
trifluoromethylation affording bis-trifluormethylated products 53f and 53h in 49-50 % yields.

Scheme 31. Mono- and bis-trifluoromethylation of disubstituted quinones.
We also investigated electron donating and electron withdrawing substituted quinones
(Scheme 32). Electron deficient substrates, such as chlorinated quinone 49k reacted in a
similar manner to the parent benzoquinone providing trifluoromethylated product 53i in 63 %
yield. The dichloro derivative 49l provided both mono and bis-trifluoromethylated
compounds using different amounts of reagent 13b. Additionally, only the mono20

trifluoromethylated product was obtained using dichloroquinone 49m as a substrate.
Benzoquinones with electron donating substituents reacted slower and with slightly decreased
yields for trifluoromethylated products 53l-n were isolated. The use of microwave heating
was required in order to obtain compound 53l in 51 % yield. Applying the standard
conditions, we were also able to trifluoromethylate apoptosis inducer 49d. Another analogue
to 49d, electron rich disubstituted quinone 49o was trifluoromethylated in 51 % yield
obtaining desired trifluoromethylated compound 53n. The relatively low yields obtained for
the methoxy substituted products 53l-n was probably the consequence of the poor
thermostability of these compounds and the precursors.

Scheme 32. Trifluoromethylation of electron withdrawing and donating quinones.
In order to expand the scope, we also attempted to apply the trifluoromethylation of structural
analogues of quinones 54a-c (Figure 6). Unfortunately, our standard reaction conditions were
not suitable for the C-H trifluoromethylation of these substances. Indeed, when the reaction
was conducted with cyclic enones 54a-c, complex reaction mixtures of fluorinated
compounds were obtained as shown by 19F–NMR analysis. However, we could not determine
if any expected C-H trifluoromethylation occurred at all due to difficulties in separating the
components of the product mixture.

Figure 6. Cyclic enones.
Similar to the oxytrifluormethylation reaction, the trifluoromethylation of quinones was
performed in the presence of TEMPO. A full inhibition of the product formation was
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observed. This suggested that a radical process may be involved. To investigate the
mechanism of this transformation we performed some mechanistic studies (see Section 2.4.4)

2.3.3 Conclusions for the trifluoromethylation reaction of quinones
We found that hypervalent iodine reagent 13b is suitable for a selective C-H
trifluoromethylation reaction of quinones. This methodology is the first direct olefinic C-H
functionalization based synthetic route for the formation of trifluoromethylated quinones. The
reactions can be performed under mild reaction conditions and tolerates various substituted
quinones, such as vitamin K, apoptosis inducer and analogues. These reaction conditions are
suitable for both mono- and bis-trifluoromethylation of quinones. Additionally, we also
substantially shortened the trifluoromethylation of naphthoquinone reported by DavioudCharvet (Scheme 28).

2.3.4 Trifluoromethylations of quinones reported after our work
Shortly after our publication an independent study for C-H trifluoromethylation of quinones
was reported by Wang and co-workers.40 For example, the trifluoromethylation of
naphtoquinone 49e was performed at 55 oC applying catalytic amount of copper iodide with
hypervalent iodine 13b, affording desired compound 53a in 72 % yield (Scheme 33).
Interestingly, the solvent ratio t-BuOH and DCM (1:1) was crucial for this transformation.
The authors did not observe any bis-trifluoromethylated products using their reaction
conditions. Similar to our study, Wang and co-workers suggested that a radical pathway was
involved in this direct trifluoromethylation of quinones.

Scheme 33. Trifluoromethylation of quinones developed by Wang and co-workers.40
Recently, Bi and co-workers reported an interesting C-H trifluoromethylation reaction in the
presence of α,β-unsaturated carbonyl compounds and 13b.41 These reaction conditions were
suitable for the trifluoromethylation of various electron deficient compounds including
biologically active substances. For example, a vitamin (flavone) 54d was successfully
trifluoromethylated affording compound 55 in 78 % yield (Scheme 34).

Scheme 34. Trifluoromethylation of electron deficient 54d reported by Bi and co-workers.41
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2.4

Mechanistic studies for trifluoromethylations applying a hypervalent
iodine reagent (Paper IV)

In the above described trifluoromethylation reactions with the hypervalent iodine reagent 13b,
we observed interesting effects of substituents and additives. In the cyanotrifluoromethylation
reaction, the optimal additive was PCy3, however B2pin2 also proved to be efficient in this
transformation. The direct C-H trifluoromethylation of quinones was facilitated by the B2pin2
additive (see Section 2.1-2.3). These results inspired us to further study the mechanism for
these trifluoromethylation reactions.

2.4.1 Modifying the reaction conditions for mechanistic studies
We sought to perform kinetic studies by monitoring the reactions by NMR. To investigate the
mechanistic pathway of trifluoromethylation reactions we applied phenylacetylenes 6 and
quinones 49 as substrates. In order to directly monitor the reaction with 1H–NMR and
compare the reaction rates, homogenous reaction mixtures had to be obtained. For this
purpose the reaction conditions had to be re-optimized. Thus, soluble copper thiophene-2carboxylate (CuTc) was used in catalytic amounts in CDCl3 as the solvent (Scheme 35).

Scheme 35. Substrates for mechanistic studies of trifluoromethylation reactions using reoptimized reaction conditions.
2.4.2 Investigation

of the effects of substituents and additives in the
oxytrifluoromethylation reaction

In order to investigate the effect of substituents and additives (such as PCy3 and B2pin2), we
employed the above described re-optimized conditions for the oxytrifluoromethylation
reaction in the presence of phenylacetylene derivatives (6). This process was followed by 1H–
NMR and the initial rates were compared. As described in Section 2.1, the electron donating
substituents on the aryl ring of alkene or alkyne substrates accelerate the
oxytrifluoromethylation reaction. This substituent effect was also observed by the NMR
study. The electron donating substituent (OMe) on the phenylacetylene 6b accelerated the
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oxytrifluoromethylation in the absence of any additives, while the electron withdrawing paranitro substituent in compound 6c decreased the rate of the reaction (Figure 7).
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Figure 7. Oxytrifluoromethylation reaction performed without additives. The reactions were
monitored by 1H–NMR. () phenylacetylene 6a, 1.0; () p-methoxyphenylacetylene 6b, 7.6;
() p-nitro-phenyl-acetylene 6c, 0.4. The relative initial rates are given in italics.
The addition of B2pin2 had no major effect on the oxytrifluoromethylation reactions for the
unsubstituted phenylacetylene 6a or electron rich para-methoxy phenylacetylene 6b (Figure
8). Interestingly, a significant acceleration of the oxytrifluoromethylation was observed for
the para-nitro compound 6c, when B2pin2 was added (Figure 8). The initial rate for 6c was
almost three times faster than without any additive. Interestingly, when PCy3 was added
instead of B2pin2 no acceleration was observed. The rate of oxytrifluoromethylation with
unsubstituted phenylacetylene 6a decreased (Figure 9).
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Figure 8. Oxytrifluoromethylation reaction performed in the presence of 10 mol % B2pin2.
The reactions were monitored by 1H–NMR. () phenylacetylene 6a, 1.0; () p-methoxyphenylacetylene 6b, 6.6; () p-nitrophenylacetylene 6c, 1.0. The relative initial rates are given
in italics.
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Figure 9. Oxytrifluoromethylation reaction performed in the presence of 10 mol % PCy3. The
reactions were monitored by 1H–NMR. () phenyl-acetylene 6a, 1.0; () p-methoxyphenylacetylene 6b, 1.1; () p-nitrophenylacetylene 6c, 1.2. The relative initial rates are given in
italics.
2.4.3 Study of the substituent effect using Hammett plot
In order to study the substituent effects in the rate determining step, a Hammett plot was
constructed, which was based on the initial reaction rates obtained for substituted
phenylacetylenes 6a-c. When the oxytrifluoromethylation was performed without additives
the Hammett p+ values gave a fair correlation with the relative initial rates (r2=0.902) with a
negative slope (ρ < 0). The slightly negative ρ value (-0.76) indicated a buildup of positive
charge in the TS at the rate determining step of the reaction. The addition of B2pin2 did not
show any major effect in oxytrifluoromethylation reaction. A more scattered correlation
(r2=0.777) and ρ = -0.54 was observed (Figure 10).

Figure 10. Hammett plots of the oxytrifluoromethylation of phenylacetylenes. (—) no
additive log(kx/kH) = -0.76p++ 0.14 (r2 = 0.902), (—) 10 mol % B2pin2 log(kx/kH) = -0.54 p+
+0.28(r2 = 0.777).
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2.4.4 Investigation of the effects of B2pin2 and PCy3 in C-H trifluoromethylation

of quinones

To study the trifluoromethylation of quinones similar experiments were performed as for the
oxytrifluoromethylation reactions. In the absence of additives all substituted quinones 49e,
49f, 49l and 49o reacted slowly (Figure 11). The 2,6-dimethoxy-1,4-benzoquinone 49o and
naphtoquinone 49e were the least reactive substrates.
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Figure 11. Trifluoromethylation of quinones performed in the absence of any additives. The
reactions were monitored by 1H–NMR. () 1,4-benzoquinone 49f, 1.0; () 2,6-dichloro-1,4benzoquinone 49l, 1.0; () 2,6-dimethoxy-1,4-benzoquinone 49o, 0.3; () 1,4-naphthoquinone
49e 0.4. The relative initial rates are given in italics.
When B2pin2 was added to the trifluoromethylation reaction, a substantial acceleration was
observed for all applied quinones (Figure 12). A major effect was observed when electron
withdrawing 2,6-dichloro-1,4-benzoquinone 49l was used as the substrate. The initial rate of
49l in the presence of B2pin2 was almost twice as fast as without any additive. Strong
acceleration of the trifluoromethylation reaction was also observed when PCy3 was applied as
the additive (Figure 13) as well. The most pronounced effect was observed for unsubstituted
49f and dichloroquinone 49l as substrates.
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Figure 12. Trifluoromethylation of quinones in the presence of 10 mol % B2pin2. The
reactions were monitored by 1H–NMR. () 1,4-benzoquinone 49f, 1.0; () 2,6-dichloro-1,4benzoquinone 49l, 1.8; () 2,6-dimethoxy-1,4-benzoquinone 49o, 0.2; () 1,4-naphthoquinone
49e, 0.5. The relative initial rates are given in italics.
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Figure 13. Trifluoromethylation of quinones in the presence of 10 mol % PCy3. The reactions
were monitored by 1H–NMR. () 1,4-benzoquinone 49f, 1.0; () 2,6-dichloro-1,4benzoquinone 49l, 3.0; () 2,6-dimethoxy-1,4-benzoquinone 49o, 0.4; () 1,4-naphthoquinone
49e, 0.3. The relative initial rates are given in italics.
In summary, an acceleration effect of the trifluoromethylation reaction was observed in the
presence of both B2pin2 and PCy3, but a stronger acceleration was obtained with PCy3 as the
additive. This indicates that both additives have an acceleration effect but the mechanism of
the acceleration is at least partially different.
In order to invesigate if C-H bond cleavage is involved in the rate determining step of the
trifluoromethylation of quinones, we examined the kinetic isotope effect of this process. For
these studies, we synthesized deuterated analogues of both 49f and 49e (Figure 14).
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Figure 14. Prepared deuterated quinones.
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Figure 15. Trifluoromethylation of quinones followed with 19F–NMR. () 1,4-benzoquinone
49f, () 2,3,5,6-tetradeutero-1,4-benzoquinone 49f-(d).
We performed separate trifluoromethylation reactions in the presence of quinone 49f and
deuterated analogue 49f-(d). These reactions were monitored by 19F–NMR at 40 oC over 12
hours. The obtained initial rates were nearly identical, indicating the lack of deuterium isotope
effect (Figure 15).

Scheme 36. Inter- and intramolecular competition reactions.
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To ensure that the modified reaction conditions did not affect the deuterium isotope effect, we
performed another set of competitive reactions using the original conditions (Section 2.3.2)
for the trifluoromethylation of quinones (Scheme 36). An intermolecular competition reaction
was performed in the presence of non-deuterated 49f and deuterated 49f-(d) quinones. The
observations from this reaction confirmed the lack of a deuterium isotope effect. In addition
an intramolecular competition reaction was conducted using deuterated naphthoquinone 49e(d). No significant kinetic isotope effect was observed for these transformations either.
Considering the above described observations, C-H bond cleavage is certainly not the rate
determining step in the direct trifluoromethylation reaction.

2.4.5 Proposed mechanism for the oxytrifluoromethylation reaction
Based on the obtained results above, it is reasonable to assume that initiation steps for both
the oxytrifluoromethylation and trifluoromethylation of quinones are similar. However, the
final steps differ substantially. According to our previous results we propose a mechanism for
the oxytrifluoromethylation reaction (Scheme 37). The first step of the
oxytrifluoromethylation reaction is likely to be the transmetallation of B2pin2 with the copper
catalyst to obtain copper-Bpin complex 56. Sadighi and co-workers reported the formation of
similar complexes from copper(I) and B2pin2.42 Next, the oxidative addition of hypervalent
iodine reagent 13b to a CuBpin 56 may take place. This leads to formation of copper(III)
complex 57. Based on the inhibition observed in the earlier reaction performed in the presence
of TEMPO, a SET mechanism is suggested (see Section 2.1). The Cu-CF3 bond in complex
57 may undergo homolytic cleavage affording a trifluoromethyl radical species. This
undergoes the transfer to alkyne 6 obtaining radical compound 60. The formation of stable
Cu(II) species 61 may be the driving force for the trifluoromethyl transfer process. The direct
insertion of 57 to alkyne 6 to form complex 58 is unlikely. This step would involve the
formation of cis product 59. According to our earlier mentioned selective formation of trans
products, the two-step process is suggested. The recombination of radical species 60 with 61
may then take place. This step leads to formation of complex 62, which can further undergo
reductive elimination to provide the observed product 39. Based on the results from the above
Hammett plot and rather small ρ value, we suggest that formation of a free carbocation does
not happen in the reaction. The oxytrifluoromethylation reaction was facilitated by B2pin2 as
the additive. This acceleration effect is probably due to the donation of Bpin to copper 56,
which promotes the oxidative addition with 13b. The Bpin ligand may also facilitate the
homolytic cleavage of copper-CF3 bond in 57 and stabilize the radical species 61.
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Scheme 37. Suggested mechanism for the oxytrifluoromethylation.
2.4.6 Proposed mechanism for the cyanotrifluoromethylation reaction
According to our previous studies on the cyanotrifluoromethylation reaction, we can conduct
this reaction in the presence of a catalytic amount of copper cyanide and an external cyanide
source (see Section 2.2, Table 1, entries 5-6). The tendency to obtain either the cyano- or
oxytrifluoromethylated products is controlled by electronic effects of the alkene. Therefore,
the initial steps of the cyanotrifluoromethylation reaction (Scheme 38) are similar to the initial
steps of the above mentioned process (Scheme 37). The oxidative addition of 13b to CuCN
takes place to obtain copper (III) complex 63. This step is followed by the homolytic cleavage
of the copper-CF3 bond, and addition of the trifluoromethyl radical to alkene 40. This leads to
formation of radical 64. We propose that recombination of 64 and copper species 65.
Recombination of 65 with 64 leads to formation of complex 66. The electron withdrawing
substituents present on the aromatic ring (EWG) occupy a trans position relative to the
electron rich tricyclohexylphosphine in complex 66. The sterically less demanding cyano
group allows for reductive elimination, obtaining the cyanotrifluoromethylated product 44.
The reductive elimination process is less likely for the bulky 2-iodobenzoyl moiety, than for
the cyano group. It is unlikely that styrenes with electron donating groups at the para-position
would undergo recombination to form 66. This is due to the "transphobia" effect.43 The
"transphobia" effect involves that two electron-rich ligands in trans-configuration destabilize
the complex, i.e. two electron-rich ligands have a “phobia” in trans position. Instead,
complexes with electron donating styrenes (e.g. Z = OMe) 64 probably undergo SET,
providing stabilized carbocations, followed by nucleophilic attack by 2-iodobenzoyl moiety to
afford oxytrifluoromethylated product 41a.
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Scheme 38. Suggested mechanism for the cyanotrifluoromethylation of styrenes
2.4.7 Proposed mechanism for the trifluoromethylation reaction of quinones
Based on the above mechanistic studies on the C-H trifluoromethylation reaction of quinones,
a possible mechanism for the transformation was suggested (Scheme 39). First, similar to the
oxytrifluoromathylation, the transmetallation of B2pin2 to copper takes place, forming active
copper-Bpin 56. This process is followed by oxidative addition of 13b to complex 56 and is
facilitated by the presence of Bpin as  -donor ligand. Since quinones are more electron
deficient than phenylacetylenes, the direct addition of the electrophilic trifluoromethyl radical
moiety to the double bond (as for styrenes) is rather unlikely. Instead, quinone 49 coordinates
to the Cu(III) complex formed by the oxidative addition to give 67. Insertion of the CF3
radical results in copper(II) complex 69 and semiquinone 68. In semiquinone 68 the unpaired
electron is delocalized, which could be the driving force of the CF3 insertion. The next step
may be the recombination of semiquinone 68 and copper species 69 to form copper(III)
complex 70. This complex undergoes deprotonation and reduction of Cu(III) to Cu(I) to give
the final product 53.
In the above mechanistic studies we did not observe any kinetic isotope effect (Section 2.4.4,
Figure 15 and Scheme 36). This indicates that deprotonation in complex 70 is most likely not
the rate limiting step in the trifluoromethylation of quinones. The role of the additive in this
trifluoromethylation reaction is proposed to be similar as in the oxytrifluoromethylation
reaction. The -donor ligand, Bpin may facilitate the oxidative addition and increase the
coordination ability of quinone in copper(III) complex 67.
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Scheme 39. Suggested mechanism for vinylic trifluoromethylation of quinones.

2.4.8 Mechanistic alternatives proposed by other groups
A lot of recent studies appeared on trifluoromethylation using reagent 13b. Many authors
suggested a radical mechanism (like us), others proposed ionic mechanisms. For example,
Sodeoka and co-workers independently developed a copper catalyzed oxytrifluoromethylation
reaction (Scheme 40).31c Similar to our study, this methodology introduces an oxygen moiety
and trifluoromethyl group across the double bond of alkenes and alkynes. In contrast to our
mechanistic proposal, Sodeoka and co-workers suggested that a cationic intermediate 72 is
involved in oxytrifluoromethylation reaction (Scheme 41). The authors proposed that this
cation was subsequently trapped by potential nucleophile, such as 2-iodobenzoate from the
hypervalent trifluoromethylating reagent 13b.

Scheme 40. Oxytrifluoromethylation developed by Sodeoka and co-workers.31c
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Scheme 41. Mechanism proposed by Sodeoka and co-workers.31c
Similar to our mechanistic proposals, SET mechanism were suggested for the
trifluoromethylation with 13b by Buchwald and co-workers.33-34 In 2014, Togni and coworkers reviewed earlier work, described the structure and also studied possible activation
pathways of 13b in the presence of Lewis and Brønsted acids.5a In 2015, an interesting DFT
study was reported by Li and co-workers.44 According to this DFT modeling study both SET
and ionic mechanisms are possible in the trifluoromethylation reactions with 13b depending
on the applied catalyst and the reaction conditions.
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3. Fluorination reactions using fluoro-benziodoxole (Papers V-VII)

As described above, the development of new trifluoromethylation reactions in the presence of
the hypervalent iodine reagents 13a-b has attracted a lot of recent attention (Sections 1.1 and
2.1.3).5a We envisioned that structurally similar fluorinated hypervalent iodine reagents could
also be applied for fluorination reactions, similar to the trifluoromethylation reactions
previously discussed. Therefore, we decided to study the possibility of using hypervalent
fluoroiodane 34a in fluorination reactions. Reagent 34a is an analogue of the
trifluoromethylated 13a. Fluoro-benziodoxole 34a is an air and moisture stable, crystalline
substance, which is potentially useful as an electrophilic fluorine source.

3.1

Geminal difluorination of styrenes (Paper V)

The introduction of 1,1-difluorinated functional groups can be traditionally performed using
metal-catalyzed cross-couplings of different CF2 carriers with aryl halides or
organoboronates. For example, Zhang and co-workers reported a difluoroalkylation reaction
of aryl boronic acids in the presence of palladium catalysts.45 Compound 74 reacted smoothly
with bromodifluoromethylated phosphonate and Pd(PPh3)4 affording difluoroalkylated
product 75 with 86 % yield (Scheme 42).

Scheme 42. Palladium catalyzed difluoroalkylation reported by Zhang and co-workers.45
Another interesting difluoromethylation approach was reported by Baran and co-workers.46
This radical C-H difluorination of heteroarenes is based on use of zinc
difluoromethanesulfinate (DFMS). For example, pyridine derivative 76 reacted in the
presence of DFMS, tert-butyl hydroperoxide and TFA affording product 77 in 66 % yield
(Scheme 43). Interestingly, this process occurred exclusively at the carbon adjacent to the
heteroatom in the heteroarene ring.
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Scheme 43. Radical C-H difluoromethylation developed by Baran and co-workers.46

3.1.1 Development of the geminal difluorination of styrenes
We found that the geminal difluorination reaction of styrenes, such as 40m can be performed
using fluoroiodane 34a in the presence of a stoichiometric amount of silver tetrafluoroborate
affording product 78a in 73 % yield (Scheme 44). This transformation is regioselective and
proceeds under mild conditions. When the difluorination reaction was attempted in the
absence of AgBF4 no reaction was observed.

Scheme 44. Difluorination reaction of styrene 40m.
More than 50 % yield of product 78a was obtained when equimolar amounts of AgBF4, 40m
and fluoroiodane 34a were applied in the reaction. This indicates that one fluorine atom
comes from reagent 34a and the other one is derived from the BF4- counterion of silver. In
order to study the effects of the reaction conditions, we varied the amounts of the silver salt
and the counterions of the mediator. When 10 mol % of AgBF4 was applied in this
difluorination reaction, only 36 % of desired product 78a was isolated (entry 1, Table 3).
Replacing the catalyst with AgOAc in the presence of an additional BF4- source, such as
tetrabutylammonium tetrafluoroborate did not afford any desired product (entry 2). However,
the attempt with 10 mol % of AgOAc and a stoichiometric amount of tri-tertbutylphosphonium tetrafluoroborate led to difluorinated product 78a in 44 % yield (entry 3).
This transformation suggests that the geminal difluorination reaction can take place in the
presence of catalytic amount of silver acetate using an additional BF4- source.
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Table 3. Optimization of the difluorination reaction

To investigate the importance of the fluoroiodane reagent in this reaction, we also applied
Selectfluor (26c) as an alternative electrophilic fluorine source. However, this transformation
proved to be inefficient (entry 4). In order to find alternative mediators for this reaction we
applied Zn(BF4)2 x H2O, but the desired product 78a was obtained in only 46 % yield (entry
5). The decreased yield may be due to the presence of water in the reaction. The difluorination
also occurred in the presence of Cu(MeCN)4BF4 as a mediator (entry 6). Even though the
reaction afforded the desired product 78a, the yield substantially decreased. Possible
application of other fluorine containing mediators was also investigated. However, when AgF,
ZnF2 and CuF2 were applied there was no conversion (entry 7). Although both Zn(BF4)2 x
H2O and Cu(MeCN)4BF4 gave varying amounts of disubstituted products, AgBF4 gave the
best yield, therefore this mediator was used in further transformations. Finally, we studied the
effects of replacement of CDCl3 with other solvents. The difluorination did not proceed in
solvents such as methanol, THF or DMF (entry 8). Thus the best solvent for the difluorination
reaction was CDCl3 and its use also allowed easy study of the composition of the crude
reaction mixtures by 1H-NMR.

Scheme 45. Palladium catalyst screening.
When 20 mol % of Pd(MeCN)4(BF4)2 was applied, 50 % of difluorinated product 78a was
obtained. Interestingly, when the catalyst was replaced by PdCl2(MeCN)2 a new
iodofluorinated product 79 was obtained in 43 % yield (Scheme 45). This outcome was
unexpected and the iodofluorination reaction was further studied. These studies are given in
Section 3.3. The formation of the iodofluorinated product indicates an interesting mechanism
for the difluorination reaction and they could both involve a common intermediate.
Subsequently, we investigated the substrate scope of the difluorination reaction. The α- and βnaphtyl styrenes 40k-n reacted smoothly to afford desired products 78b-c in 72-88 % yields
(Scheme 46). Both para and meta substituted styrenes reacted cleanly. However, attempts to
obtain geminal difluorination for ortho substituted styrenes remained fruitless. This indicates
that the steric hindrance of the ortho-substituent has a negative effect on the reaction.
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Scheme 46. Difluorination of α and β-naphtyl styrenes.
Both para and meta brominated styrenes 40h and 40p in the presence of AgBF4 afforded the
desired difluorinated products 78e and 78f in 72 % and 54 % yields (Scheme 47). Compounds
78e-f are potentially useful for further cross coupling reactions, such as Suzuki-Miyaura
couplings. The difluorination reaction can further be expanded to oxygen containing styrenes,
such as 40q and 40r (Scheme 48). The desired difluorinated products 78g-h were isolated in
55-65 % yields.

Scheme 47. Difluorination of para and meta brominated styrenes.

Scheme 48. Difluorination of oxygen containing styrenes.
We also investigated other styrene derivatives as possible substrates for the difluorination
reaction. When we performed the reaction using the standard conditions in the presence of αmethyl styrene 40s, an interesting product, 78i was isolated in 65 % yield (Scheme 49). This
reaction afforded the difluorinated species wherein the methyl group was located at the βcarbon. A similar reactivity was observed for other α-methyl styrenes, such as 40t-u. This
rearrangement was selective and proceeded smoothly to afford products 78j and 78k in 52-59
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% yields. The migration and diluorination is an unusual observation for this reaction, which
again, suggests an interesting mechanism.

Scheme 49. Rearrangement and difluorination.
3.1.2 Deuterium labelling studies of the difluorination reaction
The fact that one fluorine atom originates from the electrophilic fluoroiodane reagent 34a,
while the other one arises from the tetrafluoroborate ion indicates an intriguing mechanism of
this geminal difluorination reaction. Additionally, the formation of the “rearranged”
difluorination products 78i-k is interesting to investigate.

Scheme 50. Standard reaction performed with deuterated analogue of 40m.
To study the mechanism of this process we synthesized the deuterated analogue 40m-(d) of
substrate 40m. This was applied in the standard reaction conditions for the difluorination
reaction (Scheme 50). The deuterated analogue reacted smoothly to afford 78a-(d) in 74 %
yield. Interestingly, the shift of both deuterium atoms in 78a-(d) was observed. We performed
a competition reaction between deuterated 40m-(d) and non-deuterated 40m substrates to
determine the deuterium isotope effect (Scheme 51). The ratio of the deuterated and nondeuterated products indicated on a very weak (if any) deuterium isotope effect.

Scheme 51. Competition reaction between deuterated and non-deuterated styrenes.
Based on these mechanistic studies we concluded that it is unlikely that a hydrogen shift from
the α- to the β-position of styrene takes place. Instead, the difluorination reaction probably
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proceeds by α to β carbon atom rearrangement (or formal phenyl migration). The suggested
mechanism is given in Section 3.4.
3.1.3 Conclusions for the geminal difluorination reactions
We successfully applied the hypervalent fluoroiodane reagent 34a for geminal difluorination
of styrenes. The reaction proceeds under mild conditions with high regioselectivity. In this
transformation one of the fluorine atoms arises from the benziodoxole reagent 34a, while the
other one comes from the BF4- counterion of the Ag-mediator. Methyl styrenes are
difluorinated with formal methyl migration. Our results with deuterium labelled styrene
indicate an α to β carbon atom rearrangement.

3.1.4 Geminal difluorination reactions performed after our work
The fluoroiodane reagent 34a is a very attractive alternative to other electrophilic fluorine
sources and therefore this field remains very competitive. Stuart and co-workers applied
fluoroiodane reagent 34a in the reaction of β-ketoesters28 as well as the fluorocyclization47 of
unsaturated carboxylic acids. The authors also investigated the role of reagent 34a in the
reaction with β-ketoesters and reported the isolation of iodonium ylide 80 under the basic
reaction conditions (Scheme 52).48 This provided strong evidence that 1,3-dicarbonyl
compounds, such as 36 undergo an addition reaction with 34a in order to form the iodonium
intermediate, which after deprotonation afforded iodonium ylide 80.

Scheme 52. Iodonium ylide formation reported by Stuart and co-workers.48
An interesting difluorination reaction has been disclosed by Jacobsen and co-workes.49 The
authors performed difluorination reactions of β-substituted styrenes, such as 82 in the
presence of pyridine HF, mCPBA and a catalytic amount of aryl iodide 81 affording
difluorinated product 83 in 63 % yield, with high enantioselectivity (Scheme 53). This aryliodide catalyzed methodology proceeds through enantioselective fluoroiodination, followed
by phenonium ion intermediate formation and fluoride addition from pyridine HF.

Scheme 53. Asymmetric difluorination reaction reported by Jacobsen and co-workers.49
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3.2 Fluorinative opening of cyclopropanes (Paper VI)

The above described silver mediated 1,1-difluorination of styrenes involved incorporation of
one fluorine atom from fluoro-benziodoxole reagent 34a and another one from the
tetrafluoroborate counterion (see Section 3.1). We examined the possibility of an analogous
reaction using cyclopropane substrates instead of alkenes.

3.2.1 Development of the fluorinative ring opening of cyclopropanes
We were pleased to find that fluoro-iodoxole reagent 34a reacted smoothly with cyclopropane
31b affording 1,3-difluorinated compound 84a in 71 % yield (Scheme 54). This silver
mediated 1,3-difluorination proceeds selectively using mild reaction conditions. This reaction
did not take place in the absence of the silver mediator or fluoroiodane 34a. We briefly
screened other conditions, in order to rationalize the effects of the metal mediator, counterion,
alternative fluorine sources and solvents on the 1,3-difluorination reaction.

Scheme 54. 1, 3-difluorination of cyclopropanes.
In contrast to the 1,1-difluorination of styrenes (Section 3.1.1, Table 3), only traces of product
84a were observed using a catalytic amount (10 mol %) of AgBF4 (entry 1, Table 4). When a
sub-catalytic amount of AgBF4 (30 mol %) was used, the desired product 84a was obtained in
9 % yield (entry 2). Other fluorine containing catalysts, such as AgPF6 or Pd(MeCN)4(BF4)2
were inefficient in this transformation (entry 3). Replacing the Ag-salt by Cu(MeCN)4BF4 led
to formation of 15 % of the desired 1,3-difluorinated product 84a (entry 4). Traces of products
were also obtained by applying 30 mol % of AgBF4 and additional fluorine sources, such as
NaBF4 or KF (entry 5). In these cases large amounts of starting material 84a were recovered.
Interestingly, a stoichiometric amount of AgPF6 could also be used for the 1,3-difluorination
reaction. However, the yield was lower than with the AgBF4 mediator (entry 6). Similar
reactivity was observed when a stoichiometric amount of Cu(MeCN)4BF4 was applied instead
of AgBF4 in this reaction (entry 7).
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Table 4. Optimization of the 1,3-difluorination reaction of cyclopropane 31b.

When AgF or Zn(BF4)2 xH2O were applied as mediators in the difluorination reaction, a low
conversion was observed (entry 8). Silver salts that did not contain any transferable fluoride in
the counterion proved to be inefficient (entry 9). We also screened other possible electrophilic
fluorine sources, such as Selectfluor (26c) or NFSI (26b), however these could not replace
fluoro-benziodoxole reagent 34a (entry 10). When we replaced reagent 34a with Tol-IF2, no
desired product was observed. However, in the absence of AgBF4 the 1, 3-difluorinated
product was obtained in 24 % yield (entry 11). The reagent Tol-IF2 appeared to be less stable,
providing other fluorinated byproducts. Formation of product 84a was not obtained when
chloroform was replaced by other solvents, such as methanol or acetonitrile (entry 12). For
further studies we used deuterated chloroform in order to directly monitor the crude reaction
mixtures.
Subsequently, the synthetic scope of the 1,3-difluorination reaction was investigated.
However, we found that fluoroiodane 34a degrades under the reaction conditions with
prolonged reaction times or elevated temperatures. Therefore in many cases, the 1,3difluorination reaction required two equivalents of fluoroiodane reagent 34a. When we
applied more sterically hindered cyclopropanes, such as 31c and 31d, the reaction rate
decreased substantially, affording 1,3-difluorinated products 84b-c in 66-70 % yields
(Scheme 55). In contrast to substances 31c-d, other cyclopropanes, such as alkyl compounds
31e-f reacted much faster affording the desired difluorinated products 84d-e in 51 and 70 %
yields.
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Scheme 55. 1,3-difluorination of sterically hindered and alkyl cyclopropanes.

Scheme 56. 1,3-difluorination of substituted cyclopropanes.
Interestingly, when slightly electron donating substituents were introduced on the aromatic
ring 31g-i the reaction rate increased (Scheme 56). These difluorinations proceed in 1-3 hours
affording desired products 84f-h in 47-65 % yields. Difluorinated diphenyl compound 84h
proved to be rather unstable, and therefore the isolated yield was only 47 %. The poor
stability can be explained by easy dissociation of the fluoride from the dibenzylic position in
84h. Other electron rich cyclopropanes, such as methoxy substituted compound 31j provided
unstable products, therefore the isolation of such compounds remained fruitless (Scheme 57).
Bromo-phenyl substituted compound 31k afforded the desired product 84j in 57 % yield. The
product 84j was stable, however the 1,3-difluorination required a 24 hours reaction time.
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Scheme 57. 1,3-Difluorination of benzylic cyclopropanes bearing electron
withdrawing/donating groups.
We also attempted to expand the substrate scope of the reaction by applying 1,2-disubstituted
cyclopropanes. However in these reactions, complex inseparable reaction mixtures were
obtained. The observation that the above reactions were accelerated in the presence of
electron rich cyclopropanes suggested an electrophilic fluorinative cyclopropane ring opening
mechanism. Previously, we also mentioned that one fluorine atom is derived from the
electrophilic fluoroiodane reagent 34a, meanwhile the other one originated from the
tetrafluoroborate counterion of silver. Considering this, we sought that other functionalities
instead of the fluorine can also be introduced using the above method. Therefore, we carried
out reactions using acetoxyiodoxole 34b and cyclopropane 31b instead of fluoroiodane 34a.
In this process we observed selective formation of 1,3-oxyfluorinated product 86a in 84 %
yield and high regioselectivity (Scheme 58).

Scheme 58. Silver mediated 1,3-oxyfluorination.
Similar reactivity was observed for other substrates, such as alkyl cyclopropane 31e. This
reaction was also regioselective and proceeded fast, affording 50 % yield of product 86b. The
oxyfluorination proved to be both a regio- and chemoselective process. The formation of
other regioisomers or difluorinated products was not observed. Under the applied reaction
conditions acetoxy-benziodoxole reagent 34b was more stable than fluoro-iodoxole 34a.
Therefore in most of these reactions only one equivalent was sufficient to obtain the desired
oxyfluorinated products. An interesting result was obtained when the standard reaction was
performed in the presence of an external nucleophile, such as benzyl alcohol (Scheme 59).
The oxyfluorinated product 86c containing the benzyl ether moiety at the terminal position.
This product was isolated in 80 % yield.
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Scheme 59. 1,3-oxyfluorination in the presence of benzyl alcohol.

3.2.2 Electronic effects on the fluorinative ring opening of cyclopropanes
To further examine the electronic effects of the oxy- and difluorination reactions, we
performed some competition reactions (Scheme 60-61). First, we examined the competition
reaction between the unsubstituted cyclopropane 31l and electron deficient brominated
analogue 31k in the presence of fluoroiodane reagent 34a (Scheme 60). This reaction afforded
only formation of the difluorinated product 84n. This result indicates that the electron
deficient cyclopropanes, such as 31k react slower than compound 31l. Therefore it is likely
that this reaction proceeds through electrophilic cyclopropane ring opening.

Scheme 60. Intermolecular competition reaction.
We also studied a competition reaction between the oxyfluorination and difluorination of
cyclopropane 31b with hypervalent iodines, such as 34a and 34b (Scheme 61). The major
product observed in this reaction, was the oxyfluorinated product 86a, suggesting that the
oxyfluorination reaction proceeds faster than the difluorination.

Scheme 61. Competition between oxy and difluorination.
In order to understand how the oxyfluorination takes place in the presence of an external
nucleophile, such as benzyl alcohol, we decided to perform a reaction in which AgBF4 and
BnOH are added sequentially (Scheme 62). First, the standard 1,3-difluorination reaction of
cyclopropane 31b was performed, providing 84a in situ. Next, benzyl alcohol was added to
the crude reaction mixture. This sequential addition reaction provided the oxyfluorinated
product 87 in 51 % yield. Compound 87 is the regioisomer of 86c, which was obtained when
31b was reacted with AgBF4 and BnOH at the onset of the reaction (Scheme 59). This result
suggests that the difluorinated product 84a is not an intermediate in the oxyfluorination of 86c
described in Scheme 59.
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Scheme 62. Sequential 1,3-oxyfluorination in the presence of benzyl alcohol.

3.2.3 Conclusions for the fluorinative ring opening of cyclopropanes
We have applied fluoroiodane reagent 34a in the silver mediated 1,3-difluorination and 1,3oxyfluorination of cyclopropanes. These reactions proceed under mild conditions with high
selectivity. We found that electron rich cyclopropanes reacted faster than electron poor ones.
In addition, the oxyfluorination reactions probably do not involve the difluorinated
intermediates.
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3.3 Iodofluorination of alkenes (Paper VII)

As described above, styrenes and their derivatives undergo a silver mediated difluorination
reaction in the presence of hypervalent fluoroiodane 34a (see Section 3.1). An interesting
iodofluorination reaction was observed when the catalyst was changed to PdCl2(MeCN)2.
This reaction indicated that both fluorine and the iodine can be introduced to the double bond
by applying the fluoroiodane reagent 34a under mild reaction conditions. This feature is
rather important as the previously reported iodofluorination reactions require strong oxidants
and a reactive fluorine source.50,51

3.3.1 Development of the iodofluorination of alkenes
When styrenes reacted with fluoro-iodoxole 34a in the presence of Pd(MeCN)4(BF4)2, a 1,1difluorinated product was observed (Section 3.1.1, Scheme 45). However, under similar
reaction conditions, allylbenzene 23b reacted with fluoro-iodoxole 34a in the presenece of
Pd(MeCN)4(BF4)2 to give iodofluorinated product 79b in 76 % yield (Scheme 63). The
reaction is highly regioselective and atom economical as both the fluorine and iodine atoms
arise from fluoro-iodoxole 34a. When this reaction was performed in the absence of
palladium catalyst no iodofluorinated product 79b was observed and starting material was
recovered.

Scheme 63. Iodofluorination of allylbenzene 23b.
We studied the effects of the amounts of catalyst and the nature of the counterions, as well as
the solvent effects on the outcome of the iodofluorination reaction (Table 5). When the
amount of Pd(MeCN)4(BF4)2 was decreased to 5 mol %, the yield of iodofluorinated product
79b was slightly decreased to 61 % (entry 1). Replacing the catalyst with 5 mol % of
Pd(TFA)2 led to the formation of 41 % of the iodofluorinated product 79b (entry 2).
Compound 79b was isolated in 68 % yield, when an increased amount of Pd(TFA)2 was
applied to the standard reaction conditions (entry 3). When the catalyst was changed to
Pd(OAc)2 the reaction proceeded much slower, resulting in only 15 % of desired product
(entry 4). Although many palladium catalysts led to formation of iodofluorinated product 79b,
other catalysts such as, PdCl2(tBuCN)2, PdCl2(DMSO)2, and PdCl2(dppe) proved to be
inefficient for this transformation (entry 5).
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Table 5. Optimization of the reaction conditions for allylbenzene.

In order to monitor the crude reaction mixtures, we used deuterated chloroform as solvent for
the iodofluorination reaction. We also briefly screened other solvents. When the standard
reaction was performed in dioxane the yield decreased to 38 % (entry 6). Other solvents, such
as THF, MeCN or methanol proved to be inefficient in the iodofluorination reaction (entry 7).
After varying the conditions, the optimal catalyst for allylbenzene 23b proved to be 20 mol %
Pd(MeCN)4(BF4)2. During the screening of palladium catalysts, we found that in the presence
of 5 mol % of PdCl2(MeCN)2 an internal iodofluorination 79c was obtained in 71 % yield
(Scheme 64). Product 79c was formed as a single anti stereoisomer from allylbenzene 23b.

Scheme 64. Obtaining different regioisomers.
In order to deeper understand this process, we studied the reaction using the allylic isomer of
23b. The transformation of 88 was performed under the above standard reaction conditions
using PdCl2(MeCN)2 as a catalyst (Scheme 65). This reaction also afforded the internal
iodofluorination product 79c in 77 % yield. This result indicates that isomerization of
allylbenzene 23b to 88 may take place, before the iodofluorination reaction occurs.

Scheme 65. Iodofluorination of styrene derivative.
As mentioned above, Pd(OAc)2 catalyzed the iodofluorination, however it provided lower
reactivity (entry 4, Table 5). Electron rich allylbenzenes were very reactive and therefore
applying Pd(MeCN)4(BF4)2 as a catalyst led to complex reaction mixtures with various
inseparable byproducts. The optimal catalyst for electron rich substrates 23d-g was the less
reactive Pd(OAc)2 (Scheme 66). Both para and ortho methoxy allylbenzenes 23d-e reacted
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affording desired iodofluorinated products 79d-e in 53 and 78 % yields. Methyl eugenol 23f is
used as an anaesthetic and antiseptic drug. This compound was successfully iodofluorinated
and afforded the desired product 79f in 64 % yield. Methyl substituted allylbenzene 23g
reacted in a similar manner as the other electron rich substrates providing product 79g in 51 %
yield. When the electron rich alkenes 23d-g were replaced with electron deficient ones, such
as 23h only traces of desired iodofluorinated product 79h formed in the presence of
Pd(OAc)2.

Scheme 66. Iodofluorination of electron rich allylbenzenes.
As mentioned above, Pd(MeCN)4(BF4)2 as a catalyst was more reactive than Pd(OAc)2.
Therefore, we applied 20 mol % of Pd(MeCN)4(BF4)2 as the catalyst for electron deficient
substrates, such as 23h-i. These reactions proceeded smoothly under the standard reaction
conditions, affording iodofluorinated both products 79h-i in 53 % yield (Scheme 67).
Interestingly, product 79i contains three different halogens, which can be useful for sequential
cross-coupling reactions, such as the Suzuki-Miyaura reactions.

Scheme 67. Iodofluorination of electron deficient allylbenzenes.
During the substrate screening, we found that allylbenzenes were more prone to undergo the
iodofluorination reaction than styrenes. However, using suitable reaction conditions, some
styrenes also gave iodofluorinated products. As shown above (Section 3.1.1, Scheme 45)
when styrene 40m reacted in the presence of Pd(MeCN)4(BF4)2, the 1,1-difluorinated product
78a was obtained in 50 % yield. However, when PdCl2(MeCN)2 was applied (instead of
Pd(MeCN)4(BF4)2) as the catalyst, the iodofluorinated product 79a was obtained in 43 %
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yield. Similar reactivity was observed when α-methyl styrene 40u was applied as the substrate
(Scheme 68). The iodofluorinated product 79j was isolated in 54 % yield in the presence of 20
mol % of PdCl2(MeCN)2. These conditions were suitable for iodofluorination of bromo
substituted α-methyl styrene 40w to obtain 79k in 64 % yield. Compounds 79j-k are
relatively unstable. The low stability is probably due to the easy cleavage of the C-F bond in
the dimethyl-benzylic position.

Scheme 68. Iodofluorination of electron-rich and deficient α-methyl styrenes.
Simple cycloalkenes also underwent the iodofluorination reaction in the presence of 5 mol %
of PdCl2(MeCN)2 as the catalyst (Scheme 69). This reaction provided iodofluorinated
products with anti selectivity. Due to the high volatility of compounds 79l-m, the isolated
yields were only 40 and 50 %. However, the NMR yield of compound 79l was 96 %, which
indicates a high reactivity and selectivity for the reaction.

Scheme 69. Iodofluorination of cyclic alkenes.
3.3.2 Studies on the Pd-catalyzed isomerization of allylbenzene
We studied the regioselectivity of the iodofluorinated products as a function of the
counterions of the palladium catalyst. As mentioned above, the iodofluorination took place at
the terminal position of allylbenzene 23b in the presence of Pd(MeCN)4(BF4)2 as catalyst.
However, replacing Pd(MeCN)4(BF4)2 with PdCl2(MeCN)2 led to iodofluorination at the
internal allylic positions (see Schemes 64-65). Allylbenzenes are known to undergo allylic
rearrangement in the presence of palladium catalysts.52
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Scheme 70. Isomerization of allylbenzene.
Indeed, when allylbenenzene 23b reacted in the presence of Pd(MeCN)4(BF4)2 we obtained
fully isomerized compound 88 (Scheme 70). On the other hand, applying PdCl2(MeCN)2 as
catalyst, a partial rearrangement occurred under the same reaction conditions. This suggests
that in the case of PdCl2(MeCN)2, allylbenzene 23b is rearranged to 88, which then reacted
with fluoroiodine 34a to obtain the internal iodofluorinated product (Section 3.3.1, Scheme
64). In the case of Pd(MeCN)4(BF4)2 the iodofluorination of 23b with 34a is probably much
faster than the rearrangement to 88, therefore the terminal iodofluorinated product was
observed. Further discussion of the mechanistic aspects of the iodofluorination is given in
Section 3.4.3.

3.3.3 Conclusions for the iodofluorination of alkenes
We found that fluoroiodane 34a is a suitable reagent for the introduction of both fluorine and
iodine moieties to alkenes in the presence of palladium catalysts. This reaction is selective and
atom economical. Electron rich allylbenzenes tend to react faster, therefore the less active
Pd(OAc)2 was the optimal catalyst for this transformation. In contrast to these substrates,
electron deficient allylbenzenes reacted slowly in the presence of Pd(OAc)2 and therefore a
more active catalyst, such as Pd(MeCN)4(BF4)2 was employed. The iodofluorination reaction
of cyclic and internal alkenes proceeded with high trans selectivity. Allylbenezenes
underwent isomerization prior to the iodofluorination, when PdCl2(MeCN)2 was employed as
the catalyst.
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3.4 Suggested mechanism for fluorination reactions using the fluoroiodane
reagent
All the above described fluorination reactions were performed with hypervalent fluoroiodane
reagent 34a. We observed that the fluorinating reagent 34a remains completely inert towards
alkenes in the absence of transition metal catalysts or other types of activators. For example,
in the 1,1- and 1,3-difluorination reactions we applied a silver tetrafluoroborate mediator.
However, the iodofluorination reaction required palladium catalysts.

3.4.1 Proposed mechanism for the geminal difluorination of styrenes
According to the mechanistic studies described above no kinetic isotope effect was observed
for the 1,1-difluorination reaction (see Section 3.1.2). Therefore, we propose α- to β-carbon
atom exchange through a phenonium ion intermediate (Scheme 71). These types of
intermediates were previously reported by the groups of Cram53 and Olah.54

Scheme 71. Suggested mechanism for the difluorination reaction.
According to the proposed mechanism the first step involves a silver mediated activation of
the fluoroiodane reagent 34a to form 90. A similar Lewis acid type of activation was
described by Togni and co-workers for the CF3 analogue (13b) of 34a.15 The active species 90
undergoes addition to the olefinic moiety of the styrene in order to obtain the iodonium
intermediate 91a. The migration of the fluorine may take place in order to relieve the electron
deficiency of the iodine atom to form intermediate 92a. This step involves an iodofluorinated
intermediate. The π-system of the aromatic ring can then perform a nucleophilic attack within
intermediate 92a wherein the iodoaryl group serves as the leaving group. This process leads
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to formation of phenonium ion intermediate 93a. The next step is a second fluorination by the
tetrafluoroborate counterion. In fact, the tetrafluoroborate ion is an efficient fluoride source in
many fluorination reactions.19 Fluorination of phenonium ion intermediate 93a proceeds with
high selectivity providing the observed 1,1-difluorinated product 78a-(d). The activated
fluoroiodane reagent 90 is very reactive and has a tendency for spontaneous decomposition to
tertiary alcohol 21 which can be dehydrated to give to α-methyl styrene 40v.
The above reaction involves a formal F2 addition to the double bond of styrene. Nevertheless,
the reaction proceeds under very mild conditions, with high selectivity and typically with
good yield. Similar reactions have been described in the literature using very reactive
fluorinating reagents, such as XeF2.55 It is remarkable that a bench stable easily accessible
reagent 34a in combination with harmless mediators, such as AgBF4 is also able to replace
these elusive, and dangerous fluorinating reagents.

3.4.2 Fluorinative ring opening of cyclopropanes
As mentioned above, our studies indicated an electrophilic ring opening mechanism for the
1,3-difluorination of cyclopropanes (Section 3.2.2, scheme 60). The mechanism of the above
electrophilic 1,1-difluorination of alkenes (Section 3.4.1) and 1,3-difluorination of
cyclopropanes are probably very similar.

Scheme 72. Suggested mechanism for the fluorinative ring opening.
The initial step for 1,3-difluorination and 1,3-oxyfluorination of cyclopropanes is activation of
34a and 34b, respectively (Scheme 72). This process leads to the activated benziodoxol
reagent 90. The next step is side attack by the cyclopropane ring (94) to form carbocation 95.
Carbocation 95 has a tertiary carbon center, which is stabilized by hyperconjugation. The
thermodynamic stabilization (by hyperconjugation) of this carbocation is probably the reason
for the high regioselectivity of the reaction. The next step is fluorination by the BF4counterion of silver to give the final product (84 or 86).
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3.4.3 Iodofluorination of alkenes
As mentioned above alkenes react with 34a via iodofluorination with palladium catalysts,
such as Pd(MeCN)4(BF4)2 or PdCl2(MeCN)2 instead of difluorination, which was mediated by
AgBF4 (Section 3.4.1). Most probably the initial steps of the iodofluorination and
difluorination of alkenes are similar (Scheme 73). We suggest the 34a → 90 conversion for
both transformations (c.f. Schemes 71 and 73). The main difference between the two reactions
is the fate of the iodofluorinated intermediate 92b. In the difluorination reaction the C(H2)-I
bond is cleaved by formation of the phenonium intermediate (Scheme 71). Conversely, in the
iodofluorination, the palladium catalyst cleaves the C(Ar)-I bond instead of formation of
phenonium ion (93). The aromatic part of reagent 34a probably undergoes dimerization. This
may explain that biphenyl derivatives 96a-b can be observed in the crude reaction mixture of
the iodofluorination reactions. The C(Ar)-I bond cleavage in this reaction is mechanistically
very interesting in its own merit. In depth mechanistic studies of this process is an ongoing
project in the group.

Scheme 73. Suggested mechanism for the iodofluorination.

3.4.4 Recent progress in fluorination chemistry using the fluoroiodane reagent
and alternative mechanisms
Very recently several studies were published on the application of fluoroiodane reagent 34a.56
In 2015 (after publication of Paper V), Stuart and co-workers developed the fluorocyclization
of unsaturated carboxylic acids.47 For example, compound 40w underwent the
fluorocyclization reaction in the presence of 34a to afford compound 97 in 88 % yield
(Scheme 74). Similar to our studies, the authors applied silver tetrafluoroborate as a mediator.
This reaction allowed the synthesis of various fluorinated lactones.
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Scheme 74. Fluorocyclization reaction developed by Stuart and co-workers.47

Scheme 75. Proposed mechanism for the fluorocyclization reaction by Stuart and coworkers.47
The mechanism proposed by Stuart and co-workers47 is similar to our suggested mechanism
(Section 3.4.1) for the 1,1-difluorination reaction (c.f. Schemes 75 vs 71). The initial step
involves metal mediated activation of the fluoroiodane 34a. The active species 90 undergoes
electrophilic addition with the olefinic moiety of 40w in order to obtain the iodonium
intermediate 91c. The next step is an intramolecular nucleophilic attack by the hydroxy group
on the most substituted carbon in 91c. The following step is formation of phenonium ion 93b
with the iodoarene acting as a leaving group in 98. The final step is the fluoride attack and the
formation of desired product 97. Another example of a cyclization reaction was developed by
Szabó and Yuan.57 This zinc catalyzed transformation involved the formation of
aminofluorinated, oxyfluorinated and carbofluorinated products. The fluorocyclization
reaction was suitable for the synthesis of a variety of heterocycles, obtaining selective
formation of secondary and tertiary fluoride substituents. Recently, an interesting example of
metal-free fluorocyclization was developed by Gulder and co-workers (Scheme 76).58 This
fluorocyclization was conducted using ortho styryl benzamides 40x in the presence of 34a
affording product 100 in 90 % yield. This transformation proceeded under mild reaction
conditions with short reaction times, which is advantageous for late stage fluorination
reactions. A different regioselectivity was obtained when Selectfluor 26c was used as the
electrophilic fluorine source and applying prolonged reaction times. When the reaction was
conducted in the presence of 26c the fluorinated product 99 was obtained in 61 % yield.
Similar to our studies, the authors proposed the formation of both iodonium and phenonium
ion intermediates.
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Scheme 76. Fluorocyclization reaction developed by Gulder and co-workers.58
Recently, an intermolecular rhodium catalyzed oxyfluorination reaction was published by
Szabó and co-workers.59 This reaction involved formation of geminal oxyfluorinated and
oxytrifluoromethylated products, starting from diazocarbonyl compounds. Short reaction
times and mild conditions makes this transformation suitable for late-stage fluorination
reactions. The oxyfluorination reaction was also possible with NFSI 26b, however the
synthetic scope was much broader using the fluoroiodane reagent 34a.
In 2016, Cheng and co-workers performed DFT calculations in order to explain the
regioselectivity and mechanism of this transformation.60 The authors found that the activation
of the fluoroiodane reagent 34a is important. The presence of the ortho-styryl benzamide 40x
as a substrate is crucial for activation of the fluoroiodane 34a, as well as for the C-F bond
formation. According to these calculations the fluorine atom in Selectfluor 26c has a higher
degree of electrophilicity than in 34a, therefore a different regioselectivity was observed in
the above described fluorocyclization reaction.
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4.

Closing remarks

It has been shown that hypervalent iodine reagents can be applied in catalytic
trifluoromethylation and fluorination reactions. Both difunctionalizations and direct C-H
trifluoromethylation reactions could be performed in the presence of trifluoromethylating
reagent 13b. The oxytrifluoromethylation reaction involved the addition of an oxygen moiety
and trifluoromethyl group across the π bonds of alkenes and alkynes. The
cyanotrifluoromethylation reaction using CuCN as a mediator involved the introduction of
two new C-C bonds into styrenes. Addition of PCy3 was crucial for this transformation. The
CuCN mediated C-H trifluormethylation reaction of quinones was accelerated by B2pin2.
We studied the possibility of using the fluoro analogue (34a) of 13b for metal mediated
fluorination reactions. Using the same alkene substrates the outcome of the fluorination
reactions with 34a was usually different from the outcome of the trifluoromethylation
reactions with 13b.
We found that silver mediated 1,1- and 1,3-difluorination reactions can take place in the
presence of fluoroiodane 34a using alkenes and cyclopropane substrates, respectively. The
mechanistic features of the fluorination of alkenes and cyclopropanes are similar with 33a. An
interesting rearrangement was observed in the 1,1-difluorination of α-methyl styrenes. This
rearrangement could be explained by formation of a phenonium intermediate. The
electrophilic ring opening of cyclopropanes could be extended to 1,3-oxyfluorination
reactions by changing the benzoiodoxole reagent. The iodofluorination and difluorination
reactions have similar initial steps. In this process an interesting palladium-catalyzed C-I bond
cleavage takes place.
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5.

Summary in Swedish

Den här avhandlingen fokuserar på att utveckla nya metoder för fluorineringsreaktioner med
hjälp av hypervalenta jodföreningar (Tognis reagens). Vårt första projekt involverade kopparkatalyserad difunktionalisering (så kallad oxytrifluorometylering) av dubbel- och trippelbindningar med trifluoro-benziodoxol. Båda substituenterna härstammade från Tognireagenset. Alkener med elektrondonerade substituenter reagerade fortare än de med elektrondragande funktionella grupper. Oxytrifluorometyleringsreaktionen var vidareutvecklad till
halo-trifluorometylering med vinylsilan som substrat. Vi har också utvecklat en
cyanotrifluorometylering, som introducerade både en trifluorometyl- samt en cyano-grupp till
alkener. Cyanotrifluorometyleringen ägde endast rum i närvaro av en fosfin ligand. Fördelen
med den nya metoden var att man kunde skapa två nya C-C bindningar i ett steg. Vi var först
med att utveckla direkt C-H trifluorometylering av kinoner med hjälp av trifluorobenziodoxolreagens. Den här metoden krävde en tillsats av B2pin2. Vi utförde även
mekanistiska studier för våra trifluorometyleringsreaktioner.
Fluoro-benziodoxol är en analog av det trifluorometyl baserade Tognis reagenset. Vi har
utvecklat en AgBF4-medierad geminal difluorometylering av styrener med fluorobenziodoxolreagens. En elektrofilt fluor kom från fluoro-benziodoxol medan den andra
fluoratomen var från tetrafluoroboratanjonen. En liknande difluorerings metod kunde
tillämpas på cyklopropaner som substrat. Den här metoden möjliggjorde syntes av nya 1,3difluorerade produkter. Den elektrofila ringöppningen kunde utvidgas även till 1,3oxyfluorineringsreaktioner. När AgBF4 ersattes med en palladium-katalysator kunde vi
utveckla en jodofluoreringsmetod. Detta innebar att man kunde introducera både en fluor samt
en jodatom till en alken. Båda substituenter härstammade från fluoro-benziodoxolreagenset.
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